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Zusammenfassung

Von Makrophagen abgeleitete, fetthaltige Schaumzellen stellen einen signifikanten
Anteil in atherosklerotischen Lasionen dar und sind maf3geblich an der Bildung von
Atherosklerose involviert. Die Beteiligung von lipidstoffwechsel-regulierenden
Enzymen in diesem Zusammenhang wurde bisher wenig ausreichend untersucht,
obwohl man davon ausgeht, dass diese Enzyme an der Regulierung von
Makrophagenfunktion, sowie an der Entstehung von Atherosklerose beteiligt sind.

Im ersten Teil meiner Dissertation habe ich die Rolle der Monoazylglyzeridlipase
(MGL), welches das letzte Enzym in der Lipolyse darstellt, hinsichtlich
Makrophagenfunktion, Lipid- und Kohlenhydratstoffwechsel, sowie Atherogenese
untersucht. Aus diesem Grund generierte ich ein atherosklerotisches
MGL/Apolipoprotein E -/- Mausmodell (DKO). Aufgrund der Fahigkeit von MGL das
Endocannabinoid 2-Arachidonylglyzerol (2-AG) zu spalten, reguliert dieses Enzym
eine Vielzahl von Vorgangen, wie z.B. Lipidstoffwechselprozesse und
Entziindungsreaktionen. In DKO Mausen zeigten sich systemisch, sowie auch lokal
in der Aorta und Leber erhdohte 2-AG Konzentrationen. Ferner waren in DKO
Mausen verminderte systemische Entzindungserscheinungen, verzogerte
Chylomikronensynthese, verminderte Lebersteatose, verminderte
Cholesterinausscheidung Uber den Stuhl und eine Verbesserung im
Kohlenhydratstoffwechsel zu beobachten. Anhand dieser Veranderungen erwartete
ich eine Auswirkung des Fehlens von MGL auf die Entstehung von Atherosklerose.
Interessanterweise entwickelten DKO Mause vermehrt atherosklerotische Plaques
mit einem allerdings vermindert entzindlichem Erscheinungsbild, charakterisiert
durch einen reduzierten Makrophagen- und Lipidgehalt, verminderter Nekrose und
einem erhdohtem Gehalt an Kollagen, welcher als praventiv gegen Plaqueruptur
wirkt. Zusammengefasst betrachtet konnte ich anhand einer Vielzahl von
Stoffwechsel- und Entziindungsparametern, eingeschlossen der Auswirkung auf
Atherogenese, zeigen, dass MGL Defizienz zu einem verbesserten
Erscheinungsbild fuhrt. Somit wirde eine pharmakologische Inhibierung von MGL
ein Ansatzpunkt fur die Behandlung von Stoffwechselerkrankungen darstellen.

Im zweiten Teil meiner Dissertation untersuchte ich die Auswirkung von DGAT1
Defizienz auf hamatopoetische Zellen und in weiterer Folge auf die Entwicklung von
Atherosklerose. Bisherigen Untersuchungen zufolge zeigten DGAT1/ApoE-DKO
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Mause eine verminderte Entstehung von Atherosklerose. Ursachlich fur diese
verminderte Plagueentwicklung konnen entweder  eine reduzierte
Schaumzellbildung gemeinsam mit einer verbesserten Entziindungsantwort von
Makrophagen oder eine verminderte intestinale Cholesterinaufnahme und -
absorption einhergehend mit verminderten Plasma Lipidkonzentrationen sein. Um
die Beteiligung von Makrophagen an dieser Beobachtung zu untersuchen, wurden
Jlow density lipoprotein receptor* KO Mausen Knochenmark von Wildtyp oder
DGAT1-KO Mausen transplantiert. Wir beobachteten eine vergleichbare
Plaquebildung in beiden Genotypen, wobei in DGAT1-KO transplantierten Mausen
ein instabile Lasion, charakterisiert durch erhdhten Makrophagen- und verringerten
Kollagengehalt, vorlag. Aus diesen Ergebnissen schlielen wir, dass DGAT1
Defizienz in hamatopoetischen Zellen nicht die zugrundeliegende Ursache fur die
beobachtete verminderte Atherosklerose ist, sondern dass dies womdglich auf

einen veranderten Cholesterinstoffwechsel zurlickzufuhren ist.



Abstract

Macrophage-derived foam cells represent the main core of the atherosclerotic
plaque and thus largely contribute to lesion dynamics. Enzymes regulating lipid
metabolism in macrophages have been poorly investigated in the past. However,
they strongly regulate macrophage function and concomitantly affect the process of
atherogenesis.

In the first part of this thesis, | investigated the role of monoglyceride lipase (MGL)
as the final enzyme in lipolysis on macrophage function, lipid and carbohydrate
metabolism, and atherosclerosis development. Therefore, | generated
atherosclerotic MGL/Apolipoprotein E double knockout (DKO) mice. Since MGL
cleaves 2-arachidonoylglycerol (2-AG), the main endocannabinoid in mammals, it
also affects a wide range of functions involved in lipid metabolism and inflammatory
responses. | found systemically elevated 2-AG levels as well as increased aortic
and hepatic 2-AG concentrations in DKO mice. Additionally, DKO mice had reduced
systemic inflammation, delayed chylomicron secretion, decreased hepatic steatosis,
increased cholesterol elimination via stool, and improved carbohydrate metabolism,
which all may affect atherosclerosis progression. Interestingly, DKO animals
developed increased atherosclerotic plaques, but these lesions were anti-
inflammatory with reduced macrophage and lipid accumulation, decreased necrotic
core size, and enlarged collagen-rich fibrous cap, which protects the lesion and
prevents its rupture. The results obtained from DKO mice clearly demonstrate a
range of metabolic and inflammatory parameters, including the atherosclerotic
phenotype, which are improved due to MGL deficiency. Thus, pharmacological
inhibition of MGL emerges as a potential target for treatment of metabolic disorders.
In the second part of my thesis, | investigated the relative contribution of DGAT1
deficiency in hematopoietic cells and the concomitant effect on atherosclerosis
development. Previous research showed that DGAT1/ApoE-DKO mice have
reduced atherosclerotic plaque formation. The reduction in plaque size can be
attributed either to reduced foam cell formation and ameliorated macrophage
response to inflammation or to reduced intestinal cholesterol uptake and absorption,
which resulted in reduced plasma lipid concentrations. To determine solely
macrophage contribution to the observed effect, we transplanted low-density

lipoprotein receptor-KO mice with the bone marrow from wild-type or DGAT1-KO
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mice. We found comparable plaque formation in both genotypes with the
development of unfavorable, destabilizing lesion profile in DGAT1-/- transplanted
mice, due to increased plaque macrophage and reduced collagen content. These
data clearly indicate that hematopoietic DGAT1 deficiency does not cause the
improved atherosclerosis observed in DGAT1/ApoE-DKO mice, arguing in favor of
decreased plaque formation due to altered cholesterol lipid metabolism in these

animals.
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PART |I: Consequences of MGL deficiency on

atherosclerosis development

1. Introduction

1.1. Atherosclerosis — the plague of the 21st century

Atherosclerosis is a chronic, progressive, inflammatory disease of the vascular wall,
associated with an imbalance in lipid metabolism (1). Macrophage lipid
accumulation, formation of foam cells, their subendothelial retention within the large-
to-medium sized arteries, and subsequent apoptosis and/or necrosis are the
hallmarks of atherogenesis. The first evidence of atherosclerosis in humans dates
as far back as the ancient Egypt. Recently performed computerized tomography
scanning of the Egyptian mummies from the period of 1580-1550 BC identified
atherosclerotic calcifications in the arterial vessel walls (2). Nowadays,
cardiovascular diseases (CVDs) as a consequence of atherosclerosis represent a
global health issue, comprising up to 29.6 % of all death causes World-wide in 2010
(3), and as many as 46 % of all death causes in the European region in 2014 (4).
Although the mortality rates have shown slight decline in Western European
countries and Australia during the last two decades, trends have been opposite in
the large portion of the world, including Central and Eastern Europe, and in particular

the developing countries (3, 4).

1.1.1. The pathogenesis of atherosclerosis — from lipids to inflammation —
causes and consequences
Current knowledge of atherosclerotic pathogenesis favors the response-to-injury
model, although, due to its complexity, the true etiology of atherosclerosis still
remains unclear.
Endothelial dysfunction is considered to be the initial step in the development of
atherosclerosis. In homeostatic conditions, endothelial cells provide a non-adherent
surface for circulating leukocytes. However, certain physical conditions such as
hypertension and low shear stress, or chemical stressors like hyperlipidemia,
hyperglycemia, elevated plasma homocysteine levels, tobacco smoking, and
recurrent infections, can cause endothelial dysfunction (5). Arterial branches and
curvatures are especially prone to the disturbances in blood flow, which can affect
1



endothelial cell function, and therefore present the predicted sites for early
atherogenic lesions (6).

A dysfunctional endothelial layer has increased permeability, allowing lipoprotein
particles to reach intimal layers more easily. Apolipoprotein B-100 (ApoB-100)-
containing lipoproteins, such as low-density lipoprotein (LDL), accumulate in the
subendothelial layers due to interactions between negatively charged ApoB-100 and
positively charged proteoglycans in the intimal region (7). Although LDL is protected
from modifications in the circulation, LDL particles within the intimal space are
exposed to various modifications including oxidation, acetylation or glycation, and
become immunogens (8). These modified particles also affect endothelial cells,
changing their phenotype into proliferative, pro-coagulatory and pro-inflammatory
states with high expression of leukocyte adhesion molecules on their surface.
Leukocyte adhesion on the endothelial surface is a multistep process, which
involves capture, selectin-dependent rolling, slow rolling and activation by
endothelial chemokines, firm adhesion mediated by integrins, and subendothelial
migration (9). Activated endothelium expresses P-, E- and L-selectins and leukocyte
adhesion to these selectins is mediated mainly via its ligand P-selectin glycoprotein
ligand 1 (PSGL-1) and possibly other ligands as well. Further on, firm adhesion and
arrest are formed through the interaction of the adhesion molecules on the
endothelial cells, vascular cell adhesion molecule 1 (VCAM-1) and intracellular
adhesion molecule 1 (ICAM-1), with their integrin ligands, very late antigen 4 (VLA-
4) and leukocyte function-associated antigen 1 (LFA-1), respectively, expressed on
leukocytes (10). Finally, the trafficking of leukocytes into subendothelial regions, the
process known as diapedesis, is mediated by various chemokines and their
receptors (Figure 1).

Among leukocyte populations, circulating monocytes represent the most important
cells in the pathogenesis of atherosclerosis. Within the subendothelial regions,
these cells are differentiating into macrophages, which are the most dominant cell
species in the atherosclerotic plaque (11) (Figure 2B). Monocyte diapedesis is
dependent on several chemokines among which the most important one is
macrophage chemoattractant protein 1 (MCP-1), which is secreted by activated
endothelial and smooth muscle cells (SMCs). MCP-1 interacts with chemokine CC
motif receptor (CCR) 2 on the monocyte surface leading to directed cellular

chemotaxis towards the chemokine gradient. Moreover, interleukin (IL) 8,
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macrophage inflammatory protein (MIP) 1a and 133 as well as RANTES are capable
to interact with CXCR2 and CCRS, respectively, contributing to subendothelial
migration. Once reaching atherosclerotic lesions, monocytes differentiate into
macrophages in a process driven by macrophage-colony stimulating factor (M-CSF)
and possibly other lymphocyte- and endothelial cell-derived cytokines (12).

Within intimal regions, macrophages are exposed to a large amount of lipids and
ApoB-containing lipoproteins in modified state, which are then subjected to uptake,
lysosomal degradation and re-esterification, and storage within lipid droplets (LDs).
This process leads to foam cell formation and represents the key step in the intimal
cholesterol accumulation. In addition to ubiquitously present mechanisms of
cholesterol homeostasis regulated by LDL receptor (LDLR), macrophages also
possess scavenger receptors (SRs) responsible for the internalization of modified
lipids and lipoproteins (Figure 1). The expression of these SRs is not regulated by
intracellular cholesterol concentrations, allowing macrophages to take up and
accumulate the excessive amounts of cholesterol and become foam cells (13).
There are 8 different classes of SRs among which SR-Al/ll and cluster of
differentiation 36 (CD36) carry most of the cholesterol internalizing capacity.
Additionally, SR-BI can traffic lipids bidirectionally, depending on the cell type, and
in macrophages even causes cholesterol efflux towards high-density lipoprotein
(HDL) (14).
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Figure 1. Mononuclear phagocytes in the pathogenesis of atherosclerosis. Monocyte interaction with
the surface of activated endothelium involves capture, selectin-dependent rolling, slow rolling and
activation by endothelial chemokines (VCAM-1 and ICAM-1), firm adhesion mediated by integrins
and subendothelial migration (mediated by MCP-1), and differentiation into macrophages (mediated
by M-CSF). Within subendothelial regions, macrophages are exposed to modified lipoprotein
particles, which are taken up by scavenger receptors in an uncontrolled manner, leading to foam cell
formation. Foam cells have pronounced inflammatory propensity and produce increased amounts of
matrix metalloproteinases (MMPs), reactive oxygen species (ROS), and cytokines, resulting in
further infiltration of inflammatory cells and plaque destabilization. Finally, these cells can undergo
apoptosis and secondary necrosis, causing buildup of a destabilizing necrotic core. Adapted from

Libby P., Inflammation in atherosclerosis (15).

Further fate of these lesional macrophages transformed into foam cells can take
multiple pathways. There is evidence that lesional macrophages can egress, at least
from regressive plaques, removing the lipids from the site of inflammation and
reducing the plaque size, cellularity, and inflammatory propensity (16). Lesional
macrophages are also involved in reverse cholesterol transport, a process which
allows cells to transfer internalized cholesterol via ATP-binding cassette A1
(ABCA1), ABCG1 and SR-BI transporters to external acceptors such as ApoA-I or
HDL particles, respectively (17). Lastly, foam cells within the plaque can also
undergo apoptotic cell death. These apoptotic cells can either be subjected to further
phagocytic removal by newly invading macrophages in a process known as
efferocytosis (18) or can undergo secondary necrosis with the release of its
intracellular content and generate a necrotic core within the lesion consisting of
cholesterol crystals, accumulated lipids, and cellular debris (19) (Figure 2C).

During atherosclerosis development, macrophages also secrete numerous
cytokines and chemokines, which modulate cellular homeostasis in an autocrine
and paracrine manner and contribute to lesion remodeling. Vascular smooth muscle
cells (VSMCs) are especially influenced by this process. In homeostatic conditions,
these cells reside in tunica media of the arterial wall in the quiescent, contractile
state, where they control the arterial vascular tone (Figure 2A). However, VSMCs
can undergo a phenotypic switch mediated by platelet derived growth factor
(PDGF), changing to synthetic, proliferative, migratory phenotypes (20). These cells
then reach intimal regions and produce a variety of extracellular matrices, mainly
collagen and elastin, which give structural support and scaffold for the

atherosclerotic plaque, thereby causing its stabilization (21). However, the process
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of collagen production and lesion stabilization is opposed by the production and
activity of matrix-degrading enzymes, MMPs. These enzymes are mostly produced
by plaque-invading inflammatory cells and their activity is directed towards thinning
of the fibrous cap. Consequent plaque rupture and sudden intraluminal thrombosis
are the major processes in the pathophysiology of acute occlusive vascular events,
namely heart attack and stroke (Figure 2D). Therefore, the fate of advanced lesion
is mostly determined by a net effect of the two processes, matrix production and
degradation (22).
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Figure 2. The pathogenesis of atherosclerosis. (A) Healthy arteries consist of three layers: endothelial
cell-lining intima which contains small numbers of resident VSMCs. Tunica media consists mostly of
VSMCs in a complex extracellular matrix which gives structure and contractile capacity to the vessel
wall. The outer layer tunica adventitia contains mast cells, nerve endings, and microvessels. (B) Early
lesions represent “fatty streaks” which consist mostly of inflammatory cells. Activated endothelial
cells express adhesion molecules leading to T lymphocyte and monocyte adhesion and
subendothelial transmigration. Within intimal regions, monocytes differentiate into macrophages
which take up modified lipoproteins and generate foam cells. (C) Advanced lesions have complex
structure. VSMCs migrate from the media, proliferate and produce extracellular matrices which give

a scaffolding structure to the lesion, and prevent plaque rupture. Foam cells undergo apoptosis and
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increase inflammatory propensity of the lesion by attracting newly invading leukocytes and
generating a lipid-rich atherosclerotic pool which contributes to the buildup of the necrotic core. (D)
Intravascular thrombosis as a terminal stage of atherosclerosis. Thinning fibrous cap fails to prevent
contact between circulating blood cells (leukocytes and platelets), and intraplaque necrotic core
(consisting of extracellular lipids and cellular debris). Upon plaque rupture, a series of sudden
intravascular events consequently leads to thrombus formation which fully occludes the artery or
breaks off and causes a downstream ischemic stroke in the affected tissue. Adapted from Libby P.

et al, Progress and challenges in translating the biology of atherosclerosis (23).

1.1.2. Neutrophils — inflammatory scouts and advanced lesion destabilizers

Neutrophils represent the first cellular members of the innate immunity to reach the
pathogens and initiate the inflammatory response upon rapid mobilization from the
bone marrow (BM). These cells are short-lived, with circulating half-life of only 18
hours (24), after which they undergo apoptosis and are rapidly cleared by other
phagocytes (25). Thus, their detection and identification within the atherosclerotic
lesions has been largely hindered for a long time. Recent data, however,
demonstrate the role of neutrophils in both early atherogenesis and advanced
atherosclerotic lesions. Within the early lesions, neutrophils contribute to intraplaque
inflammation and buildup of the early atherogenic core (26). In advanced lesions,
neutrophil abundance is high in vulnerable shoulder regions of the atheroma, where
they cause degradation of matrix collagen and fibrous cap thinning (27, 28).
Elastase, proteinase 3, and MMP-2, -8 and -9 as the most prominent and potent
members of the large family of MMPs, are readily produced by neutrophils and can
affect lesion stability via matrix degradation. In addition, neutrophils produce a wide
range of enzymes involved in immune processes. For example, myeloperoxidase
(MPOQO) is responsible for the production of ROS and in the context of atherosclerosis,
aggravation of endothelial dysfunction and lipoprotein modification (29). Among
cytokines and chemokines, neutrophils are known to produce azorucidin, cathepsin
G, and a-defensins, which all boost immune responses and trigger secondary
infiltration of monocytes and other members of the innate immunity into the lesions,

thereby affecting inflammatory responses (7) (Figure 3).
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Figure 3. Neutrophil dynamics in atherosclerotic lesions. Neutrophil accumulation is characteristic for
shoulder regions of atherosclerotic plaque. Sustained secretion of MPO causes production of ROS,
aggravates endothelial dysfunction and causes lipoprotein modification. Neutrophils stimulate other
immune cells by producing large amount of pro-inflammatory cytokines: azorucidin (AZO), cathepsin
G (CATG), a-defensin (DEF). In addition, neutrophils largely contribute to plaque destabilization by
producing elastase, proteinase 3 (PR3), and MMP-3, -8 and -9 which are responsible for degradation
of the extracellular matrix and fibrous cap thinning, rendering advanced lesions prone to rupture.
Finally, due to their short half-life, neutrophils quickly undergo apoptosis and are efferocytosed by
invading macrophages, stimulating the inflammatory propensity event more, or are subjected to
secondary necrosis which contributes to the necrotic core build up. Adapted from Soehnlein O.,
Multiple roles of neutrophils in atherosclerosis (29).

1.1.3. Monocytes - the infantry

Monocytes are considered to be the most important circulating white blood cells
involved in the pathogenesis of atherosclerosis, particularly because they give rise
to lesional macrophages and are continuously accumulating in atheromas or
predicted sites for atherosclerotic lesion formation (30). There are two main subsets
of monocytes, characterized by their surface markers. Pro-inflammatory Ly6Chigh

monocytes are characterized by CCR2*CX3CR1'°% antigen expression pattern in
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mice and CD14Msh or CD14*CD16* in humans. They represent the main monocyte
subset involved in the inflammatory response caused by microbial infections. These
cells also give rise to the classically activated, pro-inflammatory M1-like
macrophage subset. On the other hand, CCR2'°“CX3CR1Md" cells in mice or
CD149M in humans are resident Ly6C'°Y monocytes, which patrol blood vessels
even in homeostatic conditions and are responsible for the resolution of
inflammatory response. This subset of monocytes gives rise to alternatively
activated, anti-inflammatory M2-like macrophages (31). The importance of specific
monocyte subsets in atherogenesis has been previously documented. Numbers of
Ly6Chigh monocytes significantly increase during hypercholesterolemia due to
increased cellular production and survival, whereas Ly6C'°" population remains
unaffected (32). Moreover, Ly6Chis" cells represent the dominant class of monocytes
capable to infiltrate atherosclerotic lesions and increase their cellularity and size
(33). It is therefore plausible to believe that the change in a Ly6C"d" to Ly6C'oW
monocyte ratio within the circulation significantly determines the fate of lesion

progression.

1.1.4. Macrophages and foam cells — the cavalry

Macrophage subtypes are divided into classically activated pro-inflammatory M1
and alternatively activated anti-inflammatory M2 macrophages. However, the whole
range of macrophage phenotypes is much wider and can be found between these
two main subtypes. The differentiation pattern of macrophages largely depends on
cytokines to which monocytes are exposed. It is generally considered that M-CSF
mediated monocytic differentiation in vitro leads to an MO phenotype (9). However,
occurrence of different circulating cytokines in vivo, particularly in the complex
setting of an atherosclerotic lesion, can lead to selective differentiation of specific
monocyte subsets to a certain macrophage phenotype.

Cytokines generated by T-helper (Th) 1 lymphocytes such as interferon-y (IFN-y),
IL-2 and tumor necrosis factor-a (TNF-a) as well as bacterial lipopolysaccharides
(LPS) lead to M1 macrophage polarization (34). This process consequently
generates lesional macrophages which produce pro-inflammatory cytokines (TNF-
a, IL-1B, IL-6, IL-12, and IL-23) largely responsible for potentiation of inflammatory
response and finally lesion destabilization. Indeed, in human atherosclerotic



plaques, destabilized lesional shoulders are enriched in M1 macrophages (35, 36)
(Figure 4A).

Likewise, TH2-lymphocyte derived cytokines such as IL-4, -10, and -13 lead to M2
macrophages (34). M2 macrophages are considered as anti-inflammatory since
they produce high levels of inflammation-resolving cytokines such as IL-4, IL-10,
and TGF-B. This type of macrophages is mostly associated with the resolution of
acute inflammatory responses, and in the chronic state like in atherosclerosis, can
reduce inflammatory propensity within the lesion, leading to its stabilization. Thus, it
was not surprising to find that stabilized parts of atherosclerotic lesions contain
significant numbers of M2-polarized macrophages (35, 36). To date, in vitro
experimentation lead to division of M2 macrophages in four different sub-
populations: M2a, M2b, M2c, and M2d. M2a macrophages express high levels of
manose receptor and secrete pro-fibrotic cytokines. M2b cells produce high
amounts of both pro-inflammatory (IL-18, TNF-a, IL-6) cytokines and anti-
inflammatory cytokine IL-10. M2c macrophages seem to be professional
efferocytes, due to high expression of Mer receptor tyrosine kinase (Mer-TK)
responsible for removal of apopototic cells. Finally, M2d cells have low manose
receptor expression and produce high levels of IL-10 and vascular endothelial
growth factor (37).

Moreover, at least four additional macrophage phenotypes were identified in human
atherosclerotic plaques. M(Hb) macrophages are found in the hemorrhagic zones
of human atherosclerotic plagues and are responsible for hemoglobin clearance.
These cells show anti-inflammatory properties by increased IL-10 secretion,
resistance to lipid accumulation due to induced cholesterol efflux, and reduced ROS
production. Mhem macrophages differentiate upon exposure to heme and (similarly
to M(Hb) macrophages) demonstrate reduced levels of oxidative stress and lipid
accumulation. Mox macrophages develop upon exposure to oxidized phospholipids
and have reduced phagocytic and chemotactic capacities. These cells, although
anti-inflammatory by nature, produce some inflammatory cytokines like IL-13 and
COX-2 (Figure 4B). Finally, M4 macrophages are formed upon exposure to CXCLA4.
Unlike all other macrophage phenotypes, they are differentiated terminally and
cannot undergo a phenotypic switch. These cells completely lack phagocytic
capacities and show a pro-inflammatory phenotype similar to M1 macrophages (38)
(Figure 4C).
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Figure 4. Spectrum of macrophage phenotypes. Monocytes differentiate to a range of macrophage
phenotypes depending on the stimulus in the plaque. (A) M1 macrophages differentiate in response
to Tu1 stimulus, lipid loading or LPS and secrete pro-inflammatory cytokines. (B) M(Hb), Mhem and
M2 macrophages develop upon stimulation with hemoglobin, heme or Tn2 cytokines, respectively,
and secrete anti-inflammatory cytokines. (C) Mox macrophages are formed as a consequence to
oxidized phospholipid exposure and are able to produce both pro- and anti-inflammatory cytokines.
(D) M4 macrophages differentiate in response to CXCL4, have reduced phagocytic capacity and
show a phenotype similar to M1 macrophages. Adapted from Chinetti-Gbaguidi G. et al, Macrophage

subsets in atherosclerosis (38).

1.1.5. T lymphocytes — gray eminences of intraplaque dynamics

T lymphocytes are the second most abundant hematopoietic cells within the lesions
and can be detected already in fatty streaks, although at much lower frequencies
compared to macrophages (39). Even though T lymphocytes do not phagocyte
modified lipoproteins or accumulate LDs, they actively produce a plethora of
cytokines and chemokines, thereby indirectly modulating macrophage behavior and
atherogenesis (40). TH1 CD4* lymphocytes are the most dominant T-lymphocyte
subpopulation present in human atheromas (41). As mentioned before, these cells
produce a large number of IFN-y and TNF-a and thus stimulate M1 macrophage
polarization, which consequently promotes further macrophage plaque infiltration
and increases lesion cellularity and plaque destabilization (Figure 5). In contrast,
Thn2 cells are present in human plaques with much lower frequency (42) and
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cytokines secreted by these cells stimulates M2 macrophage polarization (Figure
5). Finally, regulatory T lymphocytes (Tregs) are important in the resolution of the
inflammatory response and thereby affect plaque development by reducing plaque
burden (43). Recent data show that the ratio of Trgs critically influences
atherogenesis and high ratios can even be associated with atherosclerotic plaque
regression (44).
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Figure 5. Role of T lymphocytes in the pathogenesis of atherosclerosis. T lymphocytes adhere to the
activated endothelium, where they undergo diapedesis and subendothelial homing in a CXCR3-
dependent process. T lymphocytes are exposed to modified lipoproteins and other immunogens,
which drive lymphocyte differentiation to Th1, TH2 or Treg phenotypes. Differentiated lymphocytes as
members of the adaptive immunity secrete a wide range of cytokines and chemokines, thus
influencing cellular members of innate immunity and largely affecting intravascular inflammation.

Adapted from Libby P., Inflammation in atherosclerosis (15).

1.2. Lipolysis

Triglycerides (TGs) are the main energy depot in mammals, predominantly stored
in white adipose tissue (WAT). In times of increased energy demands or upon
fasting, TGs are efficiently mobilized from their storage pools during lipolysis.
Lipolysis represents a multistep process of intracellular TG hydrolysis, which
requires the consecutive activity of at least three enzymes: adipose triglyceride
lipase (ATGL), hormone sensitive lipase (HSL), and monoglyceride lipase (MGL).
End products of lipolysis are free fatty acids (FFAs) and glycerol, which mainly serve

as substrates for adenosine triphosphate (ATP) production in the process of -
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oxidation and gluconeogenesis, respectively. FFAs are also involved in signaling

pathways and regulation of gene transcription (reviewed in (45)).

1.2.1. ATGL - the first but the youngest

ATGL is the first and rate limiting enzyme in TG hydrolysis (46). The enzyme
belongs to the family of patatin-like phospholipase domain containing proteins
(PNPLAs) and shows substrate specificity towards TGs (47) and, to a much lesser
extent, phospholipids (48). Its activity is induced by fasting, glucocorticoids,
peroxisome proliferator-activated receptor (PPAR) agonists, adenosine
monophosphate-activated protein kinase a (AMPK) activation and decreased by
feeding and insulin (45). By far the strongest regulation of ATGL activity is carried
out by comparative gene identification-58 (CGI-58) (47) as its co-activator, and
GO0/G1 switch gene 2 (G0S2) as its inhibitor (49). In the basal state, ATGL is located
on the LD surface and in the cytosol (49), whereas CGI-58 is associated with the
LD membrane protein perilipin-1. Upon B-adrenergic stimulation, ATGL does not
undergo direct phosphorylation and activation via protein kinase A (PKA), but
instead PKA phosphorylates perilipin-1, which allows CGI-58 to dissociate from
perilipin-1 and bind to ATGL, resulting in ATGL activation and translocation of
cytosolic ATGL to the LD (Figure 6) (45).

