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ABSTRACT

The melanocortins are a family of neuropeptide hormones consisting of melanocyte-
stimulating hormones, a-, -, and y-MSH, and adrenocorticotropic hormone (ACTH)
as well as five different melanocortin receptors (MC1IR - MC5R). These peptides are
widely expressed in the body and are involved in a diverse number of physiological
functions including pigmentation, steroidogenesis, exocrine function, energy
homeostasis, inflammation, and immunomodulation. MCI1R is abundantly expressed
in the melanocytes, and leukocytes where it regulates skin pigmentation and,
inflammatory responses respectively. MCIR is also expressed in the liver and white
adipose tissue but its functional role in these metabolic tissues remain elusive.
Therefore, the main aim of this thesis was to elucidate the regulatory role of MCIR
signaling in cholesterol, bile acid, and fatty acid metabolism, particularly in the liver.

To address this objective, hepatocyte-specific MC1R knockout (Mc1r LKO), and
global MCIR deficient (Mc1r®®) mice were fed either a chow or a Western-type diet,
and characterized for body weight and composition, lipid metabolism, and liver
morphology. First, MC1R was found to be expressed in hepatocytes as well as in
other cell types in the mouse liver, and downregulated in mice fed a Western-type
diet, and in patients with metabolic dysfunction-associated steatotic liver disease
(MASLD). Mclr LKO mice on a chow diet showed increased liver weight, elevated
levels of cholesterol in the plasma and liver, and perturbed bile acid metabolism.
Secondly, pharmacological activation of MCIR reduced the cellular cholesterol
content, and increased the uptake of LDL and HDL particles in cultured hepatocytes.
Lastly, in terms of adiposity and fatty acid metabolism, Mc1r¥® mice on a Western
diet showed increased white adipose tissue mass, adipocyte hypertrophy and plasma
triglycerides (TG) concentration. This phenotype was recapitulated in Mclr LKO
mice, indicating a dependency of the phenotype on dysfunctional MCIR in the liver.
Mclr LKO mice also showed upregulation of markers of de novo lipogenesis (DNL),
apoptosis, and inflammation as well as increased liver TG accumulation and fibrosis.

In conclusion, the results from this thesis identify a novel function of hepatic
MCIR signaling in the regulation of cholesterol and fatty acid metabolism in the
liver, suggesting that MCIR could be a promising therapeutic target for the
management of metabolic diseases such as, MASLD.

KEYWORDS: Melanocortin 1 receptor, liver, cholesterol, triglycerides, fibrosis,
adipocyte, animal model
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TIVISTELMA

Melanokortiinit ovat neuropeptidejd, joihin lukeutuvat a-, B-, ja y-melanosyytteja
stimuloiva hormoni (MSH) sekéd adrenokortikotropiini (ATCH). Ne sditelevit
elimiston fysiologisia toimintoja aktivoimalla melanokortiinireseptoreja, joita on
tunnistettu 5 eri alatyyppid (MCIR - MCS5R). MCIR alatyyppid ilmennetiddn
erityisesti melanosyyteissd sekd veren valkosoluissa, joissa se sddtelee ihon
pigmentaatiota ja tulehdusvasteita. Kyseistd reseptorialatyyppid on loydetty myos
maksasta ja rasvakudoksesta, mutta sen fysiologinen merkitys nédissd kudoksissa on
jaanyt epéselviksi. Tamén vaitoskirjatyon tavoitteena oli selvittdd MCIR:n roolia
erityisesti maksan kolesteroli- ja rasvahappoaineenvaihdunnassa.

Ensimmiinen osaty0 osoitti, ettd maksassa MCIR alatyyppid ilmenee
maksasoluissa mutta myds muissa maksan solutyypeissd, ja ettd sen maard laskee
korkearasvaisen ruokavalion myo6td hiirilld sekd rasvamaksataudissa ihmisill4.
Maksasoluihin kohdennettu MC1R:n geneettinen puutos (Mclr LKO) lisdsi maksan
painoa, kohotti verenkierron ja maksan kolesterolitasoja sekd héiritsi sappi-
aineenvaihduntaa tavallista rehua syovilla nuorilla hiirilli. MC1R:n farmakologinen
aktivaatio puolestaan pienensi solunsiséistd kolesterolimddrd sekd tehosti
lipoproteiinipartikkelien soluunottoa viljellyissd maksasoluissa. Toisessa osatydssa
tutkittiin MCI1R:n merkitysti rasva-aineenvaihdunnassa hyodyntdmalld Mc1re®
-hiirimallia, jossa MCI1R:n puutos ilmenee koko kehossa. Tavallista tai korke-
arasvaista rehua syoneet Mc1r®® hiiret olivat normaalipainoisia mutta alttiimpia
kehon rasvamassan lisddntymiselle ja rasvasolujen koon kasvulle. Tdmi ilmiasu
havaittiin my0s korkearasvaista rehua saaneilla Mclr LKO hiirilld, mika osoittaa
vaikutusten johtuvan hiiriostd maksasolujen MCIR signaloinnissa. MC1R:n puutos
maksasoluissat johti myds triglyseridipitoisuuksien kohoamiseen, maksan
rasvoittumiseen ja sidekudoksen méérian lisddntymiseen sekd muutoksiin maksan
rasvahapposynteesi sditelevien geenien ilmenemisessa.

Viitoskirjatyon 16ydokset osoittavat MC1R:n séételevin maksan kolesteroli- ja
rasvahappoaineenvaihduntaa, ja sen puutoksen altistavan rasvamassan lisdénty-
miselle ja maksan rasvoittumiselle. MC1R on siten mahdollinen ladkekehityskohde
metabolisten hdirididen kuten rasvamaksataudin hoidossa.

AVAINSANAT: Melanokortiini 1 reseptori, maksa, kolesteroli, triglyseridi, fib-
roosi, rasvasolu, hiirimalli
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1 Introduction

Metabolic dysfunction-associated steatotic liver disease (MASLD) is the most
prevalent chronic liver condition, closely linked to obesity and type 2 diabetes (Than
and Newsome, 2015). It is characterized by excessive lipid accumulation in
hepatocytes (steatosis) without significant alcohol consumption or other liver injury
causes, such as viral hepatitis. Elevated plasma levels of low-density lipoprotein
cholesterol (LDL-c) are a common risk factor, increasing the likelihood of
cardiovascular disease (CVD) in MASLD patients. Clinically, MASLD is often
associated with an atherogenic lipoprotein phenotype, a form of dyslipidemia
characterized by higher levels of small, dense low-density lipoprotein (LDL)
particles, decreased high-density lipoprotein cholesterol (HDL-c), and elevated
triglycerides (TG) in the blood (Targher et al., 2024). MASLD encompasses a wide
range of liver damage, from simple steatosis to more severe conditions like metabolic
dysfunction-associated  steatohepatitis (MASH), fibrosis, cirrhosis, and
hepatocellular carcinoma (HCC) (Bessone et al., 2018). MASH, is characterized by
hepatic inflammation and hepatocyte apoptosis, which can lead to liver fibrosis and
eventually cirrhosis (Magee et al., 2016). While MASLD progression is generally
slow, approximately 20-30% of patients with MASLD progress from simple
steatosis to MASH, and around 9-25% of those with MASH develop cirrhosis
(Heyens et al., 2021; Yu et al., 2016). Despite increasing understanding of the
mechanisms driving MASLD progression, there are currently no specific therapeutic
options, highlighting the urgent need for novel, safe, and effective pharmacological
interventions for managing MASLD.

The melanocortin family consists of structurally similar peptides, including a-,
B-, and y-melanocyte stimulating hormones (a-, p-, and y-MSH) and
adrenocorticotrophic hormone (ACTH). These peptides are derived from the
common precursor molecule, pro-opiomelanocortin (POMC), via post-translational
processing (Smith and Funder, 1988). Melanocortins exert their effects by binding
with five distinct receptor subtypes (MCIR - MC5R), each characterized by unique
biding affinities (Kim et al., 2002). These melanocortin receptors (MCRs) are widely
expressed across various tissues and regualte diverse physiological processes,
such as melanogenesis, steroidogenesis, exocrine secretion, sexual function,

11
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inflammation, and energy homeostasis (Cone, 1999; Fan et al., 1997; Kim et al.,
2000). Due to these diverse functions, MCRs have become a promising targets for
therapeutic intervention in inflammatory, metabolic, and CVD (Cai et al., 2009).
Several MCR-targeted drugs are currently under clinical investigation, and a few
have been approved for treating conditions like skin disorders, sexual dysfunction,
and genetic obesity (Montero-Melendez et al., 2022).

MCIR is a well-characterized receptor for a-MSH, predominantly expressed in
melanocytes, where it plays a critical role in regulating skin pigmentation (Nagui et
al., 2017; Park et al., 2019). Additionally, MC1R expression has been identified in
various cell types, including monocytes and macrophages, dendritic cells,
neutrophils, endothelial cells, fibroblasts, and goblet cells of the duodenum (Becher
et al., 1999; Catania et al., 1996; Colombo et al., 2002; Hartmeyer et al., 1997,
Reichrath et al., 2005; Star et al., 1995). Evidence also supports its role as an anti-
inflammatory and immunomodulatory regulator in leukocytes (Catania, 2007).
Furthermore, MCI1R expression has also been reported in the liver and adipose tissue
of both humans and mice (Boston and Cone, 1996; Gatti et al., 2006; Hoch et al.,
2007; Mpller et al., 2015). However, these studies primarily focused on
characterizing the expression of MC1R without exploring its functional significance
in these metabolic tissues. Consequently, the functional role of MC1R, particularly
in the liver, remains poorly understood.

