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General introduction and outline

1.1 General introduction

Cholesterol is an essential substance for all mammals because of its irreplaceable role in both
cell structural organization and many metabolic processes, including the synthesis of steroid
hormones, bile acids and vitamin D [1]. Cholesterol can be derived from dietary intake of
animal products and de novo biosynthesis. Since cholesterol and cholesteryl esters, i.e. the
storage form of cholesterol, have poor water solubility, cholesterol is mainly transported
between cells and tissues in our body via lipoproteins. The widespread utilization of
cholesterol implies that its transport and metabolism must be strictly regulated. Both genes and
environment can influence circulating cholesterol: i.e., genetic variation as well as improper
lifestyle habits, e.g. excess dietary cholesterol and lipid intake, may cause high levels of
circulating cholesterol. This is also known as hypercholesterolemia, which is a major risk
factor of various cardiometabolic diseases, including atherosclerotic cardiovascular disease
(CVD) and nonalcoholic fatty liver disease (NAFLD). Thus, cholesterol-lowering management
is one of main strategies to prevent these cardiometabolic diseases. Statins are effective
cholesterol-lowering agents and are, therefore, widely used in the clinic, but only prevent
about 25-45% of all cardiovascular events [2-4], indicating the need for new cholesterol-
lowering and other strategies to combat cardiometabolic disease. Liver X receptors (LXR) and
farnesoid X receptor (FXR) are key metabolic nuclear receptors that function as intracellular
sensors for sterols and bile acids, respectively, to maintain (chole)sterol homeostasis. More
insight into their role in cholesterol metabolism may result in therapeutic application of the
LXR and FXR pathways to combat cardiometabolic diseases. Recent studies show that brown
fat (brown adipose tissue, BAT) is emerging as a promising therapeutic target to regulate
glucose and lipid metabolism [5-7]. However, the precise mechanisms how brown fat regulates
cholesterol metabolism, and whether brown fat activation may add to current lipid-lowering
strategies in combating cardiometabolic disease, is still not fully understood. In this chapter,
a general introduction of cholesterol homeostasis is provided, and potential targets and tools
that regulate cholesterol metabolism and can potentially be used to combat cardiometabolic
diseases are summarized.

1.2 Pathways of cholesterol metabolism
1.2.1 Dietary cholesterol metabolism

The plasma cholesterol level is the result of a delicate balance between dietary cholesterol
absorption, endogenous cholesterol synthesis by mainly the liver, and cholesterol excretion
via the feces. The absorption of dietary cholesterol, which is solely derived from animal
products, mainly occurs in the duodenum and jejunum. Within the intestinal lumen, dietary
cholesterol is presented to the brush border of mucosal enterocytes within micelles that also
contain bile salts and lipid-derived metabolites including 2-monoacylglycerol and fatty acids
(FA). Enterocytes take up cholesterol via Niemann-Pick C1-Like 1 (NPC1L1), FA mainly via
cluster of differentiation 36 (CD36) and passive diffusion, and 2-monoacylglycerol solely by
passive diffusion. Within enterocytes, cholesterol is mainly converted into its storage form
cholesteryl esters (CE) through esterification with FA by the action of acyl coenzyme A:
cholesterol acyl transferase (ACAT). Together with triglycerides (TG) that are resynthesized
from 2-monoacylglycerol and FA, they form lipid droplets that become surrounded with
phospholipids (PL) and free cholesterol, which then fuse with apolipoprotein (Apo) B48 by
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the action of microsomal TG transfer protein (MTP), ultimately leading to the formation of

chylomicrons (CM) [8].
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Figure 1. The exogenous (blue) and endogenous (red) lipid pathways. See text for more
details. CM, chylomicrons; CVD, cardiovascular disease; FFA, free fatty acids; LDL, low
density lipoproteins; LDLR, low density lipoprotein receptor; LPL, lipoprotein lipase; VLDL,
very low density lipoproteins

CM are secreted from enterocytes into lymphatic channels, from which they travel to the
peripheral circulation (blue pathway in Figure 1). In the circulation, TG are offloaded
from the CM particle core via interaction with lipoprotein lipase (LPL) that is expressed on
capillaries of metabolically active tissues including white fat, brown fat, heart, and skeletal
muscles. LPL hydrolyses TG into free FA that are subsequently taken up by those tissues via
mainly CD36, and glycerol that is transported to and taken up by the liver for the generation
of glucose. As a result of LPL-mediated lipolysis, CM are catabolized into TG-poor CM
remnants that are enriched in CE and acquire ApoE from the circulation, which serves as a
ligand for subsequent uptake of the CM remnant by mainly the low-density lipoprotein (LDL)
receptor (LDLR) as well as LDLR-related protein-1 (LRP1) to a lesser extent expressed on
hepatocytes of the liver. The cholesterol that is delivered from the diet to the liver can either be
stored, secreted from the liver within very-low density lipoproteins (VLDL), or metabolized
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into bile acids that are secreted via the bile duct into the intestine where they are involved
in the emulgation and absorption of dietary lipids. In the clinic, the cholesterol absorption
inhibitor Ezetimibe, which is competitive inhibitor of NPC1LI, is being used to lower plasma
cholesterol levels in combination with other lipid-lowering medications, e.g. in patients with
familial hypercholesterolemia (FH) that mainly results from a genetic deficiency for the LDLR

[91.