ATGL knockout (-/-) mice are is characterized by massive TG accumulation in
several tissues. Severe ectopic TG accumulation in cardiomyocytes leads to cardiac
dysfunction and premature death of these mice. In addition, they exhibit reduced
plasma TG, FFA, and insulin concentrations but despite ectopic fat accumulation,
increased glucose tolerance and insulin sensitivity (50).

ATGL mutations in humans are named neutral lipid storage disease and are
characterized by Jordans’ anomaly (fat-filled leukocytes), skeletal muscle and
cardiomyopathy, and occasionally hepatomegaly (51, 52). The disorder shares a
similar phenotype with Chanarin-Dorfmann syndrome (mutation of CGI-58), which

is additionally associated with severe ichthyosis but no cardiomyopathy (53).

1.2.2. HSL - the middle and the promiscuous one
HSL belongs to the a/B-hydrolase family of enzymes (54). Although it shows broad
range of substrate specificities, being able to cleave TGs, monoglycerides (MGs),

cholesterol esters (CEs), and retinyl esters, HSL is the rate-limiting for the
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catabolism of diglycerides (DGs) (55, 56). HSL activity is strongly regulated by
hormones. Under basal conditions, HSL is localized in the cytosol. In adipose tissue,
B-adrenergic stimulation causes perilipin-1 phosphorylation and HSL translocation
to the LD surface. In addition, HSL gets phosphorylated and activated in a PKA-
dependent manner (Figure 6). Other kinases, such as AMPK, extracellular signal-
regulated kinase (ERK) and glycogen synthase kinase 4 are also capable to activate
HSL, whereas insulin reduces HSL activity (45).

Mice genetically deficient in HSL are characterized by a lean phenotype, resistance
to diet-induced obesity, and DG (57) and CE (58) accumulation in different tissues.
Knockout mice have improved glucose tolerance and show reduced diet-induced
insulin resistance (59, 60). Male knockout mice are infertiie due to severe
oligospermia (61).

Recently, a mutation of human HSL has been reported, characterized by reduced
WAT storage and increased inflammation, ectopic hepatic fat accumulation,

dyslipidemia, and early onset of type 2 diabetes (T2M) (62).

Lipid droplet Cytosol

Basal Stimulated

Figure 6. Lipases in lipolysis in basal and stimulated states. (A) In the basal state, CGI-58 is bound
to perilipin-1 and thus cannot bind and activate ATGL. HSL is located in the cytosol, whereas MGL
localizes to the surface of the LD, cytosol, and endoplasmic reticulum (ER). (B) Upon (3-adrenergic
stimulation, perilipin-1 gets phosphorylated, allowing CGI-58 to recruit cytosolic ATGL, bind ATGL

and cause its activation to cleave TGs to DGs. Moreover, perilipin-1 and HSL phosphorylations lead
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to HSL translocation to the LD surface and degradation of DGs to MGs. Finally, MGL hydrolyzes
MGs to glycerol and FFA. Adapted from Schweiger M. et al, Measurement of lipolysis (63).

1.2.3. MGL - last but not the least

The first evidence of MG hydrolase activity in rat and rabbit adipose tissue
homogenates was reported by Vaughan et al. (64) in 1964. Soon afterwards, MGL
was purified from rat adipose tissue and partially characterized (65). Finally, cloning
of the murine gene sequence encoding for MGL was carried out in 1997 (66). Within
the mouse genome, MGL gene is located on chromosome 6 and consists of 7 exons
(67). The enzyme is a 303 amino acids long protein with 33 kDa mass and belongs
(similar to HSL) to the a/B-hydrolase superfamily (68). MGL contains a catalytic triad
consisting of Ser122, Asp239 and His269, as confirmed by point mutation studies
(66). X-ray diffraction was used to solve the 3D structure of human MGL and the
enzyme crystallized as a dimer (69, 70).

The optimal pH for the enzymatic activity of MGL is 8.0, with a Km of approximately
0.3 uM for oleoylglycerol. MGL seems to be strictly responsible for MG cleavage
since it does not show any hydrolytic activities towards TGs, DGs, CEs,
lysophosphatidylcholine, and only very low activity towards prostaglandin glycerol
esters (71-74). The enzyme is not regioselective and hydrolyzes 2-oleoylglycerol
and 1(3)-oleoylglycerol with equal rates (71). Within MG species, MGL does not
show selectivity towards acyl chain length, (65) however, MGs containing
unsaturated FAs are preferential substrates for its activity (75, 76).

Within the mammalian system, MGL is ubiquitously expressed with highest mRNA
transcript levels found in white and brown adipose tissue, kidney, testis, adrenal
gland, brain, heart, lung, skeletal muscle, liver, ovary, and spleen, with descending
abundance of order (66). Within the cell, MGL has been identified within the cytosol
and on the plasma membrane (77-79), endoplasmic reticulum (ER) (80), and on
surface of LDs (65, 66, 71).

In contrast to ATGL and HSL, there is no evidence that MGL requires hormonal
activation or mediation of co-activators for its hydrolytic activity. However, it cannot
be excluded that other forms of regulation, such as alternative splicing or
posttranslational modifications, can occur. This is plausible since, depending on the
tissue, MGL exists in different variants. Western blot analyses revealed that in

addition to a 33 kDa large murine MGL in adipose tissue, liver, lung, heart, kidney,
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spleen, and adrenals, in brain and testis a second 2 kDa larger MGL band can be
identified, whereas in skeletal muscle MGL is a 40 kDa large protein (67, 77, 81,
82). Moreover, recent results have shown that MGL can be upregulated on the
transcriptional level by PPARa activation (83).

To date, there is no case report of MGL mutation in humans. Mice genetically
deficient in MGL have been generated only recently (84-86). These animals are
characterized by a significant increase in MG species in virtually all tissues.
Importantly, 2-arachidonoylglycerol (2-AG), the main endocannabinoid in the
mammalian system, is inactivated by the hydrolytic activity of MGL. Although 2-AG
concentrations in the brain of these mice were elevated 10-60 fold, animals showed
lack of cannabimimetic effects on peripheral inflammatory and neuropathic pain
stimuli, locomotor activity and food intake. In contrast, they remained resistant to the
effects caused by exogenous cannabinoid receptor (CBR) agonist treatment. These
observations are explained by cannabinoid 1 receptor (CB1R) desensitization in
brain regions, as a consequence of elevated 2-AG concentrations and concomitant
CB1R downregulation and dampening of signaling mediated by this receptor (84-
86).

However, little is known regarding metabolic adaptations in mice genetically lacking
MGL. Current knowledge is limited on the effects of MGL in lipolysis, reduced fasting
plasma TG concentrations, reduced hepatic TG content and very low-density
lipoprotein (VLDL) secretion, as well as improved glucose tolerance after high-fat
diet treatment (86). Recently, consequences of MGL deficiency on intestinal
functions have been described. MGL-/- mice on low-fat diet showed reduced body
weight, similar energy expenditure to wild-type (WT) animals but increased food
intake. High-fat diet-fed MGL-/- mice had similar weights and food intake to controls
but reduced energy expenditure. Moreover, circulating TG concentrations and
chylomicron secretion were reduced in both low and high-fat diet-fed MGL-/- mice
(87).

Therefore, MGL-/- mice are a powerful tool to phenocopy and investigate direct
consequences of chronic MGL inhibition and indirect effects of endocannabinoid
signaling on whole body metabolism. Pharmacological inhibition of MGL arises as a
future possibility for pharmacological treatment, as the small molecule inhibitor JZL
184, which selectively inhibits MGL (88).
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1.3. Endocannabinoid (EC) system

For centuries, marijuana has been used throughout the world as traditional medicine
and a psychoactive drug. The main active component of Cannabis sativa is A®°-
tetrahydrocannabinol (A°-THC) (89), which exhibits a plethora of pharmacological
effects in humans and laboratory animals, ranging from hallucinations, euphoria,
impairment of short-term memory, hyperphagia, analgesia, and locomotor
hypomotility to suppression of immune response (90). During the 1990s, CB1R (91)
and CB2R (92) were identified and THC postulated as their natural ligand. However,
it is uncommon in nature that an organism produces highly expressed receptors, at
least in brain tissue, for an exogenous ligand. This notion prompted the search for
the endogenous ligands of the CBRs and the first one identified was N-
arachidonoylethanolamine, named anandamide (93). Soon after, 2-
arachidonoylglycerol (2-AG) was identified as a second CBR ligand (94, 95). Thus,
lipid molecules were identified as mediators of EC signaling. Among the enzymes
involved in biosynthesis and degradation of ECs, MGL emerged as an enzyme at
the crossroad of TG hydrolysis and 2-AG inactivation by directly affecting lipolysis
and indirectly EC signaling.

1.3.1. CBRs

Both CBRs belong to the seven transmembrane Gi/Go protein-coupled receptor
family and are thus negatively coupled to adenylyl cyclase and positively to mitogen-
activated protein kinase (MAPK) (96).

Human CB1R is a 472 amino acids long protein, which gene is located on the 6q14-
15 chromosome. CB2R consists of 360 amino acids and its gene is located on the
1p36 chromosome. The receptors share approximately 44% of sequence homology
(90). CB1R has the highest expression in central nervous system (CNS) and in
primates is mostly found in substantia nigra, cerebellum, hippocampus, and cortex
(97). Lower CB1 receptor densities are found in peripheral tissues such as liver,
pancreas, skeletal muscle, adipocytes, adrenals, and testis (98). CB2R s
abundantly expressed in human immune cells, with declining expression levels from
B lymphocytes, natural killer (NK) cells, monocytes, neutrophils to T lymphocytes
(99). It is important to mention, however, that CBR distribution is biphasic but not

dichotomic. This means that most of the tissues express both receptors but the
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receptor abundance is shifted towards one of the extremes, with CB1R in the CNS

and CB2R in immune cells, respectively.

1.3.2. CB1R

After identification of CBRs and extensive investigation of the cannabinoid system
by using pharmacological interventions, CB1R-/- mice were generated in 1999
(100). The animals are viable and fertile but have a reduced life span (101).
Surprisingly, these mice show a series of cannabimimetic effects (101), despite the
absence of the main CBR, but remain resistant to agonist-induced potentiating of
cannabinoid signaling (100). In addition, these mice are lean, resistant to diet-
induced obesity, protected from insulin and leptin resistance (102) as well as from
hepatic steatosis HFD treatment (103).

However, only few studies investigated the implication of CB1R on atherosclerosis.
Most of the work so far is limited to pharmacological inhibition of CB1R-mediated
signaling by the inverse CB1R agonist rimonabant (SR141716-A). In apolipoprotein
E (ApoE) -/- mice, rimonabant had no direct effect on atherogenesis but significantly
improved endothelial dysfunction and reduced ROS production (104). In LDLR-/-
mice, rimonabant treatment dramatically reduced atherosclerotic plaque formation,
macrophage inflammatory propensity, and thioglycolate-induced recruitment (105).
Multiple beneficial effects of CB1R inhibition on cardio-metabolic parameters and
energy homeostasis led to a series of randomized, double-blind clinical trials
investigating rimonabant in obesity. Beneficial effects were proven on weight
reduction and CVD risks (106, 107), dyslipidemia (108), and glycemic control (109,
110), resulting in the European approval of the use of rimonabant for obesity
treatment in 2006. However, a meta-analysis of randomized trials found a significant
increase in psychiatric adverse effects of rimonabant-treated patients (111).
Reduced compliance to the therapy due to increased anxiety and depression as well
as two suicidal cases among rimonabant-treated patients led to withdrawal of the

drug from the European market in 2009 (112).

1.3.3. CB2R
The first CB2R-/- mice were generated in 2000. They are viable, fertile, and without
gross morphological characteristics (113). However, these animals are deficient in

splenic B and memory CD4* T lymphocytes, peritoneal B1a lymphocytes, and
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intestinal NK cells (114). They also show pronounced age-related bone loss, due to
proliferation of osteoclast precursors (115), increased fibrosis, and hepatic damage
in liver injury models (116, 117).

The role of CB2R in atherosclerosis has been investigated as well. Low doses of
A%-THC attenuated atherogenesis in ApoE-/- mice by reducing macrophage
migratory capacity, which resulted in decreased macrophage lesion infiltration,
diminishing proliferation capacity of Tn1 lymphocytes with a shift in Th1/TnH2 balance,
and decreasing IFN-y secretion. However, the beneficial effects of AS-THC
treatment were abolished when mice were treated with a specific CB2R antagonist,
suggesting that CB2R but not CB1R signaling is crucial for the anti-atherosclerotic
effect of A>-THC (118). Moreover, pharmacological activation of the cannabinoid
system with the CB1R/CB2R agonist Win55212-2 caused a similar plaque
phenotype in a CB2R-dependent manner (119). When crossed to ApoE-/-
background, CB2R-/- mice showed more pronounced atherogenesis with increased
plaque macrophage infiltration, ROS production, and endothelial dysfunction. The
phenotype was independent from CB2R expression in hematopoietic cells, as
shown by BM transplantation. Interestingly, the same study showed that CB2R
deficiency caused alterations in EC signaling compared to WT mice, with the
reduction in aortic, but not plasma 2-AG concentrations and diminished expression
of MGL and diacylglycerol lipase (DAGL) (120). Other studies showed that whole
body (121) or hematopoietic CB2R deficiency mildly aggravates atherogenesis in
LDLR-/- mice (122). These data indicate that CBR signaling has a strong influence
on lipid and carbohydrate metabolism, inflammatory response, and concomitantly,

on atherogenesis.

1.3.4. Anandamide - the first to be discovered

N-arachidonoylethanolamine (anandamide) was the first EC molecule isolated from
porcine brain. It binds CB1R with great affinity (Ki = 52 nM) and upon administration
causes cannabimimetic effects in mice (123). It is, however, still a matter of debate
whether anandamide is a true endogenous cannabinoid. Receptor activation studies
showed that anandamide acts only as partial agonist on CBR, even being able to
antagonize the agonist-mediated receptor activation (124-127). It is extremely
uncommon that the true endogenous receptor ligand possesses only partial

agonistic activity. Moreover, structure-activity relationship studies suggested that 2-
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AG rather than anandamide is the true natural ligand for both CB1R and CB2R (128,
129). On the other hand, anandamide has been proposed as a true endogenous
ligand for the transient receptor potential cation channel subfamily V member 1
(TRPV1) (130-132). Although multiple biosynthesis pathways for anandamide have
been proposed, knockout mice for these proposed genes lack anandamide
accumulation, arguing for an alternative, yet undiscovered biosynthesis pathway.

The main enzyme responsible for anandamide degradation is fatty acid amide
hydrolase (FAAH). Indeed, FAAH-/- mice demonstrate 15-fold increased
concentrations of anandamide in the brain, but except for hypoalgesia, fail to show
any other cannabimimetic effects. In contrast to WT animals, these mice are highly
sensitive to exogenous application of anandamide, producing profound
cannabimimetic effects (133). Another study, however, found increased body weight
and adiposity in FAAH-/- mice on both chow and HFD, increased plasma FFA, TG,
and glucose concentrations, ectopic TG deposition, and insulin resistance (134).

After crossing on the ApoE-/- background and feeding with HFD, FAAH-/- mice
developed smaller but destabilized atherosclerotic plaques. These lesions were
characterized by comparable amount of intraplaque macrophages, but reduced T
lymphocyte and VSMC content, increased neutrophil infiltration, and increased
circulating concentrations of Tn1 cytokines. Important to mention, this study also
showed unchanged 2-AG concentrations in ApoE-/-FAAH-/- mice during HFD
feeding, whereas 2-AG levels were constantly increasing during nutritional
challenge of ApoE-/- mice (135). The same authors published later the opposite
effect of anandamide on SMCs in the model of neointima formation triggered by

ballooning injury in ApoE-/-FAAH-/- animals (136).

1.3.5. 2-AG - the true and the right one

Soon after anandamide, 2-AG was postulated as a potential EC with strong binding
affinity to rat synaptosome membranes (94). 2-AG from the canine gut binds to
CB1R and mimics a A°-THC-provoked tetrad consisting of hypomotility,
hypothermia, antinociception and catalepsy when administered to mice (137).
Although 2-AG binds CB1Rs with reduced affinity compared to anandamide (Ki =
15 pM), in the mammalian system it is present at much higher, nmol/g tissue
concentrations, compared to pmol/g tissue range of anandamide (90). Further
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studies defined 2-AG as the only endogenous CBR ligand which acts as full agonist
on both CB1R and CB2R (127-129, 138).

2-AG biosynthesis can take several different pathways. Most of the cellular 2-AG is
generated after hydrolysis of membrane phosphatidylinositol (Pl) with arachidonic
acid at the sn-2 position by phospholipase (PL) C to DG, with the subsequent DG
cleavage by DAGLa or B to 2-AG (139). This is probably the most dominant pathway
in 2-AG biosynthesis. Alternatively, 2-AG can be generated by PLA1 mediated
hydrolysis of Pl, generating lyso-PI, which is further cleaved by PLC to 2-AG (140).
Finally, lysophospathidic acid can be esterified with arachidonoyl-CoA to generate
phosphatidic acid, which is subsequently hydrolyzed by PA phosphohydrolase to
generate DG, which is hydrolyzed by DAGL to 2-AG (141) (Figure 7).

Since there is no evidence of vesicular transport of 2-AG, particularly due to its high
lipophilic properties, it is considered that the molecule is produced “on-demand”
when physiologically required by cleavage of membrane phospholipids, after which
it exerts its effects and is rapidly degraded and inactivated (142, 143).

Degradation of 2-AG can be performed through the action of at least 5 different
enzymes: MGL, HSL, FAAH, and recently discovered a/f hydrolase domain
containing protein (ABHD) 6 and ABHD12 (Figure 7). The first overexpressing (77)
and silencing experiments (78) undoubtedly demonstrated the capability of MGL to
degrade 2-AG. The data were reconfirmed by pharmacological inhibition of MGL
activity towards 2-AG hydrolysis (144-146). Functional proteomic analysis revealed
that, at least in rat brain, MGL accounts for as much as 85 % of total 2-AG hydrolysis,
with ABHD12, ABHD6, and FAAH accounting for the remaining 9, 4, and 1 %,
respectively (81). FAAH is also capable to directly cleave 2-AG in vitro (147). In
addition, HSL was identified as a contributing factor in the hydrolysis of WAT-derived
MGs, being able to partially compensate for the lack of MGL in the knockout model
(86). It is, however, important to mention that besides MGL and HSL, there is no
evidence that other lipases, although possessing MGL hydrolase activity, have any
physiological relevance to 2-AG homeostasis and EC signaling, since FAAH
deficiency (148, 149) and ABHDG6-anti sense oligonucleotide (ASO) treatment (150)
did not alter 2-AG concentrations in the respective animal models. Further
generation and analysis of 2-AG levels in ABHD6 and -12-/- mice should help to

unveil the contribution of these two enzymes to 2-AG homeostasis.
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Figure 7. Biosynthesis and degradation of 2-AG. Biosynthesis of 2-AG can take three different

Extracellular

pathways: lysophosphatidic acid (LPA) can be re-esterified with arachidonoyl-CoA to phosphatidic
acid (PA), which is then cleaved by PA phosphohydrolase to DG. DAGLa or 3 hydrolyze DG to 2-
AG. Alternatively, phosphatidylinositol (Pl) is either cleaved by PLC to DG and concomitantly by
DAGLs to 2-AG, or it gets hydrolyzed by PLA1 to lyso-Pl, which is then subjected to PLC-mediated
degradation to 2-AG. Degradation and inactivation of 2-AG is mediated mainly by MGL, although
HSL, ABHD6, ABHD12, and FAAH showed hydrolytic activity towards 2-AG, at least in vitro. 2-AG
can be also cleaved by COX-2 and PGE: synthase to prostaglandin E2 glycerol ester. Adapted from

Di Marzo V., Targeting the endocannabinoid system: to enhance or reduce? (151)
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1.3.6. CB1R in (patho)physiology

The majority of cannabimimetic effects are found in the CNS, which expresses the
highest density of CB1R. These effects are mostly associated with modulation of
signal transduction, memory and learning, regulation of food intake, pain sensations,
and locomotor activity. Initial experiments revealed that in neurons, 2-AG
suppresses depolarization-induced rapid elevation of intracellular free Ca?*
concentrations, essential for neurotransmitter release. This led to the theory that the
EC system functions in the retrograde manner and modulates neural plasticity.
Indeed, further investigations showed that increased synaptic transmission in
postsynaptic neurons stimulates 2-AG production from membrane phospholipids.
This newly produced 2-AG then diffuses through the cell membrane towards
presynaptic neurons where it binds CBRs. Upon binding and via Gi/o stimulation,
voltage Ca?* channels on the presynaptic neurons are inhibited, which leads to the
reduction in intracellular Ca?* levels and reduced release of vesicle-stored
neurotransmitters from presynaptic neurons, namely y-aminobutyric acid (GABA)
and glutamine (90). Since GABA has inhibitory and glutamine excitatory functions
in the CNS, EC signaling is thereby capable to inhibit both of these processes
through depolarization-induced suppression of inhibition and depolarization-induced
suppression of excitation. Concomitantly, high CB1R densities are found in the brain
regions characterized by high synaptic activity responsible for learning and memory,
where the EC system modulates the CNS plasticity and signal transduction. Thus,
2-AG can mediate the suppressive effects of cellular hyperexcitability and also
prevent epileptiform seizures through neuroprotection (152).

In addition, 2-AG-mediated neuroprotection was documented in close-head injury
(153), hypoxia (154), and multiple sclerosis models (155). Pain sensations are
modulated by EC activation with increased analgesia after direct 2-AG
administration (137) or the increase of 2-AG levels in brain upon administration of
MGL inhibitors (156, 157). A mouse restraint-induced anxiety model shows inverse
correlation in terms of stress induction and brain 2-AG levels (158). Limited data are
available regarding emesis, but it seems that 2-AG, similarly to THC, reduces
vomiting (159). Food intake is also strongly regulated by EC signaling, since brain
2-AG levels inversely correlate with satiety and 2-AG administration induces
hyperphagia (160). Increased hypothalamic EC levels are found in genetically obese

mouse and rat models with dysregulated leptin signaling, and leptin administration
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reduces elevated hypothalamic 2-AG levels, arguing for a strong link between leptin
signaling and the EC system (161).

CB1R is present in peripheral tissues, where it regulates specific metabolic
pathways associated with lipid and carbohydrate metabolism. In adipocytes, CB1R
expression increases during adipogenesis. Activation of adipose EC stimulates
PPARYy signaling (162), de novo lipogenesis (through increased activation of sterol
regulatory element-binding protein 1c (SREBP-1c) and its downstream targets
acetyl-CoA carboxylase 1 (ACC1) and fatty acid synthase (FAS) (103)), increases
glucose uptake (163), and potentiates lipid uptake through upregulation of
lipoprotein lipase (LPL) (164). In addition, 2-AG concentrations were increased in
epididymal but reduced in subcutaneous WAT of mice fed HFD (165).

Similarly, visceral but not subcutaneous adipose tissue of obese humans contains
higher 2-AG levels, indicating alterations in adipose EC signaling during obesity
(162). Although adipocytes were considered as an inert energy storage depot for a
long time, numerous data show the importance of adipose tissue as an endocrine
organ through adipokine production, cell signaling, and concomitantly energy
homeostasis. However, data regarding regulation of adipokine production by EC are
limited and controversial. While some studies showed that CB1R activation in
adipocytes causes reduced production of adiponectin (162), which is reversed with
rimonabant treatment (166), others failed to reproduce the effect of EC on regulation
of adiponectin production (163, 167, 168).

Liver is another organ which is strongly involved in energy homeostasis and which
can be influenced by the EC system in physiological and pathological states. CB1Rs
are found at very low levels in hepatic tissue and their activation potentiate fibrosis
(169, 170). However, 2-AG itself has antifibrinogenic effects via a CB1R-
independent mechanism (171). In contrast, CB2R activation has a protective role in
liver fibrosis, since CB2R agonist treatment of rats with cirrhotic livers ameliorated
(172) and genetic CB2R deficiency in mice aggravated the state of hepatic fibrosis
(116). Evidence of an EC involvement in hepatic metabolism came with the notion
that CB1R densities increase in liver during HFD feeding, whereas receptor
blockade attenuated de novo lipogenesis caused by SREBP1-c activation and
upregulation of its downstream targets ACC1 and FAS (103, 173). Moreover,
hepatic FA B-oxidation is reduced with potentiated CB1R activation, which is a

contributing factor for lipid accumulation and steatohepatitis (174). However, it still
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remains elusive whether these effects of the EC system are caused solely due to
CB1R activation in hepatocytes or other tissues. In fact, liver-specific CB1R
deficiency only partially reduces hepatic steatosis (174), whereas selective
transgenic overexpression of CB1R in hepatocytes of CB1R-/- mice shows the same
profound reduction in hepatic steatosis as in CB1R -/- mice (175). A recent study
from Ruby et al. also shows that acute MGL inhibition with concomitant 2-AG
increase regulates the lipoprotein metabolism by reducing the ApoE-mediated
clearance of ApoB-rich lipoprotein particles, even though VLDL output remained
unchanged and LPL activity increased (176).

Effects of EC signaling on glucose metabolism have been described as well. The
increase in CB1R densities in skeletal muscle has been found in mice fed HFD (98)
as well as increased EC levels in sera of overweight patients with T2M (162). Human
skeletal muscle cells treated with EC-containing conditioned media from obese
patient adipocytes showed reduced insulin-stimulated glucose uptake, which could
be reversed by CB1R blockade (177). Conversely, blockade of CB1R-mediated
signaling improved glucose uptake and oxygen consumption in soleus muscle
preparations of genetically obese ob/ob mice (167). In vivo studies in rats confirmed
improved insulin sensitivity and glucose uptake after chronic CB1R blockade (178,
179), whereas mice treated with the inhibitor of EC degrading enzymes showed
strongly induced glucose intolerance (180). On the other hand, involvement of
pancreatic EC in insulin secretion and pancreatic (-cell function has been elusive.
Interestingly, recent evidence point out that infiltrating macrophages have an
important role in B-cell survival and function since macrophage CB1R activation
triggers the inflammasome pathway and increases production of pro-inflammatory

cytokines which cause B-cell failure (181).

1.3.7. CB2R in (patho)physiology

The EC system also largely affects immune functions and inflammatory responses,
predominantly via CB2R-mediated signaling. Currently, it is widely accepted that A°-
THC-mediated effects on CB2R suppress immune responses, in human and animal
models. The effects are associated with reduced T-lymphocyte mitogenic responses
(182-185), Ca?* flux (186) and cAMP levels (187, 188), cytolysis (189, 190), antibody
production (191-193), macrophage phagocytosis, spreading (194, 195), and

oxidative burst (196). In addition, CB2R activation inhibited antigen presentation
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(113, 197), leukocyte migration (118, 198), cytokine production (199), and induced
leukocyte apoptosis (200, 201). It is important to mention that not all of the effects
of A°-THC on the immune system were phenocopied in the models with 2-AG
treatment or elevation. The reason for this should not be surprising, though it is often
neglected during data interpretation. In 1996, Bayewitch et al. elegantly
demonstrated that A%-THC, although acting as full agonist on CB1R, exerts very low
agonistic activity on CB2R and, in addition, is capable to antagonize the agonist-
induced CB2R activation (202). Thus, in the presence of (patho)physiologically
elevated 2-AG levels, A°-THC is able to antagonize intrinsic cannabimimetic 2-AG
activity, thereby reducing CB2R activation.

Interestingly, the type of biological system also seems to be relevant for the data
interpretation, since there seems to be a difference in CBR expression between
human and murine monocyte/macrophage cells. Human monocytes express high
amount of CB2R, whereas CB1R expression is 17-fold lower. However, cellular
stimulation and differentiation to macrophages reduces CB2R and increases CB1R
expression in monocytes to a final ratio of 3:1. In mice, however, macrophage
activation in the thioglycolate model of aseptic peritonitis causes almost complete
depletion of CB1R (203).