The primary aim of this thesis was to investigate the role of MCIR in the
regulation of cholesterol and fatty acid (FA) metabolism using MCI1R signaling-
deficient mouse models (in vivo) and liver cell culture models (in vitro). The
development and characterization of a hepatocyte-specific MCIR deficient mouse
model revealed that functional MCIR is expressed in the liver, and its deficiency
leads to disturbances in cholesterol, bile acid, and FA metabolism. These findings
highlight a novel role of hepatic MC1R signaling in lipid metabolism, opening new
avenues for further investigation into MC1R biology and its therapeutic potentials.
Even though the direct translation of the results of this thesis into human biology are
unclear in this moment, these findings suggest that activating MC1R signaling in the
liver could serve as a protective mechanism against MASLD and associated
metabolic complications such as hyperlipidemia.

12



2 Review of the Literature

2.1 Pro-opiomelanocortin and melanocortins

Melanocortins are a group of small peptide hormones derived via the post-
translational cleavage of the common precursor molecule POMC. This family of
hormones include a-, B-, and y-MSH, as well as ACTH. Melanocortin peptides play
key roles in regulating a wide array of physiological processes, including energy
homeostasis, adrenal function, sexual behavior, thermoregulation, immune response,
and skin pigmentation (B6hm and Gréssel, 2012). The POMC gene is predominantly
expressed in the anterior and intermediate lobes of the pituitary gland as well as in
the hypothalamus (Bumaschny et al., 2007). It is present in peripheral tissues,
including the skin (Slominski et al., 2000). The POMC gene is located on the short
arm of chromosome 2p23.3 and encodes a 267 amino-acid polypeptide precursor
called pre-opiomelanocortin (pre-POMC). The synthesis of POMC involves the
removal of a 26-amino-acid signal peptide sequence (Harno et al., 2018; Toda et al.,
2017). The human POMC sequence consists of 241 amino acids, whereas in mice
and rats, it is composed of 209 amino acids. Structurally, POMC includes a highly
conserved N-terminal peptide domain (known as the 16K fragment or pro-y-MSH),
which contains the first (y) MSH sequence; a central ACTH (1-39) sequence that
encompasses the a-MSH sequence; and a C-terminus region that contains (B-LPH),
B-endorphin, and the third (B) MSH sequence (Bicknell, 2008) (Fig. 2.1). The
successful cloning of the POMC gene was accomplished by Nakanishi et al. in 1979,
and the term “POMC” was introduced by Michael Chrétien and colleagues in the
same year (Chrétien et al., 1979; Nakanishi et al., 1979). Notably, there exist only a
single functional copy of the POMC gene, and its overall structure has remained
conserved across different species, except in salmon, which lacks the y-MSH
sequence (Kawauchi et al., 1981). Despite some variations in peptide length among
organisms, the POMC gene structure is highly conserved, particularly in regions
encoding biologically active peptides such as ACTH, a-MSH, and B-endorphin
(Bumaschny et al., 2007).
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Signal Peptide N-terminal Fragment ‘ ACTH (1-39) ‘ ’ B-LPH (1-91) ‘
‘ CLIP (18-39) ‘ ‘ y-LPH (1-58) ‘ ‘ B-Endorphin (61-91) ‘
‘ y-MSH ‘ ‘ a-MSH (1-13) ‘ B-MSH (41-58)

Figure 2.1. Schematic structure of the pro-opiomelanocortin (POMC) precursor protein. The
POMC gene encodes a hormone precursor that is cleaved at dibasic amino acid sites
during post-translational modification to produce melanocortin peptides.

ACTH is well-known for its essential role in stimulating steroidogenesis in the
adrenal cortex, where it promotes the production of corticosteroids. Unlike other
melanocortin peptides ACTH uniquely activates all five MCR subtypes, making it a
central player in a wide range of physiological processes (Yuan and Tao, 2022). In
mammals, a-MSH is primarily recognized for its involvement in skin pigmentation,
and is highly conversed across species (Catania et al., 2000). In contrast, f-MSH and
v-MSH have been less extensively studied. Notably, B-MSH lacks an N-terminal
cleavage site and is absent in rodents (Bennett, 1986). y-MSH is composed of two
cleavage products, gamma-1 and gamma-3, and features a critical N-terminal lysine
residue (Roselli-Rehfuss et al., 1993). Interestingly, while all MSH peptides share a
conserved core sequence of amino acids (MEHFRW), y-MSH differs slightly by

( A(E"\Ifll-?hf*) ‘ Ac-Ser—Tyr—Seri—Met—GIu-His—Phe-Arg-Trp-GIy-iLys-Pro-VaI |
B-MSH i ; ;
(B-LPH#1-58) Asp-Glu-Gly-Pro-Tyr-Arg-Met-Glu-His-Phe-Arg-Trp-Gly-Ser-Pro-Pro-Lys-Asp
o — |
v,-MSH ‘ Tyr-VaI.i-Met%-GIy§-His-Phe-Arg-Trp%AspiuArg-Phe-NHz ’
v,-MSH ‘ Tyr-Val{Met.lelyéHis-Phe-Arg-TrpaIAsp@Arg-Phe-Gly ‘
vs-MSH ‘ Tyr-Val:MetiGly:His-Phe-Arg-Trp:Asp+Arg-Phe-Gly-Pro-Arg..GIn ‘

Figure 2.2. Conserved core amino acid sequences of melanocyte-stimulating hormones
(MSH). All the three peptides—a-MSH, 3-MSH, and y-MSH—share a conserved core
heptapeptide sequence (indicated by dotted lines). Figure adapted from (Humphreys,
2004).

14



Review of the Literature

having a glycine residue substituted for glutamic acid, illustrating subtle but
significant variations among these peptides. This diverse array of MSH peptides,
each with unique structural characteristics and receptor-binding properties, plays
vital roles in various physiological functions, including energy homeostasis and
immune regulation.

The processing of POMC into its biologically active peptides is primarily
facilitated by subtilisin-like endoproteases known as prohormone convertases (PCs)
specially PC1/3 and PC2. These enzymes cleave POMC at dibasic amino acid
residue pairs (Arg-Lys, Arg-Arg, Lys-Arg or Lys-Lys), which flank all bioactive
peptides within POMC sequence (Fig. 2.2) (Humphreys, 2004). In the anterior
pituitary, PC1/3 predominantly processes the POMC precursor into larger peptides
with higher molecular weight, including ACTH, B-LPH, and the N-terminal
fragment (Fig. 2.3). PC2 in conjunction with other processing enzymes like
carboxypeptidase E (CPE) and a-amidating monooxygenase (PAM), is responsible
for the cleavage of smaller peptides, including B-endorphin, and a-, -, and y-MSH
hormones (Wardlaw, 2011). The production of o-MSH involves further
modification, where it undergoes acetylation by the N-acetyltransferase (N-AT)
enzyme, resulting in a mature a-MSH peptide. This acetylation enhances its
resistance to proteolytic degradation, thereby prolonging its biological activity.

| N-POMC - ACTH B-LPH |
'\ PC1/3
[ Pro- ™H | | B-LPH |
PC1/3
| NPOMC | | ACTH(1-39) | BEd
’)\PCZ
v
ACTH | | cLP N-AT
y-MSH aa7) | | resey | | vLPH B-EP (1-31) |—»| Ac-B-EP
CPE l PAM CPE lpcz
daomsH | VAT ForvsH y B-EP 1-27
(1-13) > (1-13) | B-MsH
l PRCP l B-EP 1-26
da a-MSH a-MSH
(1-12) (1-12)

Figure 2.3. Schematic of melanocortin synthesis via the processing of the common pro-
opiomelanocortin (POMC) precursor. The POMC molecule is cleaved by the serine
proteases pro-protein convertase 1 (PC1) and pro-protein convertase 2 (PC2) into
functional peptide fragments. Key abbreviations: ACTH - adrenocorticotropic
hormone; CLIP - corticotropin-like intermediate peptide; B-LPH — B-lipotropic
hormone; B-EP — B-endorphin; PC1 — pro-protein convertase 1; PC2 — pro-protein
convertase 2. Figure adapted from (Wardlaw, 2011).
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However, both acetylated and non-acetylated forms of a-MSH have relatively short
half-lives due to enzymatic degradation. For instance, prolyl carboxypeptidase
(PRCP) is one of the enzymes that inactivates a-MSH, contributing to its rapid
turnover (Wallingford et al., 2009).

2.2 Melanocortin receptors

Melanocortins mediate their biological functions via a family of five closely related
MCR subtypes, MC1R - MC5R, named in order of their discovery. These receptors
are broadly distributed across various tissues, and their diverse functions are
determined by their unique tissue-specific expression and ligand-binding profiles.
As members of the G protein-coupled receptor (GPCR) superfamily, MCRs are
characterized by a seven-transmembrane domain structure, allowing them to
transduce extracellular signals into intracellular responses (Schidth, 2001). This
structural configuration enables MCRs to play crucial roles in a range of
physiological processes. The specificity of receptor subtypes and their affinity for
different ligands add complexity to melanocortins at both cellular and systemic
levels. A comparison of the MCR subtypes reveals a significant sequence homology,
ranging from 38% to 60% at the amino acid level. For example, melanocortin 4
receptor (MC4R) and melanocortin 5 receptor (MC5R) share about 60% sequence
homology, whereas MC2R and MC4R exhibit around 38% sequence identity (Yang,
2011). The successful cloning of these receptors has spurred extensive research into
their physiological functions, continually uncovering new roles and highlighting
their evolving importance in cellular regulation and systemic processes (Tatro,
1996).

Melanocortins exhibit varying binding affinities to different MCR subtypes. For
instance, ACTH and a-MSH bind to MCIR with equal affinity, but only ACTH can
activate MC2R. While ACTH can also bind to MC3R, MC4R and MC5R, y-MSH
predominantly binds to MC3R, and a-MSH shows a preference for MC5R. The
binding affinities of POMC-derived peptides to MCR subtypes are summarized in
Table 2.1. Ligand stimulation of MCRs typically activates the classical signaling
pathway involving the stimulatory G protein (Gs), leading to the activation of
adenylate cyclase (AC) and an increases in intracellular cyclic adenosine 3°,5-
monophosphate (cAMP) levels (Cone et al., 1996). MCRs may also couple with
other G proteins (Gi/o, and Gq) and engage additional signaling pathways, such as
PI3 kinase, which subsequently activates mitogen-activated protein kinases
(MAPKSs) like extracellular signal-regulated kinases 1 and 2 (ERK1/2) and c-Jun
amino-terminal kinase (JNK) (Chai et al., 2007; Konda et al., 1994).