1.1.2 Endogenous cholesterol biosynthesis

Since cholesterol is essential for the human body, a shortage of ingestion of dietary cholesterol
can easily be compensated for by upregulation of de novo cholesterol biosynthesis. Although
most cells can synthesize cholesterol, hepatocytes and enterocytes are predominantly
responsible for whole-body cholesterol biosynthesis. Cholesterol synthesis begins in the
cytoplasm, where one molecule of acetyl-coenzyme A (CoA) and one molecule of acetoacetyl-
CoA are converted into 3-hydroxy-3-methylglutaryl (HMG)-CoA by HMG-CoA synthase
(HMGCS) (Figure 2). The subsequent steps of cholesterol synthesis occur in endoplasmic
reticulum (ER) where HMG-CoA is metabolized to mevalonate by HMG-CoA reductase
(HMGCR), the rate-limiting step of the whole process of cholesterol synthesis [10].
Mevalonate is then sequentially converted into isopentenyl pyrophosphate, squalene and
lanosterol. Lanosterol can then enter two pathways leading to the synthesis of cholesterol,
i.e., the Bloch pathway and the Kandutsch-Russell pathway. In the Bloch pathway, lanosterol
is converted via a series of side-chain unsaturated intermediates into desmosterol, which via
A24-dehydrocholesterol reductase (DHCR24) is finally converted into cholesterol [11] (blue
pathway in Figure 2). In the Kandutsch-Russell pathway, dihydrolanosterol is converted into
cholesterol via a series of side-chain saturated intermediates, by using the same enzymes as in
the Bloch pathway [12] (red pathway in Figure 2).

DHCR24 not only converts desmosterol into cholesterol, but can also convert any unsaturated
intermediate within the Bloch pathway into the corresponding saturated intermediate within the
Kandutsch-Russell pathway. The reason why these two pathways are maintained in cholesterol
biosynthesis is still not fully clear. Interestingly, the relative use of the two pathways is variable
in different tissues. For example, testes, spleen and adrenal glands almost exclusively utilize
the Bloch pathway to synthesize cholesterol. In contrast, the Kandutsch-Russell pathway is the
preferred pathway in brain, skin and preputial glands to finalize cholesterol biosynthesis [13].
Studies further show that the intracellular cholesterol content selectively regulates the Bloch
pathway, without affecting the Kandutsch-Russell pathway [13, 14]. The distinct properties of
intermediates of the two pathways in cholesterol homeostasis, FA synthesis, and inflammation
may somehow explain why both pathways are maintained [15-17]. As a typical example,
desmosterol, the terminal intermediate of cholesterol synthesis, is increased with upregulation
of the Bloch pathway and is an endogenous LXR ligand to promote cholesterol efflux, e.g. in
macrophages [15, 17]. This indicates the importance of the Bloch pathway in the regulation
of cellular cholesterol levels. Further studies are required to investigate the specific roles of
the other intermediates of cholesterol synthesis, and whether DHCR24 inhibition by small
molecules, via increasing desmosterol, can improve cardiometabolic health.

Desmosterol, in addition to some other sterols, can regulate cholesterol biosynthesis by
acting on sterol regulatory element binding proteins (SREBPs) [18]. In the presence of high
cellular sterol concentrations, a sterol domain within the SREBP cleavage activating protein
(SCAP) confines SREBPs to the ER. When cellular concentration of cholesterol is relatively
low, SCAP escorts SREBPs to undergo proteolytic cleavage steps and to translocate to the
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nucleus, where SREPBs activate target genes involved in the synthesis of both cholesterol
and FA [19, 20]. Sterols can also induce HMGCR degradation within the proteasome, which
is another important negative regulatory mechanism of cholesterol synthesis [21]. HMGCR
contains a sterol-sensing domain (SSD) so that when the flux through the mevalonate synthesis
pathway is high, the degradation of HMGCR increases. The primary sterol regulating
HMGCR degradation is cholesterol itself, the concentration of which can be affected by both
endogenous synthesis and cellular uptake. Being the rate-limiting enzyme in cholesterol
synthesis, pharmacological interventions inhibiting HMGCR, such as statins, have been widely
applied in the clinic as the main strategy to lower plasma cholesterol.