Current data addressing 2-AG effects on the immune system are limited, scarce,
and often contradictory. It has been shown that 2-AG exerts anti-inflammatory
effects by suppressing IL-2 gene expression in murine T lymphocytes (204) and
production of TNF-a (205), IFN-y (206), and IL-6 (207) in murine splenocytes, LPS-
stimulated macrophages, and J774 macrophage-like cells, respectively. However,
2-AG also induced production of IL-8 and MCP-1 in HL-60 cells (208). Moreover, 2-
AG enhanced the migratory capacity of murine B lymphocytes (209), macrophages
(210), microglia (211), and eosinophils (212), and human NK-cells (213), monocytes
(214), and eosinophils (215), all leading to the potentiation of the immune response.
An additional effect mediating inflammatory response is increased adhesion of
human peripheral blood monocytes, which was enhanced by 2-AG (216). Important
to mention, however, is that 2-AG may exert some of its effects independently from
CBRs, since it was shown that ERK activation by 2-AG is independent of adenylyl
cyclase inhibition (217). Thus, some of these effects may possibly be mediated by
2-AG metabolites or degradation products. Namely, arachidonic acid represents a

crucial substrate for prostaglandin biosynthesis and therefore could contribute to the
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mentioned effects on the immune response. Accordingly, in MGL-/- mice where the
classical 2-AG degradation pathway is defective, prostaglandin biosynthesis in the
ischemia/reperfusion model is attenuated and thereby limits the inflammation (218).
Macrophage functions are clearly modulated by 2-AG effects as well. It has been
shown that 2-AG treatment enhances phagocytosis of opsonized zymosan particles
by HL-60 cells (219). Moreover, lipid uptake and foam cell formation are modulated
by the EC system, since 2-AG reduces CD36 expression in human macrophages in
a CB2R-dependent manner and thereby limits modified-LDL uptake, lipid
accumulation, and macrophage differentiation to foam cells (220). All these data
unequivocally demonstrate the importance of the EC system in whole body energy
homeostasis, lipid and carbohydrate metabolism as well as immune response and
inflammation. More importantly, immune cells are capable to produce EC and
secrete them, thereby activating CBRs in autocrine and paracrine manners, causing

the potentiation of cannabimimetic effects and inflammatory response modulation.
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2. Aim and hypothesis

In the present study, we investigated the role of MGL on atherosclerosis
development. We therefore generated an atherosclerotic mouse model deficient in
MGL by crossing MGL-/- mice with ApoE-/- animals. Due to the tight association of
lipid and carbohydrate metabolism with atherogenesis, we also investigated the
effects of MGL deficiency on regulation of lipid and carbohydrate homeostasis.
Since MGL catalyzes the final step of TG hydrolysis, we hypothesized that its
deficiency limits FFAs release, their availability, and cytotoxicity and in turn
potentiates carbohydrate metabolism as a compensatory mechanism in the energy
homeostasis. Moreover, since MGL deactivates 2-AG, we hypothesized that the
accumulation of this EC leads to desensitization and blunting of EC signaling
mediated by CB1R as it was previously shown with MGL-/- mice. However, the effect
of chronic elevation of 2-AG on CB2R-dependent functions is still largely elusive and
thus we expected that accumulated 2-AG affects macrophages and/or other
immune cells, modulates inflammatory response, and contributes to alterations in

atherogenesis.
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3. Materials and methods

3.1. 3 % Thioglycolate medium

700 mg agar, 0.25 g L-cysteine, 6 g glucose, 3 g peptone 110, 17 g peptone 140,
2.5 g NaCl, 0.1 g Na2SO0s, 0.5 g Na-thioglycolate were dissolved and boiled in 1000
ml double distilled water (ddH20). The solution was allowed to cool down at room

temperature (RT) and stored in 15 or 50 ml aliquots at -20°C.

3.2.  Ammonium-Chloride-Potassium (ACK) lysis buffer

1 g KHCOs, 8.29 g NH4Cl and 37.2 mg disodium ethylenediaminetetraacetate
(EDTA) were dissolved in 800 ml dH20 after which pH was adjusted to 7.2 — 7.4
with HCI. dd H20 was added until 1000 ml volume and solution was sterilized by

filtration through a 0.2 ym pore filter.

3.3. Diethyl pyrocarbonate water
400 pl diethyl pyrocarbonate (DEPC) were mixed with 400 ml ddH20 and thereafter

kept under the hood overnight and autoclaved.

3.4. Lysis buffer pH7
2.72 g KH2PO4 (100 mM), 17.12 g sucrose (250 mM), 72 mg EDTA (1 mM) were
mixed with 200 ml ddH20. 1 mM dithiothreitol, 20 ug/ml leupeptin, 2 ug/ml antipain,

and 1 pg/ml pepstatin were added ex tempore to the lysis buffer.

3.5. Oil red O (ORO) stock solution
ORO (0.5 g) was mixed with 100 ml isopropanol under constant stirring for 24 h.
The working solution (30 ml of filtered stock and 20 ml ddH20, mixed for 10 min,

filtered) was freshly prepared before use.

3.6. Protein quantification

Protein concentration was determined by a modified Lowry assay. Cells for protein
estimation were dissolved in 1 ml 0.3 M NaOH for 2-4 h with continuous shaking or
lysed with lysis buffer (pH7) or RIPA buffer (50 mM Tris-HCI, 150 mM NaCl, 1 %
Triton X-100, 0.5 % deoxychelate) and sonicated on ice for 3x, 15 seconds each.

Tissues were digested in 1 M NaOH by incubating overnight at 65°C or lysed in lysis
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buffer (pH7) or RIPA buffer and sonicated on ice for 3x, 15 seconds each. NaOH-
digested tissues were diluted with ddH20 to final concentration of NaOH < 0.3 M.
Two to 5 pl of sample were used for protein estimation with DC™ Protein assay
(BioRad) according to manufacturer’s protocol. BSA (1 mg/ml) was used as protein

standard.

3.7. Western blot buffers and reagents
3.7.1. Acrylamide
30 g acrylamide and 0.8 g bisacrylamide were dissolved in 100 ml ddH20.

3.7.2. 10 x SDS running buffer
150.1 g glycine, 10 g SDS, and 30.3 g Tris were dissolved in 1000 ml ddH-20.

3.7.3. Separating gel buffer
4 mlof 10 % SDS, 18.2 g Tris and 80 ml ddH20 were mixed and pH 8.8 was adjusted
with HCI. The final volume was adjusted to 100 ml with ddH20.

3.7.4. Stacking gel buffer
6 g Tris was dissolved in 90 ml ddHz20, pH 6.8 was adjusted with HCI, and the

volume was adjusted to 100 ml with ddH20.

3.7.5. SDS sample buffer

2.15g SDS, 0.76 g Tris, and 45 ml ddH20 were mixed and pH 6.8 was adjusted with
HCI. Thereafter, 10 ml glycerol (80 %) and a small quantity of bromphenol blue were
added.

3.7.6. SDS running buffer
30.3 g Tris, 150.1 g glycine, and 10 g SDS were dissolved in 1000 ml H20.

3.7.7. 10 x Blot buffer
1 mg/ml EDTA, 30 g glycine and 12.1 g Tris were mixed in 1000 ml ddH20.
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3.7.8. 10 x Blot washing buffer

90 g NaCl, 5 g Tween 20, 100 ml of 1 M Tris-HCI (pH 7.4) were mixed in 1000 ml

ddH20.

3.7.9. Stacking gel

Acrylamide

Stacking gel buffer

50 % Glycerol
Tetramethylethylenediamine (TEMED)
10 % w/v Ammonium persulphate (APS)

3.7.10. Separating gel (10 %)

Acrylamide

Separating gel buffer

ddH20

Tetramethylethylenediamine (TEMED)
10 % w/v Ammonium persulphate (APS)

3.8. Gelatin zymography buffers and solutions

3.8.1. Zymography loading buffer

350 pl
385 pl
885 pl
3.8 pl
38 i

4.3 ml
2.17 ml
2.13 ml
4.4
76 pl

Tris (757.13 mg) was dissolved in 20 ml of ddH20 and pH was adjusted with HCI to
6.8, after which 4 g of SDS were dissolved and ddH20 added to the final volume of

25 ml. Then, 25 g of glycerol and 10 mg of bromphenol blue were added to the final
concentrations Tris-HCI 125mM, 50% glycerol, 8% SDS, and 0.02% bromphenol

blue. One part of zymography loading buffer was mixed with two parts of the sample.

3.8.2. Gelatin solution

100 mg gelatin and 0.5 ml 10 % SDS were mixed in 4.5 ml ddH20.
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3.8.3. Stacking gel

Acrylamide 0.65 mi
Stacking gel buffer 1.25 ml
ddHz20 3.05 ml
10% w/v SDS 50 pl
10% w/v ammonium persulfate (APS) 25 ul
Tetramethylethylenediamine (TEMED) 8 pl

3.8.4. Running gel (10 %)

Acrylamide 4.0 mi
Separating gel buffer 3.75 ml
ddH20 5.75 ml
Gelatin solution (20 mg/ml, 1 % w/v SDS) 1.5 ml
10% w/v ammonium persulfate (APS) 50 ul
Tetramethylethylenediamine (TEMED) 10 pl

3.8.5. Running buffer

28.83 g glycine, 6 g Tris, and 2 g SDS were dissolved in 2000 ml ddH20 (final
concentrations: 25 mM Tris, 192 mM glycine, 0.1% SDS, pH 8.3).

3.8.6. Renaturation buffer

25 g of Triton X-100 was dissolved in 975 ml of ddH20 (final concentration 2.5 %).

3.8.7. Incubation buffer
8.766 g NaCl, 1.47 g CaCl2x2H20, 6.057 g Tris, and 0.5 g NaNs were dissolved in
1000 ml ddHz0 (final concentrations: 50 mM Tris HCI, 150 mM NaCl, 10 mM CaClz).

3.8.8. Coomassie Brilliant Blue solution

250 mg Coomassie brilliant blue, was added to 125 ml methanol, 50 ml glacial acetic
acid, and 325 ml ddH20.
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3.8.9. Destaining solution

40 ml methanol and 80 ml glacial acetic acid were mixed with 880 ml ddH20.

3.9. Animals and diets

All experimental protocols were approved by the Austrian Federal Ministry of
Science and Research, Division of Genetic Engineering and Animal Experiments,
Vienna, Austria. (BMWF-66.010/0057-11/3b/2011; BMWF-66.010/0159-11/3b/2012;
BMWF-66.010/0085-11/3b/2013).

ApoE-/- mice were obtained from the Jackson Laboratory, Bar Harbor, ME. MGL-/-
and WT littermate breeding pairs were kindly provided by Dr. Robert Zimmermann,
University of Graz. DKO mice were generated by crossing ApoE-/- with MGL-/- mice.
Animals were maintained in a clean environment with unlimited accesses to chow
diet (4 % fat and 19 % protein; Altromin Spezialfutter GmbH & Co, Lage, Germany)
and water, in a regular light-dark cycle (12 h light, 12 h dark). At the age of 6 to 8
weeks, mice were challenged with Western-type diet (WTD, 21 % fat, 0.2 %
cholesterol; Ssniff Spezialdiaeten GmbH, Soest, Germany) for 9 to 16 weeks. Fed

state body weight was measured weekly during the first 8 weeks of WTD feeding.

3.10. Genotyping

Genotyping was performed after weaning at the age of 4 weeks. DNA was isolated
by digesting tail tips in 140 ul Direct PCR-tail lysis reagent and 10 pl proteinase K
(10 mg/ml) for 2 h at 56°C and vigorous shaking. To deactivate proteinase K,
samples were incubated at 85°C for 45 min. For ApoE genotyping, the following
primers were used:

ApoE-forward: 5-GCCTAGCCGAGGGAGAGCCG-3;

ApoE-reverse: 5-TGTGACTTGGGAGCTCTGCAGC-3';

ApoE-ko forward-: 5-GCCGCCCCGACTGCATCT-3".

The reaction mix contained ~100-200 ng of template DNA, 2.5 mM MgClz, 0.4 mM
of each dNTP, 0.1 uM of each primer, 1 U FIREPol DNA Polymerase | (Solis
Biodyne, Riia, Estonia), and DyNAzyme™ DNA Polymerase (Finnzymes, Espoo,
Finland).

For the MGL genotyping, the following primers were used:

MGL-forward: 5-TTGCAGCTGGAGTCT GTGTC-3";

MGL-reverse: 5-GTCAGTCGAGGCTGGAAGAG-3’;
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MGL-ko forward-: 5-GAGAGTAGAGGCAGCACTGACAA-3".
In addition to the substances mentioned above for ApoE genotyping, the reaction
mix contained 4 % DMSO.

The following cycle conditions were used for the amplification of the specific DNA

products:
Initial 95°C — 15 min 95°C — 15 min
denaturation
Denaturation 95°C - 30 sec 40 x 95°C — 30 sec 35 x
Annealing 65°C — 1 min 66°C — 1 min
Elongation 72°C — 1 min 72°C — 1 min
Final elongation 72°C — 10 min 72°C — 10 min
Cool down 4°C — 4°C —

3.11. Fecal production

Fecal production was determined for single-housed animals during 3 consecutive
days. Mice were kept on a fasting grid, fecal pellets were collected daily. Samples
of 3 days from the same animals were pooled and lyophilized for 24 h. Dry fecal

weight production was determined as an average fecal production during 3 days.

3.12. In vivo magnetic resonance imaging (MRI) of body fat
MRI of anesthetized mice were acquired at 3T MRI system (Siemens Tim-Trio,
Erlangen, Germany) with an eight-channel multipurpose coil (Noras MRI products,

Hoechenberg, Germany) to maximize signal-to-noise ratio.

3.13. Energy metabolism in vivo

Assesment of energy intake and energy expenditure were performed by indirect
calorimetry (TSE PhenoMaster, Tse Systems, Bad Homburg, Germany). Following
48 h acclimatization O2 consumption and CO2 production, locomotor activity, food

and water consumption were measured every 15 min during 4 consecutive days.
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3.14. Plasma parameters

Mice were fasted for 12 h before 100 pl blood were drawn from v. facialis. Plasma
was separated by centrifugation at 7000 rpm for 7 min at 4°C and triglyceride (TG),
total cholesterol (TC), free cholesterol (FC), glycerol, and non-esterified fatty acid
concentrations were measured using enzymatic test kits (Triglycerides FS,
Cholesterol FS, Free Cholesterol; DiaSys, Holzheim, Germany; Free Glycerol:
Sigma-Aldrich, St. Louis, MO; NEFA-HR: Wako Chemicals; Neuss, Germany)

according to manufacturers’ instructions.

3.15. Enzyme linked immunosorbent assay (ELISA)

Plasma concentrations of insulin (Mercodia, Uppsala, Sweden), IL-6 (Enzo Life
Sciences, Lausane, Switzerland), MCP-1 (R&D Systems, Minneapolis, MN), leptin,
and adiponectin (both from EMD Millipore, Billerica, MA) were measured using

ELISA kits, according to manufacturers’ instructions.

3.16. Fast protein liquid chromatography

Plasma from 5 mice per genotype was pooled and diluted with PBS (1:4). Two
hundred pl of each plasma pool was injected onto a Superose 6 column (Amersham
Biosciences, Piscataway, NJ) and separated by fast protein liquid chromatography
(FPLC) (Pfizer Pharma, Karlsruhe, Germany). The lipoproteins were eluted with 10
mM Tris-HCI, 1 mM EDTA, 0.9% NaCl, and 0.02% NaNs (pH 7.4). Forty eight
fractions of 0.5 ml each were collected, and TG and TC concentrations were
assayed enzymatically. To enhance sensitivity, reaction buffers were supplemented

with sodium 3,5-dichloro-2-hydroxy-benzenesulfonate.

3.17. Quantification of 2-AG in tissues and plasma

Tissues and macrophages were homogenized in 800 pyl dH20. Two hundred pl
plasma were mixed with 800 pl dH20. Lipids were extracted twice with 4 ml
CHCI3/MeOH/H20 (2:1:0.6, v:viv) containing 2 pg C17:0 MG (Avanti Lipids,
Alabaster, AL) as internal standard. The lipid-containing organic phase was dried
and MGs were isolated by solid phase extraction using a self-packed silica gel
column. Fractions were obtained by eluting lipids with 99/1 and 90/10 CHCIl3/MeOH
(v/v) consecutively. 2-AG concentrations were quantitated in the latter fraction using
an AQUITY-UPLC (Waters, Manchester, UK) equipped with a BEH-C18-column
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(2.1x150 mm, 1.7 pm; Waters) coupled to a SYNAPT™ G1 qTOF HD mass

spectrometer (Waters) equipped with an ESI source (221).

3.18. Lipoprotein lipase activity assay

Mice were fasted for 12 h after which animals were injected intraperitoneally with
sodium-heparin in PBS (1 IU/kg body weight). Blood was taken from v. facialis and
immediately stored on ice. Plasma was isolated by centrifugation at 3,500 rpm for 5
min at 4°C. Samples were stored at -80°C until use.

For substrate preparation per sample, 1 uCi of [3H]triolein and 920 ng trioleate (200
mg/ml in chloroform) were dried under a stream of nitrogen. Thereafter, 20 ul of 1
% Triton X-100, 20 pl of 1 M Tris-HCI (pH 8.6) and 80 ul ddH20 were added and the
mixture was sonicated 3 times for 1 min each, on ice. Then, 40 ul heat-inactivated
human serum containing ApoC-ll as activator (pooled human serum, heated at 50°C
for 1 h and stored at -20°C) and 40 pl of 10 % FA-free BSA were added and
vortexed.

Two hundred pl of the substrate were incubated with 10 ul of heparinized plasma in
a water bath for 1 h at 37°C under continuous shaking. The tubes were transferred
onto ice and 3.25 ml stop solution (n-heptane:chloroform:methanol, 7:9:10) and 1
ml of 0.1 M potassium carbonate (pH 10.5) were added. Tubes were vortexed for
10-15 s and centrifuged at 4,000 rpm for 15 min at 4°C. One ml of the upper layer
was transferred in tubes containing 3 ml scintillation cocktail and vortexed. The
radioactivity was determined by liquid scintillation counting and normalized to

protein concentrations.

3.19. Tissue lipid content

Tissue lipid content was determined by Folch method. Briefly, approximately 30 mg
of tissue was homogenized in lysis buffer (pH7). Lysates containing 500 ug protein
were normalized with the appropriate amount of lysis buffer to the same volume. A
chloroform:methanol (2:1) solution was added to the tissue lysates in 20-fold excess
and rotated for 2 h at RT. Thereafter, extracts were mixed with 1.2 ml PBS,
centrifuged at 4,000 rpm for 15 min at 4°C and the organic phase was transferred
to a fresh vial. Two hundred 2 % Triton X-100 in chloroform was added to the
extracts, vortexed, and dried under a stream of nitrogen. Thereafter, the samples

were redissolved in 100 pl of ddH20 and TG, TC, and FC concentrations were
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measured enzymatically according to manufacturers’ instructions. CE

concentrations were calculated by subtracting FC from TC concentrations.

3.20. Very low-density lipoprotein (VLDL) secretion

Twelve hour-fasted mice were injected intraperitoneally with 500 mg/kg body weight
of tyloxapol in PBS. Blood was drawn from v. facialis every h post-injection and
plasma was separated by centrifugation at 7,000 rpm for 7 min at 4°C. TG content

were determined enzymatically, as described above.

3.21. Fecal lipid content

Fecal samples were collected from mice fed WTD, lyophilized, and pulverized using
mortar and pestle. Lipids from 100 ug of feces were extracted by rotating for 2 h at
RT with hexane:isopropanol (3:2) solution in 80-fold excess. Thereafter, extracts
were centrifuged at 4,000 rpm for 15 min at 4°C and the organic phase was
decanted to a fresh vial. One hundred 2 % Triton X-100 in chloroform was added to
the extracts, vortexed, and dried under a stream of nitrogen. Thereafter, the samples
were redissolved in 100 pl of ddH20 and TG and TC concentrations were measured
enzymatically from 20 and 5 pl of extracts, respectively, according to manufacturers’

instructions.

3.22. Gut transit time

Mice were fasted for 12 h, after which the animals were gavaged with 200 ul Evans
blue suspension (5% Evans blue, 5% gum Arabic in PBS). Afterwards, mice had
free access to water and the time until the detection of Evans blue in the feces was

recorded.

3.23. Acute intestinal cholesterol and FA uptake

Chow diet-fed mice were fasted for 4 h, after which the animals were gavaged with
200 ul of corn oil containing 2 pCi [*H]cholesterol and 500 upg cholesterol for
cholesterol uptake, or 100 pl of corn oil containing 2 uCi [3H]oleic acid for FA uptake
study. Every h post-gavaging, blood was collected and plasma isolated as described
above. Four h post-gavaging, animals were sacrificed and gastrum, duodenum,
jejunum, ileum, and liver were isolated. Tissues were lyophilized for 18 h and dry

weight was measured. For cholesterol uptake study, tissues were digested in 1 M
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NaOH for 6 h at 65°C and radioactivity was determined by liquid scintillation
counting. For FA uptake study, tissues were pulverized with mortar and pestle and
lipids extracted by Folch method. Thereafter, extracts were dried under a stream of
N2, dried lipids were redissolved in 100 ul of chloroform and used for thin layer
chromatography (TLC) (n-hexane:diethylether:acetic acid (70:30:1, v:viv)).
Phospholipid, FC, FA, TG, and CE-corresponding bands were cut out and

radioactivity was determined by liquid scintillation counting.

3.24. Fractional cholesterol absorption

Fractional cholesterol absorption was measured by using the fecal dual-isotope ratio
method (222). Chow diet-fed mice were fasted for 4 h and then gavaged with 100 pl
of corn oil containing 0.2 uCi [3H]sitostanol and 0.1 uCi [**C]cholesterol. Feces were
collected daily for 3 consecutive days, lyophilized, and pulverized using mortar and
pestle. Fecal lipids were extracted from approximately 180 mg pulverized sample
by rotation for 2 h at RT using hexane:isopropanol (3:2) in 40-fold excess.
Thereafter, extracts were centrifuged at 4,000 rpm for 15 min at 4°C and the organic
phase was decanted to a fresh vial. One hundred 2% Triton X-100 in chloroform
was added to the extracts, vortexed, and dried under a stream of N2. Thereafter, the
samples were redissolved in 100 uyl of ddH20 and radioactivity in the extracts was
determined by liquid scintillation counting. Fractional cholesterol absorption was
calculated by the following formula:

% absorption = ((dose [“C]:[*H]-fecal ['*C]:[*H])/dose ['*C]:[®H])*100

3.25. Hepatic fatty acid and cholesterol biosynthesis

Animals were fasted for 12 h and re-fed for 3 h, and then intraperitoneally injected
with [1-'4CJacetate (5 uCi in 200 yl PBS). One h post-injection, animals were
sacrificed and liver was isolated and lyophilized for 48 h. tissues were pulverized
with mortar and pestle and lipids extracted by Folch method. Thereafter, extracts
were dried under a stream of N2, dried lipids were redissolved in 100 pl of chloroform
and used for thin layer chromatography (TLC) (n-hexane:diethylether:acetic acid
(70:30:1, v:v:v)). Phospholipid (PL) , FC, FA, TG, and CE-corresponding bands were
cut out and radioactivity was determined by liquid scintillation counting.
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3.26. Chylomicron secretion

Mice were fasted for 4 h and then injected intraperitoneally with tyloxapol (500 mg/kg
body weight). Thirty min post-injection, animals were gavaged with 200 ul corn oil
containing 2 uCi [*H]triolein and 0.5 uCi ['“C]cholesterol. Blood was taken hourly,
up to 4 h post-gavaging, and radioactivity was determined from isolated plasma by

liquid scintillation counting.

3.27. Electron microscopy

Liver tissue was dissected in small tissue fragments and fixed in 2.5 % (w/v)
glutaraldehyde and 2 % paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) for 2
h, postfixed in 2 % osmium tetroxide for 2 h at RT, dehydrated in graded series of
ethanol, and embedded in a TAAB epoxy resin. Sections (70-nm thick) were
contrasted with uranyl acetate and lead citrate. Images were taken using an FEI
Techai G? 20 transmission electron microscope (FEI Eindhoven, Eindhoven, The
Netherlands) with a Gatan ultrascan 1000 CCD camera. Acceleration voltage was
set to 120 kV.

3.28. Glucose tolerance test

Six h-fasted mice were injected intraperitoneally with 2 g/kg body weight of glucose
in PBS. Blood glucose levels were measured 0, 15, 30, 60, 90, 120, 150, and 180
min post-injection using Accu-Chek® Active glucometer and glucose strips (Roche

Diagnostics GmbH, Mannheim, Germany).

3.29. Insulin tolerance test

Four h-fasted mice were injected intraperitoneally with 0.75 1U/kg body weight of
insulin in PBS (Actrapid Novo Nordisk, 100 IU/ml stock). Blood glucose levels were
measured 0, 15, 30, 60, 90, 120, 150, and 180 min post-injection using Accu-Chek®
Active glucometer and glucose strips (Roche Diagnostics GmbH, Mannheim,

Germany).

3.30. Glucagon tolerance test

Mice in the fed state were injected intraperitoneally with 140 ug/kg body weight of
glucagon (GlucaGen® HypoKit 1 mg, Novo Nordisk) in PBS. Blood glucose levels
were measured 0, 15, 30, 60, 90, and 120 min post-injection using Accu-Chek®
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Active glucometer and glucose strips (Roche Diagnostics GmbH, Mannheim,

Germany).

3.31. Pyruvate tolerance test

Twelve h-fasted mice were injected intraperitoneally with 2 g/kg body weight of
sodium-pyruvate in PBS. Blood glucose levels were measured 0, 15, 30, 60, 90, and
120 min post-injection using Accu-Chek® Active glucometer and glucose strips

(Roche Diagnostics GmbH, Mannheim, Germany).

3.32. Glycerol tolerance test

Twelve h-fasted mice were injected intraperitoneally with 2 g/kg body weight of
glycerol in PBS. Blood glucose levels were measured 0, 15, 30, 60, 90, 120, 150,
and 180 min post-injection using Accu-Chek® Active glucometer and glucose strips

(Roche Diagnostics GmbH, Mannheim, Germany).

3.33. Hepatic glycogen concentrations

Fifty mg of liver was digested in 500 pl of 30 % KOH for 30 min at 95°C. Afterwards,
100 pl of 20 % Na2S0O4 was added to the digest and vortexed. One ml of 100 %
ethanol was added to the tube and thoroughly vortexed, after which the samples
were left to precipitate at -20°C for 30 min. Samples were then centrifuged at 6,500
rom for 10 min at 4°C and the supernatant was discarded. The pellet was washed
with 1.5 ml of 70 % ethanol and then the samples were centrifuged once again at
6,500 rpm for 10 min at 4°C. The supernatant was discarded and pellets were dried
under a stream of air. Pellets were then dissolved in 500 or 1000 pl
ddH20.Thereafter, 20 ul of fed state and 150 ul of fasted state liver samples,
respectively, were mixed with water to a volume of 270 ul and 280 ul of 5 % phenol
solution was added. After vortexing, 1.4 ml of concentrated H2SO4 was added,
samples were vortexed and kept on ice for 30 min. Glycogen concentrations were

measured spectrophotometrically at 490 nm wavelength.
3.34. Complete blood cell count

One hundred pl of blood was taken from v. facialis in EDTA-coated tubes (Kabe

Labortechnik GmbH, Nuembrecht-Eisenroth, Germany). Complete blood cell count
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was performed on a Cell Counter Analyzer MS9-5V (Melet Schloesing Laboratories
GmbH, Maria Enzersdorf, Austria).

3.35. Immunophenotyping of peripheral blood

Peripheral blood cells were collected by retro-bulbar puncture from isoflurane
anesthetized mice. After red blood cell lysis in ACK lysis buffer, cells were incubated
in PBS containing 10 % FCS for 10 min at 4°C. After incubation, the cells were
washed, centrifuged (1,400 rpm, 5 min, 4°C), and stained in PBS containing 3 %
FCS for 20 min at 4°C with the following antibodies against specific surface markers:
CD11b (M1/90), SiglecF (E50-2440), Gr-1 (RB6-8C5) (all purchased from BD
Biotechnologies, San Jose, CA), CD115 (AFS98), CD19 (1D3), and CD3 (145-
2C11) (purchased from eBioscience, San Diego, CA) for peripheral blood cells. All
antibodies were titrated prior to use. Data were acquired on a LSR Il flow cytometer
with DIVA 6.1.2 software (BD Biosciences) and the analysis was performed using
Flowjo (Treestar Inc, San Carlos, CA). The frequencies of specific cell types were

calculated as the percentage of living cells.