The wide-ranging physiological functions of MCRs include roles in
melanogenesis, cardiovascular regulation, exocrine secretion, sexual function,
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energy homeostasis, as well as anti-inflammatory and immunomodulatory actions
(Cone, 2006; Tao, 2017; Wang et al., 2019). MCIR, primarily known as the a-
MSH receptor, is mainly expressed in the skin and plays a crucial role in skin and
hair pigmentation (Jackson et al., 2007). It is also found in leukocytes, where it
exerts anti-inflammatory effects. MC2R, or the ACTH receptor, is predominantly
expressed in the adrenal cortex and adipose tissue (Cone et al., 1996). MC3R and
MC4R are mainly localized in the central nervous system (CNS) and are involved
in regulating body weight, energy homeostasis, feeding behavior, and sexual
function. MC5R is expressed in exocrine glands and other peripheral tissues such
as adipose tissue, kidney, and leukocytes (Gong, 2014). Overall, MCR subtypes
are widely expressed throughout the body and are implicated in a various diseases
including obesity, sexual dysfunction, cancer, skin disorders, diabetes, and
metabolic and inflammatory conditions (Do Carmo et al., 2013; Hadley, 2005;
Roberts et al., 1983).

Table 2.1. Binding affinities of proopiomelanocortin (POMC)-derived peptides to their
respective melanocortin receptors. Table adapted from (Yuan and Tao, 2022).

Peptide Sites of expression Natural Ligand and Function
receptor affinity
MC1R Integumentary system, a-MSH > 3-MSH > Pigmentation and anti-
endothelial cells, immune y3-MSH > ACTH > inflammation
system y1-MSH > y2-MSH
MC2R Adrenal cortex ACTH Steroidogenesis
MC3R Central nervous system y1-MSH > y3-MSH > Energy homeostasis and
(CNS), digestive system, 3-MSH > y2-MSH > anti-inflammation
immune cells a-MSH > ACTH
MC4R Central nervous system | 3-MSH > a-MSH > ACTH Energy homeostasis,
(CNS), heart, pancreas >y1-MSH > y3-MSH > | blood pressue regulation,
y2-MSH sexual function
MC5R Exocrine glands a-MSH > 3-MSH > ACTH | Synthesis and secretion
> y1-MSH > y2-MSH= of exocrine gland
y3-MSH products
2.21 Melanocortin 1 receptor

MCIR is a well-recognized regulator of melanin production, playing a crucial role in
determining skin phenotype and sensitivity to ultraviolet (UV) light-induced damage.
Although initially identified in melanocytes, MC1R is also expressed in various other
cell types, including monocytes, macrophages, dendritic cells, neutrophils, endothelial
cells, fibroblasts, and goblet cells in the duodenum (Becher et al., 1999; Catania et al.,
1996; Colombo et al., 2002; Hartmeyer et al., 1997; Reichrath et al., 2005; Star et al.,
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1995). The human MCIR gene was first cloned 1992 by two independent research
groups (Chhajlani and Wikberg, 1992; Mountjoy et al., 1992), with the murine
homolog of MCIR also identified and mapped in the same year (Mountjoy et al.,
1992). Subsequent cloning of MCIR from other mammalian and non-mammalian
species followed swiftly. The human MCIR gene, which is intron-less, is mapped to
chromosome 16q24.3 and gives rise to three protein-coding splice variants (Gantz et
al., 1994). Structurally, MCIR is an integral membrane protein comprising 317 amino
acids, characterized by typical GPCR features such as an extracellular N-terminus, 7
transmembrane segments, and an intracellular C-terminal domain (Fig. 2.4). MCI1R
belongs to class A of GPCR family, with rhodopsin serving as the prototype (Gether,
2000). Despite the crystallization challenges posed by GPCRs, initial insights into their
secondary and tertiary structures have been derived from low-resolution electron
microscopy of bacteriorhodopsin and the crystal structure of rhodopsin (Palczewski et
al., 2000; Subramaniam and Henderson, 1999). Most recently, Ma et al. revealed high-
resolution cryo-electron microscopy structures of active MC1R-Gs complexes bound
to different ligands: the endogenous agonist a-MSH, the stable a-MSH analogue
afamelanotide, and the partial agonist SHU9119 (Ma et al., 2021). The binding models
observed in these studies were consistent with those of MC4R-Gs complex (Israeli et
al., 2021), supporting a conserved ligand recognition mechanism among MCRs.
Additionally, the discovery of a conserved calcium-binding site in the MC1R-Gs
complex highlights the pivotal role of calcium ions in ligand recognition and MCIR
activation.

Beyond its role in pigmentation, MCIR is integral to inflammation and immune
modulation. Activation of MCIR by a-MSH exerts anti-inflammatory effects by
reducing pro-inflammatory cytokines production while simultaneously enhancing
anti-inflammatory cytokines levels (Catania et al., 2004). MC1R activation has also
been associated with anti-carcinogenic and tumor-suppressive effects in skin
melanocytes (Eves et al., 2003; Kokot et al., 2009). Moreover, MCIR plays a
functional role in the intestinal immune system and has been implicated in the
pathophysiology of inflammatory bowel disease (Maaser et al., 2006).
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Figure 2.4. Structure of the mature melanocortin 1 receptor (MC1R) protein. The human
MC1R gene encodes a seven-transmembrane protein that is highly polymorphic. The
transmembrane domains traverse the cell membrane seven times. The extracellular
N-terminus interacts with ligands, while the intracellular C-terminus initiates signaling
pathways, such as the activation of adenylyl cyclase (AC). Figure adapted from (Wolf
Horrell et al., 2016).

MCIR activity is intricately regulated by melanocortins, the agonist agouti
signaling protein (ASIP), and B-defensin 3 (BD3). A distinctive feature of MCRs is
their interaction with both naturally occurring agonists and antagonists. For MCI1R,
melanocortins such as a-MSH serve as agonists, stimulating receptor activity.
Conversely, ASIP acts as an inverse agonist that directly inhibits MCIR, reducing its
basal signaling activity and suppressing eumelanogenesis. Additionally, D3 functions
as a natural antagonist, dampening the signaling response induced by agonists without
affecting the receptor’s basal activity. The binding of a-MSH to MCIR leads to an
increase in cAMP synthesis, initiating downstream signaling pathways. ASIP
competes with a-MSH for binding to MC1R, which diminishes receptor activity and
lowers cAMP production (Fig. 2.5). In contrast, D3 binding does not alter basal
cAMP levels but disrupts the interaction of both a-MSH and ASIP with MCIR,
thereby modulating the receptor’s response without direct activation or inhibition. This
complex regulation by both agonists and antagonists highlights the dynamic control of
MCIR signaling and its role in various physiological processes.
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Figure 2.5. Melanocortin 1 receptor (MC1R) and its three main ligands. MC1R is activated when
a-MSH binds to it, leading to an increase in cyclic adenosine monophosphate (CAMP)
levels and the production of eumelanin, which provides protection against UV radiation.
B-defensin 3 (BD3) acts as a neutral antagonist of MC1R, blocking the effects of both a-
MSH and agouti signaling protein (ASIP). Key abbreviations: cAMP — cyclic adenosine
monophosphate; UV — ultraviolet; D3 — B-defensin 3; ASIP — agouti signaling protein;
AC — adenylate cyclase. Figure adapted from (Wolf Horrell et al., 2016).

2.2.2 Melanocortin 2 receptor

The human MC2R, also known as the ACTH receptor, was the second MCR subtype
to be cloned. The MC2R gene encodes a protein comprising 325 amino acid residues
and is mapped to chromosome 18pl11.2. As a unique MCR subtype, MC2R is
specifically activated by ACTH, earning it the designation of the ACTH
receptor. It is primarily expressed in the zona fasciculata and zona reticularis of the
adrenal glands, where it plays a key role in regulating steroidogenesis
(Ruggiero and Lalli, 2016). This function has been further supported by human
genetic studies, which have linked mutations in the MC2R gene to familial
glucocorticoid deficiency (Lin et al., 2007). Additionally, MC2R expression has been
detected in human skin and murine adipocytes. In rodents, activation of MC2R by its
canonical ligand, ACTH, facilitates lipolysis in white adipose tissue (WAT) (Mealler
et al., 2011). However, human WAT lacks MC2R expression (Mgller et al., 2015),
highlighting species-specific differences in MC2R expression profiles.
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2.2.3 Melanocortin 3 receptor

The human MC3R gene, the third MCR subtype to be cloned, encodes a peptide
consisting of 361 amino acids. Located on chromosome 20q13.2-q13.3, MC3R is
unique in that it lacks introns. The MC3R protein is the least selective among the
MCR subtype, binding with equal affinity to ACTH as well as a-, B- and y-MSH
(Renquist et al., 2011). The MC3R gene is predominantly expressed in the
hypothalamus but is also found in several peripheral tissues, including the heart,
skeletal muscle, macrophages, and intestinal epithelial cells (Bertolini et al., 2009;
Brzoska et al., 2008). In the hypothalamus, MC3R plays a crucial role in regulating
energy homeostasis. Mc3r-deficient mice exhibit a distinctive obesity phenotype,
characterized by increased fat mass, reduced lean mass, and no apparent hyperphagia
(Marks et al., 2006). This phenotype is further exacerbated by high-fat diet feeding.
While its primary function is in energy balance, recent studies have shown that
MC3R is also involved in growth, puberty, and circadian rhythms (Yanik and
Durhan, 2023). In leukocytes, particularly macrophages, MC3R has an anti-
inflammatory effects (Getting et al., 1999), with similar immunomodulatory actions
observed in the CNS (Muceniece et al., 2006). Additionally, MC3R is implicated in
cardiovascular regulation, thermoregulation, and the neuroendocrine system
(Roselli-Rehfuss et al., 1993).