Acetyl-CoA  Acetoacetyl-CoA

HMGCS
HMG-CoA
¢ HMGCR
Mevalonate
% DHCR24 - ~
Lanosterol ——» [ Dihydrolanosterol
DHCR24
——p
-DH R2l
Dehydrodesmosterol -» 7-Dehydroholesterol
Desmosterol DHCR24 L Cholesterol
Bloch pathway Kandutsch-Russell pathway

Figure 2. Simplified cholesterol biosynthesis pathways. De novo cholesterol biosynthesis
begins with acetyl-coenzyme A (CoA) and branches into two pathways: the Bloch pathway
(blue) and the Kandutsch-Russell pathway (red). See text for more details. DHCR24, A24-
dehydrocholesterol reductase; HMG-CoA, 3-hydroxy-3-methylglutaryl-coenzyme A;
HMGCR, 3-hydroxy-3-methylglutaryl-coenzyme A reductase; HMGCS, 3-hydroxy-3-
methylglutaryl-coenzyme A synthase

1.2.3 Role of lipoproteins in cholesterol transport

As explained in section 1.2.1 (Figure 1), cholesterol circulates within lipoproteins both as
free cholesterol within the particle shell, while the majority is carried as CE within the particle
core. Lipoproteins are complex particles with a central hydrophobic core of non-polar lipids,
primarily CE and TG, which is surrounded by an amphiphilic monolayer consisting of PL
and free cholesterol, in which apolipoproteins are embedded. Based on their size, density and
composition, lipoproteins are classified into CM, VLDL, intermediate-density lipoproteins
(IDL), LDL and high-density lipoproteins (HDL), from largest size and lowest density to
smallest size and highest density, respectively.
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Figure 3. HDL biogenesis and its role in cholesterol metabolism. See text for more details.
ABCAL1, ATP-binding cassette sub-family A member 1; ABCG1, ATP-binding cassette sub-
family G member 1; CE, cholesteryl esters; CETP, cholesteryl ester transfer protein; HDL,
high density lipoproteins; LCAT, lecithin: cholesterol acyltransferase; LDLR, low density
lipoprotein receptor; LPL, lipoprotein lipase; PLTP, phospholipid transfer protein; SRBI,
scavenger receptor class B type 1; TG, triglycerides; TRL, TG-rich lipoproteins

In the exogenous lipid pathway, dietary lipids are incorporated in the small intestine into
CM, as explained in section 1.2.1 (Figure 1). In the endogenous lipid pathway, lipids within
the liver are secreted as VLDL after MTP-induced fusion of intracellular lipid droplets with
ApoB100. Both CM and VLDL are TG-rich lipoproteins (TRL), which primarily serve to
deliver TG-derived FA mainly to metabolic tissues where they can be stored (white fat) or
combusted by beta-oxidation to generate ATP (heart, skeletal muscle) and heat (brown fat) [7,
22]. To this end, TRLs interact with LPL expressed by those tissues to locally release FAs that
are taken up mainly via CD36. by these tissues. During LPL-mediated lipolysis, the generated
TRL remnants become (further) enriched with ApoE that serves as a recognition signal for
subsequent uptake by hepatocytes by receptors and binding sites including the LDLR and
LRP1 [23]. Among these, LDLR is the main receptor contributing to the hepatic uptake of
TRL remnants. Instead of being taken up by the liver, VLDL remnants, also termed as IDL,
can be further metabolized into LDL. As the lipolytic end product of VLDL, LDL has lost
all exchangeable apolipoproteins on its surface apart from ApoB100, which is the ligand for
the LDLR present on the liver and other tissues. At high circulating concentrations, ApoB-
containing TRL remnants and LDL are pro-atherogenic as under inflammatory conditions they
can extravasate and accumulate in intima of the arterial wall. Here, they can be modified by
oxidation and/or aggregation, upon which they are taken up by macrophages to become lipid-
rich foam cells, which is the initial step of atherosclerosis development.
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Interestingly, after taking up ApoE-containing TRL remnants and ApoB100-containing
LDL, the LDLR partly escapes lysosomal degradation and recycles to the cell membrane to
bind and internalize additional lipoproteins. However, hepatocytes also express proprotein
convertase subtilisin/kexin type 9 (PCSK9), which is able to bind to LDLR and targets the
LDLR for lysosomal degradation [24, 25]. Therefore, reduction of PCSK9 function has been
developed as a pharmacological strategy in hypercholesterolemia to increase LDLR levels and
consequently lower atherogenic lipoproteins. Thus far, two PCSK9 monoclonal antibodies
have been approved for the treatment of heterozygous FH individuals, i.e. Alirocumab and
Evolocumab [26], although the effects of PCSK9 inhibitors on reducing the risk of CVD have
not yet been evaluated.