3.36. Immunophenotyping of BM

For BM analysis, both femurs and tibias were collected and the marrow was flushed
out of the bones with HBSS-EDTA using a needle and syringe. Washed cell pellets
were resuspended in 200 pl antibody cocktail and incubated at RT for 10 min.
Finally, cells were washed in buffer and analyzed immediately. A forward-side
scatter gate excluded cell debris and remaining red blood cells and dead cells were
excluded by 7-aminoactinomycin D (7-AAD; BD Biosciences) uptake. LSK
populations were defined as Lin"Sca-1*c-Kit* and myeloid progenitors were defined
as Lin c-Kit*FIt3*FcyRII/lII" (GMP) and Linc-Kit*CD115*FIt3* (MDP). Lymphoid
progenitors were identified as Lin~c-Kit*IL7Ra* (CLP). CD115-PE, CD117(c-Kit)-PE-
Cy7, CD16/32(FcyRIl/lI)-eFluord50, Ly-6A/E(Sca-1)-PE-Cy7 were purchased from
eBioscience. IL7Ra(CD127)-brilliant violet and FIt3(CD135)-APC were purchased
from BioLegend (San Diego, CA) and CD117(c-Kit)-APC from BD Biosciences. Data
were acquired on a LSR Il flow cytometer with DIVA 6.1.2 software (BD Biosciences)
and the analysis was performed using Flowjo (Treestar Inc, San Carlos, CA). The

frequencies of specific cell types were calculated as the percentage of living cells.
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3.37. White blood cell (WBC) half-life

Each mouse was injected with 3 mg EZ-Link Sulfo-NHS-Biotin (Pierce
Biotechnology, Rockford, IL) via tail vein. Two and a half hours, 1, 3, 5, and 7 days
post-injection, blood was drawn from v. facialis. Red blood cells were lysed with ACK
lysis buffer. Remaining WBCs were washed with PBS/EDTA (1,400 rpm, 5 min,
4°C). Cells were then fixed with 4 % neutralized buffered paraformaldehyde (4 %
PFA) for 10 min at 4°C, washed once again with PBS/EDTA, and stained with
Streptavidin-PE (eBioscience Inc, San Diego, CA) antibody in PBS containing 3%
fetal calf serum (FCS) for 20 min at 4°C. Data were acquired on a LSR Il flow
cytometer using DIVA 6.1.2 software (BD Biosciences, San Jose, CA) and the
analysis was performed using Flowjo (Treestar Inc, San Carlos, CA). The

frequencies of specific cell types were calculated as the percentage of living cells.

3.38. Cell culture

3.38.1. Mouse peritoneal macrophages (MPMs)

MPMs were collected by injecting 3 ml of 3 % thioglycolate intraperitoneally.
Seventytwo h post-injection, MPMs were collected by flushing the peritoneum with
9 ml EDTA-PBS (1 mM EDTA in PBS). Cells were centrifuged at 850 rpm at 4°C for
5 min and then resuspended in the appropriate amount of Dulbecco’s Modified
Eagle Medium (DMEM) containing high-glucose (25 mM), 4 mM glutamine, 1 mM
pyruvate, 10 % lipoprotein-deficient serum (LPDS), and 1 % penicillin/1 %
streptomycin (1 % P/S) and cultured for at least 2 h. Thereafter, the cells were
washed 3 times with pre-warmed PBS and cultured for additional 24 h either in the

absence or presence of VLDL or acetylated (ac)LDL (100 ug protein/ml medium).

3.38.2. Mouse peritoneal neutrophils (MPNs)

MPNs were collected by injecting 3 ml of 3 % thioglycolate intraperitoneally. Sixteen
h post-injection, MPNs were collected by flushing the peritoneum with 9 ml EDTA-
PBS (1 mM EDTA in PBS). Cells were centrifuged at 850 rpm at 4°C for 5 min, after
which they were resuspended in the appropriate amount of DMEM containing high-
glucose (25 mM), 4 mM glutamine, 1 mM pyruvate, 10 % lipoprotein-deficient serum
(LPDS) and 1 % penicillin/1 % streptomycin (1 % P/S).
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3.39. RNA isolation from MPM and tissues

Primary macrophages were isolated and cultured for at least 24 h. Total RNA was
isolated with PerfectPure RNA Cultured Cell Kit (5 Prime GmbH, Hilden, Germany)
according to manufacturer’s protocol. Briefly, 400 ul Lysis Solution (with freshly
added 1 % B-mercaptoethanol) was added per well. The cells were incubated at RT
for 10 min, scraped, and sheared by pressing the lysate through a 25 gauge needle
for at least 10 times. These lysates were transferred onto purification columns and
centrifuged for 1 min at 14,000 rpm at RT. Four hundred ul of Wash 1 Solution was
added to the column and centrifuged again for 1 min at 14,000 rpm at RT.
Thereafter, 50 yl of DNase was added. After 15 min at RT, columns were treated
twice with 200 ul of Wash 2 Solution and centrifuged at 14,000 rpm at RT for 1 and
2 min, respectively. Finally, the column was transferred to a fresh tube, 30 — 50 pl
of Elution solution was added per column and centrifuged at 14,000 rpm at RT for 1
minute.

Total RNA from tissues was isolated using TriFast reagent according to the
manufacturer’'s protocol (Peglab, Erlangen, Germany). Briefly, tissues were
homogenized in 1 ml of TriFast reagent using Precellys 24 beed homogenizer
(Bertin technologies, Siege, France). 200 yl of chloroform was added per ml TriFast
reagent, vortexed, and centrifuged at 8,500 rpm at 4°C for 15 min. Supernatant was
transferred to a fresh tube, mixed with 2ul of glycogen solution (20 mg/ml, Santa
Cruz, Heidelberg, Germany) and 500 ul of isopropanol, vortexed, and centrifuged at
8,500 rpm at 4°C for 10 min. Thereafter, supernatant was discarded, pellets were
washed with 75 % ethanol and centrifuged again at 8,500 rpm at 4°C for 5 min.
Supernatant was discarded, pellets were air-dried, and resuspended in 30-50 ul
DEPC water.

RNA concentrations were measured at 260 nm using NanoDrop (Thermo scientific,
Wilmington, USA). Two pl RNA were used for concentration determination using the

following equation:

c(ngrRNA/p)= A 260nm x 40

RNA integrity was determined by gel electrophoresis. Gels were prepared by boiling
1.1g agarose, 11 ml 10x 3-(N-morpholino)propanesulfonic acid buffer (MOPS) (200
mM MOPS, 80 mM sodium-acetate, 10 mM EDTA, pH7) and 88.8 ml DEPC-water
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in a microwave. After cooling down to approximately 50°C, 18.7 ml of formalin
solution was added to the solution, casted into gel molds, and left to solidify at RT.
Two ug of RNA were mixed with 4 pl of RNA Loading buffer and ran at 70 V for 45
min. RNA was identified as non-degraded if clear 28S rRNA band at 4.7 kb and 18S
rRNA band at 1.9 kb size could be defined.

3.40. cDNA preparation
cDNA was prepared from RNA by reverse transcription. One or two ug RNA in 10
Ml (adjusted with nuclease-free ddH20) were reversely transcribed by using High-

Capacity DNA Reverse Transcription kit (Applied Biosystems, Foster City, CA).

High-Capacity cDNA Reverse Transcription master mix composition

10 x RT Buffer 2
25 x ANTP Mix (100 mM) 0.8
10 x RT Random Primers 2
Multiscribe Reverse Transcriptase
RNase Inhibitor 0.7
Nuclease-free H20 3.5
1 or 2 ug RNA/10 ul ddH20 10
Total volume per reaction 20

Reverse transcription thermal cycling conditions were as follows:

Temperature 25°C 37°C 85°C 4°C

Time 10 min 120 min 5s o0

3.41. Real time PCR

cDNA was diluted 1:50 in nuclease-free ddH20 if 2 ug or 1:25 if 1 ug of RNA was
used for reverse transcription. Three pl of diluted cDNA, 1 ul of forward and reverse
primer (stock solution, 100 yM, diluted 1:10 with nuclease-free ddH20), and 5pl
QuantiFastTM SYBR® Green were pipetted into a LightCycler 480 white Multiwell
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plate. The plate was centrifuged for 1 min at 800 rpm and loaded on a RocheLight

Cycler 480 instrument.

Real-time PCR program conditions were as follows:

Denaturation

Amplification

Melting Curve

Cool Down

95°C 5 min 1
95°C 10s 40
60°C 30s

95°C 10s 1
60°C 20s 1
95°C continuous

40°C 20s 1

Cyclophilin A or hypoxanthine-guanine phophoribosyl transferase (HPRT), were

used as house-keeping genes for relative gene expressions. Relative expression of

gene of interest to housekeeping gene was calculated using the 2-2ACT method.

Primer sequences which were used are listed in the Table 1.

Table 1. Primer sequences

Cyclophilin A
Hprt
Atgl

Hsl

Mgl
Lal
Abhd6
Abhd12
Dagla
Dagip
Faah
Abca1
Abcg1
Abcg5
Sr-bl

CCATCCAGCCATTCAGTCTT
TCAGTCAACGGGGGACATAAA
GCCACTCACATCTACGGAGC
GCTGGTGACACTCGCAGAAG
GCAGCCACTAGGATGGAGATG
CGGCTTGCTGGCAGATTCTA
TATTGGTACTGGCGGAGGAC
GTCACCTTGGAGCATGAGC
GTCCTGCCAGCTATCTTCCTC
AGCGACGACTTGGTGTTCC
ATTGTGCATGAAAGCCCTACTT
CTCTTCATGACTCTAGCCTGGA
GACGCTGACTATAAGAGAGACC
AGAGGGCCTCACATCAACAGA
TTTGGAGTGGTAGTAAAAAGGGC

TTCCAGGATTCATGTGCCAG
GGGGCTGTACTGCTTAACCAG
GACAGCCACGGATGGTGTTC
TGGCTGGTGTCTCTGTGTCC
GCAATGTAGAACCCCAGAACAC
GTGCAGCCTTGAGAATGACC
AAGGATGGATGGCTTGTGTC
GCAATGTAGAACCCCAGAACAC
CGTGTGGGTTATAGACCAAGC
GCGTGAGATACAACGTCAGACT
GGGGTCGAGAACTTCTGTAGA
ACACAGACAGGAAGACGAACAC
GGAGTTGCTCAGGACCTTCTTG
CTGACGCTGTAGGACACATGC
TGACATCAGGGACTCAGAGTAG
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Lrp1
Vidir
Ldir
Fabp1
Cd36
Bsep
Cyp7a1

HmgCoAr
Cpta1

Fas

Acc1
Acc2
Scd1
Msr1
P-selectin
E-selectin
L-selectin
Ilcam1
Vcam1
Mmp2
Mmp9
Timp1

Timp2
Timp3
Timp4
Cb1r
Cb2r
Via4
Lfa1
Selplg
Arg1
Mrc-1
Mrc-2
Mgl-2
Chi3I3
Itgax
Ccl5

CCACTATGGATGCCCCTAAAAC
GAGTCTGACTTCGTGTGCAAA
CATGTCTGTCACCTGTCAGTCC
ATGAACTTCTCCGGCAAGTACC
GCAGGTCTATCTACGCTGTG
GAACATGACAAACGGAACAAGC

GGGCATCTCAAGCAAACACCATTC

CTATTGCACCGACAAGAAGCCT
CTCCGCCTGAGCCATGAAG
GAAGCCGAACACCTCTGTGCAGT
GGACTTGGAGCAGAGAACCTTCG
CGCTCACCAACAGTAAGGTGG
TTCTTGCGATACACTCTGGTGC
TGGAGGAGAGAATCGAAAGCA
CATCTGGTTCAGTGCTTTGATCT
TACTGTCAGCGGGACTACACA
TACATTGCCCAAAAGCCCTTAT
GTGATGCTCAGGTATCCATCCA
TGCACAGTCCCTAATGTGTATCC
ACCTGAACACTTTCTATGGCTG
GGACCCGAAGCGGACATTG
TCCTCTTGTTGCTATCACTGATAG
CTT
TCAGAGCCAAAGCAGTGAGC
CTTCTGCAACTCCGACATCGT
CACTCGGCTCTAGTGATACGG
AAGTCGATCTTAGACGGCCTT
ACGGTGGCTTGGAGTTCAAC
AAAATGGCTCTATC
TGCACCAAGTACAAAGTCAGC
CCCTGGCAACAGCCTTCAG
TGGCTTGCGAGACGTAGAC
GCTGAATCCCAGAAATTCCGC
TCTCCCGGAACCGACTCTTC
CAATGTGCTTAGCTGGATGGG
CAGGTCTGGCAATTCTTCTGAA
CTGGATAGCCTTTCTTCTGCTG
GCTGCTTTGCCTACCTCTCC

GCAATCTCTTTCACCGTCACA
GAACCGTCTTCGCAATCAGGA
CTTGTCCAAGCTGATGCACTCC
GGTCCTCGGGCAGACCTAT
GGTTGTCTGGATTCTGGAGG
CCCAGTGATTACCCACAACCTT
CGGGACTGATCTAGAGGGGGACA
C
GCCATCACAGTGCCACATACAA
CACCAGTGATGATGCCATTCT
CTCCTTGCTGCCATCTGTATTG
CAAGCTGGTTGTTGGAGGTGTA
GCTTGGCAGGGAGTTCCTC
CGGGATTGAATGTTCTTGTCGT
CTGGACTGACGAAATCAAGGAA
ACCCGTGAGTTATTCCATGAGT
CCACCCAGATCCATACGTTATTG
CCTCCTTGGACTTCTTGTTGTT
CACAGTTCTCAAAGCACAGCG
GACTTTATGCCCATTTCCTCCA
CTTCCGCATGGTCTCGATG
CGTCGTCGAAATGGGCATCT

CGGTGGTATAAGGTGGTCTCGTT

GCCGTGTAGATAAACTCGATGTC
GGGGCATCTTACTGAAGCCTC
CTTGGCCTTCTCGAACCCTTT
TCCTAATTTGGATGCCATGTCTC
GCCGGGAGGACAGGATAAT
CAGAAGGCATGACGTAGCAAAT
GCGCAAGGAGTCAGGTTCT
GGGTCCTCAAAATCGTCATCC
GCTCAGGTGAATCGGCCTTTT
ATCACAGGCATACAGGGTGAC
AACTGGTCCCCTAGTGTACGA
CCATGCCAGTTATCCGGCTG
GTCTTGCTCATGTGTGTAAGTGA
GCACACTGTGTCCGAACTCA
TCGAGTGACAAACACGACTGC
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Gro-1 CTGGGATTCACCTCAAGAACATC CAGGGTCAAGGCAAGCCTC
Cxcl2 AGTGAACTGCGCTGTCAATG GCCCTTGAGAGTGGCTATGA

3.42. Western blotting

Macrophages were lysed in RIPA buffer and protein concentrations from cell lysates
were determined (Bio-Rad DC protein assay; Bio-Rad Laboratories, Hercules, CA).
One hundred pg protein/lane were separated by SDS-PAGE (15%). Proteins were
transferred to nitrocellulose membranes (Hybond-C Extra; Amersham Biosciences,
Piscataway, NJ). Non-specific binding sites were blocked by incubating the
membrane with 5% non-fat dry milk in 1x TBS-T buffer (150 mM NaCl, 10 mM Tris,
0.1% Tween 20, pH 8) for 2 h at RT. Blots were incubated with rabbit polyclonal
antibodies against CB2R (1:1,000) (Abcam, Cambridge, UK) and mouse
monoclonal antibody against 3-actin (1:20,000) (Santa Cruz, Heidelberg, Germany).
HRP-conjugated goat anti-rabbit (1:2,500) and rabbit anti-mouse antibodies (1:500)
(Dako, Glostrup, Denmark) were visualized by enhanced chemiluminescence
detection (Clarity™ Western ECL substrate; Bio-Rad) using a ChemiDoc™ MP
imaging system (Bio-Rad).

3.43. MG hydrolase activity assay

Macrophages were lysed in MG hydrolase lysis buffer (250 mM sucrose, 1 mM
EDTA, 0.1 % Triton X-100, 20 uM DTT, pH 7.0). Thereafter, 120 ug protein were
incubated with 100 pl substrate (2 mM rac-1(3)-oleoyl glycerol bound to FA-free BSA
in equimolar ratio in 50 mM potassium phosphate buffer, pH 7.0) for 30 min at 37°C.
The reaction was stopped by adding 200 ul chloroform, samples were vortexed
vigorously and centrifuged at 10,000 x g for 5 min at 4°C. Free glycerol was
estimated in 50 ul of the aqueous phage (Sigma-Aldrich, St. Louis, MO) according

to manufacturer’s instructions.

3.44. Cytosolic Ca?* imaging using Fura-2/AM

Macrophages of ApoE-/- and DKO mice were plated on 30 mm glass coverslips.
Prior to experiments, cells were incubated for 40 min with 2 yM Fura-2/AM
(TEFLabs; Austin, TX) and maintained in HEPES buffer (138 mM NaCl, 5 mM KCl,
2 mM CaClz, 1 mM MgCl2, 1 mM HEPES, 2.6 mM NaHCOs, 0.44 mM KH2POs4, 0.34

mM Naz2HPO4, 1 mM glucose, 0.1 % vitamins, 0.2 % essential amino acids, 1% P/S,
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pH 7.4). During experiments, cells were perfused with HEPES buffer (145 mM NacCl,
5 mM KCI, 2 mM CaClz, 1 mM MgCl2, 10 mM glucose, 10 mM HEPES, pH 7.4) and
stimulated with 20 yM 2-AG followed by 200 uM ATP (final concentrations). All
solutions were supplemented with 250 uM sulfinpyrazone to prevent Fura-2 efflux
from macrophages. Single cell measurements were performed on a Zeiss AxioVert
inverted microscope (Zeiss; Goettingen, Germany) equipped with a polychromator
illumination system (VisiChrome, Visitron Systems; Puchheim, Germany) and a
thermoelectric-cooled CCD camera (Photometrics CoolSNAP HQ, Visitron
Systems). Macrophages were imaged with a 40X oil-immersion objective (Zeiss).
Cells were alternately illuminated at 340 and 380 nm (340HT15, 380HT15, Omega
Optical; Brattleborough, VT), while fluorescence emission was recorded at 510 nm
(510WB40, Omega Optical). Data were acquired by VisiView 2.0.3 (Visitron
Systems) software. Results of Fura-2/AM measurements are shown as normalized

ratios (F3so/F340)/Ro to correct for photobleaching.

3.45. VLDL, LDL, HDL, and acetylated LDL preparation

Gradient ultracentrifugation was used to isolate VLDL, LDL, and HDL from human
plasma. The plasma density was adjusted to 1.06 g/l with ~10 g NaCl/200 ml
plasma. Thereafter, EDTA (1 g/l) and sodium azide (1 g /I) were added. Forty ml of
this mixture was transferred to the centrifugation tubes and centrifuged at 48,000
rom at 15°C for 24 h in an ultracentrifuge.

After centrifugation, two phases were separated; the upper phase contained
VLDL/LDL, the lower phase Lp(a) and HDL. These two phases were collected
separately and dialyzed with distilled water for 30 min. The upper phase density was
adjusted to 1.027 g/l with NaCl and again centrifuged at 48,000 rom at 15°C for 24
h. After centrifugation, VLDL and LDL were in the upper and lower phase,
respectively. The lower phase (LDL) was collected (up to 18 ml) and the density was
adjusted to 1.063 g/I with NaCl and centrifuged in 3 ml tubes at 48,000 rpm. After
centrifugation, the yellow-colored LDL band (approximately 5 mm), which appeared
in the middle of the centrifugation tube, was collected in a sterile tube.

From the lower phase of the first centrifugation step, HDL was separated by
adjusting the density to 1.063 g/l and centrifuged at 48,000 rpom. The density was
adjusted to 1.21 g/l with NaBr. After centrifugation, HDLs3 in the upper layer was
collected and dialyzed for 48 h with PBS. LDL and VLDL were sterilized by passing
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through 0.2 pym and 0.8 um filters, respectively, and protein, TG and TC
concentrations were measured enzymatically.

For acetylated (ac)LDL preparation, the native LDL fraction (3.2 ml) was mixed with
an equal volume of saturated NaCl. This mixture was kept on ice under continuous
stirring and 5.4 pl of diethyl ether was added very slowly after every 3 min until a
total of 57.76 pl was added. When diethyl ether was added the third time, 100 pl of
10x PBS was added to avoid precipitation. Once 57.76 ul of diethyl ether was added,
this mixture was kept stirring on ice for 45 min. Thereafter, acLDL was dialyzed for

2-3 h with sterile PBS at 4°C. TC concentration was measured enzymatically.

3.46. Cholesterol efflux

MPMs were cultured in 12-well plates for 24 h. Per sample, 50 ug [®H]acLDL
(preloaded with 0.5 uCi/ml [3*H]cholesterol), 1 ml DMEM medium (0.2 % FA-free
BSA, 1 % P/S) were prepared. Thereafter, 1 ml of medium was added to each well
and incubated for 32 h. Then, the cells were washed with warmed PBS (37°C) and
incubated with equilibration medium (DMEM, 0.2 % FA-free BSA, 1 % P/S) for 16 h.
After washing, 3 wells were kept for zero time point and other wells for different
cholesterol acceptors and time points. As cholesterol acceptors we used control (0.2
% FA-free BSA), 15 pg/ml apoAl or 100 uyg/ml HDL3s. One ml of cholesterol acceptor
medium was added into the respective well and 100 yl medium/well were collected
after 1, 3, 6, 9, and 12 h. Hundred pl fresh acceptor medium was added per well at
each time point, respectively. The collected 100 pyl medium was mixed with 2 ml
scintillation cocktail and incubated overnight at 4°C. Radioactivity in the medium was
measured by scintillation counting and normalized on protein concentrations.
Cholesterol efflux is expressed as the percentage of total cellular [*H]cholesterol
present in the medium after 1, 3, 6, 9, and 12 h. Basal efflux in the absence of ApoA-

| and HDL3 was subtracted from the data shown.

3.47. Nile red staining and fluorescence microscopy

MPMs were plated in 6-well plates on chamber slides for 24 h in DMEM/10%
LPDS/1% P/S. Cells were washed twice with pre-warmed PBS and cultured for
additional 24 h in the absence or presence of VLDL or acetylated LDL (100 ug
protein/ml medium). Thereafter, cells were washed twice with pre-warmed PBS and

fixed with 4% PFA for 10 min. LDs were visualized after Nile red staining (2.5 pg/ml)
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by confocal laser scanning microscopy using an LSM 510 META microscope system
(Carl Zeiss GmbH, Vienna, Austria). Images (x63) were taken at excitation 543 nm

and signals were recorded using a 560 nm long pass filter.

3.48. Lipid parameters in macrophages

MPMs were cultured in DMEM, 10 % LPDS, 1 % P/S, washed with pre-warmed PBS
after 2 h, and incubated in DMEM, 10% LPDS, 1% P/S for 24 h. Thereafter cells
were washed 3x with pre-warmed PBS and incubated in DMEM, 10% LPDS, 1%
P/S with or without 100 ug acLDL or VLDL for additional 24 h. Lipids were extracted
from the cells after adding 2 ml hexane:isopropanol (3:2, v:v) for 2 h at 4°C under
constant shaking. The extract was collected in separate glass tubes and 100 pl of
freshly prepared 2 % Triton-X100 in chloroform was added to each tube and dried
under N2. Dried samples were dissolved in 100 pl ddH20 for 15 min at 37°C in a
water bath. TG, TC, and FC concentrations were measured enzymatically from 40,
20, and 20 ul of the extract, respectively, using commercially available Kkits
(Diagnostic Systems, Holzheim, Germany). The absorbance was normalized to

protein concentrations.

3.49. Phagocytosis of fluorescein-labeled E. coli particles

Mice were injected intraperitoneally with 200 pl of fluorescein-labeled E. coli
BioParticles® (Molecular Probes®, Life Technologies, Carlsbad, CA) suspended in
Hanks' balanced salt solution. After 2 h, macrophages were collected by flushing
the peritoneal cavity with 10 ml of PBS/EDTA and incubated in DMEM containing
25 mM glucose, 10% LPDS, and 1% P/S for 150 min. Cells were washed 3 times
with PBS, and the fluorescence was determined prior and after addition of trypan
blue to quench the extracellular probe. After aspiration of trypan blue, the
fluorescence was measured at 484 (excitation) and 535 nm (emission) on a Victor
1420 multilabel counter (PerkinElmer Life Sciences, Waltham, MA). Experimental

readings were normalized to protein content.

3.50. Gelatine zymography
Conditioned media collected from neutrophils after 6 h of incubation were seeded at
a density of 5x10° cells/ml of medium. Twenty five to 50 ul of conditioned medium

was mixed with zymography loading dye (1:3) and proteins were separated by size
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using gel electrophoresis at 120 V for 1.5 h. Thereafter, SDS was removed from the
gel by washing with 500 ml renaturation buffer for 40 min at RT with constant
rocking. The gel was then incubated with 500 ml of incubation buffer at 37°C for 20
h with constant rocking. Then, the gel was stained with Coomassie brilliant blue
solution and the excessive dye was removed with destaining solution. Gel images
were taken after placing the gel on the bright surface illuminated from below and the
density of the digested bands were measured on the inverted field by ImagedJ

software.

3.51. Preparation of histological sections for atheroassays

Mice were anesthetized by intraperitoneal injections of sodium-pentobarbital (50
mg/kg body weight). Mice were perfused with PBS/EDTA for 10-15 min. The
abdominal part of the aorta was removed and frozen in liquid N2 for RNA isolation.
Animals were then perfused with 10% neutral buffered formalin (methanol-free) for
15 min. Adventitial adipose tissue was carefully removed from the upper part of the
aorta, which was then excised from the thoracic cavity, cut open in a Y-formation,
and stored in formalin until staining. Upper two thirds of the heart and a piece of liver
were fixed with formalin for 24 h. Fixed tissues were stored in 30% sucrose. One
day before sectioning, hearts and livers were transferred into Neg-50™ frozen
section medium (Richard-Allan Scientific, Kalamazoo, MI). Serial sections (7-8 um)
of aortic root or liver tissue were cut at -20°C using a cryostat-microtome (HM 560

Cryo-Star; Microm International GmbH, Walldorf, Germany).

3.52. ORO staining of aortae

Aortae were washed with PBS for 1 min and then placed in 70% isopropanol for 5
min. Thereafter, aortae were stained with ORO working solution for 20 min and then
dipped into 70% isopropanol to remove excessive ORO. Aortae were pinned on
black dissecting wax and images were taken using a stereo zoom microscope
(Olympus SZX12).

3.563. ORO staining of aortic valve and liver sections
Aortic root and livers sections were fixed in 10% methanol-free neutral-buffered
formalin for 10 min. Sections were incubated in 70% isopropanol for 5 min, ORO for

15 min, dipped into 70% isopropanol, counterstained with hematoxylin for 5 min,
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and washed in 0.1% NaHCOs. Sections were air dried and mounted with Kaiser’s
glycerol mounting medium (Merck, Darmstadt, Germany). Mean lesion area in the
aortic root (mm?) was calculated from 14-15 consecutive ORO-stained sections per
mouse. Images were taken with ScanScope T3 whole slide scanner (Aperio

Technologies, Bristol, UK). Plaque areas were quantitated with ImageJ software.

3.54. Monoclonal antibody to macrophages-2 (MoMa-2) immunostaining

The sections were fixed for 15 min in formalin and washed three times with PBS.
Sections were blocked for 30 min with peroxidase blocking solution (Lab Vision,
Fremont, CA) and washed 2 times with PBS. Thereafter, Ultra V block (Lab Vision,
Fremont, CA) was added for 7 min. Sections were incubated with primary
monoclonal antibody against macrophages-2 (MoMa-2, 1:600; Acris,
Hiddenhausen, Germany) for 1 h at RT and then at 4°C overnight. Sections were
washed two times with PBS, incubated for 3 h at RT with polyclonal rabbit anti-rat
secondary antibody coupled to horseradish peroxidase (1:100, Dako Denmark A/S,
Glostrup, Denmark), and washed once with PBS. AEC substrate (Vector
Laboratories, Burlingame, CA) was added to the sections for 20 min and then
sections were washed 3 times with dH20. The sections were stained with
hematoxylin for 5 min, washed in 0.1% NaHCOs3, and fixed with Kaiser’s glycerol
mounting medium (Merck, Darmstadt, Germany). Images were taken with
ScanScope T3 whole slide scanner (Aperio Technologies, Bristol, UK).

Quantification of MoMa-2-stained sections was performed with ImageJ software.