224 Melanocortin 4 receptor

The human MC4R gene was independently discovered by the research groups of
Gantz and Cone using degenerate polymerase chain reaction (PCR) and homology
screening technique (Gantz et al., 1993; Mountjoy et al., 1994). It is the fourth MCR
subtype to be cloned. The MC4R gene is intron-less, located on chromosome
18921.3, and encodes a protein of 332 amino acid residues (Gantz et al., 1993;
Magenis et al., 1994). Sequence homology analysis of MCRs revealed that MC4R
shares the highest sequence similarity with MC3R, showing approximately 58%
identity and 76% similarity. Similar to MC1R, MC4R binds to ACTH, a-MSH, and
B-MSH with equal affinity, but has a lower affinity for y-MSH (Yuan and Tao, 2022).
MCA4R is predominantly expressed in the CNS, with significant presence in the
hypothalamus, thalamus, and hippocampus (Mountjoy et al., 1994). MC4R is known
for its role in regulating food intake, energy expenditure, and sexual function (Cone,
2005). Activation of MC4R promotes satiety, increases energy expenditure, and
contributes to weight loss, while its inactivation leads to increased food intake,
energy conservation, and weight gain (Cone, 2005; Garfield et al., 2009),
underscoring its central role in energy homeostasis. Consequently, mutations in the
MC4R gene are associated with monogenetic obesity in humans (Cone, 2005). The
critical role of MC4R in energy regulation has been further validated in animal
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models, where targeted disruption of Mc4r in mice leads to severe obesity, insulin
resistance, and hyperglycemia (Huszar et al., 1997; Ste Marie et al., 2000).

2.2.5 Melanocortin 5 receptor

The human MC5R gene was cloned via homology screening of human genomic
DNA and was the last of the MCR subtype to be identified. MC5R has a high binding
affinity for a-MSH and, to a lesser extent, ACTH, but it does not bind to y-MSH
(Catania et al., 2004). Located on chromosome 18p11.2, MC5R is widely expressed
in exocrine glands. Unlike other MCR subtypes, MC5R is also ubiquitously
expressed in various peripheral tissues, including the adrenal glands, white
adipocytes, kidney, thymus, skin, testicular, ovarian, uterine, esophageal, duodenal,
liver, and lung tissue (Xu et al., 2020). Additionally, MC5R is expressed in immune
cells, where it plays a role in regulating immune responses. In mice, knockout of
Mc5r gene leads to defects in exocrine gland function, impairing water expulsion
and thermoregulation due to reduced production of sebaceous lipids (Chen et al.,
1997). Activation of MC5R has also been shown to promote lipid mobilization in
adipocytes (Ji et al., 2022) and glucose uptake in skeletal muscle (Enriori et al.,
2016).

2.3 Synthetic ligands for melanocortin receptors

Targeting MCRs via rational peptide and peptidomimetic design is challenging due
to the lack of characterization of their three-dimensional protein structures.
Additionally, the high sequence homology among MCR subtypes challenges the
development of highly selective and effective ligands. For example, MC1R and
MCA4R share structural similarities that can lead to off-target effects when developing
ligands. This homology makes it hard to design peptides or peptidomimetics that are
selective, meaning they only bind to one specific MCR subtype without affecting
others. The lack of selectivity can result in unwanted side effects and limit the
therapeutic potential of these compounds. Despite these challenges, there is a critical
need to develop selective and stable synthetic ligands for MCRs. The natural ligands
for MCRs, such as a-MSH, have several limitations. They degrade rapidly due to a
short functional half-life, meaning they do not last long enough to provide sustained
therapeutic effects (Diano, 2011). This rapid degradation makes endogenous ligands
less effective as therapeutic agents for treating diseases like obesity, inflammation,
and metabolic disorders, where prolonged receptor activation or inhibition is needed.
Interestingly, MCRs are unique because they have both naturally occurring agonists
and antagonists. This dual nature creates both challenges and opportunities for drug
development. It complicates the design process due to the different binding
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interactions and effects on receptor activity. However, it also opens possibilities for
creating highly specialized drugs. By understanding the specific interactions of these
natural ligands with different MCR subtypes, it is possible to design new molecules
that selectively mimic or block these interactions, leading to targeted therapeutic
effects with fewer side effects. Understanding of the flexibility of a molecule helps
clarify the relationship between its structure and function. This knowledge can
improve the selectivity, stability and bioavailability of the synthetic peptides
compared to the natural peptides. However, predicting the most active and stable
conformation of a molecule is challenging, so general strategies must be employed
to address this issue (Hruby, 2002).

The very first synthetic analogue of a-MSH, [Nle4-d-Phe7]-a-MSH (NDP-a-
MSH), was characterized in 1980 and is known as afamelanotide or melanotan-I
(MT-I). It has a prolonged duration of action and high affinity and potency to all
MCR subtypes (Sawyer et al., 1980). Another analog of a-MSH, known as
melanotan-II  (MT-II; Ac-Nle-cyclo[Asp-His-D-Phe-Arg-Trp-Lys]-NH2), was
developed later and displays high potency to MCR subtypes with improved half-life
(Zhou and Cai, 2017). MT-Il is a cyclic peptide that improves its metabolic stability
and bioavailability. Moreover, the general structure of MT-II has been used as a
model for further development of MCR subtype ligands, which has resulted in the
discovery of selective agonists for MC1R and MC5R and antagonists for MC3R and
MCA4R (Doedens et al., 2010; Grieco et al., 2002). Interestingly, a highly selective
agonist for MCIR, known as LD211, compound 28 in the original publication
(Doedens et al., 2010), has been identified. This compound exhibits a strong binding
affinity specifically for MC1R, demonstrating no activity on other MCR subtypes.
Due to its biased agonism - meaning it preferentially activates specific signaling
pathways and its pathway-selective properties, LD211 is considered a promising
candidate for drug development targeting MC1R-related pathways. These properties
make it of significant therapeutic interest, particularly for conditions where selective
activation of MCI1R could be beneficial. However, it is important to note that LD211
has only been tested in preclinical studies and has yet to be evaluated in human
clinical trials, leaving its potential therapeutic applications still under investigation.
Given the central role of MC4R in energy homeostasis, there has been particular
interest to develop and characterize novel MC4R agonists with higher selectivity and
greater efficacy. The first MC4R-targeted drug setmelanotide (Imcivree™, Rhythm
Pharmaceuticals) was recently approved by FDA for use in the treatment of obesity
resulting from POMC, proprotein convertase subtilisin/ kexin type 1 (PCSK1), or
leptin receptor (LEPR) deficiency (Markham, 2021). Even though, it has high
affinity for MC4R, but can activate also other MCR subtypes, demonstrating a need
for the development of more selective MC4R agonists in the future.
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The pursuit of highly selective, stable, and effective ligands for MCRs is
complex yet vital endeavor. Overcoming the structural limitations, addressing the
high sequence homology among receptor subtypes and enhancing the stability of
synthetic ligands are crucial steps. Successfully tackling these obstacles will unlock
the potential for innovative therapies targeting a wide range of MCR-mediated
conditions, including metabolic disorders, skin diseases, and inflammatory
conditions, offering new avenues for precise and effective treatment strategies.

24 Physiological functions and therapeutic
potential of melanocortin 1 receptor

The MCIR gene is well-established for its central role in skin and hair pigmentation.
Melanocytes in the epidermal layer of the skin produce two primary types of
melanin: eumelanin and pheomelanin. Eumelanin, the darker pigment, is chemically
inert and highly photoprotective, effectively absorbing ultraviolet (UV) radiation and
thereby shielding the skin from UV-induced damage (Kaidbey et al., 1979). In
contrast, pheomelanin, which imparts a red/yellow hue, is less efficient in UV
filtering and can potentially contribute to UV-induced skin damage and oxidative
stress by increasing free radical production (Mitra et al., 2012). Activation of MC1R
promotes the synthesis of eumelanin and enhances the eumelanin-to-pheomelanin
ratio (Fig. 2.7) (Hunt et al., 1995; Virador et al., 2002). The human MCIR gene
exhibits considerable polymorphism, with several loss-of-function variants
associated with the “red hair color” phenotype (Abdel-Malek et al., 2014; Valverde
et al., 1995). Furthermore, MCIR polymorphism have been linked to various
conditions beyond pigmentation, including major depressive disorder (MDD) (G.-S.
Wu et al., 2011) and obesity (Gerhard et al., 2013) in certain Quebec families
(Chagnon et al., 1997) via linkage studies. Interestingly, a recent study has also
demonstrated a significant association between MCIR variants and type 2 diabetes
(Amin et al., 2022).