HDL particles are generated in the liver and intestine through synthesis of its main
apolipoprotein ApoAl (Figure 3). During its release via the ATP binding cassette sub-family
A member 1 (ABCAL1), ApoAl is lipidated with PL forming nascent cholesterol-poor discoidal
HDL particles. Nascent HDL particles acquire additional PL and cholesterol via cellular efflux
from peripheral cells and tissues, e.g. from resident macrophages in the arterial wall, as well
as by transfer of TRL surface components during LPL-mediated lipolysis via phospholipid
transfer protein (PLTP) [27]. The enzyme lecithin: cholesterol acyltransferase (LCAT) on HDL
esterifies the cholesterol to form CE, which results in CE accumulation in the core of HDL,
and formation of larger spherical HDL particles. During the process of HDL maturation, HDL
particles facilitate cellular cholesterol efflux from peripheral tissues by sequentially binding
ABCALI and ATP-binding cassette sub-sub-family G1 (ABCG1) or scavenger receptor class
B type 1 (SRB1) [28-30]. Subsequently, hepatocytes in the liver can selectively take up CE
from HDL via SRBI, after which CE is hydrolyzed and can be secreted into the bile as neutral
sterols and after enzymatic modification as bile acids (as detailed in section 1.2.4) [31]. In
humans and some other species, e.g. rabbits, CE in HDL can be also transferred to ApoB-
containing TRLs (chylomicrons and VLDL) directly in exchange for TG via the cholesteryl
ester transfer protein (CETP). TG within HDL can be further hydrolyzed by LPL resulting in
smaller HDL particles which re-enter the cycle of peripheral cholesterol uptake, or by hepatic
lipase (HL), which results in lipid-poor ApoA1l that can be secreted via the kidneys. The
process in which HDL delivers cholesterol from peripheral tissues back to liver (Figure 3)
where cholesterol is secreted into the bile as neutral sterols and bile acids is termed reversed
cholesterol transport (RCT). Ever since HDL-cholesterol (HDL-C) levels were found to
be inversely correlated with the risk of CVD, HDL has generally been considered to be
atheroprotective [32], in contrast to ApoB-containing lipoproteins. However, genetic studies
have recently demonstrated that HDL-C is not causal in reducing myocardial infarction [33].
Therefore, HDL is now thought to play an antiatherogenic role mainly by its contribution to
RCT, and in addition by its anti-inflammatory, antioxidant, beside other beneficial properties
[34-36]. In line with this assumption, HDL cholesterol efflux capacity (CEC) has been
demonstrated to be a better measure of HDL atheroprotective capacity than HDL-C levels [37,
38].

1.2.4 Excretion of cholesterol

It should be clear by now that the liver plays a central role in body cholesterol homeostasis
through de novo cholesterol synthesis (see section 1.2.2), the release of cholesterol into the
circulation as VLDL (see section 1.2.3), and the uptake of cholesterol from the circulation
contained in TRL remnants, LDL and HDL (see section 1.2.1 and 1.2.3). In addition, the liver
is able to metabolize cholesterol into neutral sterols and bile acids, which is a major pathway
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of cholesterol catabolism, as will be explained in detail in this section.

The metabolism of cholesterol into bile acids can be initiated by either 7a-hydroxylase
(CYP7A1) within the classic pathway, or by mitochondrial sterol 27-hydroxylase
(CYP27A1) within the alternative pathway. The classic pathway only exists in hepatocytes,
while the alternative pathway is present in all tissues [39]. In humans, cholic acid (CA)
and chenodeoxycholic acid (CDCA) are two main products in the classic pathway of bile
acid synthesis. In peripheral tissues, cholesterol can also be oxidized to oxysterols, e.g.
24-hydroxycholesterol in brain and 27-hydroxycholesterol in lungs, and can be transported to
the liver and further converted to CA and CDCA [40]. De novo synthesized CA and CDCA
are classified as primary bile acids, and can be conjugated in the hepatocyte with glycine and
taurine after which they are stored in the gallbladder [39]. Upon food intake, cholecystokinin,
a peptide hormone secreted by the duodenum triggers the release of bile acids from the
gallbladder into the duodenum to facilitate emulgation and uptake of lipids and fat-soluble
vitamins [41]. Under the action of intestinal bacterial flora, some conjugated CA and CDCA
are deconjugated and converted by 7a-dehydroxylase into so-called secondary bile acids
including deoxycholic acid (DCA) and lithocholic acid (LCA) [39]. In contrast to humans,
rodents demonstrate a different composition of bile acids. For instance, in mice CDCA can be
further hydroxylated to muricholic acid (MCA) a and P to constitute primary bile acids in mice
together with CA and CDCA [42].

Most bile acids that are secreted from the liver into the duodenum (i.e. approx. 95%) are
reabsorbed in the jejunum and colon through passive diffusion or in the terminal ileum through
an active transport process involving the apical sodium-dependent bile salt transporter (ASBT)
and intracellular binding to intestinal bile acid-binding protein (IBABP) [43]. After bile acids
enter enterocytes across the apical membrane, they exit across the basolateral membrane
via the heteromeric organic solute transporter o/ (OSTa/B) [44] and are redirected to the
portal vein. At the basolateral membrane of hepatocytes, bile acids are extracted by the Na'-
taurocholate co-transporting polypeptide (NTCP) into hepatocytes for a next cycle [45]. The
process in which bile acids circulate between hepatocytes in the liver and enterocytes in the
intestine is termed as the enterohepatic circulation of bile acids [46]. The remainder of bile
acids (approx. 5%) is excreted via feces, which is compensated for by bile acid synthesis in the
liver. This biliary pathway of cholesterol excretion is depicted as the green pathway in Figure 4.