3.55. Monoclonal antibody to alpha-smooth muscle actin (a-SMA)
immunostaining

Antigen retrieval was performed with 10 mM sodium-citrate buffer (pH6) in a
pressure chamber (Pascal, Dako Denmark A/S, Glostrup, Denmark) at 120°C for
170 seconds. Thereafter, slides were blocked with 1% H202 in methanol for 15 min
and washed 3 times with PBS. The sections were then treated with primary antibody
against alpha smooth muscle actin (1:25, ab5694, Abcam) in Dako REAL™
antibody diluent (Dako Denmark A/S, Glostrup, Denmark) for 1 h at RT. Slides were
washed 5 times with PBS and treated with secondary antibody Dako REAL™
EnVision™ HRP Rabbit/Mouse (Dako Denmark A/S, Glostrup, Denmark) for 30 min
at RT. After washing with PBS, AEC substrate was added to the sections
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(DakoCytomation AEC Substrate Chromogen Ready-to-Use), incubated for 7 min,
and the reaction was stopped with PBS. Slides were counterstained with Mayer’s
hematoxylin, washed under running tap water, and fixed with Aquatex mounting
medium (Merck, Darmstadt, Germany). Images were taken with ScanScope T3
whole slide scanner (Aperio Technologies, Bristol, UK). Quantification of a-SMA

stained sections was performed with ImageJ software.

3.56. Masson’s Trichrome staining

Slides were incubated in Bouin’s solution (Sigma-Aldrich, St. Louis, MO) overnight
at RT, washed under running tap water until the sections were clear from yellow
color, and then washed with dH20 for 1 min. Working Accustain® Wigert’s Iron
Hematoxylin solution (Sigma-Aldrich, St. Louis, MO) was freshly prepared and
sections were stained for 3 min, washed with running tap water for 5 min and dH20
for 1 min. The sections were then stained with Masson’s Trichrome stain (Sigma-
Aldrich, St. Louis, MO) according to manufacturer’s instructions, washed with dH20,
and dehydrated (90, 95, and 100% of ethanol and xylene). The sections were fixed
with Cytoseal™-60 mounting medium (Thermo Scientific, Kalamazoo, MI). Images
were taken with ScanScope T3 whole slide scanner (Aperio Technologies, Bristol,
UK). Collagen in Trichrome-stained sections (blue) and necrotic core (acellular area

within the plaque) were quantitated with ImagedJ software.

3.57. Statistics

Statistical analyses were performed using GraphPad Prism 5.04 software
(GraphPad Software Inc, San Diego, CA). The significance was determined by
Student’s unpaired t-test and Welch t-test (in case of unequal variances) for two
group comparison and ANOVA followed by Bonferroni correction for multiple group
comparison. Data are presented as mean values + SD. Significance levels were set
atp <0.05(*), p=0.01 (**)and p <0.001 (***).
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4. Results

4.1. Increased plasma 2-AG concentrations in DKO mice

We generated DKO mice by crossing MGL-/- animals with ApoE-/- mice. Since the
animals are fertile, we used homozygous breeding to generate ApoE-/- or DKO
mice. Starting from the 7" week of age, mice were fed WTD. Since MGL is the main
degrading enzyme for 2-AG, we wanted to determine circulating concentrations of
this endocannabinoid in DKO animals. Therefore, plasma samples from fed state
were taken from these mice after 9 weeks of WTD feeding and 2-AG content was
analyzed using mass spectrometry (in collaboration with Thomas Eichmann,
University of Graz). We found concentrations of 0.3 mmol/l of 2-AG in the plasma of
DKO mice, whereas 2-AG was below detection limit in ApoE-/- samples, indicating
systemically elevated 2-AG concentrations in DKO mice compared to the controls
(Figure 8).

Plasma 2-AG concentrations

0.4

g 0.3

0

8

o

= 0.2

3 Figure 8. Increased 2-AG concentrations in DKO mice. (A)

g 0.1- Plasma 2-AG concentrations in ApoE-/- and DKO mice after 9
0.0 weeks of WTD feeding, measured on an ACQUITY UPLC
' ApoE-/- DKO System. Data are presented as mean (n=5) + SD

4.2. DKO mice have normal body weights, food consumption, fecal
production, and body adiposity

During WTD feeding, body weight was measured weekly in a fed state. We found
comparable body weights between both female and male ApoE-/- and DKO mice

throughout the feeding period (Figure 9).
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Figure 9. Body weight of ApoE-/- and DKO male (n=24-34) and female mice (n=22) during WTD

feeding. Data are presented as mean + SD.

Food and water consumption, and locomotor activity were determined in chow and
WTD-fed mice during the period of 3 consecutive days. We found comparable
amounts of ingested food (Figure 10A, B) and water (Figure 10C, D), and locomotor
activities (Figure 10E, F) between these two genotypes. Fecal production was
determined by measuring feces weight on a fasting grid during the period of 3 days
of WTD feeding. We found comparable daily fecal production per the amount of

ingested food between ApoE-/- and DKO mice (Figure 10G).
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- Figure 10. Comparable food and water consumption and locomotor
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g activity between ApoE-/- and DKO mice. (A) Food and (B) water
‘% consumption, and (C) activity in chow diet-fed and (D) food, and (E)
g water consumption and (F) activity in WTD-fed mice during 3
; consecutive days. Data are presented as mean values (n=5) + SD.
(G) Fecal production was measured during 3 consecutive days of

ApoE-/- DKO WTD feeding. Data are presented as mean (n=8-9) + SD.

Moreover, body adiposity as determined by NMR scanning (in collaboration with
Clemens Diwoky, Graz University of Technology) was comparable between both

genotypes. (Figures 11A,B).
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y Figure 11. Comparable body adiposity between ApoE-/- and DKO
L. 4
20 mice. (A) Representative NMR images of ApoE-/- and DKO mice
10+ after 9 weeks of WTD feeding. (B) Quantification of total body fat
0. content in ApoE-/- and DKO mice after 9 weeks of WTD feeding.
ApoE-/- DKO Data are presented as means (n=5) + SD.

4.3. Fasted DKO mice have reduced plasma FFA and free glycerol
concentrations compared to ApoE-/- animals

Plasma parameters were determined in ad libitum fed (8 am), 12 h fasted (from 8
pm to 8 am) as well as re-fed state (12 h of overnight fasting and 2 h re-feeding ad
libitum) on chow and after 8 weeks of WTD. We found comparable plasma TG, TC,
FC, and CE concentrations in all conditions in ApoE-/- and DKO mice. However,
fasting plasma concentrations of FG and NEFA were significantly reduced in DKO
compared to ApoE-/- animals on both chow (Table 2) and WTD (Table 3).
Interestingly, when measured in a re-fed state, DKO plasma free glycerol (FG) on
chow diet and FG and NEFA levels on WTD were elevated compared to ApoE-/-
mice, maintaining levels similar to those found in the fasted state. In contrast, WTD
fasted glucose levels were lower in DKO compared to ApoE-/- mice. These data
may indicate delayed chylomicron assembly/secretion and thereby delayed
repression of lipolysis which would lead to similar plasma FG and NEFA levels as

in the fasted state.
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Table 2. Reduced fasting FG and FFA concentrations in DKO mice. Plasma parameters in chow diet-fed mice aged 6-8 weeks were

determined in fed, fasted, and re-fed conditions. Data are represented as mean (n=7-9) £ SD. *, p < 0.05; **, p < 0.01.

Chow diet

Fed state (ad libitum)

ApoE-/-
56.96 + 14.93
181.20 £ 43.53
67.82 + 14.09
113.39 + 30.59

2.92 +0.95
0.50 £ 0.18
183.0 £ 22.25

DKO

44.39 + 9.71
178.75 + 48.20
68.53 +7.94
110.22 £ 43.19
2.83+0.89
0.47 +0.15
191.57 + 28.56

Fasted state (12 h fasting)

ApoE-/-
90.25 + 42.83
281.58 + 40.84
81.36 + 14.83
200.22 + 27.77

3.73+0.74

0.92+0.20
108.38 + 13.35

DKO

64.07 = 19.50
250.84 + 41.62
74.03 £ 13.94
176.81 + 28.80
2.54 £0.72*
0.70 £ 0.23*
102.22 + 14.41

Re-fed state
(2 h feeding after 12 h fasting)

ApoE-/-
74.57 £ 11.49
252.68 + 40.35
90.98 + 11.93
161.70 £ 32.14

1.77£0.48

0.24 £ 0.03
185.86 + 17.37

DKO

69.85 + 19.56
261.05 + 33.77
91.69 + 10.87
169.36 + 26.28
2.75 £ 0.94*
0.28 + 0.05
182.57 + 18.46
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Table 3. Reduced fasting FG, FFA, and glucose concentrations in DKO mice. Plasma parameters in mice aged 13-15 weeks and fed

WTD for 6-8 weeks were determined in fed, fasted, and re-fed conditions. Data are represented as mean (n=7-9) + SD. *, p < 0.05;

*** 0 <0.001.

Western-type diet

Fed state (ad libitum)

ApoE-/-
58.99 + 21.97
536.97 + 80.02
210.30 + 17.82
326.66 + 67.85

2.64 +0.48

0.61+0.13
157.14 £ 15.59

DKO

47.31£22.83
587.02 + 153.43
235.36 £ 35.24
351.66 + 122.20
217 +0.78
0.49+0.23
155.16 + 28.83

Fasted state (12 h fasting)

ApoE-/-
53.39 + 14.89
787.50 + 178.33
263.66 + 60.99
523.84 + 119.48
4.75+0.79
0.88 £ 0.16
114.88 + 16.37

DKO

47.29 £ 16.50
646.07 + 259.00
235.56 £ 75.18
410.52 + 185.08

3.13 £ 0.46***

0.70 £ 0.15*

93.25 + 30.75*

Re-fed state
(2 h feeding after 12 h fasting)

ApoE-/-
78.61 + 25.27
525.53 + 63.84
183.44 £ 19.64
342.09 + 52.68

2.53+0.37
0.36 £ 0.08
168.20 £ 10.31

DKO

106.42 + 38.52
600.48 + 113.11
210.73 £ 22.25
389.74 + 111.02
3.18 £ 0.57*
0.50 £ 0.11*
172.00 + 10.42
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To determine lipoprotein profiles of these mice, we performed FPLC separation of
plasma samples in the fasted state after WTD feeding. We found comparable
lipoprotein particle sizes, determined as the position of the TG (Figure 12A) and TC
(Figure 12B) peaks, as well as lipoprotein particle compositions, determined as the
peak surface in VLDL, LDL, and HDL fractions. The only observed difference was
reduction in free glycerol content in the plasma of fasted DKO compared to ApoE-/-

mice, shown in Table 3.

A B
Triglyceride Profile Total Cholesterol Profile
40 - VLDL 400 - VLDL
35 —— ApoE-/- 350 1
30 - ——DKO 300 -
825 1 Free Glycerol 5 250 -
5 200
I
« 150 -
o
=100 -
50 -
1 0 ‘ ‘ > ‘
5 0 10 20 30 40 50 50 0 10 20 30 40 50
Fraction number Fraction number

Figure 12. Unaltered plasma lipoprotein profiles between ApoE-/- and DKO mice. (A) Plasma
lipoprotein profiles from ApoE-/- and DKO mice fed WTD. Plasma samples from each genotype (n=5)
were pooled and 200 ul were subjected to FPLC separation using a Superose 6 column. (A) TG and

(B) TC concentrations in each fraction were determined using enzymatic assays.

4.4. Reduced plasma concentrations of pro-inflammatory cytokines

Plasma interleukin 6 (IL-6) levels were at comparable and low levels in both
genotypes, whereas MCP-1 concentrations were reduced in DKO mice (Figure 13).
These data indicate that MGL deficiency on the ApoE-/- background results in
systemic accumulation of 2-AG, which may affect endocannabinoid signaling and

might lead to reduced systemic inflammation.
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Plasma cytokine concentrations

250 B ApoE-/-
200- @ DKO
E 150
[
2 100+
501 Figure 13. Reduced systemic inflammation in DKO mice.
0- Serum MCP-1 and IL-6 concentrations were determined by
MCP-1 IL-6

ELISA. Data represent mean (n=8) + SD. *, p < 0.05.

4.5. Hepatic LD size, TG and CE content as well as VLDL production are
reduced in DKO mice

Since lipid and carbohydrate metabolism are tightly regulated by liver homeostasis,
we determined hepatic lipid levels. We found significantly reduced TG
concentrations in livers of DKO mice compared to ApoE-/- mice in the fasted state
after 16 weeks of WTD feeding (Figure 14A). Hepatic TC levels were even more
reduced, whereas hepatic FC concentrations were comparable between both
genotypes (Figure 14A). ORO staining of liver cryosections confirmed reduced

accumulation of neutral lipids in livers of DKO mice (Figure 14B).
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Figure 14. Reduced hepatic TG and TC concentrations in DKO mice. (A) Mice were fasted for 12 h
and lipids were extracted from liver samples by Folch extraction. Data represent mean (n=6-9) + SD.
(B) Representative images of ORO-stained liver cryosections. *, p < 0.05; ***, p < 0.001.

To further visualize and investigate LDs, we performed electron micrographs of

fasted liver samples (in collaboration with Dr. Dagmar Kolb-Lenz) (Figure 15A). We
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found increased LD numbers (Figure 15B) but reduced relative diameter of LDs in
the hepatocytes (Figure 15C). Aimost 60% of all LDs in DKO mice were smaller than
1 ym and as much as 95% were smaller than 2.5 ym, compared to 25% and 60%

in ApoE-/- livers, respectively.
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Figure 15. Reduced hepatic LD size but increased abundance in DKO mice. (A) Representative
electron micrographs of livers from 12 h fasted mice. (B) Number of LDs per electron micrograph.
Data represent mean values (n=3) + SD. (C) Size distribution of LDs according to the average

diameter.

Since reductions in neutral lipid content affected liver TG levels and fasting FFA
concentrations were reduced in DKO mice, we determined VLDL secretion
capacities in WTD-fed DKO mice after pharmacological inhibition of lipoprotein
lipase (LPL) by tyloxapol. We found significantly reduced VLDL secretion in DKO
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mice compared to the control animals 3 and 4 h post-tyloxapol injections (Figure
16A). Fasting plasma TG levels showed a slight but non-significant trend towards
reduced concentrations (see also Table 2). In addition, post-heparin plasma

samples showed comparable LPL activities in both genotypes (Figure 16B).
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Figure 16. Reduced VLDL secretion in DKO mice. (A) VLDL was determined by plasma TG
measurements in 12 h fasted mice upon LPL inhibition with tyloxapol (500mg/kg body weight). Data
represent mean (n=5-6) + SD. (B) LPL activity was determined in post-heparinized plasma 10 min

after i.p. heparin injection. Data represent mean (n=7-8) + SD. **, p < 0.01; ***, p < 0.001.

EC signaling in DKO mice is likely altered at the hepatic level as well, due to elevated
2-AG concentrations in these animals (measured in collaboration with Thomas
Eichmann, University of Graz) (Figure 17A). However, Cb1r mRNA expression was
completely absent and Cb2r mRNA unchanged between both genotypes,
respectively (Figure 8B). Hepatic mMRNA expression of genes involved in lipid uptake
was changed in fasted DKO compared to ApoE-/- mice with an increased expression
of Srb-1 (cholesterol uptake) and reduction of Cd36 (FFA uptake). Moreover,
expression levels of the rate limiting enzymes for cholesterol biosynthesis
(HmgCoAr) and bile acid biosynthesis (Cyp7a1) were elevated in DKO mice (Figure
17B). In the fed state, transcription levels of lipogenic genes such as Acc1, Fas, and
Scd1 were unaltered between genotypes with the exception of reduced expression
of Acc2 (31 %) in DKO mice (Figure 17C).
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Figure 17. Changes in hepatic EC and mRNA expression of lipid metabolism genes in DKO mice.
(A) 2-AG concentrations in the livers of ApoE-/- and DKO mice. Data are presented as means (n=7)
+ SD. Hepatic mRNA expression of target genes in (B) fasted and (C) fed states were analyzed in
duplicate by real-time PCR and normalized to the expression of Cyclophilin A as reference gene.
Data represent means (n=4-5) + SD. *, p < 0.05; **, p £ 0.01; ***, p < 0.001.

4.6. Reduced hepatic cholesterol concentrations are likely due to increased
cholesterol elimination via feces in DKO mice

Severe reduction in hepatic cholesterol concentrations can be either due to reduced
cholesterol dietary uptake, reduced de novo lipogenesis, or increased elimination
via bile. To investigate lipid uptake in the small intestine as well as consequences
of MGL deficiency on the intestinal function, we first measured gut transit time in
ApoE-/- and DKO mice fed chow diet. We found significantly increased gut transit

time in DKO compared to ApoE-/- mice, indicating reduced gut motility in these
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animals (Figure 18A). An acute cholesterol absorption experiment revealed
[*H]cholesterol retention in the gastrum, reduced cholesterol uptake in the
duodenum and jejunum, a trend towards reduction in liver (Figure 18B) as well as
decreased plasma cholesterol concentrations of DKO mice compared to ApoE-/-

animals (Figure 18B).
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Similarly, a FA absorption experiment revealed [*H]oleic acid retention in gastrum
of DKO mice (Figure 19A), although without changes in FA incorporation in specific
lipid species (PL, FC, FFA, TG, and CE) in duodenum, jejunum, and liver (Figure
19B-D). Plasma radioactivity was reduced during the first 2 h post-gavage (Figure
19E).
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To determine chylomicron production from the small intestine and the ability of
enterocytes to pack both TG and CE into lipoprotein particles, we gavaged chow
diet-fed mice with corn oil containing [*H]triolein and ['*C]cholesterol. After tyloxapol
injection and inhibition of LPL, DKO mice had reduced [3H] and ['*C] in the plasma
indicating increased gut retention of lipids, potential accumulation in the small

intestine, and delayed chylomicron production (Figure 20).

65



Chylomicron secretion

150000
1]
5 100000 - ApoE-- TG
! -= DKO TG
£
_§_ 50000-
. *%  _@. ApoE-/- Chol
ﬁ_::::@——":a -3 DKO Chol
0 === = T T 1
0 1 2 3 4 5
Time (h)

Figure 20. Delayed chylomicron secretion in DKO mice. Animals were i.p. injected with 500mg/kg
tyloxapol and 30 min post-injection, mice were gavaged with corn oil containing [®H]triolein and
['“Clcholesterol. Plasma radioactivity was measured periodically up to 4 h after gavage. Data
represent mean (n=5) £ SD. *, p < 0.05; ***, p < 0.001.

To determine whether changes in the cholesterol uptake are the consequence of
increased gastric retention of lipids or alterations in the uptake and lipid
accumulation within enterocytes, we measured fractional cholesterol absorption
utilizing the fecal dual-isotope ratio method. We found that comparable amounts of
radioactively labeled cholesterol are taken up from the intestines of DKO and ApoE-
/- mice during the period of 3 days after ['“C] cholesterol gavaging and use of [3H]
sitostanol as non-absorptive standard (Figure 21). These data indicate that timing,
rather than quantitative lipid absorption, is altered in DKO mice. Delayed lipid
delivery to the small intestine, probably due to increased gastric retention cause the
later onset of absorption and chylomicron appearance in the systemic circulation,

whereas on a long run cholesterol gets as efficiently absorbed as in ApoE-/- animals.

Fecal dual-isotope

60
2
&
"§. 40 Figure 21. Unaltered fractional cholesterol absorption in DKO mice
o
é measured using fecal dual-isotope ratio method. Fractional
T 504 cholesterol absorption was determined in stool pools 72 h after
]
B gavaging mice with corn oil containing ['*C] cholesterol and [3H]
- sitostanol. Results are expressed as a ratio of absorbed to the total

0-

ApoE-/-  DKO given dose. Data represent mean (n=4-6) + SD.
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Furthermore, we explored whether reduced hepatic cholesterol concentreations are
the consequence of reduced de novo cholesterol synthesis. Therefore, we injected
mice with ['“Clacetic acid and determined its incorporation in specific lipid classes
(PL, FC, FFA, TG, and CE) in livers of DKO and ApoE-/- mice one hour post-
injection. We found similar incorporation of ['“Clacetic acid in all lipid classes with

the exception of increased de novo TG synthesis (Figure 22).
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Cholesterol excretion, however, is likely to be the determining factor for reduced
hepatic cholesterol concentrations, since we found significantly increased fecal
cholesterol content in the mice fed WTD during a 3 days collection period (Figure
23A). Although TC in the bile was similar between ApoE-/- and DKO mice (Figure
23 B), we cannot exclude that either increased bile acid production or daily amount
of produced bile are higher, or that transintestinal cholesterol excretion is increased
in DKO mice.
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Figure 23. Increased fecal cholesterol content in DKO mice. (A) Stool samples were collected from

WTD-fed mice during a period of 72 h after which lipids were extracted and measured
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spectrophotometrically. Data represent mean (n=8-9) + SD. (B) Bile cholesterol content was
measured in gall bladder bile obtained upon 12 h fasting. Data represent mean (n=5-9) + SD. **, p <
0.01.

4.7. DKO mice show improved carbohydrate metabolism

Another important contributor for the development of atherosclerosis is deregulated
carbohydrate metabolism. Therefore, we performed a series of tests to investigate
consequences of MGL deficiency on carbohydrate homeostasis. We found reduced
fasting glucose concentrations in DKO mice compared to the controls on WTD but
not on chow diet (Tables 2 and 3). Moreover, intraperitoneal glucose tolerance test
after WTD feeding revealed improved glucose utilization in DKO compared to ApoE-
/- mice (Figure 24A). The improved glucose tolerance is likely not mediated through
enhanced insulin activity since plasma insulin concentrations were at comparable
levels in both fed and fasted ApoE-/- and DKO mice (Figure 24B). Moreover, insulin
sensitivity was similar between ApoE-/- and DKO mice (Figure 24C), although the
baseline plasma glucose concentrations were strongly reduced in DKO mice.
Peripheral insulin action is largely associated with the adipokine secretion and
action. Therefore, we assessed plasma leptin and adiponectin concentrations,

which were, however, unaltered in DKO mice (Figure 24D).

A B
i.p. glucose tolerance test Plasma insulin levels

500- 3
ke - ApOE-/- - ApOE-/-

-#- DKO s DKO

ng/ml

T T 1
0 50 100 150 200
Time (min) »? >

68



C D

i.p. insulin tolerance test Adipokine concentrations
300 16+
Kok -— ApoE-/-
-= DKO 12-
200
§ E 8-
g’ 2 0.6
100 0.4
0.2+
0- T T T 1 0.0- <&
0 50 100 150 200 S &
Time (min) . & v
N
v.

Figure 24. Improved glucose tolerance in DKO mice. (A) Intraperitoneal glucose tolerance test was
performed after 6 h of fasting and injection of 2g/kg glucose. Data represent mean (n=9) = SD. (B)
Plasma insulin values measured by ELISA in fed and 12 h fasted mice (n=6-7) + SD. (C) Insulin
tolerance test was performed after 4 h of fasting and i.p. injection of 0.75 IU/kg insulin. Data represent
mean (n=9) + SD. (D) Plasma adiponectin and leptin concentrations were measured in fed animals
by ELISA according to manufacturers’ instructions. Data represent mean (n=5-8) + SD. *, p < 0.05;
** p<0.01; ** p<0.001.

Fasting hepatic glucose metabolism is likely not changed since gluconeogenesis
from pyruvate (Figure 25A) or glycerol (Figure 25B) as substrates were unaltered in
DKO mice. It seems, however, that livers of DKO animals are capable to store more
glucose, as seen by a trend towards increased hepatic glycogen concentrations in
the fed state (Figure 25C). Moreover, livers of DKO mice responded to glucagon
more prominently since glucagon tolerance test showed increased release of
glucose from the liver of DKO mice (Figure 25D). In accordance, fasting hepatic
glycogen concentrations were reduced in the livers of DKO mice compared to the

controls (Figure 25C).
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Figure 25. Increased glycogen depletion in DKO mice. Plasma glucose concentrations were
measured after i.p. injection of 2 g/kg (A) pyruvate and (B) glycerol in 12 h-fasted mice. Data
represent mean (n=7) = SD. (C) Hepatic glycogen concentrations measured in fed and 12 h-fasted
animals. Data represent mean (n=6-8) + SD. (D) Plasma glucose concentrations was determined
after i.p. injection of 140 pg/kg glucagon in fed mice. Data represent mean (n=6) + SD. *, p < 0.05;
* p<0.01; ** p=<0.001.

4.8. Comparable energy substrate utilization in ApoE-/- and DKO mice
measured by indirect calorimetry

To determine energy substrate utilization used to sustain metabolic functions, we
utilized indirect calorimetry to measure respiratory exchange ratio (RER) of ApoE-/-
and DKO mice fed chow or WTD during 3 consecutive days of ad libitum feeding
and during 12 h-fasting. We found similar RER in both genotypes fed chow (Figure
26A, B) and WTD (Figure 26C, D).
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Figure 26. Comparable RER between ApoE-/- and DKO mice. RER was measured in (A, B) chow-
and (C, D) WTD-fed mice during 3 consecutive days of ad libitum feeding and during 12 h-fasting.

Data represent means (n=5) + SD.

4.9. DKO mice have increased lymphocytes and monocytes after WTD due
to increased WBC production and survival

Since EC signaling can influence immune responses and leukocyte functions, we
determined peripheral white blood cell (WBC) counts in ApoE-/- and DKO mice fed
chow and 9 weeks of WTD. We did not observe significant changes in the total WBC
counts nor specific subpopulation numbers (Figure 27A) between these two
genotypes on chow diet. However, upon WTD feeding, the total number of WBCs
was increased due to higher numbers of lymphocytes, monocytes, and basophils,
whereas the levels of neutrophils and eosinophils were unaltered (Figure 27B). The

relative abundance of specific WBC subpopulations revealed a relative increase in
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T-lymphocytes without effects on B-lymphocyte counts, and unaltered abundance
of Ly6Chish and Ly6C'°* monocytes (Figure 27C).
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The increase in WBC numbers can be either due to their increased production, or
prolonged lifespan within the circulation. BM immunophenotyping (done in
collaboration with Albert Woelfler, Medical University of Graz) revealed increased
relative abundance of hematopoietic Lin"Sca-1*c-Kit* (LSK) cells in DKO mice,
which represent the progenitor cells for WBC production (Figure 28A). Moreover,
we observed extended circulating WBC half-life indicating that increased cell
survival contributes to the increased numbers of circulating WBCs in DKO mice
(Figure 28B).
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Figure 28. Increased WBC production and survival in DKO mice. BM analysis by flow cytometry: LSK
populations (Lin-Sca-1*c-Kit*), myeloid progenitor LK cells (Lin-Sca-1-c-Kit*), granulocyte/monocyte
progenitors (GMP; Lin-c-Kit"*CD34*FcyRII/lll*), monocyte/dendritic cell progenitors (MDP; Lin-c-
Kit*""CD115*Fit3*), common lymphoid progenitors (CLP; Lin-c-Kit°Sca-1I°IL7Ra*). Data represent
means (n=6-7) + SD. (C) Half-life of WBCs as means (n=7) £ SD. *, p < 0.05; **, p £ 0.01; ***, p <
0.001.

4.10. CB2R is not desensitized in macrophages from DKO mice
Macrophages originate from monocytes and represent the most dominant cell type
in the atheroma. Thus, we explored consequences of MGL deficiency in these cells.
We found comparable expression levels of lipases (Atgl, Hsl, Lal), enzymes capable
to degrade MGs (Abhd6, Abhd12) and generate 2-AG (Dagla, Daglf). The only
observed difference was complete absence of Mgl mRNA in DKO cells, whereas
Faah mRNA expression was absent in macrophages from both genotypes (Figure
29A). Western blot analysis of macrophage lysates revealed complete absence of
MGL protein in DKO compared to ApoE-/- cells (Figure 29B).
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Figure 29. Comparable mRNA expression of lipases, 2-AG degrading and generating enzymes. (A)
Macrophage mRNA expression of target genes was analyzed in duplicate by real-time PCR and
normalized to the expression of Hprt as reference gene. Data represent means (n=4-5) + SD. (B)

Western blot analysis of MGL protein expression in macrophages. ***, p < 0.001.