Several studies have demonstrated that the expression and physiological
functions of MCIR extend beyond melanocytes and pigmentation. Mounting
evidence suggests that MCIR acts as a regulator of innate-immune responses,
antioxidant defense, and DNA-repair mechanisms (Abdel-Malek et al., 2014; Li et
al., 2021; Swope et al., 2014). MCIR has a wide expression profile in different cell
types including endothelial cells, monocytes, macrophages, lymphocytes,
neutrophils, intestinal epithelia, testicular, ovarian, placental, lung, and liver tissue
(Brzoska et al., 2008; Schitth et al., 1999). MCIR is also expressed in the central
nervous system (CNS), although its expression is primarily localized to the
periaqueductal grey matter of the midbrain, where it plays a key role in pain
modulation (Mogil et al., 2003; Xia et al., 1995). In leukocytes, MC1R exerts anti-
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inflammatory actions by suppressing the expression of pro-inflammatory markers,
while simultaneously increasing the production of anti-inflammatory cytokines
(Cataniaetal., 2004). Moreover, MC1R is expressed in fibroblasts, where it mediates
anti-inflammatory, and antifibrotic effects. Therapeutic benefits of MC1R activation
have been demonstrated in preclinical models of systemic sclerosis, where oral
administration of a novel MCIR agonist, dersimelagon (MT-8117), exhibited
disease-modifying effects (Kondo et al., 2022). MCIR activation has also been
shown to be protective in animal models of intestinal and ocular inflammation, and
in Parkinson’s disease (Cai et al., 2022; Spana et al., 2019). A recent study revealed
that the neuroprotective and anti-inflammatory effects of MCIR activation with the
selective ligand BMS-470539 in a rat model of brain injury (Yu et al., 2021).
Likewise, therapeutic potential of MCI1R activation has been demonstrated in the
treatment of melanoma, a highly aggressive and resistant skin cancer. Recent in vitro
and in vivo mouse studies have revealed that overexpression of MC1R stimulates
the DNA repair process and can overcome the traditional chemotherapy treatments
for melanoma (Castejon-Grifian et al., 2018; Chen et al., 2017; Montero-Melendez
etal., 2022). Furthermore, increased MC1R expression has been found in the adipose
tissues of obese individuals as well as in mouse adipocytes, indicating a potential
function also in lipid metabolism (Boston and Cone, 1996; Mountjoy and Wong,
1997). Indeed, a study by Richer and Schwandt demonstrated the lipolytic activity
of MCIR in rabbit adipocytes (Richter and Schwandt, 1987). Additionally, in human
preadipocytes, o-MSH has been shown to inhibit both proliferation and adipogenesis
via MCIR activation (Smith et al., 2003). However, the precise lipolytic role of
MCIR in murine and human adipocytes remains unclear.
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Figure 2.6. Anti-inflammatory effects melanocortin 1 receptor (MC1R). When a-MSH
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activates MC1R, it exerts an anti-inflammatory effect by increasing cyclic adenosine
monophosphate (cCAMP) production. Elevated cAMP activates protein kinase A (PKA)
and protein kinase C (PKC), which in turn activate the MAPK and JAK/STAT signaling
pathways. These pathways inhibit the degradation of IkB, leading to a decrease in the
expression of pro-inflammatory cytokines (IL-1, TNF-a, IL-6, IL-8, IL-12), inducible
nitric oxide synthase (iNOS), and adhesion molecules (ICAM-1 and VCAM-1).
Additionally, MC1R activation can phosphorylate cAMP response element-binding
protein (CREB), which increases the expression of anti-inflammatory markers. Key
abbreviations: AC — adenylate cyclase; ATP — adenosine triphosphate; cAMP — cyclic
adenosine monophosphate; PKA/PKC — protein kinase A/C; MAPK — mitogen-
activated protein kinase; JAK/STAT — Janus kinase/signal transducer and activator of
transcription; CREB — cAMP response element-binding protein; IkB — IkappaB kinase;
NF-kB — nuclear factor kappa B; IL-10 — interleukin-10; IL-1 — interleukin-1; TNF-a —
tumor necrosis factor-alpha; IL-6 — interleukin-6; IL-8 — interleukin-8; IL-12 —
interleukin-12; INOS — inducible nitric oxide synthase; ICAM-1 — intercellular adhesion
molecule-1; VCAM-1 — vascular cell adhesion molecule-1. Figure adapted from (Mun
etal., 2023).
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The wide expression profile and diverse physiological functions of MCIR have
generated significant interest in investigating its therapeutic potential across a broad
range of diseases. As a key player in modulating immune responses, MC1R has been
implicated in various inflammatory conditions, suggesting its promising role as a
therapeutic target. Consequently, MCI1R-targeted therapies are currently under
investigation in both preclinical and clinical studies for the treatment of several
challenging conditions, including multiple sclerosis, rheumatoid diseases, ulcerative
colitis, and nephrotic syndrome (Montero-Melendez et al., 2022). These ongoing
investigations highlight the receptor's potential to address unmet medical needs,
offering new avenues for the treatment of diseases where inflammation plays a
critical role in pathogenesis.

2.5 Melanocortin 1 receptor signaling pathways

Binding of a-MSH to MCIR activates adenyl cyclase (AC), leading to an increase
in cAMP production, a key second messenger that regulates a variety of cellular
processes. In the downstream signaling cascade, cAMP activates either protein
kinase A (PKA) or protein kinase C (PKC), which subsequently phosphorylates
cAMP responsive element-binding protein (CREB). CREB is a transcription factor
that plays a crucial role in the melanogenesis and the proliferation of melanocyte
(Moscowitz et al., 2019). This signaling pathway is fundamental not only to
pigmentation but also to the regulation of other cellular functions that are vital for
skin homeostasis and response to external stimuli (Abdel-Malek et al., 2014; Kokot
et al., 2009). In addition to the cAMP-dependent pathway, MCIR activation also
engages a cAMP-independent pathway, which leads to the activation of extracellular
signal-regulated protein kinase 1 and 2 (ERK1/2) via c-Kit signaling pathway (Fig.
2.7). This pathway provides an alternative mechanism for cellular response mediated
by MCI-R activation. Moreover, the c-Kit pathway may also activate AKT
phosphorylation as a downstream effect of MCI1R signaling, further contributing to
various cellular processes such as survival, proliferation, and differentiation (Herraiz
etal., 2011).

In terms of anti-inflammatory effects, MCI1R signaling elevates the intracellular
cAMP level, which activates PKA and PKC. These kinases then phosphorylate
CREB, a transcription factor that plays a major role in inhibiting NF-kB, a critical
regulator of various inflammatory markers (Fig. 2.7) (Liu et al., 2017). Additionally,
PKA activation suppresses p38 MAP kinase and TATA-binding protein (TBP) by
inhibiting the phosphorylation of MAP kinase kinase kinase 1 (MEKKK1). This
inhibition leads to the deactivation of c-JUN N-terminal kinase (JNK), further
contributing to the anti-inflammatory response (Gonzalez-Rey et al., 2007; Kaneva,
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2011). This complex signaling interactions underscore the potential function of
MCIR signaling in modulating inflammatory processes.
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Figure 2.7. Melanocortin 1 Receptor (MC1R) triggered signaling pathways in melanocytes.
UV exposure stimulates the production of a-MSH in the skin, which binds to MC1R,
activating adenylate cyclase (AC) and increasing cyclic adenosine monophosphate
(cAMP) levels. This leads to the activation of protein kinase A (PKA) and protein kinase
C (PKC), which then activate cAMP response element-binding protein (CREB),
promoting the expression of melanocyte-inducing transcription factor (MITF).
Additionally, MC1R transactivates cKIT, which activates the NRAS-BRAF-MEK-ERK
signaling cascade. Both pathways enhance eumelanin production, offering protection
against UV radiation. Furthermore, this signaling improves DNA repair mechanisms,
contributing to genomic stability in melanocytes. Key abbreviations: UV — ultraviolet;
AC — adenylate cyclase; ATP — adenosine triphosphate; cAMP — cyclic adenosine
monophosphate; PKA/PKC — protein kinase A/C; CREB — cAMP response element-
binding protein; MITF — melanocyte-inducing transcription factor; TYR — tyrosinase;
DCT - dopachrome tautomerase; cKIT — receptor tyrosine kinase; NRAS -
neuroblastoma rat sarcoma; AKT — protein kinase B; BAD — B-cell leukemia/lymphoma
2-associated agonist of cell death; BRAF — B-Raf proto-oncogene; MEK — mitogen-
activated protein kinase; ERK1/2 — extracellular signal-regulated kinase 1/2. Figure
adapted from (Herraiz et al., 2011; Wolf Horrell et al., 2016).
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2.6 The liver

2.6.1 Liver anatomy

The liver acts as a detoxifying organ and a key site for the synthesis, metabolism,
storage and redistribution of carbohydrates, proteins, and lipids. In addition, the liver
performs hundreds of other vital functions in the body including albumin production,
bile production, blood filtration, amino acid regulation, and storage of vitamins and
minerals. It is considered a part of the gastro-intestinal tract. The liver is the largest
solid metabolic organ with a mass that amounts to approximately 2-5% of an adult’s
body weight and weights around 1.4-1.6 kilograms in men, and 1.2-1.4 kilograms in
women. It is a reddish-brown cone-shaped organ located in the upper right-hand
portion of the abdominal cavity, under the diaphragm, and on top of the right kidney,
stomach, and intestines. According to the official International Anatomical
Terminology (IAT), the human liver consists of four lobes: the larger right lobe and
the left lobe and the smaller caudate lobe and the quadrate lobe (Gilloteaux, 1998).
The caudate and quadrate lobes are well-defined units on the visceral aspect but have
no representation on its ventral aspect. In practice, liver model with 8 segments has
become the standard norm defined by Couinaud (Couinaud, 1957). Interestingly,
humans have a non-lobated architecture, while rodents have a lobated liver
consisting of 4 distinct lobes (Kruepunga et al., 2019).