Besides acting as biological detergents that facilitate intestinal absorption of lipids and fat-
soluble vitamins, bile acids are also ligands for several nuclear hormone receptors, including
farnesoid X receptor (FXR) and G-protein-coupled receptors such as Takeda G-coupled
receptor 5 (TGRS) to modulate energy metabolism [47-50]. Therefore, bile acids broadly
function as metabolic modulators in the body. Therapeutically, inhibiting bile acid reabsorption
by using e.g. the bile acid sequestrant Colesevelam has been proven as a feasible way to lower
LDL-cholesterol and also to improve insulin sensitivity in the clinic [50, 51].

In addition to biliary cholesterol output as neutral sterols and bile acids, transintestinal
cholesterol excretion (TICE) is the non-biliary second pathway contributing to total cholesterol
output from the body in both mice and humans (~30% under basal conditions) [52, 53] (red
pathway in Figure 4). In the process of TICE, ApoB-containing lipoproteins recognized by
the proximal small intestine though receptors like LDLR cross the enterocyte in a basolateral-
to-apical fashion via receptors like ATP-binding cassette sub-family G member 5/8 (ABCG5/8)
and ATP-binding cassette sub-family B member 1a/b (ABCB1la/b) [53].
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Figure 4. Cholesterol output including a biliary pathway (in green) and a non-biliary
pathway, i.e. transintestinal cholesterol excretion (TICE) (in red). See text for more details.

1.3 LXR and FXR, the Yin and Yang regulators of cholesterol and bile
acid metabolism

To maintain cholesterol homeostasis, a mechanism of negative feedback that senses cholesterol
and oxysterols is well-established in the body. LXR, including the LXRa (NR1H3) and LXRp
(NR1H2) isoforms, are nuclear receptors that function as intracellular sensors for (oxy)sterols.
LXRa is mainly expressed in the liver, adipose tissues, spleen, kidneys, and lungs, while
LXR} is ubiquitously expressed [54]. LXR forms an obligate heterodimer with the retinoid X
receptor (RXR, NR2B1) to bind DNA, and can be activated by either LXR agonists or RXR
ligands. In rodents, high cholesterol feeding results in high levels of oxysterols in the liver.
In mice, oxysterol-activated LXRa directly induces CYP7A1, the rate-limiting enzyme in the
classical pathway of bile acid production, to promote cholesterol conversion into bile acids
thus promoting cholesterol secretion from the liver. Therefore, LXRa deficient mice following
the consumption of dietary cholesterol accumulate large amounts of cholesteryl esters in the
liver [55]. LXR activation also induces RCT by upregulating ABCA1, ABCG1, and ApoE to
promote cholesterol efflux from peripheral tissues, particularly in macrophages back to the
liver mediated by lipid-poor HDL particles [56-58]. Additionally, LXR promotes cholesterol
excretion by increasing ABCGS and ABCGS expression in the liver and small intestine [59].
Taken together, the overall effect of LXR activation is to promote cholesterol elimination
from the body. On the other hand, LXR activation regulates both innate and adaptive immune
responses [60, 61].
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The properties of LXR to coordinate metabolic and immune responses constitute an
attractive therapeutic target for the treatment of cardiometabolic and inflammatory diseases.
However, pharmacological LXR activation by synthetic LXR agonists usually causes
hypertriglyceridemia and even hepatic steatosis by inducing lipogenic genes within hepatocytes
including Srebplc and fatty acid synthase (Fas) [62], which hampers the application of
pharmacological LXR activation for disease treatment. Notably, a seminal study showed that
desmosterol, the terminal intermediate of cholesterol biosynthesis (see Figure 2), activates
LXR while inhibiting FA and TG synthesis in macrophages [17]. Importantly, desmosterol has
no effect on LXR activity in hepatocytes [18]. This strongly suggests therapeutic potential of
endogenous LXR ligands for clinical application in cardiometabolic disease.