As expected, due to the absence of the main enzyme responsible for MG
degradation, MG hydrolase activity was markedly reduced in DKO compared to
ApoE-/- macrophages (Figure 30A). The reduction in MG hydrolytic activity led to
intracellular accumulation of 2-AG in DKO compared to ApoE-/- macrophages
(measured in collaboration with Thomas Eichmann, Universiy of Graz) (Figure 30B),

indicating that MGL is the key enzyme in macrophage 2-AG homeostasis.
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Figure 30. Reduced MGH activity and concomitant increase in cellular 2-AG concentrations in DKO
macrophages. (A) MG hydrolase activity presented as means (n=6) + SD. (B) Macrophage 2-AG

concentrations represented as means (n=5) + SD. *, p < 0.05; **, p < 0.01.
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Next, we determined mRNA expression of Cb2r and Cb1r in ApoE-/- and DKO
macrophages and found comparable Cb2r transcript levels in DKO and ApoE-/-
cells, whereas Cb1r was undetectable (Figure 31A). In accordance, CB2R protein
expression was unaltered Western blot and found comparable protein expression

levels in DKO and ApoE-/- macrophages (Figure 31B).
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Figure 31. Unchanged CB2R mRNA and protein expression in DKO macrophages. (A) Real-time
PCR and (B) Western blot analysis of CB2R expression in macrophages. Densitometric

quantification of CB2R/B-actin (loading control) represent means (n=3) + SD.

Total cellular protein, however, does not indicate possible desensitization which
occurs at least in brain of DKO mice, where the receptor is downregulated,
internalized and rendered unavailable for ligand binding. Thus, we performed a
functional assay (in collaboration with Corina Madreiter-Sokolowski, Medical
University of Graz), where we measured macrophage Ca?*-flux as a response to
externally applied 2-AG, mimicking physiological conditions of elevated 2-AG in
DKO animals. Comparable cytosolic Ca?* responses to 2-AG treatment and an only

slightly lower relative response of DKO cells to the maximal, ATP-provoked Ca?*

75



flux (Figures 32A-C) indicate that although DKO macrophages are unable to clear
2-AG as efficiently as ApoE-/- cells, their EC system remains fully responsive to
elevated 2-AG concentrations. Therefore, although CB1R in DKO animals is
desensitized, CB2R downregulation is unlikely to occur, rendering CB2R-expressing

cells sensitive to elevated 2-AG levels and potentiated EC signaling.
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Figure 32. EC signaling is intact in DKO macrophages. (A) Representative traces of cytosolic CaZ*
signals in macrophages upon stimulation with 20 yM 2-AG and 200 uM ATP shown as normalized
ratio (Faso/F340)/Ro. (B) Statistical evaluation of Ca2* signals in macrophages in response to 2-AG;
n=4-6 + SD. (C) Cytosolic Ca?* response of macrophages to 2-AG calculated as percentage of
response to ATP; n=4-6 + SD.

4.11. DKO macrophages show reduced foam cell formation due to reduced
lipid uptake

Due to the importance of macrophage-derived foam cells in atherogenesis, we
analyzed macrophage lipid parameters. Thioglycolate-elicited peritoneal
macrophages isolated from DKO mice showed unaltered TG and reduced TC and
FC concentrations under non-loaded conditions (Figures 33A, B). Upon loading with
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VLDL or acLDL, macrophages from DKO mice displayed significant reductions in
TG and cholesterol concentrations (Figures 33A-D). Nile red staining of LDs
confirmed our observation of reduced foam cell formation upon lipoprotein loading
of DKO macrophages (Figure 33E).

A B
TG concentration TC concentration
150+ *% 100+
80+
£ £
2 100- 2 -
5 S 60
o o
g . g 40
S 907 k=)
= =
20
0- 0-
N (®] Vv Vv %% Vv N (®] Vv Vv %% Vv
& F LSS g & ¥ PSS
Lo v 0o \'xq> oxq’ w v 0o \'xq> ox°
QoQ, °+ oq; 04: QOQ/ °+ OQ; 0“.
v ¥ v ¥
C D
FC concentration CE concentration
60- - - 30-
= £
9 404 8 20
S S
o o
g £
5 204 S 104
= =
0- 0-
N o % v % % N (] % v % v
K F PSS g & & &S
¥ PSRN v A5 A A
Q&"’ F & F Q& F oq"\ oF
¥ W v w



Figure 33. Reduced foam cell formation in DKO macrophages. Peritoneal macrophages were plated
in 6-well plates for 24 h £ VLDL or acLDL (100 pg protein/ml medium). After lipid extraction, (A) TG,
(B) TC, and (C) FC concentrations were measured spectrophotometrically, and (D) CE
concentrations were calculated as TC minus FC. Data represent means (n=5-7) + SD. € LDs were
visualized after Nile red staining (2.5 pg/ml) by confocal laser scanning microscopy. *, p < 0.05; **, p
<0.01, ***, p<0.001.

The reduction in LD formation can be associated either with reduced lipid uptake,
increased cholesterol efflux or increased FA oxidation. To address this question, we
measured mMRNA expression levels of Msr1 and Cd36, which are responsible for
LDL, FA, and modified LDL uptake in macrophages, respectively. We found
significantly reduced expression of Cd36 and unchanged expression of Msr1
compared to control cells. Other transporters associated with lipoprotein uptake
(VIdIr, LdIr, Lrp1) were unaltered. In addition, we assessed mRNA expression levels
of Sr-b1 and Abc transporters (Abca1, Abcg1), which are responsible for cholesterol
efflux from the cells. We found comparable expression levels of all cholesterol efflux
transporters (Figure 34A). In accordance, macrophage efflux of radiolabeled
cholesterol towards Apo-Al and HDL3 was unaltered between these two genotypes
(Figure 34B).
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Figure 34. Reduction in foam cell formation of DKO macrophages is likely due to reduced lipid uptake
rather than cholesterol efflux. (A) mRNA expression of target genes analyzed in duplicate by real-
time PCR and normalized to the expression of Hprt as reference gene. Data represent means (n=4-
5) + SD. Relative mRNA expression and associated statistical parameters were determined by the

2-8ACT method. (B) Cholesterol efflux to ApoA-l and HDLs expressed as the percentage of

*k%

[®H]cholesterol transferred from cells to the medium. Data shown (n=3) + SD of triplicate repeats. ***,
p <0.001.

4.12. DKO macrophages functionally phenocopy ApoE-/- cells

An increased area of advanced apoptosis is usually associated with enlarged
necrotic core formation due to enhanced lesional cell apoptosis. Therefore, we
investigated apoptosis in thioglycolate-elicited peritoneal macrophages in the
absence and presence of VLDL and acLDL. We found comparable apoptosis and

necrosis between the two genotypes (Figure 35A-C).
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An M1 macrophage phenotype is often associated with increased propensity of cells
to potentiate inflammatory process, whereas M2 macrophages are associated with
a resolution of inflammation. To further characterize macrophage phenotype and
function, we analyzed mRNA expression levels of M1 (Ccr5, Gro-1, Cxcl2, ltgax)
and M2 (Arg1, Mrc1, Mrc2, Mgl2, Chi3l3) polarization markers, which were
unaffected by MGL deficiency (Figure 36A). Since macrophage adhesion to
endothelial cells is an important factor in the pathogenesis of atherosclerosis, we
investigated MRNA expression levels of ligands for adhesion molecules which were
comparable between the two genotypes (Figure 36B). To functionally characterize
macrophages from DKO mice, we investigated in vivo phagocytic activity against
fluorescently labeled E. coli particles. We found comparable phagocytic capacities

between DKO and ApoE-/- macrophages (Figure 36C). All these data argue against
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profound changes in macrophage phenotype and function caused by alterations in

2-AG concentrations in macrophages and circulation.
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4.13. Aortic 2-AG increase is paralleled by the reduction in Cbr mRNA and
the increase in Timps mRNA expression in DKO mice

Being the largest artery in the mouse exposed to the highest physical stress, aorta
represents the predicted site for atherosclerosis lesion development. Thus, we
investigated 2-AG levels (in collaboration with Thomas Eichmann, University of
Graz) and expression of target genes in the aortic tissue. In the aorta, 2-AG
concentrations were 3.5-fold increased in DKO compared to ApoE-/- mice (Figure
37A). Quantitative real-time PCR analyses revealed reduced expression of Cb1r
and Cb2r in abdominal aortae of DKO compared to ApoE-/- mice after 9 weeks of
WTD feeding. These data indicate that EC signaling is not only altered systemically
and in the hepatic tissue but in the aortic tissue as well. Adhesion molecules are

important mediators of leukocyte retention at the surface of the activated
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endothelium. Therefore, we assessed expression of integrins in the aortic tissue.
Expression levels of adhesion molecules such as P-selectin, E-selectin, L-selectin,
vascular cell adhesion molecule-1 (Vcam1), and intracellular adhesion molecule-1
(lcam1) were not markedly changed (Figure 37B), indicating that WBC arrest on the
endothelial surface is likely not altered. Important for plaque stability is the balance
between collagen degrading enzymes (Mmp-2 and -9) and tissue inhibitors of these
enzymes (Timp-1, -2, -3, and -4). Although we did not observe any changes in Mmps
expression, we found increased expression of Timp-1 and -2, which can lead to a

net effect of reduced collagen degradation and improved plaque stabilization.
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Figure 37. Increased 2-AG concentrations in aortae of DKO mice. (A) Aortic 2-AG concentrations

Timp4

after 9 weeks of WTD feeding presented as means (n=5) + SD. (B) mRNA expression of target genes
analyzed in duplicate by real-time PCR and normalized to the expression of cyclophilin A as
reference gene. Expression profiles and associated statistical parameters were determined by the 2-
AACT method. Data represent means (n=8) + SD. *, p < 0.05; **, p< 0.001.

4.14. DKO mice show enlarged plaques due to collagen accumulation leading
to plaque stabilization

To analyze atherosclerotic plaque formation, we sacrificed the animals after 9 weeks
of WTD feeding, isolated thoracic aortae and stained them with ORO for plaque size
measurements. Surprisingly, we found increased plaque size in en face aortae of
DKO compared to ApoE-/- mice in total thoracic aorta (Figure 38A) and arch area
(Figures 38B, C).
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The increase in plaque burden was even more pronounced in aortic valve sections

of DKO mice (Figure 39A, B). Interestingly, we also found reduced neutral lipid

83



plaque content in DKO lesions compared to ApoE-/- mice, as manifested by reduced

ORO-positive areas within the lesions (Figure 39A,C).
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Figure 39. Increased plaque size but reduced lipid content in aortic valve lesions of DKO mice. (A,
B) Total lesion size measurements and (A, C) ORO staining for lipids. Data represent mean values
of 15 aortic valve sections for lesion size measurements and 3 aortic valve sections in the area of
maximal plaque size for ORO (n=14-15). *, p < 0.05; ***, p £ 0.001.

Since foam cells represent the main compartment of intraplaque lipid storage, we
performed immunohistochemistry against MoMa-2, a marker for monocytes and
macrophages. MoMa-2 staining revealed a trend towards reduced relative
abundance of macrophages in the atheroma of DKO animals (Figure 40A, B). These
data phenocopy in vitro results with reduced foam cell formation in DKO

macrophages.
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Increased plaque size, despite reduced macrophage and lipid content, indicate that
another plaque component crucially determines relative plaque composition and
size in DKO mice. Indeed, collagen content, measured by Masson's trichrome
staining, was markedly increased in DKO plaques, comprising almost 40% of the
total lesion area (Figure 41A, B). Additionally, necrotic core size, defined as the
acellular compartment of Trichrome-stained sections, was reduced in DKO

compared to ApoE-/- mice (Figure 41A, C).
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Figure 41. Increased collagen content and reduced necrotic core size in plaques of DKO mice. (A,
B) Masson's Trichrome staining for collagen (blue), (A, C) necrotic core (acellular compartments).
Data represent mean (n=14-15) values of 3 aortic valve sections in the area of maximal plaque size.
*, p <0.05; ***, p <0.001.

Due to the importance of collagen in the pathophysiology of atherosclerosis, which
leads to plaque stability and prevents acute cardiovascular events associated with
plaque rupture and intravascular thrombosis, we focused our research to plaque
composition and stability. An important characteristic of stabilized lesions is the
minimal thickness of fibrous caps overlaying the unstable necrotic core and
preventing lesion plaque rupture. Importantly, a lesion phenotype is largely
characterized by the ratio of the highly stabilizing collagen compartment and the
largely destabilizing necrotic core abundancies within the plaque. Both of these
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plaque stability determinants were significantly improved in DKO lesions (Figures
42A-C) leading to the conclusion that, although DKO plaques are enlarged, the

increase in size is largely attributed to the high production of collagen content and

thus lesion stabilization.

B C
Minimal thickness of fibrotic cap Collagen / necrotic core ratio
15 *% 2 67 *kk
)
o
L
10- © 41
S
3
g 2
5+ S 2-
(=]
8
°
(8]
0- 0-
ApoE-- DKO ApoE-l- DKO

Figure 42. Increased minimal thickness of fibrotic cap and ratio of collagen to necrotic core in the
lesions of DKO mice. (A, B) Minimal thickness of fibrotic cap, (C) collagen-to-necrotic core ratio. Data
represent mean (n=14-15) + SD. **, p < 0.01; ***, p < 0.001.

Increased lesional collagen content can be either due to increased collagen
production or reduced proteolytic intraplaque degradation of the connective tissue.
Smooth muscle cells are the main source of newly generated collagen within the
plaques and the observed elevated amount of intraplaque collagen buildup was
likely caused by the increased abundance of smooth muscle cells within the plaque
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as determined by the relative increase in alpha smooth muscle actin (a-SMA)-
positive areas (in collaboration with Silvia Schauer, Medical University of Graz)
(Figure 43A, B). Additionally, the ratio of necrotic core to a-SMA as an indicator of

plaque vulnerability was reduced in DKO mice (Figure 43C).
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Figure 43. Increased relative abundance of smooth muscle cells in lesions of DKO mice. (A,B) a-
smooth muscle actin immunohistochemical staining for smooth muscle cells (red). Data represent
mean values (n=14-15) of 3 aortic valve sections in the area of maximal plaque size. Data represent
mean. (C) Necrotic core-to-SMA ratio. Data are presented as mean (n=14-15) + SD. *, p < 0.05, ** p
<0.01.

Alternatively, changes in the plaque stability can be associated with neutrophil-
mediated protease activity and degradation of collagen within the plaques. The
effect of proteolytic activity itself is reflected in a net effect of produced MMPs and

the activity of locally produced TIMPs, which inhibit collagen degrading functions of
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these enzymes. For these reasons, we used conditioned media from cultivated
peritoneal neutrophils to perform gel zymographic analyses of pro-MMP-9, MMP-9,
pro-MMP-2, and MMP-2. Comparable aortic expressions and gelatinolytic activities
of neutrophil-produced MMPs (Figure 44A, B) and increased mRNA expression of
aortic Timps indicate that collagen degradation is rather decreased than increased
in DKO mice.
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Figure 44. Comparable gelatinolytic activities of neutrophil conditioned media from ApoE-/- and DKO
mice. (A, B) Relative gelatinolytic activity of neutrophil conditioned media from ApoE-/- and DKO
mice (n=3). Data are presented as mean + SD.

Taken together, these results indicate that although DKO mice exhibit larger lesion
size the atheroma composition is drastically changed to a more stable plaque
phenotype with reduced destabilizing compartments of necrotic core and
macrophages and increased content of smooth muscle cells and collagen, which

stabilize atherosclerotic lesions (Figure 45).
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5. Discussion

Intracellular lipolysis requires three consecutive steps, mediated by ATGL, HSL, and
MGL, respectively. Thus, MGL catalyzes the final and rate-limiting step in TG
hydrolysis by cleaving MGs to glycerol and FFA (45). Among the MG substrates
hydrolyzed by MGL is 2-AG, the most abundant EC in mammals, which acts as full
agonist on CB1R and CB2R (127, 128). Therefore, MGL is at a crossroad of lipid
and energy metabolism on one hand, and 2-AG turnover and signaling on the other.
EC signaling affects a wide plethora of homeostatic functions, ranging from energy
homeostasis to immune response. Thus, we speculated that the lack of MGL may
also affect the pathogenesis of atherosclerosis. To investigate the consequences of
MGL deficiency on atherosclerosis development, we generated MGL-/- mice on the
atherosclerotic ApoE-/- background and challenged them with WTD.

We found systemically increased 2-AG concentrations in DKO mice, indicating that
MGL is capable to efficiently regulate 2-AG degradation and homeostasis. However,
expected cannabimimetic effects mediated by CB1R such as increased food intake,
potentiated body weight gain, lipogenesis, and adiposity were absent in DKO
animals. These results phenocopy the state of MGL-/- mice, in which increased brain
2-AG levels do not promote CB1R-mediated signaling, due to receptor
desensitization via receptor downregulation and blunting of cannabimimetic
signaling (86). Current knowledge is limited to brain (84-86) and intestinal (223)
CB1R desensitization, although it is highly unlikely that other organs and tissues
expressing CB1R do not undergo desensitization as well.

Plasma lipid parameters in DKO animals remained at comparable levels to ApoE-/-
mice on chow and WTD in fed states. In the fasted state, DKO mice showed reduced
FG and FFA concentrations. This reduction is due to the pivotal role of MGL in
lipolysis, defective TG hydrolysis and reduced release of lipolytic endproducts from
WAT during fasting. It is interesting that, although FG and FFA concentrations were
reduced, fasting TG concentrations showed just a non-significant trend towards
reduction in DKO animals. This result differs from MGL-/- mice, in which fasting
plasma TGs were reduced (86). It is important to mention, however, that ApoE-
deficiency causes suppression of normal VLDL secretion (224, 225), thereby

possibly hindering the effect of MGL deficiency on VLDL output in our animal model.
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Hepatic lipid metabolism was altered in DKO mice as well. Fasting liver TG and in
particular CE concentrations were strongly reduced in DKO mice, whereas FC
concentrations remained at the same level compared to ApoE-/- animals. Reduced
hepatic TG is a result of reduced liver supply with FFA from WAT as their main
source during fasting. In addition, Cd36 mRNA expression was reduced in livers of
DKO animals, indicating reduced FFA uptake from the plasma. This consequently
leads to reduced availability of FFA for TG re-synthesis in the liver. Concomitantly,
liver TG concentrations as well as TG output via VLDL secretion were reduced in
DKO animals. Interestingly, in the fed state we observed increased hepatic mMRNA
expression of Acc1 and reduced expression of Acc2. Indeed, after refeeding, DKO
mice showed increased incorporation of ['*CJacetate into TG, presumably due to
elevated Acc1 expression and activity. In contrast, genetic deficiency of Acc2 in mice
leads to a lean phenotype with increased FFA oxidation in liver (226). We, however,
failed to observe any difference between DKO and ApoE-/- mice in energy substrate
utilization as measured by indirect calorimetry. In addition to 25 % reduction in
fasting hepatic TG levels and plasma TG levels being significantly reduced 3 and 4
h post-LPL inhibition with tyloxapol injection, these data imply that the observed
effects are minor and thus do not largely impact global energy homeostasis in DKO
mice.

Hepatic cholesterol content was also significantly altered in DKO mice with reduction
in CE but not FC levels. Reduced cholesterol can be a consequence of reduced
dietary cholesterol uptake, reduced de novo cholesterol synthesis, increased
intraconvesion of cholesterol into bile acids and elimination via bile, or trans-
intestinal cholesterol excretion (TICE) (227). We found comparable de novo
cholesterol synthesis and ['“C]Jacetate incorporation into FC and CE in DKO and
ApoE-/- mice. To determine cholesterol uptake, we performed acute cholesterol
absorption as well as prolonged cholesterol absorption study using the fecal dual-
isotope ratio method (222). To our surprise, we observed prolonged gastric retention
of the cholesterol bolus with a consequent reduction in cholesterol accumulation in
duodenum and jejunum and delayed appearance of cholesterol in the circulation.
Similarly, increased gastric retention of the [3H]oleic acid was observed after
intragastric oil gavage, with the delayed appearance of radioactivity in circulation,
although without effect on duodenal or jejunal FA retention. Indeed, when we

performed a gut transit time measurement, total gut transit was reduced in DKO
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animals compared to controls. The delayed gut transit influences chylomicron
production and release, evidenced by delayed appearance of radiolabeled triolein
and cholesterol in the circulation of DKO mice. Current knowledge in this field is
somewhat conflicting. Although Taschler et al. found CB1R desensitization in the
intestine of MGL-/- mice with the concomitant lack of reduction in gut motility (223),
another study shows that MGL-/- mice indeed suffer from delayed lipid absorption
(87). A proposed mechanism for this discrepancy is that the effect on lipid absorption
may be independent of CBRs since it has been shown that the MG 2-oleoylglycerol
can act on GRP119 to stimulate GLP-1 production and concomitantly reduce gastric
motility (228). Increased gut transit time may also be the reason for the observed
elevation in postprandial FFA and FG concentrations in DKO mice compared to
ApoE-/- animals. A concomitant delay in chylomicron-mediated delivery of FAs to
peripheral tissues would also delay the suppression of lipolysis and thus the release
of lipolytic endproducts into the circulation. Total lipid absorption in DKO mice is
likely not affected since fractional cholesterol absorption after 3 days of
measurement showed comparable results in both genotypes. Similar data with
delayed lipid appearance in the circulation have recently been published in MGL-/-
compared to WT mice (87). Important to mention is that fecal cholesterol
concentrations were increased in DKO mice fed WTD. Taking into account that total
cholesterol uptake is unaltered, the source of increased fecal cholesterol must be
either bile secretion or TICE. In addition, we observed increased mRNA expression
of Cyp7a1 in the livers of DKO animals, which may be a contributing factor for the
reduced hepatic cholesterol levels, due to interconversion of cholesterol into bile
acids. Moreover, expression levels of LdIr, Srb1, and HmgCoAr were increased,
probably as a compensatory response to the absence of hepatic CE stores.
Moreover, it has been shown previously that MGL-deficiency protects mice from
hepatic ischemia/reperfusion injury by limiting liver inflammation and oxidative
stress. This process is partly mediated by CB2R through elevated 2-AG levels and
partly by reduced eicosanoid production (218). These results clearly indicate that
MGL, although acting as an MG hydrolyzing enzyme, strongly affects the
homeostasis of both TG and cholesterol in a direct and indirect manner via MG
species serving as signaling molecules.

In the process of atherogenesis, hyperglycemia per se is not considered as a

causative factor for atherosclerosis development. However, altered glycemic control

92



as a comorbidity to hyperlipidemia strongly accelerates the process of
atherogenesis (229). Due to close association of lipid and carbohydrate metabolism
as well as the influence of hyperglycemia on atherogenesis, we explored glucose
metabolism in DKO animals. We found improved glucose tolerance in DKO animals,
which is unlikely the consequence of increased insulin sensitivity. Circulating insulin
levels were similar between DKO and ApoE-/- mice either in fed or fasted states. In
addition, reduced blood glucose levels in DKO mice during insulin tolerance test
reflect only the basal reduction and not increased relative reduction in plasma
glucose of DKO mice. Moreover, a potentiated insulin action would diminish
gluconeogenesis, which remained unchanged between both genotypes with either
pyruvate or glycerol used as a source for de novo synthesis of glucose. It is
plausible, however, that the reduced abundance of FFAs during fasting shifts energy
substrate utilization from lipids to glucose. This notion is supported by the fact that
plasma glucose levels were reduced in DKO animals only upon fasting but not in
fed state. Moreover, enhanced glucose release upon glucagon stimulation, together
with reduced fasting hepatic glycogen concentrations, argue in favor of increased
glucose utilization during fasting due to reduced FFA availability.

As mentioned before, CBRs have biphasic distribution, with CB1R being expressed
in metabolic tissues and CB2R in immune cells. Little is, however, known regarding
CB2R activity during chronic 2-AG elevation. Chanda et al. state that CB2R
expression and activity remain unchanged in spleens of MGL-/- compared to WT
animals (84). To date, no functional assay investigated the influence of systemically
increased 2-AG levels on CB2R-expressing cells. In our model, mRNA expression
of cytosolic (Atgl, Hsl) and lysosomal lipases (Lal), enzymes capable to degrade
MGs (Abhd6, Abhd12), and enzymes responsible for 2-AG generation (Dagla,
DaglB), remained unaltered in the absence of MGL. Thereafter, we measured
macrophage MG hydrolase activity in vitro to determine to which extent MGL
influences MG degradation. We found ~44 % reduced MG hydrolase activity in DKO
compared to ApoE-/- macrophages. Moreover, MGL deficiency caused ~75 %
increased 2-AG concentrations in DKO macrophages. These results together
indicate that MGL represents the key enzyme responsible for 2-AG homeostasis in
macrophages. Since chronically elevated levels of 2-AG lead to CB1R
desensitization, we assessed whether CB2R desensitization occurs as well. mRNA

and protein expression of CB2R in macrophages were identical between ApoE-/-
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and DKO macrophages. However, total cellular protein abundance does not indicate
receptor downregulation and internalization. Next, we tried to determine
macrophage cell-surface versus cytosolic CB2R localization, and thus possible
desensitization, by using either immunofluorescence or flow cytometry, but failed
due to unspecificity of all tested CB2R antibodies (data not shown). Thus, we
performed a functional assay of CB2R activity by stimulating macrophages with 2-
AG and measuring cytosolic Ca?* levels. We found unchanged cellular Ca?*
response to 2-AG treatment, indicating that DKO macrophages retain their full CB2R
capacity in response to 2-AG stimulation with no evidence of receptor
desensitization. Although DKO mice have systemically increased 2-AG levels,
CB2R-mediated signaling remains fully functional. Thus, systemically and locally
elevated 2-AG concentrations can potentiate cannabimimetic effects on CB2R-
expressing immune cells in DKO animals. As previously proposed by Lichtman et
al, CB1R may be more prone to desensitization compared to CB2R (230).

Activation of CB2R on immune cells would was expected to alter immune response
and inflammation. Indeed, elevated leukocyte numbers in DKO mice upon WTD
feeding indicate that MGL deficiency affects the hematopoietic system in vivo, likely
via altered EC signaling. Interestingly, not all cells were affected by the increase in
cell numbers, but the effect was most pronounced in lymphocytes and monocytes,
suggesting that not all WBCs express the same sensitivity to alterations in 2-AG
concentrations, which may be associated with different expression levels of MGL
and CB2R in various types of WBCs. An estimation of the relative abundance of
specific WBC populations revealed comparable amounts of Ly6CMs" and Ly6C'o"”
monocytes and an increase in T lymphocyte counts in DKO compared to ApoE-/-
mice. Due to the importance of T Ilymphocytes in the pathogenesis of
atherosclerosis, it is likely that elevation of circulating lymphocytes may affect
atherogenesis or plaque structure. The increase in leukocyte numbers may originate
either from potentiated hematopoiesis in the BM or extended WBC half-life. Indeed,
we found an increased relative abundance of LSK cells, which carry most of the
hematopoietic stem cell activity in the BM. In accordance, a recent publication from
Jiang et al. clearly demonstrates implication of EC system in hematopoiesis, where
potentiated CB2R activity in the BM stimulates stress-induced hematopoiesis by

increasing the marrow cellularity, LSK numbers, and BM cell survival (231).
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Likewise, extended in vivo WBC half-life in the peripheral circulation of DKO animals
may be another potent contributor to increased WBC counts.

Detectable plasma 2-AG levels and significantly elevated 2-AG concentrations in
the aortae of DKO mice suggest systemic and local changes in the aortic EC
signaling. However, mRNA expression levels of Cb1r and Cb2r in aortae of DKO
mice were decreased, indicating a down-regulation of both CBRs and local
dampening of CBR-mediated signaling as a compensatory consequence of
increased 2-AG concentrations. Expression levels of adhesion molecules in the
aortae as well as their ligands in macrophages were comparable between DKO and
ApoE-/- mice, implying that leukocyte adhesion and endothelial transmigration are
likely not affected by the perturbations in EC system.