2.6.2 The microscopic architecture and functions of the liver

On the microscopic scale, the liver is generally similar in all mammals and consists
of lobules that are functional units of the liver (Fig. 2.8A). In these lobules,
hepatocytes surround the central vein, while the terminal branches of the portal
vein demarcate the periphery of the lobule (Kiernan, 1833). The portal tracts
consist of the terminal branches of the portal vein, hepatic artery, and the bile duct,
and form an isotropic three-dimensional network giving rise to classic hexagonal
shape of the lobule with 3 portal tracts and 3 metabolic zones where the portal
venules end (Fig. 2.8B). In each zone, hepatocytes have different metabolic gene
expression and functionality. These zones are usually known as discrete areas and
exist as a flexible spectrum. Zone 1 is the closest to the portal triad and receives
highly oxygenated blood from the arterioles and nutrient-rich blood from the portal
vein, and therefore, is responsible for oxidative metabolism such as -oxidation,
gluconeogenesis, bile formation, cholesterol formation, and break-down of amino
acids. The oxygen and nutrient gradients decrease from zone 2 to zone 3, since the
blood from portal triad flows towards the central vein (Trefts et al., 2017). Zone 2
is located between zone 1 and 3 and is a critical source of new hepatocytes during
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homeostasis and regeneration. Zone 3 is known as the pericentral region of the
hepatocytes and sits furthest away from the portal triad and has the lowest
perfusion capability amongst all zones (Fig. 2.8D). Liver participates in the
detoxification, ketogenesis, glycolysis, lipogenesis, and biotransformation of drugs
(Kalra et al., 2024). It is the most vascularized organ with dual blood supply, i.e.,
the hepatic artery delivers approximately 25% of the blood and the remaining
approximately 75% of the blood comes from the portal vein (Abdel-Misih and
Bloomston, 2010).

A) Right lobe (B)
Hepatocytes Bile duct
Left lobe
Central vein
Portal vein
Hepatic arte
B i Portal triad
Gall bladder
(©)
Hepatocytes
Kupffer cells

Bile canaliculus

Bile duct
Hepatic artery
Portal triad
Hepatic artery : Eeg:}ic a_rtery
ortal vein
@ Bile duct

Sinusoid

Figure 2.8. Anatomical and structural organization of the human liver. The liver is divided into
lobes and lobules. (A) Graphical illustration of the anterior view (right and left lobes
are only visible in this view) of the human liver. (B) lllustration of a hexagonal-shaped
liver lobules, depicting the central vein, bile duct, hepatic arteries, and portal vein. (C)
Detailed structure of a liver lobule, showing rows of hepatocytes radiating outwards
from the central vein. (D) Zonal organization of liver lobules, divided into zones 1, 2
and 3, which reflect distinct metabolic functions. Parts of the figure was created using
images from the Servier Medical Art, licensed under a Creative Commons Attribution
4.0 International License.
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The liver consists of different cell types such as hepatocytes, biliary epithelial
cells (also known as cholangiocytes), stellate cells, Kupffer cells, and liver sinusoidal
endothelial cells. Hepatic functions are governed via the unique features of these
different cell types. Most of the liver is comprised of hepatocytes and covers around
78% of the parenchymal volume, whereas 6% of the volume is occupied by the non-
parenchymal cells and the remaining 16% is occupied by the extracellular space,
including sinusoidal lumen, space of Disse, and biliary canaliculi (Ellias et al., 2021).
Hepatocytes are epithelial cells with polygonal shape and have large centrally
located nuclei and perform more metabolic functions than any other cell types in the
body. These cells are organized to form a hepatic lobule with a central vein,
sinusoids, and the portal triad consisting of a hepatic artery, a portal venule, and a
bile duct (Fig. 2.8C). While hepatocytes play a pivotal roles in metabolism,
detoxification, protein synthesis, and act as a principal site for metabolic regulatory
pathways (Gong et al., 2023), the macrophagic Kupffer cells sit within the sinusoid
walls and are mainly responsible for the production of inflammatory substances that
could further influence the phenotypes of neighboring cells (Bilzer et al., 2006).
Sinusoids are the smallest vessels composed of highly fenestrated channels.
Hepatocytes contain organelles including endoplasmic reticulum (ER) and Golgi
apparatus for the secretory functions and are enriched with high numbers of
mitochondria, providing energy for various metabolic functions within the body.
Hepatocytes are arranged in cords with layers of cells organized into the hexagonal
lobules that build around a central vein and are separated by sinusoids, via which
blood flows to the hepatic vein (Schulze et al., 2019). Hepatocytes store energy as
glycogen and lipids and excrete salts and degraded proteins into canaliculi, which
channel bile via the intrahepatic biliary tree. Cholangiocytes line this duct network,
modifying bile as it flows to the gall bladder, where it is eventually released into the
intestine during feeding (DiStefano et al., 2015).
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Table 2.2. Liver cell types, their distribution, and essential functions. Table adapted from
(Ellias et al., 2021)

Cell type Percentage Major function Location
in liver
Parenchymal | Hepatocytes 75-80% Metabolism of lipids, Hepatic lobules
cells (75-80%) protein, steroids, fats, bile
secretion, sugar storage
and detoxification of
xenobiotics
Sinusoidal ~44% of | Filtration and transport of Sinusoidal lining
endothelial NPCs nutrients from circulation,
cells adhenion molecules for
the leukocytes
Kupffer cells ~33% of Phagocytosis, cytokines Sinusoidal lumen
(KC) NPCs responsible for
inflammatory response
and liver regeneration
Hepatic stellate | ~3-5% of Fat-storing cells, Space of disse
Non- cells (HSC) NPCs maintains extracellular
trix, sinusoidal blood
Parenchymal m: ’ d st .
cells (NPCs) ow, a.rt‘ S Ofge 0
(20-25%) vitamin
Mesenchymal - Tissue repair Sinusoidal lumen
cells
Cholangiocytes | ~3-5% of Bile secretion Lining of interhepatic
toal liver and extrahepatic
cells duct system
Dendritic cells <1% of Phagocytosis and antigen | Sinusoidal lumen
NPCs presenting function
Intrahepatic 20% of Innate and adaptive Sinusoidal lumen
lymphocytes NPCs immunity
2.6.3 Liver energy metabolism

The liver performs various essential physiological processes such as nutrient
metabolism, blood volume regulation, immune system support, lipid homeostasis,
and biotransformation of xenobiotics (Trefts et al., 2017). The metabolic function of
the liver is governed via the actions of insulin and metabolic hormones as well as
other regulators such as substrate flux. The different functions of the liver can be
categorized into metabolic, detoxification, and excretory. The most critical function
of the liver is the processing, partitioning, and breakdown of the macronutrients to
provide energy to the body. The ability of the liver to store glucose as glycogen and
produce glucose via gluconeogenic pathways are immensely critical to maintain
glucose homeostasis in the body. Different substances such as amino acids,
monosaccharides, FA, and nutrients are delivered to the liver via circulation and
further processed for the storage and production of energy. The liver also catabolizes
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lipids to provide energy and secretes excess lipids for the storage in other peripheral
tissues such as the adipose tissue (Kruepunga et al., 2019).

2.6.3.1 Hepatic lipid metabolism

The liver is a central metabolic organ responsible for regulating lipid metabolism
throughout the body. It plays a critical role in the synthesis and breakdown of FA,
managing their availability for energy production and storage. The liver facilitates
FA synthesis (lipogenesis) to produce FA from excess carbohydrates and
subsequently stores them as TG or directs them to other tissues. Additionally, the
liver performs FA oxidation, breaking down FAs to generate energy, especially
during fasting. The hepatic lipid metabolism involves several inter-dependent
pathways and strictly controlled by three different mechanisms: (1) the activity of
cellular molecules that accelerate acquisition of lipids including FA uptake and
synthesis (de novo lipogenesis, DNL); (2) lipid storage including TG synthesis and
formation of lipid droplets (LDs); (3) lipid consumption including pB-oxidation and
TG export via the secretion of very low-density lipoprotein (VLDL) (Bechmann et
al., 2012). Therefore, lipid metabolism in the hepatocytes is crucial for maintaining
whole-body lipid homeostasis. TG, a major source of energy, are primarily stored in
adipose tissue and, to a lesser extent, in the liver. Disruption in this balance can
impair insulin sensitivity and lead to excessive fat accumulation, particularly in the
liver (Wang et al., 2015). Prolonged fat accumulation in hepatocytes predisposes
individuals to steatotic liver diseases like MASLD, characterized by increased TG
deposition in the liver cells.

2.6.3.1.1 Fatty acid metabolism in the liver

The liver regulates lipid metabolism by synthesizing and degrading FA to maintain
lipid homeostasis. FA are stored and transported as TG, providing energy for most
tissues except the brain and erythrocytes. FA are involved in several pivotal
biological processes such as the synthesis of cellular membrane lipids and
generation of lipid-containing messenger molecules involved in signal
transduction (Eyster, 2007). Unlike limited glycogen stores, body fat can supply
energy for extended periods. In fasting or prolonged exercise, FA provide most of
the energy for tissues such as the liver, heart and skeletal muscle (Birkenfeld and
Shulman, 2014).

FA are fundamental components of TG, phospholipids, glucolipids, and other
lipids. They consist of a methyl group (omega; m) at one end and a carboxyl group
(C(=0) OH) at other end (Fig. 2.9). The alpha (a) carbon atom is present next to the
carboxyl group and the subsequent carbon is known as beta () carbon. Letter o (or
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n) denotes the position of the double bond closest to the methyl end. FA are
categorized into two types: saturated and unsaturated, based on the presence of
double bonds. Saturated FA consist of unbranched, linear chains of methyl groups,
typically ranging from 12 to 24 carbons in length; however, several biochemically
significant FA also possess shorter chains. On the other hand, unsaturated FA contain
one or more double bonds positioned at various locations along the carbon chain and
like saturated FA, possess a terminal carboxylic group (Fig. 2.9). They are further
divided into monounsaturated FA (MUFA), with a single carbon-carbon double
bond and polyunsaturated FA (PUFA), which contain two or more carbon-carbon
double bonds separated by a methylene group. Based on chain length, FA are also
classified into short-chain FA (2-4 carbon atoms), medium-chain FA (6-10 carbon
atoms), and long-chain FA (12-26 carbon atoms).