As described in section 1.2.4, excess cholesterol is prone to be catabolized by hepatocytes
into bile acids which can be secreted into the gut via the gallbladder and subsequently be
reabsorbed in the gut (Figure 4) to maintain a precise balance of cholesterol and bile acids
in the body. As bile acids, like cholesterol, are intrinsically toxic, bile acid production and
excretion are tightly regulated to prevent excess bile acid accumulation. FXR (NR1H4),
a member of metabolic nuclear receptors, is a biosensor for endogenous bile acids to
maintain such bile acid homeostasis. CDCA is the most effective activator of FXR, even at
physiological levels, while DCA and LCA can also activate FXR but to a much lower extent
[63]. In the intestine, activation of FXR induces fibroblast growth factor (FGF) 19 in humans
and FGF15 in mice, which can be transported to hepatocytes and inhibit expression of genes
within the classical bile acid synthesis pathway, e.g. Cyp7al and Cyp8b1 via short heterodimer
partner (SHP) [64]. Hepatic FXR activation can also directly inhibit bile acid synthesis through
the same pathways, albeit to a smaller degree. On the other hand, FXR activation regulates the
enterohepatic circulation of bile acids by inducing the gene expressions of BSEP, IBABP, and
OSTa/B, and suppressing NTCP and ASBT to finally decrease bile acid levels in the body [65].
In humans, LXR activation directly upregulates SHP to downregulate rather than upregulate
CYP7AL, and thus suppresses bile acid synthesis. This results in a relative reduction of bile
acid synthesis upon oxysterol-induced LXR activation in humans, which is in contrast to
rodents [66]. The overall result of FXR activation is to maintain bile acid homeostasis together
with other regulators such as LXR, thereby avoiding bile acid-induced liver toxicity.

Moreover, FXR beneficially regulates lipid metabolism, as FXR deficiency increases hepatic
and plasma TG levels and promotes NAFLD progression [67, 68]. A human study showed that
FXR is downregulated in NAFLD patients which is associated with increased LXR, SRBEPIc
and hepatic TG levels [69]. In line, both hepatic and systemic FXR activation have shown to
protect against the development of hepatic steatosis [70, 71]. In addition, FXR deficient mice
have lower hepatic expression of hepatic SRB1 [72] and present an atherogenic lipoprotein
profile, including increased plasma TG and LDL-C levels [67]. Although these findings
suggest atherogenic effects of FXR-deficiency, FXR deficient mice on chow or Western-
type diet do not develop atherosclerosis and effects of FXR-deficiency on atherosclerosis
development in ApoE and LDLR deficient mice are controversial [73-75]. Therefore, the role
of FXR in cholesterol metabolism and atherosclerosis development should still be clarified in
future studies.

11
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1.4 Atherosclerosis and nonalcoholic steatohepatitis, two aspects of a
shared disease

1.4.1 Atherosclerosis

In 2017, 3.7 — 3.9 million individuals worldwide died from ischemic heart disease and
ischemic stroke [76], both of which are mainly caused by rupture of an atherosclerotic plaque.
In fact, atherosclerosis is the main pathological process of most CVD. Multiple risk factors
are involved in atherosclerosis development, including dyslipidemia, smoking, diabetes,
hypertension, inflammation [77].

Generally, atherosclerosis is considered to be a lipid-driven inflammatory disease. Early events
in the initiation of atherosclerosis are endothelial dysfunction leading to the deposition and
retention of ApoB-containing lipoproteins such as LDL and TRL remnants in the vessel wall.
Once trapped, these atherogenic lipoproteins become modified by oxidation and aggregation,
which recruits immune cells and further activates endothelial cells [78]. Within the sub-
endothelial space, recruited monocytes differentiate into macrophages that take up these
modified lipoproteins via scavenger receptors and thereby slowly turn into lipid-laden foam
cells. At this stage of initiation, only mild lesions or ‘fatty streaks’ are formed that do not
yet cause clinical symptoms and are still reversible. Since endothelial dysfunction usually
occurs at bifurcations, such as those of the common carotid and left coronary arteries, fatty
streaks usually start there. Subsequently, the foam cells and activated endothelial cells
release inflammatory cytokines, which further increases lipid accumulation and extracellular
matrix deposition leading to intimal thickening. The local microenvironment promotes the
proliferation of smooth muscle cell (SMC) and migration into the atherosclerotic lesion
forming a fibrous cap covering the fatty streak [79]. Foam cells and SMC may eventually
die during the development of atherosclerosis, resulting in the formation of a necrotic core
consisting of extracellular lipids and debris. Plaque stability is dependent on its composition.
Stable plaques are usually composed of solid fibrous cap with no or small amounts of
extracellular lipid, and are clinically silent. By contrast, vulnerable plaques are typically
characterized by large extracellular lipid deposition and much extracellular debris together
with a thin fibrous cap. Vulnerable plaques are prone to rupture, at least in humans, which may
lead to life-threatening events like myocardial infarction and ischemic stroke [80].

Nonsurgical treatments of atherosclerotic CVD mainly include lifestyle modulation and
medication. Since atherosclerotic plaque formation is generally considered to be irreversible,
current therapies mainly target to reduce risk factors to prevent atherosclerosis development.
Making lifestyle changes can reduce risk factors for atherosclerosis development, such as
cessation of smoking that strongly aggravates the risk for developing atherosclerosis. For
that reason, some hospitals offer smoking cessation programs to help patients quit smoking.
Other lifestyle managements involve regular exercise and a balanced diet. Statins are the first
line drugs for reducing LDL-C levels and can reduce LDL-C levels by as much as 60% [81].
However, since current lipid-lowering strategies only prevent 25-45% of cardiovascular events
[2-4], new therapies to prevent atherosclerotic CVD are evidently warranted.