En face and aortic valve section analyses demonstrated increased plaque formation
in DKO compared to ApoE-/- mice. However, the plaque lipid content differed
significantly between ApoE-/- and DKO mice with reduction in neutral lipid
accumulation in DKO lesions. Foam cell formation is considered to be a hallmark of
atherosclerosis due to subintimal macrophage accumulation and uptake of modified
lipoprotein particles in an uncontrolled manner. Thus, we performed MoMa-2
immunostaining to determine the relative abundance of macrophages in the lesions.
We found a trend towards a reduced intraplaque macrophage amount in DKO
compared to ApoE-/- mice. In line with these results, ex vivo assays in DKO
macrophages revealed reduced intracellular TG and CE concentrations upon VLDL
and acLDL loading and decreased TC and FC content in both loaded and non-
loaded conditions. Unchanged mRNA expression of ABCA1 and ABCG1 as well as
cholesterol efflux efficiencies towards ApoA1 and HDL3 between macrophages of
both genotypes argue against increased cholesterol removal as the mechanism for
attenuated foam cell formation in DKO cells. Instead, Cd36 transcript reduction in
DKO macrophages indicates that lipid uptake, rather than efflux, is likely responsible
for the reduced susceptibility of DKO cells to foam cell formation. In line with
decreased Cd36 mRNA expression in DKO macrophages, Chiurchiu et al. have
recently demonstrated that CB2R activation in human macrophages leads to
downregulation of CD36, causing reduced foam cell formation (220). Changes in
intracellular lipid homeostasis substantially alter functions of macrophages as
important members of the innate immunity. Macrophage FC accumulation triggers

cellular apoptosis (232), which in turn affects the fate of atherosclerotic plaques,
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leading to necrotic core formation and reduction in efferocytosis efficiency (18). In
thioglycolate-elicited DKO and ApoE-/- macrophages, we observed comparable
apoptotic and necrotic cells after ex vivo loading with VLDL and acLDL. In
accordance to our findings, CB2R activation (231) and increased 2-AG
concentrations (233) do not affect apoptosis rates. However, changes in MCP-1
concentrations (and possibly other cytokines as well) could lead to increased
macrophage survival within atherosclerotic plaques in vivo. Beside reduced foam
cell formation, macrophage phenotype and functions remained unaltered between
DKO and ApoE-/- cells, as evidenced by comparable M1/M2 polarization markers
and integrin expression and in vivo phagocytic activity.

Formation of fibrous a cap represents the key event in atherosclerosis pathogenesis
and lesion stability. Vulnerable plaques are characterized by decreasing amounts of
fibrous cap collagen, increase in neutral lipid accumulation and foam cell formation,
and build-up of the necrotic core. A thick fibrous cap protects the necrotic core from
rupture into the luminal part of the artery and thus prevents cardiovascular events.
A thinning fibrous cap decreases lesion stability, rendering atherosclerotic plaques
susceptible to rupture and thrombus formation (12). Moreover, reducing collagen to
necrotic core ratio as well as increasing necrotic core to smooth muscle cell ratio
are the indicators of decreased plaque stability (234). It is therefore important to
point out that the necrotic core area, which contributes to inflammation, proteolytic
plaque breakdown, and physical stress on the fibrous cap (12), was reduced in
plaques of DKO mice, rendering reduced inflammatory properties of the lesion. The
amount of intraplaque collagen content as a stabilizing component in the plaque
structure is defined by the net effects of collagen production (caused by infiltrating
smooth muscle cells) and degradation (mediated by neutrophil-produced matrix
metalloproteinases). Importantly, we found markedly increased collagen content in
lesions of DKO mice, with a relative collagen amount comprising as much as 40%
of the total lesion area and indicating profound lesion stabilization. On the one hand,
the origin of increased plaque fibrosis is likely not due to reduced production of
proteolytic enzymes. Comparable mRNA expression levels of Mmp-2 and -9 in
aortae and unchanged gelatinolytic capacities of (pro-)MMP-2 and -9 from DKO
neutrophil-conditioned media argue against the direct involvement of MMP
production in the observed effect. Increased mRNA expression of aortic Timp-1 and

Timp-2 may, however, be a contributing factor for hindered matrix degradation via
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in vivo inhibition of gelatinolytic enzymes. On the other hand, the increase in
collagen plaque content of DKO mice is most likely attributable to the increased
abundance of smooth muscle cells, indicating either increased migration of smooth
muscle cells from the media into subintimal areas or their prolonged survival within
the lesions. Interestingly, the observed plaque phenotype in DKO mice phenocopies
the plaque size and structure in an atherosclerotic model of dietary switch where
LdIr-/- mice were challenged with WTD for 5 or 9 weeks and subsequently switched
back to chow diet for 3 weeks. This resulted in complete plasma lipid normalization,
the main goal of contemporary CVD therapy (234).

Recent work by Steffens et al. reported an opposite plaque phenotype in ApoE-/-
FAAH-/- mice (135). FAAH efficiently degrades anandamide, the second molecule
identified as a potential EC. The authors found reduced plaque size with comparable
amount of macrophages and decreased plaque stability in ApoE-/-FAAH-/-
compared to ApoE-/- mice. Surprisingly, the expected elevation in plasma
anandamide concentrations in ApoE-/-FAAH-/- mice was accompanied by a
reduction in 2-AG concentrations (135). It is therefore tempting to speculate that the
plaque phenotype in ApoE-/-FAAH-/- mice may be an indirect consequence of
decreased 2-AG levels and blunted 2-AG-mediated CB2R signaling, instead of
increased anandamide concentrations per se, since (i) tissue 2-AG levels are by far
more abundant than anandamide with nanomolar versus picomolar concentrations
(reviewed in (90)), (ii) 2-AG is a full whereas anandamide is a partial CBR agonist,
which is also capable to attenuate the effectiveness of 2-AG to activate CB2R (147),
and (iii) structure-activity relationship studies suggested that 2-AG rather than
anandamide is the true natural ligand for both CB1R and CB2R (128, 129). Thus, it
may be plausible that MGL and 2-AG are the key regulators of EC homeostasis in
atherosclerosis, whereas FAAH and anandamide may act indirectly, mediating its
effects on atherogenesis via modulations in 2-AG signaling.

In summary, our data provide evidence that genetic ablation of MGL causes
alterations in both lipolysis and EC signaling, thereby indirectly affecting lipid and
carbohydrate  metabolism, inflammatory response, and concomitantly
atherogenesis. Elevated 2-AG concentrations cause CB1R desensitization and
blunting of CB1R-mediated signaling. However, CB2R-mediated signaling remains
fully functional, arguing against CB2R desensitization, at least in macrophages.

Therefore, lack of MGL modulates EC signaling in CB2R-expressing cells and
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influences (patho)physiological processes, which concomitantly affect the
pathogenesis of atherosclerosis. Additionally, defective lipolysis as a consequence
of MGL deficiency mildly resembles beneficial effects of reduced circulating FFAs
on overall lipid and carbohydrate metabolism as observed in ATGL-/- mice (50).
Naive translation of the lessons learned from MGL-/- mice or in vitro
pharmacological inhibition of MGL might give an explanation for lacking records of
enzyme mutation(s) in humans. Results from our and other groups demonstrate that
MGL-/- mice show a trend towards resistance to diet-induced obesity (84, 87),
ameliorated fasting lipemia (86) and delayed postprandial TG excursions (87),
improved liver steatosis, glucose metabolism (86), and a beneficial atherosclerotic
phenotype. Observed leukocytosis after WTD in DKO mice was not associated with
increased systemic inflammation, possibly causing a more alert immune system and
thereby being capable to respond to pathogens and/or recognition of tumor cells
more promptly. Atherosclerotic lesions, though enlarged (and considering the fact
that arterial occlusion carries much lower mortality rates), show a phenotype
resistant to rupture which is the leading cause of CVD mortality. Moreover, recent
findings demonstrate that MGL overactivity may be implicated in promoting the
aggressive properties of malignant cancer cells, in which the enzyme regulates a
FA network that feeds into a number of pro-tumorigenic signaling pathways (235).
Taken all into account, it is probable that human MGL mutations remain
undiagnosed merely because possible patients encounter less health issues
compared to the general population. Due to multiple beneficial effects of MGL
deficiency on hepatic steatosis, glucose metabolism and plaque stabilization,
chronic MGL inhibition might be a novel therapeutic intervention in treatment of the
metabolic syndrome and atherosclerosis, leading to the formation of less vulnerable

atherosclerotic plaques and reduced CVD mortality.
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PART II: Relative contribution of hematopoietic DGAT1
deficiency on atherosclerosis development in LDLR-/-

mice
1. Introduction

1.1. Triglyceride biosynthesis

FAs have multiple functions in mammalian organism. They are utilized as fuel in the
process of B-oxidation, particularly because they are the most energy dense
substrates. They also serve as building blocks for phospholipid and ceramide
biogenesis. Additionally, poly-unsaturated FAs are precursors for eicosanoid
synthesis and act as ligands for PPARs. However, excessive FA concentrations
have detrimental effect on cell survival, causing membrane and mitochondrial
dysfunction, ER stress, inflammation, and cellular apoptosis. Therefore, these
molecules have to be sequestered in their inert pools of neutral lipids, mostly TGs,
which are intracellularly localized in special organelles called lipid droplets (LDs).
Thus, the process of TG synthesis is of essential importance for cellular
homeostasis and survival (45).

Two major pathways for TG biosynthesis are known (Figure 1): the glycerol
phosphate or Kennedy pathway, which is ubiquitously present in most cells and
tissues, and the monoacylglycerol (MG) pathway, dominant in small intestine and to
a lesser extent in adipocytes which is responsible for the assimilation of dietary
derived MGs and FAs taken up from the luminal side of the enterocytes. Both
pathways utilize “activated” form of FAs, acyl-CoAs. In the Kennedy pathway, acyl-
CoAs are transferred to glycerol-3-phospahte to form lysophosphatidic acid
mediated by glycerol-3-phosphate acyltransferases (GPATs). 1-acylglycerol-3-
phosphate acyltransferases (AGPAT) catalyze esterification of newly generated
lysophosphatidic acid with another acyl-CoA molecule to form phosphatidic acid.
Finally, lipins, enzymes which carry phosphatidate phosphatase activity, cleave
phosphatidic acid to form DGs, which are at the crossroad of the two pathways of
TG biosynthesis (236). Alternatively, MGs absorbed in the small intestine are

esterified with FAs to DGs mediated by acyl-CoA:monoacylglycerol acyltransferases
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(MGATs. The last, rate-limiting step in TG biosynthesis is committed by acyl-
CoA:diacylglycerol acyltransferase (DGAT) enzymes (237).

Glycerol Phosphate Pathway

Glycerol-3-Phosphate
FA CoA

Lysophosphatidic Acid

FA CoA

Phosphatidatic Acid

Monoacyglycerol
Pathway

FA CoA

B
I
N > . Phospholipid
Monoacylglycerol Diacylglycerol—»—— Synihesic

FA CoA DGAT1
DGAT2

Triacylglycerol

Figure 1. TG biosynthesis. The Kennedy or glycerol phosphate pathway is the dominant pathway of
TG biosynthesis. GPAT catalyzes transfer of acyl-CoA to glycerol-3-phosphate to form
lysophosphatidic acid. AGPAT transferres another acyl-CoA to lysophosphatidic acid, generating
phosphatidic acid. Lipins remove a phosphate group from lysophosphatidic acid to form DGs. In
intestine and adipocytes, MGs are esterified with acyl-CoA via MGATs to form DGs. Finally, the
process of TG biosynthesis is ended by the action of DGAT1 or DGAT2 enzyme. Adapted from Yen
CL et al, Thematic review series: glycerolipids. DGAT enzymes and triacylglycerol biosynthesis
(238).

1.2. DGAT1 enzyme functions

There are two genetically unrelated DGAT enzymes which share the same function,
DGAT1 and DGAT2. DGAT1 belongs to a large family of membrane-bound O-
acyltransferases (MBOAT). In humans, its gene is located on chromosome 8 and
encodes a 500 amino acids long protein with the size of 50 kDa (238). Enzyme

topology presumably largely determines its function. It is considered that ER-bound
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enzymes are involved in the production of cellular proteins in the cytosolic (overt)
compartment or of proteins destined to secretion if they are located on the luminal
(latent) compartment of the ER. DGAT1 is bound to the ER and is expressed in both
luminal and cytosolic compartments, thereby affecting TG synthesis for either
secretion or intracellular storage (Figure 2) (239). In humans, DGAT1 is ubiquitously
expressed with highest mRNA levels found in small intestine, WAT, mammary
glands, skeletal muscle, heart, spleen, pancreas, and liver. In mice, hepatic DGAT1
expression is much lower compared to humans (240).

Besides acyl-CoA:diacylglycerol acyltransferase activity, DGAT1 also carries out
acyl-CoA:monoacylglycerol acyltransferase, acyl-CoA:retinol acyltransferase as
well as mono- and diester wax synthesizing activities (241). Preferred substrates for
DGAT1 activity are monounsaturated versus saturated FAs and its enzymatic
activity is more pronounced in mid-to-high substrate range of = 100 uM oleoyl-CoA
(242). DGAT1 expression and activity regulations are not yet quite well understood.
PPARYy activation (243), glucose stimulation (in the presence or absence of insulin)
and fasting (244), increase, whereas obesity decreases DGAT1 mRNA levels (245).
Moreover, enzymatic activity of DGATSs is promoted with glucose and FA (246), but
negatively regulated by potentiated cellular proliferation (247), glucagon (248), and
adrenaline (249).

DGAT1-/- mice were generated in 2000. The animals are viable and fertile, but
female mice have impaired mammary gland development and cannot produce milk
(250, 251). The animals also suffer from sebaceous gland and fur atrophy as well
as alopecia. (252). DGAT1-/- mice are resistant to diet-induced obesity, have
reduced adiposity and ectopic lipid deposition, increased energy expenditure,
physical activity, thermogenesis (251, 253), and extended life span (254).
Interestingly, reduced TG levels in tissues are not followed by compensatory
increase in the DGAT1 substrates DGs and FAs, which have detrimental effects on
cell survival and metabolic functions. It is likely that DGs’ fate is directed towards
phospholipid synthesis, whereas potentiated 3-oxidation may reduce cellular FA
levels. DGAT1-/- mice also have increased leptin and insulin sensitivity and
improved glucose tolerance (253). The effect, however, may be an indirect
consequence of tissue-specific deletion of the enzyme in WAT, since WT mice
transplanted with WAT from DGAT1-/- donors have improved glucose tolerance,

increased adiponectin, and reduced leptin levels (255). On the contrary, ex vivo
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experimentation on isolated murine soleus muscle imply involvement of DGAT1
enzyme overexpression in athlete’s paradox, where increased skeletal muscle TG
deposition increases insulin sensitivity and glucose uptake. DGAT1 deficiency
causes the opposite effect in the isolated muscles, with the compensatory increase
in intracellular DG and ceramide levels (256). Similarly, cardiac-specific DGAT1
overexpression increased TG levels in cardiomyocytes and reduced ceramide, DG,
and FA levels with a concomitant improvement of lipotoxic parameters (257).
Overexpression of DGAT1 in macrophages, however, has similar effects on
carbohydrate metabolism like whole body deficiency. The reason for this may be
sequestering of lipotoxic FAs and/or DGs in DGAT1 overexpressing macrophages,
which in turn causes reduced inflammation of WAT and diminished production of
pro-inflammatory cytokines. Additionally, there is an implication that macrophages
from DGAT1-/- mice may have an M1 phenotype (258).

The role of DGAT1 in liver function remains unclear. Although DGAT1-/- mice have
reduced hepatic lipid accumulation (251) and are resistant to diet- and fasting-
induced hepatic steatosis (259), Dgat1-ASO treatment in rats failed to decrease liver
lipid concentrations (260) and even increased hepatic TG levels in db/db mice (261).
On the contrary, transgenic mice overexpressing DGAT1 in liver show modest
increase in hepatic TG levels (262), similar to adenoviral-mediated DGAT1
overexpression with (263) or without (264) concomitant increase in VLDL secretion.
Some evidence indicate that DGAT1 in liver probably regulates assimilation of
exogenous FAs, mediating their re-esterification, rather than generating TGs from
de novo synthetized FAs (259, 265).

DGAT1 activity is extremely important in the process of dietary TG assimilation and
chylomicron assembly. Although DGAT1 deficiency in mice does not cause TG
malabsorption (251), dynamics of TG assimilation is largely altered. DGAT1-/-
animals can efficiently produce chylomicrons, however, plasma TG excursions upon
intragastric fat bolus are diminished in these mice (266). Moreover, fat load (acute
and chronic) cause transitory accumulation of lipids in enterocytes of DGAT1-/-
mice, indicating that dietary fat challenge may empty into the circulation at a
decreased but more sustained rate (266, 267). An important contributor to the
alterations in intestinal chylomicron production rates in DGAT1-/- mice is reduced
gastric emptying due to elevated circulating levels of glucagon-like peptide 1 (GLP-

1). The increase in GLP-1, however, is not the sole cause of this effect, since the
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rates of chylomicron production remain unaltered in intestinal DGAT1-/- mice with
or without treatment with GLP-1 receptor antagonist. However, GLP-1 receptor
antagonism causes loss of dietary fat via stool in intestinal DGAT1-/- mice (267).
Thus, it is likely that reduced gastric emptying coupled with DGAT1 deficiency
represents a metabolic adaptation in order to preserve normal dietary uptake of TGs
and to prevent the loss of energy from dietary sources. Interestingly,
pharmacological inhibition of DGAT1 in rats leads to increased FA oxidation and
reduced energy intake (268). To emphasize the importance of DGAT1 in normal
function of the small intestine, it is worth to mention that resistance to diet-induced
obesity, reduced hepatic steatosis, and delayed chylomicron secretion are
abolished after re-expression of DGAT1 in the intestine of DGAT1-/- mice (269).
Surprisingly, not only TG, buy also intestinal cholesterol metabolism is altered in
DGAT1-/- mice on an ApoE-/- background (270). These mice have reduced dietary
cholesterol and TG uptake, reduced plasma lipid concentrations, and show reduced
atherosclerotic propensity with decreased amount of macrophages within the
lesions. Macrophages from ApoE-/-DGAT1-/- mice have reduced capacity to
generate foam cells due to reduced LDL uptake and increased cholesterol efflux,
and they show reduced migratory capacity towards MCP-1 (270). Therefore, the
causal factor for the ameliorated atherosclerosis in these mice remained unclear.
Whether altered intestinal and hepatic lipid metabolism, which consequently affect
entire lipid homeostasis, or whether macrophage resistance to foam cell formation,
differential handling of lipoproteins and reduced inflammatory propensity of these
cells, remains to be determined.

To date, only two cases of DGAT1 mutation in humans have been reported, one
with fatal outcome (271). The main clinical manifestation of the disease is congenital
diarrheal disorder followed by growth retardation, hyperlipidemia, protein loss, and
malnutrition. The lessons from mice, thus, cannot be directly translated to humans.
The main reason for this is the differential DGAT enzyme expression pattern
between the two species. Mice express both DGAT1 and 2 in the small intestine,
whereas humans lack intestinal DGAT2 expression. The deficiency of DGAT1 in
murine intestine is not lethal due to the capability of DGAT2 to compensate for the
TG synthesizing activity, which is not the case in human intestine. It is highly likely
that in humans with DGAT1 mutations, rapid build-up of TG precursors, which cause

lipotoxic effects, severely damages enterocytes, leading to protein-losing
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enteropathy, inability to assimilate dietary lipids, and malnutrition (271). Therefore,
pharmacological intervention tackling DGAT1 would have a severe adverse effect
in humans, which opens a question of DGAT1 as a potential target in the treatment

of metabolic disorders.

1.3. DGAT2 enzyme functions

DGAT2 belongs to a larger gene family of DAGAT enzymes, which in addition
consists of acyl-CoA:monoacylglycerol acyltransferase (MGAT) -1, -2, and -3, and
wax monoester synthases. In humans, the DGAT2 gene is located on chromosome
11 and encodes 388 amino acids long protein with the size of 44 kDa (238). Enzyme
topology studies revealed that DGAT2 is bound to the ER with the expression on
cytosolic compartment, thus presumably affecting TG synthesis destined to
cytosolic storage in LDs (Figure 2) (272). Indeed, it has been shown that the enzyme
is responsible for incorporation of de novo synthesized FAs in the cellular TG pool
(265). DGATZ2 is ubiquitously expressed in humans with highest mMRNA levels found
in liver, WAT, mammary gland, testis, leukocytes, and heart. In mice, the expression
pattern is similar, though it is likely not as highly expressed in immune cells as in
humans (242).

In contrast to DGAT1, which shows a range of catalytic activities towards different
substrates, DGAT2 catalyzes only TG synthesis. Preferred substrates for DGAT2
activity are medium-chain versus long-chain FAs and DGs containing short-to-
medium chain FAs (273). It seems that the enzyme is more active compared to
DGAT1 in low-to-mid substrate range of < 100 uM oleoyl-CoA. Additionally, Mg?*
concentrations strongly regulate DGAT activities with concentrations < 20 mM
suppressing DGAT1 and = 50 mM suppressing DGAT2 activity (242). Little is known
about DGAT2 expression and activity regulation. Insulin stimulation (in the presence
or absence of glucose), genetic and diet-induced obesity, and re-feeding increase,

whereas leptin and fasting reduce DGAT2 mRNA expression (244, 245).
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Figure 2. Membrane topology of DGAT enzymes. Membrane topology of ER-associated enzymes
largely determines the fate of catalytic products. Enzymes found in the cytosolic (overt) compartment
produce molecules directed towards cytosol, whereas enzymes in the luminal (latent) compartment
produce molecules destined to secretion. DGAT1 is bound to the ER and expressed in both luminal
and cytosolic compartments, thereby affecting TG synthesis for either secretion in form of ApoB-
containing lipoproteins or intracellular storage in LDs. DGAT2 is predominantly oriented towards
cytosol, therefore largely contributing to the production of TGs stored in cytosolic LDs. Adapted from
Yen CL et al, Thematic review series: glycerolipids. DGAT enzymes and triacylglycerol biosynthesis
(238).

In vivo effects of DGAT2 deficiency remain largely unexplored due to its
incompatibility with life. DGAT2-/- pups die within several hours after birth due to
severe reduction in TGs as energy substrates as well as defective skin barrier
function and rapid dehydration (274). Thus, available in vivo data are so far limited
to either ASO-treated animals or transgenic mice overexpressing DGAT2 in a
specific tissue. DGAT2 ASO treatment in mice leads to reduced hepatic steatosis,
downregulated expression of lipogenic genes, reduced VLDL production, but did not
affect glucose metabolism (275). Another study in mice phenocopied reduced
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hepatic steatosis but also found improved glycemia, and surprisingly, increased liver
damage and fibrosis (276). In rats, ASO treatment caused reduced TG and DG
concentrations in liver, increased FA oxidation, and increased hepatic and
peripheral insulin sensitivity (260). On the other hand, transgenic overexpression of
DGAT2 in murine liver concomitantly led to hepatic steatosis, which was dissociated
from insulin resistance and associated with increased hepatic FA oxidation (262).
Additionally, adenovirus-mediated DGATZ2 overexpression in mice caused a similar
increase in liver lipid concentrations, but failed to affect VLDL production (263, 264).
In vitro experimentation focused on pharmacological DGAT1 and DGAT2 functions
in primary murine hepatocytes led to somewhat conflicting data compared to in vivo
studies. DGAT enzymes are compensating for each other to produce TGs, however,
TGs produced by DGAT1 are preferentially used for FA oxidation, while TGs
produces by DGAT2 are destined for VLDL production (277).

1.4. Murine models in atherosclerosis research — of mice and men
Application of murine models in atherosclerosis research has been indespensible,
particularly due to possibilities of genetic manipulation in mice and targeted research
of specific proteins. Additional advantages of mice as an in vivo model in
atherosclerosis research include short generation time and sizable litters,
atherosclerotic plaque development in reasonable time frame, relatively low costs
of maintenance and space requirements, and reduced resources required for
studies involving pharmacological interventions due to small animal size (278).
However, there are certain drawbacks, particularly in translation of the data obtained
from the murine models to human biology. WT mice are resistant to atherosclerosis
development due to different lipoprotein profile in mice compared to humans.
Plasma cholesterol levels in WT animals on chow diet do not rise above 80 mg/dl
and the majority is carried within atheroprotective HDL particles (279). Moreover,
mice do not have cholesterol ester transfer protein (CETP) which is involved in HDL
clearance (280). Lesion development is different in mice than in humans as well.
Most murine models do not develop unstable plaques and rupture is rarely
evidenced in these animals and also seldom develop complicated, fibrotic lesions,
which are common in human atherosclerosis. Due to their hemodynamic

characteristics, mice hardly develop any plaque in coronary arteries, but the
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predicted sites for plaque formation in these animals is aortic sinus, aortic arch, and
the descending part of thoracic aorta.

For all these reasons, genetically altered mice, which are more susceptible to
atherogenesis as compared to their WT counterparts, are an extremely valuable tool
to investigate such a complex disease in in vivo conditions. To date, two most widely

used strains are apolipoprotein E (ApoE) and LDL receptor (LDLR) knockout mice.

1.4.1. ApoE -/- mice

Since their generation in 1992, ApoE-/- mice have been the most extensively used
murine model in atherosclerosis research. The animals are resistant to diet-induced
obesity (281) and have increased hepatic steatosis (282), but improved glucose
tolerance compared to WT mice (283). The major effect of ApoE deficiency is
manifested in lipid homeostasis with cholesterol rich ApoB48-containing remnant
particles accumulating in the circulation, thereby potentiating atherogenic properties
(278). Moreover, HDL plasma concentrations are low in these mice, causing
detrimental ApoB-containing lipoprotein to HDL ratio. Due to implication of ApoE in
the process of VLDL secretion, these mice also have impaired VLDL secretion rates
compared to WT animals (224, 282). ApoE-/- mice develop atherosclerotic lesions
already on chow diet due to high plasma cholesterol levels reaching as much as 500
mg/dl (284). In this model, fatty streaks appear at 10 weeks of age, proceeding to
intermediate lesions at 5 months and fibrous plaques developing at the age of 10
months (285). Dietary intervention rich in cholesterol and TGs leads to high elevation
in plasma cholesterol levels and increases the pace of atherosclerosis progression
(286). Moreover, VCAM-1 is constitutively expressed at the endothelial surface in
ApoE-/- mice (287). Atherosclerotic lesion structure in these mice resembles
plaques found in humans. The greatest disadvantage of this model is the fact that
ApoE is also expressed in BM-derived cells, predominantly in the
monocyte/macrophage compartment. Therefore, adoptive transfer of the BM from a
donor mouse expressing ApoE to a recipient ApoE-/- mouse would lead to
amelioration of atherosclerosis due to ApoE secretion by hematopoietic cells (288).

1.4.2. LDLR-/- mice
LDLR-/- is another widely used mouse model in atherosclerosis research. In contrast

to ApoE-/- mice, to date there was no report of any difference between LDLR-/- and
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WT mice in the onset of diet-induced obesity. Changes in the lipid profile are
associated with elevated cholesterol levels mostly in the LDL and intermediate-
density lipoprotein (IDL) fractions (289) and therefore the lipoprotein profile
resembles the human phenotype of patients suffering from familial
hypercholesterolemia. The effect of LDLR deficiency on the lipid profile is not of as
striking as compared to ApoE-/- animals. Cholesterol levels are doubled on chow
diet compared to WT mice (289), but still below threshold of 300 mg/dl required for
atherosclerosis development (290). Thus, these mice do not develop atherosclerotic
lesions spontaneously and dietary intervention is required for the initiation of
atherogenesis. On the other hand, this is a valuable model for investigation of the
effects of lipid lowering treatments on atherosclerosis development, due to its ability
to return to basal cholesterol levels upon return from high fat to chow diet. The
structure of atherosclerotic lesions in LDLR-/- mice has not been as extensively
studied as in ApoE-/- mice, but there are some implications that LDLR-/- mice
represent a milder atherosclerotic model, generating less complex plaques with
higher abundance of foam cells and reduced fibrotic capacity compared to ApoE-/-
mice (291). However, the most important feature of this model is the independence
of LDLR expression in the BM on atherosclerosis development. Therefore, LDLR-/-
mice represent the most extensively used model for BM transplantation studies,
used to determine the relative contribution of a specific gene in the hematopoietic

compartment on atherosclerosis development (292).

108



2. Aim

DGAT1 enzyme serves a key function in the process of TG biosynthesis. Previous
research showed improved atherogenesis in whole body DGAT1-/- mice on ApoE-
/- background. The effect may have at least two different causes. Firstly,
macrophage function was dramatically improved in this model, along with systemic
inflammation. Secondly, these mice exhibited ameliorated lipid metabolism and
reduced hyperlipidemia in ApoE-/-DGAT1-/- mice. To differentiate between these
two separated pathways and investigate the effect of DGAT1 deficiency in
macrophages in the context of atherogenesis, we utilized adoptive transfer of the
BM from either WT or DGAT1-/- mice to LDLR-/- recipients and investigated

atherosclerosis development.
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3. Materials and methods

3.1. Animals and diets

For BM transplantations, we used WT C57BL/6J and DGAT1-/- as donor and LDLR-
/- as recipient mice. LDLR-/- (purchased from Jackson Laboratory, Bar Harbor, ME)
and DGAT1-/- mice were on a C57BL/6J background (backcrossed for more than
10 generations). Animals were maintained in a clean environment with unlimited
access to a standard 5053 PicoLab chow diet (Purina, St. Louis, MO) and water in
a regular light-dark cycle (12h light, 12h dark). 16-week-old mice were fed a
Western-type diet (WTD) containing 21.2% fat, and 0.2% cholesterol by weight (TD
88137; Harlan-Teklad, IN). Female mice were fed WTD for 13 weeks, whereas male
mice received WTD for 19 weeks. All procedures were approved by the UCSF

Animal Research Committee and followed NIH guidelines.