As mentioned previously, the major source of FA originates either from
dietary or endogenous sources in the liver. Within the intestinal lumen, dietary
TG are emulsified by bile acids following the hydrolysis by pancreatic lipase
yielding sn-2-monoacylglycerols and free fatty acids (FFA) (Alves-Bezerra and
Cohen, 2017). FFA are non-esterified FA (NEFA), that act as a major energy
source and have a significant role in cell signaling (Tripathy et al., 2003).
Enterocytes resynthesize lipid molecules into TG after the emulsification process
and further pack them into chylomicrons (CM), which are transported to the
lymphatic system and finally to the circulation. Lipoprotein lipase (LPL) localized
in the endothelial cells adjacent to the muscle and adipose tissue absorbs most of
the CM-associated TG and the remaining TG is delivered to the liver via receptor
mediated endocytosis and FA are released during the lysosomal processing
(Cohen and Fisher, 2013). Under normal conditions, the liver uses large amounts
of FA daily and stores only a small fraction as TG. This occurs due to a balance
between FA uptake and synthesis, and the processes of FA oxidation and secretion
as TG-enriched VLDL. Any excess TG that is not secreted forms LDs in the liver
(Nguyen et al., 2008).
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Figure 2.9. Nomenclature of fatty acids (FA) showing structure differences between
saturated and unsaturated FA. The top panel illustrates a saturated FA,
characterized by single carbon-carbon bonds, resulting in a straight chain. The middle
panel shows an unsaturated FA in the trans configuration, where hydrogen atoms are
positioned on opposite sides of the double bond, causing a more linear shape. The
bottom panel represents an unsaturated FA in the cis configuration, where hydrogen
atoms are on the same side of the double bond, creating a kinked structure. The
general formula for FA is depicted as CH3-(CH,),-CH,-CH,-COOH, with the omega
(w), beta (B), and alpha (a) positions indicated.

2.6.3.1.2 Fatty acid uptake and transport in the liver

FA uptake in the liver is regulated via the protein-mediated transport process across
the plasma membrane (Fig. 2.10). The transport of long-chain FA is facilitated by a
number of proteins such as plasma membrane FA-binding protein (FABPpm),
cluster of differentiation 36 (CD36) or fatty acid translocase (FAT), Caveolin-1, and
very long-chain acyl-CoA synthetases (ACSVL/FA transport proteins, also known
as FATP/solute carrier family 27 that contains numbers A1-A6, SLC27A1-6
(Bradbury, 2006; Thompson et al., 2010). The functions of CD36 and FABPpm
proteins are well established in the heart and skeletal muscle; but their specific roles
in hepatocytes remain unclear. Normally, CD36 expression is low in hepatocytes;
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however, in hepatic steatosis models and MASLD patients, CD36 mRNA levels
increase and correlate positively with hepatic triglyceride content (Buqué et al.,
2010; Miquilena-Colina et al., 2011). Nevertheless, the pathophysiological role of
CD36 in the liver is still unclear. In vitro studies show that FABPpm facilitates FA
uptake via protein-mediated transport ((Memon et al., 1999; Zhou et al., 1998), but
its role in hepatic FA uptake in vivo is still unclear. FATP proteins are present in
both plasma and intracellular membranes. Particularly, fatty acid transport protein-2
(FATP2) and fatty acid transport protein-5 (FATPS) are the dominant forms that are
expressed in the liver (Chabowski et al., 2013; Doege et al., 2006). FATP2 is located
in the ER and its overexpression is associated with the increased uptake of long-
chain FA (Krammer et al., 2011), whereas FATPS is located in the plasma membrane
(Doege et al., 2006). Similarly, caveolae are small flask-shaped invaginations in the
plasma membrane with a diameter of 50-100 nm and are involved in many different
signal transduction processes and endocytosis processes (Parton and Simons, 2007).
They are present in most of the cell types, especially in the endothelial cells, smooth
muscle cells, fibroblasts and adipocytes, while they do not exist in red blood cells,
platelets and lymphocytes (Parton and del Pozo, 2013). Caveolins are essential
components of the caveolae, which are rich in proteins and lipids such as cholesterol,
sphingolipids and saturated FA, and play a vital role in FA transport (Li et al., 2005).
Within hepatocytes, FA are bound to fatty acid-binding protein-1 (FABP1) and sterol
carrier protein-2 (SCP2), which control their cellular distribution in the cytosol.
Likewise, FATP2, 4 and 5 as well as ACSL1, 3, and 5 regulate the activation of long-
chain FA to acyl-CoA molecule and their channeling into metabolic pathways. The
balance between FA and acyl-CoA within the hepatocytes in the cytosol might be
controlled by Theml, 2 and 5, that counteract ACSL by catalyzing the hydrolysis of
acyl-CoA molecules into FA and CoA. In the cytosol, Acyl-CoA are also bound
acyl-CoA-binding protein (ACBP) or SCP2 (Alves-Bezerra and Cohen, 2017) (Fig.
2.10).
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Figure 2.10.Pathways and enzymes involved in hepatic fatty acid (FA) uptake and

metabolism. Hepatocytes obtain FA via two main routes: uptake of circulating FA via
transporters such as FA translocase (CD36), plasma membrane FA-binding proteins
(FABPpm), and Caveolin-1, or via de novo lipogenesis (DNL) involving enzymes like
ATP-citrate lyase (ACLY), acetyl-CoA carboxylase (ACC), and fatty acid synthase
(FASN). Intracellular FA localization is facilitated by fatty acid-binding protein-1
(FABP1) and sterol carrier protein-2 (SCP2). Long-chain FA activation to acyl-CoA is
mediated by FA transport proteins (FATP2, 4, 5) and acyl-CoA synthetases (ACSLA1,
3, 5), with the mitochondrial ACSL5 supporting triglyceride (TG) biosynthesis. Acyl-
CoA thioesterases (ACOT) and thioesterase superfamily members (Them1, 2, 5)
hydrolyze acyl-CoA to maintain a balance between the free FA (FFA) and acyl-CoA in
hepatocytes. Figure adapted from (Alves-Bezerra and Cohen, 2017).

2.6.3.1.3 De novo lipogenesis

DNL is a crucial metabolic process that helps maintain the body’s energy balance
and tightly regulated by hormonal and nutritional signals. DNL accounts for about
5-10% of the total FA input in the liver. However, its activity increases significantly
in conditions such as insulin resistance and metabolic diseases (Donnelly et al.,
2005). In addition to the liver, adipocytes also robustly synthesize FA from
carbohydrate via the DNL pathway. However, DNL in adipose tissue surprisingly
contributes to only a small fraction (<2%) of the abundant TG stored in LDs. FA
produced in the liver are incorporated into TG and packed into VLDL particles to
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serve as an energy source for extrahepatic tissues. In contrast, DNL in adipose tissue
directly contributes to local fat deposition and long-term energy storage. DNL is the
process of synthesizing endogenous FA from acetyl-CoA subunits produced during
glycolysis (Coleman and Lee, 2004; Smith and Tsai, 2007). Moreover, cytosolic
acetyl-CoA can also serve as a source, apart from glycolysis, for the DNL process.
In the presence of abundant glucose, hepatocytes convert glucose into FA, which are
then processed into LDs and stored as TG. Furthermore, FA are oxidized,
incorporated into structural lipids, or used for post-translational modifications within
the cells. Depending on nutritional status, FA predominantly enter the liver as
circulating FFA, TG lipoprotein remnants, or are endogenously produced via DNL.
The essential role of DNL has been demonstrated in diverse conditions, including
cancer, neurogenesis, and metabolic syndrome (Knobloch et al., 2013; Solinas et al.,
2015; Svensson et al., 2016).

In mammalian cells, carbohydrates are essential macromolecules and serve as
precursors for the DNL pathway. Initially, substrates like glucose, fructose,
glucogenic amino acids and ethanol undergo glycolysis, ultimately producing citrate
via the TCA cycle in the mitochondria (Alves-Bezerra and Cohen, 2017). Citrate is
transported from the mitochondria to the cytosol, where ATP-citrate lyase (ACLY),
a key enzyme in FA biosynthesis further converts citrate into acetyl-CoA (Pinkosky
et al., 2017). FA biosynthesis is mediated by the cytosolic enzyme acetyl-CoA
carboxylase (ACC), which catalyzes the transformation of acetyl-CoA into malonyl-
CoA. Malonyl-CoA is further processed by FA synthase (FASN), which converts
the substrate acyl chain into saturated 16 carbon FA (palmitic acid) in a stepwise
process (Kawano and Cohen, 2013). Finally, the primary products of FASN can be
further elongated and modified by the long chain fatty acid elongase 6 (ELOVL6)
and stearoyl-CoA desaturase 1 (SCDI1) in the ER and mitochondria to generate a
diverse range of complex FA species. TG are ultimately synthesized by FA
esterification of glycerol 3-phosphate (Fig. 2.11). As such, FA synthesis is a complex
mechanism that relies on the synchronization of various enzymes and therefore,
altering the activity of any of those enzymes could dysregulate the whole DNL
process.