1.4.2 Nonalcoholic steatohepatitis

NAFLD is one of the most common chronic liver diseases worldwide with a prevalence in
the general population of ~25% in 2018 [82, 83], and is featured by hepatic fat accumulation
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greater than 5% of total liver weight, caused by excessive caloric intake without excessive
alcohol consumption. NAFLD has a wide histological spectrum, ranging from 'simple' steatosis
to nonalcoholic steatohepatitis (NASH). NASH is a progressed form of NAFLD accompanied
with inflammation with or without fibrosis and affects 3-15% of the general population [84].
Over a decade, NASH may eventually develop into cirrhosis and hepatocellular carcinoma
[85]. Metabolic risk factors for NAFLD include hypertension, dyslipidemia, obesity and type
2 diabetes mellitus [86].

NAFLD/NASH is a multi-factorial disease and the mechanism underlying the formation
of NASH is not fully elucidated. Within the early ‘two-hit hypothesis’ [87], the ‘first hit’
involves lipid deposition in hepatocytes, and is present in almost all patients with metabolic
syndrome but is not sufficient to cause NASH. However, excess lipid accumulation increases
the vulnerability of the liver to many factors, which as the ‘second hit’ promote liver injury,
inflammation and fibrosis. These factors include oxidative stress, lipid peroxidation, cytokines,
chemokines, mitochondrial dysfunction [88]. The liver is highly heterogeneous and cellular
networks rather than a single cell type modulate NAFLD progression. For example, lipid-
laden injured hepatocytes activate liver macrophages, including resident Kupffer cells (KCs)
and macrophages derived from circulating monocytes. The activated KCs and recruited
macrophages subsequently trigger an inflammatory response and induce hepatic stellate cell
activation which eventually causes liver fibrosis [89, 90]. Accumulating evidence shows a key
role of KCs in NAFLD progression. Inactivation of KCs via genetic intervention or antibodies
reverses liver inflammation [91], and selective depletion of KCs alleviates hepatocellular
damage and prevents against diet-induced hepatic steatosis and insulin resistance [92, 93].
Thus, targeting KCs could be a promising therapeutic strategy for the treatment of NAFLD/
NASH. Due to advances in understanding the pathogenesis of NAFLD, it has become evident
that the ‘two-hit hypothesis’ is too simplistic and has now been substituted by a ‘multiple-hit
hypothesis’ to recapitulate the complexity of NAFLD progression. Such multiple hits include
insulin resistance, genetic and environmental factors, nutritional factors, and gut microbiota,
which act together on NAFLD progression [94].

Currently, there are no Food and Drug Administration approved medications for the treatment
of NASH. Control of risk factors, such as weight loss through a combination of a healthy diet
and exercise is still the only intervention in clinic. Effective and safe treatments for NAFLD/
NASH are thus desperately needed.

Interestingly, although hepatocellular carcinoma is the end-stage of NAFLD progression, the
first cause of mortality in patients with NAFLD is CVD [95-97], implying a close association
between these diseases. In fact, atherosclerosis and NASH are not independent, but interact
with each other. NASH-induced oxidative stress, inflammation and the production of
hepatokines significantly increase the risk of atherosclerosis development. In addition, NASH
is usually associated with obesity, dyslipidemia, diabetes, and other metabolic syndromes.
Atherosclerosis is prone to occur in NASH patients. Studies further show that NAFLD is
an independent risk factor for atherosclerosis and increases cardiovascular risks as well as
mortality [98-100]. Actually, atherosclerosis and NASH are considered to be two aspects of a
shared disease with macrophage activation and infiltration central in the progression of both
diseases [101]. Therefore, some therapeutic strategies that are designed for the treatment of
atherosclerosis are also being tested in NAFLD/NASH patients.
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1.5 Brown fat as a potential target for the treatment of cardiometabolic
diseases

Brown fat was first discovered in the marmot more than 400 years ago and has been now well
studied in mice, rats and hamsters [102]. Brown adipocytes are characterized by multilocular
lipid droplets and a high content of mitochondria, which express uncoupling protein 1 (UCP-
1) and give rise to the typical brownish color of the tissue. Humans newborns are dependent
on brown fat to maintain body temperature. Brown fat activity and mass decrease within a few
months after birth, and brown fat was generally thought to be absent in adults. Interestingly,
only in 2009, metabolically active brown fat was discovered in adult humans [103], which put
brown fat into the spotlights. By using positron emission tomography-computed tomography
(PET-CT) scans with the glucose tracer '*F-fluorodeoxyglucose (["*F]FDG), various research
groups reported that brown fat was functionally activated by cold exposure in adult humans
[104-106]. Subsequent studies showed that brown fat activation reduces body fat mass [107]
and that [*F]FDG uptake by brown fat inversely correlates with body mass index and fat mass
[104, 105, 108, 109], suggesting the importance of brown fat in energy metabolism in humans.