3.2. BM transplantation

BM cells harvested from 8-week-old WT or DGAT1-/- donor mice were resuspended
in PBS with 0.1% FA-free BSA, and 108 donor cells were injected into age- and sex-
matched recipient LDLR-/- mice via tail vein. Recipient mice were irradiated in two
5-Gy doses spaced 3 h apart 1 day before tail vein injection of isolated BM cells.
After BM injections, recipient mice were placed in their home cages with antibiotic
water for 4 weeks, after which genotyping from blood was performed to confirm BM
transplantation efficiency. The mice then recovered under usual care until they were

16 weeks old, at which time they were placed on WTD for additional 13 or 19 weeks.

3.3. Genotyping from blood

One hundred pl of blood was lysed with ACK buffer and centrifuged at 850 rpm at
4°C for 5 min. Thereafter, pellet was washed with PBS and centrifuged again at
1200 rpm at 4°C for 5 min. DNA was isolated by digesting cells in 100 ul Direct PCR-
lysis cocktail for cells (Viagen Biotech Inc., Los Angeles, CA) and 10 pl proteinase
K (10 mg/ml) (Viagen Biotech Inc., Los Angeles, CA) for 2 h at 56°C and vigorous
shaking. To deactivate proteinase K, samples were incubated at 85°C for 45 min.
For LDLR genotyping, the following primers were used:

LDLR-forward: 5’-ACCCCAAGACGTGCTCCCAGGATGA-3’;

LDLR-reverse-: 5-CGCAGTGCTCCTCATCTGACTTGT-3";
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LDLR-ko-forward: 5-AGGTGAGATGACAGGAGA-3".

The reaction mix contained ~100-200 ng of template DNA, 1 mM MgClz, 0.2 pM of
each dNTP, 0.5 uM of each primer, 0.75 U GoTaq Hot Start Polymerase (Promega,
Madison, WI).

For DGAT1 genotyping, the following primers were used:

DGAT1-forward: 5-TGTGCACGGGGATATTCCAG-3’;

DGAT1-reverse-: 5-ACTCCTGTCTCAATGCTGTGG-3;

DGAT1-neo: 5-TACCGGTGGATGTGGAATGTGTGCG-3".

The reaction mix contained ~100-200 ng of template DNA, 0.2 uM of each dNTP,
0.5 UM of each primer, 1 U HotStarTaqg DNA Polymerase (Qiagen, Venlo, The
Netherlands).

The following cycle conditions were used for the amplification of the specific DNA

products:
Initial 95°C — 3 min 95°C — 5 min
denaturation
Denaturation 95°C — 20 sec 94°C — 30 sec
Annealing 64°C — 30 sec 10 x 60°C — 30 sec 35 x
Elongation 72°C — 50 sec 72°C — 45 sec
Denaturation 95°C — 20 sec
Annealing 58°C — 30 sec 30 x
Elongation 72°C — 50 sec
Final elongation 72°C — 5 min 72°C — 5 min
Cool down 4°C — 4°C —

3.4. Cell culture

MPMs were collected by injecting 3 ml of 3 % thioglycolate intraperitoneally. Seventy
two h post-injection, MPMs were collected by flushing the peritoneum with 9 ml
EDTA-PBS (1 mM EDTA in PBS). Cells were centrifuged at 850 rpm at 4°C for 5
min and then resuspended in the appropriate amount of Dulbecco’s Modified Eagle
Medium (DMEM) containing high-glucose (25 mM), 4 mM glutamine, 1 mM
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pyruvate, 10 % lipoprotein-deficient serum (LPDS), and 1 % penicillin/1 %
streptomycin (1 % P/S) and cultured for at least 2 h. Thereafter, the cells were
washed 3 times with pre-warmed PBS and cultured for additional 24 h either in the
absence or presence of VLDL or acLDL (100 ug protein/ml medium), or LPS (100
ng/ml).

3.5. RNA isolation from MPM

Primary macrophages were isolated and cultured for at least 24 h. Total RNA from
tissues was isolated using TriFast reagent according to the manufacturer’s protocol
(Peqlab, Erlangen, Germany). Briefly, cells were homogenized in 500 ul/well of
TriFast reagent. 200 ul of chloroform was added per ml TriFast reagent, vortexed,
and centrifuged at 8,500 rpm at 4°C for 15 min. Supernatant was transferred to a
fresh tube, mixed with 2ul of glycogen solution (20 mg/ml, Santa Cruz, Heidelberg,
Germany) and 500 pl of isopropanol, vortexed, and centrifuged at 8,500 rpm at 4°C
for 10 min. Thereafter, supernatant was discarded, pellets were washed with 75 %
ethanol and centrifuged again at 8,500 rpm at 4°C for 5 min. Supernatant was
discarded, pellets were air-dried, and resuspended in 30-50 pyl DEPC water.

RNA concentrations were measured at 260 nm using NanoDrop (Thermo scientific,
Wilmington, USA). Two pl RNA were used for concentration determination using the
following equation:

C(ngRNA/uN= A 260nm x 40

3.6. cDNA preparation
cDNA was prepared from RNA by reverse transcription. One or two ug RNA in 10
pl (adjusted with nuclease-free ddH20) were reversely transcribed by using High-

Capacity DNA Reverse Transcription kit (Applied Biosystems, Foster City, CA).

High-Capacity cDNA Reverse Transcription master mix composition

10 x RT Buffer 2
25 x dNTP Mix (100 mM) 0.8
10 x RT Random Primers 2
Multiscribe Reverse Transcriptase 1
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RNase Inhibitor 0.7

Nuclease-free H20 3.5
1 or 2 uyg RNA/10 pl ddH20 10
Total volume per reaction 20

Reverse transcription thermal cycling conditions were as follows:

Temperature 25°C 37°C 85°C 4°C

Time 10 min 120 min 5s 0

3.7. Real time PCR

cDNA was diluted 1:50 in nuclease-free ddH20. Three pl of diluted cDNA, 1 ul of
forward and reverse primer (stock solution, 100 uM, diluted 1:10 with nuclease-free
ddH20), and 5 yl QuantiFastTM SYBR® Green were pipetted into a LightCycler 480
white Multiwell plate. The plate was centrifuged for 1 min at 800 rpm and loaded on

a Roche LightCycler 480 instrument.

Real-time PCR program conditions:

Denaturation 95°C 5 min 1
95°C 10 s 40
Amplification
60°C 30s
95°C 10s 1
Melting Curve 60°C 20s 1
95°C continuous
Cool Down 40°C 20s 1

Hypoxanthine-guanine phosphoribosyl transferase (Hprt) was used as house-
keeping genes for relative gene expressions. Relative expression of gene of interest
to housekeeping gene was calculated using the 2-22CT method. Primers which were

used are listed in the table 1.
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Table 1. Primer sequences:

Hprt TCAGTCAACGGGGGACATAAA GGGGCTGTACTGCTTAACCAG
Ccl5 GCTGCTTTGCCTACCTCTCC TCGAGTGACAAACACGACTGC
ltgax CTGGATAGCCTTTCTTCTGCTG GCACACTGTGTCCGAACTCA
Tnfa CCACCACGCTCTTCTGTCTAC AGGGTCTGGGCCATAGAACT
iNos GTTCTCAGCCCAACAATACAAGA GTGGACGGGTCGATGTCAC
Gro-1 CTGGGATTCACCTCAAGAACATC CAGGGTCAAGGCAAGCCTC
Arg1 TGGCTTGCGAGACGTAGAC GCTCAGGTGAATCGGCCTTTT
Mrc-1 GCTGAATCCCAGAAATTCCGC ATCACAGGCATACAGGGTGAC

3.8. Body composition analysis
Body composition in mice was analyzed under isoflurane anesthesia by dual energy

X-ray absorptiometry (DEXA) with a PIXImus2 scanner (GE Healthcare Lunar, WI).

3.9. Complete blood cell count

One undred pl of blood were taken from v. facialis in tri-K-EDTA coated tubes
(Sarstedt AG, Nuembrecht, Germany) and complete blood cell count was performed
with Hemavet 850 (Drew Scientific Group, Waterbury, CT).

3.10. Plasma lipid parameters

Three hundred pl of blood were drawn into EDTA coated tubes from v. facialis after
10-h of fasting. Plasma was separated (7000 rpm at 4°C for 7 min) and TG
concentrations were measured with Infinity Triglycerides kit (Thermo Scientific,
Middletown, VA). Total cholesterol (TC) and free cholesterol (FC) concentrations
were determined using Cholesterol E and Free Cholesterol E kits (WAKO
Chemicals, Richmond, VA), whereas cholesterol ester (CE) concentrations were

calculated as the difference between TC and FC.

3.11. Preparation of histological sections for atheroassays

Mice were anesthetized by intraperitoneal injections of sodium-pentobarbital (50
mg/kg body weight). Mice were perfused with PBS/EDTA for 10-15 min. The
abdominal part of the aorta was removed and frozen in liquid N2 for RNA isolation.
Animals were then perfused with 10% neutral buffered formalin (methanol-free) for
15 min. Adventitial adipose tissue was carefully removed from the upper part of the

114



aorta, which was then excised from the thoracic cavity, cut open in a Y-formation,
and stored in formalin until staining. Upper two thirds of the heart were fixed with
formalin for 24 h. Fixed tissues were stored in 30% sucrose. One day before
sectioning, hearts were transferred into Tissue-Tek® O.C.T.™ section medium
(Sakura Finetek, Leiden, The Netherlands). Serial sections (7-8 uym) of aortic root

were cut at -20°C using a cryostat-microtome.

3.12. ORO staining of aortae

Aortae were washed with PBS for 1 min and then placed in 70% isopropanol for 5
min. Thereafter, aortae were stained with ORO working solution for 20 min and then
dipped into 70% isopropanol to remove excessive ORO. Aortas were pinned on

black dissecting wax and images were taken using a stereo zoom microscope.

3.13. ORO staining of aortic valve sections

Aortic root sections were fixed in 10% methanol-free neutral buffered formalin for 10
min. Sections were incubated in 70% isopropanol for 5 min, ORO for 15 min, dipped
into 70% isopropanol, counterstained with hematoxylin for 5 min, and washed in
0.1% NaHCOs. Sections were air dried and mounted with glycerol gelatin mounting
medium (Sigma-Aldrich, St. Louis, MO). Mean lesion area (mm?) was calculated
from 14-15 consecutive ORO-stained sections per mouse. After imaging, plaque

areas were quantitated with ImageJ software.

3.14. Monoclonal antibody to macrophages-2 (MoMa-2) immunostaining

Sections were fixed for 15 min in formalin and washed three times with PBS.
Sections were blocked for 30 min with peroxidase blocking solution (Signet
Covance, Princeton, NJ) and washed two times with PBS. Thereafter, Ultra V block
(Lab Vision, Fremont, CA) was added for 7 min. Sections were incubated with
primary monoclonal antibody against macrophages-2 (MoMa-2, 1:600; Acris,
Hiddenhausen, Germany) for 1 h at RT and then at 4°C overnight. Sections were
washed two times with PBS, incubated for 3 h at RT with polyclonal rabbit anti-rat
secondary antibody coupled to horseradish peroxidase (1:100, Dako Denmark A/S,
Glostrup, Denmark), and washed once with PBS. AEC substrate (Vector
Laboratories, Burlingame, CA) was added to the sections for 20 min and then

sections were washed 3 times with dH20. The sections were stained with
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hematoxylin for 5 min, washed in 0.1% NaHCOs, and fixed with glycerol gelatin
mounting medium (Sigma-Aldrich, St. Louis, MO). After imaging, quantification of

MoMa-2-stained sections was performed with Imaged software.

3.15. Masson’s Trichrome staining

Slides were incubated in Bouin’s solution (Sigma-Aldrich, St. Louis, MO) overnight
at RT, washed under running tap water until the sections were clear from yellow
color, and then washed with dH20 for 1 min. Working Accustain® Wigert’s lron
Hematoxylin solution (Sigma-Aldrich, St. Louis, MO) was freshly prepared and
sections were stained for 3 min, washed with running tap water for 5 min and dH20
for 1 min. The sections were then stained with Masson’s Trichrome stain (Sigma-
Aldrich, St. Louis, MO) according to manufacturer’s instructions, washed with dH20,
and dehydrated (90, 95, and 100% of ethanol and xylene). The sections were fixed
with Cytoseal™-60 mounting medium (Thermo Scientific, Kalamazoo, MI). After
imaging, collagen in Trichrome-stained sections (blue) were quantitated with ImageJ

software.

3.16. Statistics

Statistical analyses were performed using GraphPad Prism 5.04 software
(GraphPad Software Inc, San Diego, CA). The significance was determined by
Student’s unpaired t-test and Welch t-test (in case of unequal variances) for two
group comparison and ANOVA followed by Bonferroni correction for multiple group
comparison. Data are presented as mean values £ SD. Significance levels were set
atp <0.05 (*), p=0.01 (**)and p £0.001 (***).
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4. Results

41. Comparable body weight gain between WT:LDLR-/- and DGAT1-/-
:LDLR-/- mice

In order to investigate effects of hematopoietic cell DGAT1 deficiency on
atherosclerosis development, we transplanted LDLR-/- recipient mice with BM from
age and sex matching WT and DGAT1-/- donor animals. Four weeks post-
transplantation, we performed PCR from genomic DNA isolated from WBCs of
transplanted mice to confirm successful irradiation and adoptive transplant by the
presence of LDLR in all samples (Figure 3A), and presence or absence of DGAT1

gene (Figure 3B), depending on the donor genotype.
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Figure 3. Successful BM transplantation from WT and DGAT 1-/- donors to LDLR-/- recipient mice.
Four weeks post-transplantation, peripheral blood samples were used for (A) DGAT1 and (B) LDLR
genotyping. PCR products were analyzed by agarose gel electrophoresis. Images show

representative gels for mice transplanted with WT or DGAT1-/- BM, respectively (n=5).

To investigate stage- and sex-dependent changes in atherosclerosis development,
we fed female mice for 13 and male mice for 19 weeks with WTD and performed
atheroassays. Male cohort was fed longer to female mice due to increased rate of
atherosclerosis progression in female mice (293). We found similar body weight gain
in DGAT1-/-:LDLR-/- mice compared to the controls in either 13 weeks (Figure 4A),
and 19 weeks WTD fed group (Figure 4B).
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Figure 4. Comparable body weight gains between WT:LDLR-/- and DGAT1-/-:LDLR-/- mice. Weight
gain of (C) female mice after 13 weeks (n=6-8), and (D) male mice after 18 weeks of WTD feeding

(n=11-12). Data are presented as mean + SD.

4.2. Comparable body composition between WT:LDLR-/- and DGAT1-/-
:LDLR-/- mice

Possible effects of BM transplantation on body composition were determined using
dual energy X-ray absorptiometry. We found comparable amounts of total body fat
(Figure 5A), relative fat content (Figure 5B), and lean mass (Figure 5C) between
DGAT1-/-.LDLR-/- and WT:LDLR-/- mice. Additionally, gonadal fat (Figure 5D) and

liver size (Figure 5E) were at comparable levels in both genotypes.
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Figure 5. Unchanged adiposity in DGAT1-/-.LDLR-/- mice. (A) Total body fat mass, (B) relative
adiposity, (C) lean body mass, (D) gonadal fat mass, and (E) liver mass in WT:LDLR-/- (black bar)
and DGAT1-/-:LDLR-/- mice (gray bar) after 13 (n=6-8) and 19 weeks (n=9-10) of WTD feeding. Data

are presented as mean + SD.

4.3. Cholesterol homeostasis is differentially regulated in male and female
DGAT1-/-:LDLR-/- mice upon WTD feeding

WTD feeding failed to affect plasma TG concentrations in WT:LDLR-/- and DGAT1-
/-LDLR-/- mice in any gender or time point of feeding (Table 2). However, total
cholesterol concentrations were reduced in female mice after 13 weeks of WTD
feeding. In contrast, male DGAT1-/-.LDLR-/- mice after 19 weeks of diet had

increased cholesterol concentrations compared to WT:LDLR-/- animals.
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Table 2. WT:LDLR-/- and DGAT1-/-:.LDLR-/- mice were fasted for 10 h and plasma parameters after
feeding Western-type diet for 13 or 19 weeks were determined. Data are mean (n=5-10) + SD. *, p<
0.05; **, p<0.01; ***, p<0.001.

Genotype ~ WT:LDLR/- oo wriprs-  DSATE
TG (mg/dl) 328+ 124 261816 308 + 68.4 312+ 80.1
TC (mg/dl)  1098+202  894+88.4* 14384209 1692+ 109"
FC (mg/dl)  269+400  248+340  491£97.9 5224959
CE (mg/dl)  859+170  646£656°  947£126 1170 +32.3*"

4.4. White blood cell counts are unaltered between WT:LDLR-/- and DGAT1-
/-:LDLR-/- animals

BM transplantations severely affect hematopoietic system of recipient animals.
Therefore, one week prior to atheroassays, we estimated the number of WBCs as
well as specific subpopulations in the blood of WT:LDLR-/- and DGAT1-/-:LDLR-/-
mice. We did not observe any differences in total WBC numbers in female DGAT1-
/-:.LDLR-/- mice compared to WT:LDLR-/- animals after 13 weeks of WTD feeding
(Figure 6A). Additionally, the relative abundance of WBC subpopulations remained
unchanged between both genotypes (Figures 6B-F). Male mice fed WTD for 19
weeks showed comparable numbers of WBCs (Figure 6A) but with a reduced
relative abundance of lymphocytes (Figure 6B) and increased numbers of

neutrophils (Figure 6C) in the peripheral circulation.
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Figure 6. Reduced relative lymphocyte and increased neutrophil numbers in male DGAT1:LDLR-/-
mice after 19 weeks of WTD. (A) Total leukocyte counts, (B) relative lymphocyte, (C) neutrophil, (D)
monocyte, (E) eosinophil and (F) basophil abundance in WT:LDLR-/- (black bar) and DGAT1-
/-:.LDLR-/- (gray bar) after 13 (n=6-8, females) and 19 weeks (n=9-10, males) of WTD feeding,
determined by automated hemocytometer counting. Data are presented as mean + SD. **, p < 0.01

4.5. DGAT1-/-:LDLR-/- mice develop pro-inflammatory atherosclerotic
plaques

Atherosclerotic plaque formation was analyzed in aortas and aortic valve sections
of transplanted animals. ORO-stained aortas showed comparable plaque formation
in both transplanted genotypes, irrespective of sex or feeding duration in either aortic

arches (Figure 7A, B) or thoracic aortae (Figure 7A, C).
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Figure 7. Comparable atherosclerotic plaque size in the en face aortae of WT:LDLR-/- and DGAT1-
/-:LDLR-/- mice. (A) ORO-stained aortae after 13 and 19 weeks of WTD feeding. (B) Quantification
of plaque size in thoracic aortae and (C) aortic arches of WT:LDLR-/- (black lined with gray) and
DGAT1-/-.LDLR-/- mice (gray lined with black) after 13 (n=6-8, females) and 19 (n=9-10, males)
weeks of WTD feeding. Bars represent mean values.

Aortic valve section analyses revealed comparable plaque size between DGAT1-/-

:.LDLR-/- and WT:LDLR-/- mice upon 13 and 19 weeks of WTD feeding (Figure 8B).
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Interestingly, plaque structure was severely changed, by the development of more
pro-inflammatory, rupture prone plaques characterized with the relative increase in
macrophage content and a reduction in collagen amount in both male and female
DGAT1-/-LDLR-/- mice compared to WT:LDLR-/- animals (Figures 8A-D). These
data indicate that irrespective of sex and plasma lipid concentrations, hematopoietic
DGAT1 deficiency causes aggravation of atherogenesis by generating pro-
inflammatory lesion phenotype, which is detrimental to plaque stability and causes
formation of rupture-prone lesions in DGAT1-/-.LDLR-/- mice.
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Figure 8. Destabilized plaque phenotype in DGAT1-/-.LDLR-/- mice. (A) Representative images of
ORO, MoMa-2, and Masson's Trichrome for staining of lipids, macrophages, and collagen,
respectively, in mice fed WTD for 13 weeks. Quantification of (B) plaque size, (C) MoMa-2 positive,
and (D) collagen content per plaque area. Data represent mean values of 12 aortic valve sections
for ORO and 3 aortic valve sections in the area of maximal plaque size for MoMa-2 and Trichrome
stain per mouse after 13 (n=6-8, females), and 19 weeks (n=9-10, males) of WTD feeding. *, p <
0.05; **, p<0.01; ***, p < 0.001.

4.6. Comparable macrophage polarization between WT and DGAT1-/- cells

To determine a possible effect of lipoproteins exposure on macrophage phenotype,
we loaded peritoneal macrophages from WT and DGAT1-/- cells with VLDL and
acLDL for 24 h. Macrophages exposed to LPS for 24 h were used as positive control.
We found comparable mRNA expression levels of genes associated with M1 (Ccl5,
Itgax, Tnfa, Mcp-1, iNos, and Gro1) (Figure 9A) and M2 (Arg1 and Mrc1) (Figure
9B) polarization in cells without any treatment, or upon exposure to either
treatments, indicating that macrophages from DGAT1-/- mice differ little compared

to control cells in terms of inflammatory response.
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Figure 9. Total RNA was isolated from macrophages with or without treatment with 100 pyg/ml VLDL,

acLDL or 100 ng/ml LPS and subjested to real-time PCR analysis. mMRNA expression of (A) M1

phenotype and (B) M2 phenotype target genes was analyzed in duplicate and normalized to the

expression of hypoxanthine-guanine phosphoribosyl transferase as reference gene. mRNA expression

and associated statistical parameters were determined using 2-244CT method. Expression of target genes

in untreated WT cells was arbitrarily set to 1. Data represent mean (n=3-6) + SD. *, p < 0.05; **, p <
0.01; ***, p <0.001.
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5. Discussion

DGAT enzymes catalyze the central reaction in the process of FA detoxification and
TG biosynthesis (238). Although DGAT2 deficiency is incompatible with the post-
natal survival in the murine model, multiple beneficial effects of DGAT1 deficiency
in mice have been well documented. They are ranging from resistance to diet-
induced obesity (251), ameliorated postprandial hyperlipidemia (266, 267),
improved glucose metabolism (253, 255) to increased longevity (254). However, in
certain cells and tissues, DGAT1 deficiency caused detrimental effects on cellular
functions, and thus cell-specific effects can largely contribute to the pathogenesis of
the disease (256). Although improved atherogenesis has been described before in
whole body DGAT1-/- mice on an ApoE-/- background, the cause for this effect
remained largely unexplored due to two possible reasons for the reduced plaque
formation in these animals. On the one hand, systemic inflammation and
macrophage functions were significantly improved in this model. ApoE-/-DGAT1-/-
cells were resistant to foam cell formation due to reduced lipid uptake and had
potentiated efflux due to upregulated ABC transporters. Moreover, macrophages
had reduced migratory propensity towards MCP-1. Aortic adhesion molecule
expression as well as plasma MCP-1 levels were reduced in ApoE-/-DGAT1-/- mice,
indicating reduced inflammation. On the other hand, general lipid metabolism was
ameliorated and hyperlipidemia diminished in ApoE-/-DGAT1-/- mice. This effect is
most probably related to reduced cholesterol uptake and absorption in the small
intestine and thus reduced influence of dietary-derived cholesterol to the process of
atherogenesis (270). Thus, to explore in vivo the consequences of DGAT1
deficiency solely in hematopoietic cells on the process of atherosclerosis
development, we transplanted LDLR-/- mice with BM of WT and DGAT1-/- donor
animals.

Four weeks post-transplantation, we utilized PCR from genomic DNA from WBCs
to verify successful adoption of the transplanted BM. We confirmed successful
irradiation and transplantation by being able to detect complete absence of LDLR-
deficiency in the WBCs of transplanted mice. Furthermore, correct transplantation
was verified by genotyping for WT or DGAT1 transcripts, respectively. Confirmation
of successful transplantation allowed us to induce atherogenesis with dietary

intervention. Thus, we fed female mice with WTD for 13 and male mice for 19 weeks.
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Due to ubiquitously present of macrophages and their pleiotropic effects on tissues
they are invading, we determined the effect of the transplantation on body
composition of recipient mice. We failed to observe any changes in body weight
gain, adiposity, or liver size in the recipient mice transplanted with BM from either
genotype. Interestingly, we observed a change in circulating cholesterol levels in
DGAT1:LDLR-/- mice compared to control animals. The intriguing fact is that the
opposite effect is seen between male and female mice. Whether the difference
arises from the sex-specific effects or whether the length of feeding affects
cholesterol homeostasis remains unclear. It is important, however, to point out that
alterations of DGAT1 in hematopoietic compartment solely had the capacity to alter
whole body cholesterol homeostasis.

Since BM transplantation can largely affect hematopoiesis, we measured blood
counts one week before we performed atheroassays. We found comparable total
WBC numbers between the recipient mice. However, the relative abundance of
specific WBC populations revealed elevated neutrophils, followed by reduced
neutrophils in the blood of DGAT1-/-:LDLR-/- mice fed WTD for 19 weeks compared
to control mice. Similar trends were observed in female mice fed WTD for 13 weeks.
Due to the importance of neutrophils in the process of atherogenesis and plaque
stabilization (27, 28), it is reasonable to speculate that this effect may be responsible
for the observed plaque structure in DGAT1-/-:.LDLR-/- animals.

We found comparable plaque size between WT:LDLR-/- and DGAT1-/-:.LDR-/- mice
in either sex or feeding period. However, plaque structure was significantly changed
in both conditions with an increased relative abundance of macrophages and
thinning fibrous caps in DGAT1-/-:LDLR-/- animals.

To get a deeper insight into macrophage function, we treated cells with VLDL, acLDL
or LPS and determined mRNA expression of macrophage polarization and
inflammatory markers. We failed to observe any change in the macrophage
phenotype in DGAT1-/- compared to WT cells in any treatment condition, indicating
that the change in the plaque phenotype in DGAT1-/-LDLR-/- compared to
WT:LDLR-/- mice results in altered behavior of some other cell type rather than
macrophages. Due to the change in neutrophil counts in peripheral blood, it is
plausible to believe that these cells may play an important role in lesion structure
alteration. Interestingly, it has been shown previously that saturated FA treatment of

DGAT1-/- macrophages triggers an M1-like phenotype of cells (258). Taking into
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account our data, it seems that the observed effect of FAs is independent of
macrophage exposure to lipids per se, but may be associated with FAs function as
ligands for specific inflammation-associated receptors, such as toll-like receptors
(TLRs).

The detrimental effect of DGAT1-deficiency in the hematopoietic compartment on
plaque development is contrasting the previously seen effect in DGAT1-/-ApoE-/-
mice (270). It is important to mention that ApoE deficiency affects multiple metabolic
functions without limitation strictly on cholesterol homeostasis, which contrasts the
LDLR-/- model mainly characterized by hypercholesterolemia. Together with the
strong influence of global DGAT1 deficiency on lipid homeostasis, coupled with
ApoE deficiency in macrophages of DGAT1-/-ApoE-/- mice, the macrophage
function may be severely altered compared to DGAT1-/- cells. Additionally, strongly
ameliorated lipid metabolism in DGAT1-/-ApoE-/- mice may postpone
atherosclerosis development in these animals or slow down the pace of plaque
formation, thereby improving atherogenesis compared to ApoE-/- mice. Intestinal
specific DGAT1-/- mice on ApoE-/- background would be a valuable tool to further
describe the role of DGAT1 in atherosclerotic development. It is plausible that due
to reductions in cholesterol uptake and absorption, this model would phenocopy the
atherosclerosis development observed in DGAT1-/-ApoE-/- mice. There is no
information available, however, regarding collagen content and plaque stability in
DGAT1-/-ApoE-/- animals.

Finally, it is important to mention that irradiation itself tremendously affects vascular
pathophysiology. Irradiated ApoE-/- mice, although with unchanged plasma
cholesterol and inflammatory cytokine concentrations, develop accelerated
atherogenesis with pro-inflammatory, macrophage-rich lesions, prone to intraplaque
hemorrhage (294, 295). Moreover, the phenotype of existing plaques was severely
aggravated upon ionizing irradiation by increasing M1 macrophage polarization,
intraplaque apoptosis, and reducing efferocytosis (296). It is, thus, important to take
into account possible irradiation effects on DGAT1-/- BM engraftment, vascular
responses of LDLR-/- recipient mice, and concomitant effects on atherosclerosis
development.
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