Physiologically, cold exposure (< 23°C for humans, <30°C for mice) activates brown fat by
stimulating the release of norepinephrine which binds B3-adrenergic receptor (AR), at least
in mice [7]. Through AR stimulation, adipocytes in white adipose tissue (WAT) can also
be induced to express UCP-1, leading to browning/beiging of WAT [110]. Upon activation,
UCP-1 in the inner membrane of the mitochondria uncouples oxidative respiration from ATP
synthase, which leads to the production of heat (termed thermogenesis) rather than synthesis
of ATP [7]. Upon prolonged brown fat activation, intracellular triglycerides are depleted and
replenished by TRL-derived FA via hydrolysis by LPL that is produced by brown adipocytes
[22, 111]. TRL remnants that are concomitantly generated by brown fat activation are taken
up mainly via LDLR by the liver [7, 111, 112]. This process also leads to the generation of
TRL surface remnants that intercalate into the HDL pool, which promotes HDL turnover
and SRB1-mediated RCT [113]. In humans, long term brown fat activation by cold exposure
lowers LDL-C in hypercholesterolemic patients [114], and brown fat activity is associated
with a reduced risk of CVD events [115]. In fact, our research group has shown that brown
fact activation in APOE*3-Leiden.CETP mice, a well-established mouse model of human-
like lipid metabolism and atherosclerosis development, decreases plasma cholesterol and
augments RCT, collectively reducing atherosclerosis [112, 113]. Collectively, these findings
imply a potential application of brown fat activation in the treatment of atherosclerotic CVD
in humans. However, the mechanisms underlying the antiatherogenic effects of brown fat
activation are not fully clear and whether brown fat activation is beneficial on top of other
antiatherogenic treatments is currently unknown.

1.6 Outline of this thesis

This thesis aimed to elucidate novel targets involved in cholesterol metabolism for the
treatment of cardiometabolic diseases including atherosclerotic CVD and NAFLD.

Proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibition, by increasing hepatic LDL
receptor (LDLR) levels, has recently emerged as a strategy to reduce atherosclerosis by
lowering circulating (V)LDL-cholesterol. We hypothesized that the therapeutic effectiveness
of PCSKD9 inhibition can be increased by accelerating the generation of TRL remnants, which
typically have a high affinity for the LDLR. Therefore, in Chapter 2 we aimed to investigate
whether accelerating TRL processing through brown fat activation by B3-AR agonism can
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further lower plasma cholesterol and reduce atherosclerosis on top of PCSK9 inhibition,
by using APOE*3-Leiden.CETP mice, a well-established model for human-like lipoprotein
metabolism and atherosclerosis development.

Brown fat activation has previously been demonstrated to attenuate atherosclerosis development
by accelerating TRL turnover and/or stimulation of reverse cholesterol transport via the
scavenger receptor class B type 1 (SRB1). To get more insight into the role of hepatic SRB1
in the mechanism underlying the effect of brown fat activation on alleviating atherosclerosis
development, in Chapter 3 we specifically knocked down hepatic SRB1 while activating
brown fat by B3-AR agonism, and evaluated their interaction on atherosclerosis development,
again using APOE*3-Leiden.CETP mice.

Previously it was observed that prolonged brown fat activation increases plasma bile acid
levels accompanied by an increase in liver cholesterol, probably caused by reduced bile acid
excretion. Therefore, in Chapter 4 we hypothesized that bile acid sequestration would enhance
the lipid-lowering and antiatherogenic effects of brown fat activation, and therefore studied the
combined effect of the bile acid sequestration and B3-AR agonism on cholesterol and bile acid
metabolism in the context of atherosclerosis development.

Next, we explored the potency of the metabolic nuclear receptors LXR and FXR in combating
cardiometabolic disease. LXR is a promising therapeutic target as LXR activation reduced
inflammation, but pharmacological LXR activation usually induces lipogenesis within the liver
and consequently causes hyperlipidemia. As desmosterol was reported as an endogenous LXR
ligand without unfavorable effects on lipogenesis, in Chapter S, we aimed to evaluate whether
increasing desmosterol by pharmacological DHCR24 inhibition could induce LXR activation
and thereby induce anti-inflammatory effects in macrophages.

Next, since LXR agonism has theoretical potential for treating NAFLD/NASH, we
hypothesized that increasing desmosterol by DHCR24 inhibition would alleviate hepatic
steatosis and inflammation without inducing hyperlipidemia. Therefore, the aim of Chapter
6 was to address this hypothesis experimentally in APOE*3-Leiden.CETP mice fed a NASH-
inducing diet.

The bile acid receptor FXR represents another promising target for therapy of cardiometabolic
diseases, diseases. Because the effects of pharmacological modulation of bile acid signaling
and metabolism on dyslipidemia are incompletely understood, in Chapter 7 we investigated
the effects of FXR activation, again in APOE*3-Leiden.CETP mice.

Finally, the main findings of these studies and their therapeutic implications are discussed in
context of current literature in Chapter 8.
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