38



Review of the Literature

g O
Glucose @ Acetate
. T 4 - -
2 rlgl.fldes
oY
: Glycolysis
v

Pyruvate
Glycerol 3-phosphate

Fatty acids
« CoA
Acetate T /—) + H,0
+ CO,
ACSS2 FASN

T\ ACP

« NADPH
Malonyl-CoA  * H*

Pyruvate ,T

ﬁ « ADP
ACC

Acetyl-CoA
Acetyl-CoA ~_7 - Biotin

g s \ - co,
ACLY ATP
Citrate =

Nucleus
Citrate
/,\¥/ \ ACLY
_ Isocitrate ACC
oAA  TCA OAA —
T aKG
Pyruvate
- 'T SREBP1c
Mitochondria  Pyruvate ¢ Cytosol

Figure 2.11.Hepatic de novo lipogenesis (DNL) pathways. DNL is a metabolic process in
hepatocytes where glucose is taken up by transporters, via glycolysis to generate
pyruvate, and then converted to acetyl-CoA. Acetyl-CoA enters the tricarboxylic acid
(TCA) cycle, forming citrate, which exits the mitochondria. ATP-citrate lyase (ACLY)
then converts citrate back to acetyl-CoA in the cytosol. Acetyl-CoA carboxylase (ACC)
catalyzes the formation of malonyl-CoA, which is subsequently used by fatty acid
synthase (FASN) to produce fatty acids like palmitate. Key abbreviations: ACC —
acetyl-CoA carboxylase; ACLY — ATP-citrate lyase; ACSS — acetyl-CoA synthetase 2;
ChREBP - carbohydrate response element-binding protein; CIC — citrate-isocitrate
carrier; FASN — fatty acid synthase; aKG — alpha-ketoglutarate; OAA — oxaloacetic
acid; SREBP1c — sterol regulatory element-binding protein-1c; TCA — tricarboxylic
acid. Figure adapted from (Zhu et al., 2023).
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During the postprandial period, when glucose uptake and insulin secretion are high
in hepatocytes, expression of lipogenic genes are significantly upregulated (Ferré and
Foufelle, 2007). The regulation of DNL primarily occurs at the transcriptional level
and is mediated by multiple transcription factors, such as the upstream stimulatory
factor (USF), the sterol regulatory element binding protein-lc (SREBPIc), the
carbohydrate responsive element binding protein (ChREBP) and liver X receptors
(LXRs). In contrast, a recent clinical study has demonstrated that increased substrate
availability might be the cause of increased DNL rather than changes in transcriptional
level due to glucose and insulin action. Nevertheless, transcriptional regulation of DNL
pathway is controlled by the action of two major enzymes: SREBP1c and ChREBP
and are induced by increased insulin and glucose concentrations respectively.
SREBP1c promotes the expression of lipogenic genes such as FASN, ACC, SDCI,
and lipin 1 (Csaki and Reue, 2010; Horton et al., 2002), and activated by insulin and
liver X receptor (LXR) (Ferré and Foufelle, 2010). On the other hand, ChREBP is
known to induce the liver-type pyruvate kinase expression, thus enhancing the
accumulation of substrates for the synthesis of FA and TG (Uyeda and Repa, 2006).
In addition, DNL is controlled via allosteric regulation of ACC (Kawano and Cohen,
2013; Oosterveer and Schoonjans, 2014). The two major isoforms of ACC in
mammals are cytosolic ACC1 and mitochondrial ACC2 that enable the formation of
two distinct pools of malonyl-CoA. ACC1 acts as the key DNL regulator and is
expressed in major lipogenic tissues including the liver, WAT, and lactating mammary
glands, whereas ACC2 is prevalent in skeletal and cardiac muscles (Bianchi et al.,
1990). In the cytosol ACC1-generated malonyl-CoA in the cytosol is used by FASN
for the synthesis of FA. Conversely, ACC2-generated malonyl-CoA prevents the f3-
oxidation by inhibiting the carnitine/palmitoyl-transferase 1 (CPT1) activity and the
transfer of fatty acyl group to the mitochondria for B-oxidation (Wakil and Abu-
Elheiga, 2009). Nonetheless, ACC1- and ACC2-generated malonyl-CoA do not mix
within the cell and are hugely segregated from each other.

2.6.3.1.4 Fatty acid oxidation

Fatty acid oxidation (FAOQ) is a major pathway to produce energy during fasting and
physiological stress. FAO provides energy for several extra-hepatic tissues including
the heart and skeletal muscle. In this process, FA derived from different sources, such
as hydrolysis of hepatic TG stores, circulating lipids, or from DNL in the liver, are
broken down into acetyl-CoA, which can be further utilized to produce ATP or ketone
bodies by multiple pathways. Short- (<C4), medium- (C4-C12), and long-chain (C12-
C20) FA are oxidized in the mitochondria to generate acetyl-CoA, while B-oxidation
of very long- (C20-C26) FA and branched-chain FA occurs in the peroxisomes (Alves-
Bezerra and Cohen, 2017). Mitochondrial FAO is the primary pathway for FA
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metabolism and can occur either completely or incompletely. FA oxidation is a crucial
process for the production of both ATP (complete oxidation process) and ketone
bodies (incomplete oxidation process) to the peripheral circulation (Eaton et al., 1996).
In conditions of low blood glucose, ketone bodies derived from acetyl-CoA and
acetoacetyl-CoA produced by B-oxidation of FA — serve as an important alternative
fuel for the brain (which does not directly use FA for oxidative metabolism) and other
highly oxidative extrahepatic tissues. Other FAO pathways such as a-oxidation and ®-
oxidation are active in the ER and facilitated by cytochrome P450 4A family members
(Lavoie and Gauthier, 2006; Musso et al., 2009).

Mitochondrial B-oxidation is the primary pathway for FAO in hepatocytes and
involves a cyclical series of reactions that result in shortening of FA. In each cycle, two
carbons are shortened, until the last cycle when two acetyl-CoA molecules are generated
from the catabolism of four-carbon FA. FA are activated at the outer mitochondria
membrane and transported by the activity of carnitine/palmitoyl-transferase 1 (CPT1),
which produces acyl-carnitine from acyl-CoA and free carnitine. Further, acylcarnitine
translocase transports acyl-carnitines to the inner mitochondrial membrane in exchange
for free carnitine and eventually converts back to acyl-CoA by CPT2, which is found in
the inner mitochondrial membranes. Acetyl-CoAs are synthesized by the breakdown of
acyl-CoAs via the B-oxidation cycle in the mitochondrial matrix with the help of four
different enzymes: acyl-CoA dehydrogenase, 2-enoyl-CoA hydratase, 3-hydroxyacyl-
CoA dehydrogenase, and 3-oxoacyl-CoA thiolase. ATP is produced via the TCA cycle
by the oxidation of acetyl-CoAs, which drives the electron transport chain reaction. In
the presence of acetyl-CoA in mitochondria, ketone bodies (B-hydroxybutyrate,
acetoacetate, and acetone) are produced by a series of reactions regulated by acetyl-CoA
acetyltransferase (ACAT) 1, mitochondrial 3-hydroxy-3-methylglutaryl-CoA synthase
(HMGCS) 2, HMG-CoA lyase (HMGCL), and B-hydroxybutyrate dehydrogenase
(BDH) 1 (Stagg et al., 2021). The peroxisome proliferator-activated receptors (PPARS),
particularly PPARGa, regulates the expression of FAO enzymes at the transcriptional level
(Alves-Bezerra and Cohen, 2017). Although the peroxisomal and mitochondrial FAO
pathways share a similar mechanism, there are significant differences between them. As
an example, acetyl-CoA oxidase yields H,O, in peroxisomal FAO route instead of
NADH as in the mitochondrial f-oxidation pathway. Comparatively, peroxisomes lack
an electron transport chain, thus generating less ATP-energy than mitochondrial FAO
(Grum et al., 1994).

2.6.3.1.5 Lipoprotein metabolism and secretion

Lipoproteins are large, complex particles that transport insoluble TG and cholesterol
in the bloodstream. They are classified based on their physical and chemical properties.
The structure consists of a monolayer of amphipathic phospholipids and specialized
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proteins called apolipoproteins, which surround a core of hydrophobic neutral lipids
(Small, 1986) (Fig. 2.12). Phospholipids enable lipoproteins to interact with the
aqueous environment, while apolipoproteins provide structural integrity and facilitate
interactions with enzymes, lipid transport proteins, and cell surface receptors.

Core Triglyceride and
cholesteryl esters

Triglycerides
Free cholesterol

Phospholipids

Unesterified
cholesterol

Apoprotein C

Figure 2.12.Schematic representation of a lipoprotein particle. The core of a lipoprotein particle
contains triglycerides (TG) and cholesterol esters, which are surrounded by monolayer
of phospholipids. Embedded within this layer are molecules of free cholesterol.
Unesterified cholesterol, along with various apolipoproteins, including Apoprotein C, are
present on the surface. This arrangement facilitates the transport of hydrophobic lipids
in the aqueous environment of the bloodstream. Figure created using image from Servier
Medical Art, licensed under a Creative Commons Attribution 4.0 International License.

Lipoproteins are classified based on their density, size, composition, and
function. They vary in size from 5 to over 1000 nm and are grouped into five major
families based on their density: CM, VLDL, intermediate-density lipoproteins (IDL),
LDL, and HDL (Mach et al., 2020). HDL are the smallest and densest lipoprotein
particles, primarily composed of proteins with a low lipid content, while CM are
large, lipid-rich particles (Table 2.3). Apolipoproteins, the surface proteins of
lipoproteins, facilitate particle transport, help solubilize the lipid core, and regulate
metabolic functions by acting as receptor ligands and promoting lipoprotein
metabolism in the plasma (O6rni et al., 2019). The most important apolipoprotein is
apolipoprotein B (ApoB), a large particle with unique amphipathic properties that is
essential for the assembly of VLDL in the liver.
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Lipoproteins perform two primary functions: 1) Transporting TG from the liver
and intestine to muscle and fat tissue via CM (apoB48) and VLDL (apoB100).
VLDL releases TG and is converted into LDL, which delivers cholesterol to
peripheral tissues. 2) Facilitating reverse cholesterol transport, where HDL carries
excess cholesterol from tissues back to the liver, reducing arterial cholesterol buildup
and atherosclerosis risk (Feingold, 2000). HDL also exhibits antioxidant, anti-
inflammatory, and anti-apoptotic properties (Tall and Yvan-Charvet, 2015).
Conversely, LDL, with a low protein-to-fat ratio, transports cholesterol,
phospholipids and TG (Feingold, 2000). Elevated VLDL levels correlate with
hypertriglyceridemia, low HDL levels, obesity, and atherosclerosis (Feingold, 2000;
Libby, 2021). Particularly, the small dense LDL particles are atherogenic in nature
due to their low affinity for LDL receptor (Berneis and Krauss, 2002). Small dense
LDL particles easily penetrate the arterial walls and bind to proteoglycans in the
subendothelial space, where they are retained. This retention makes them susceptible
to oxidation, which increases their uptake by macrophages, leading to inflammation
and the development of atherosclerosis (Matsuura et al., 2008).

Table 2.3. Basic characteristics of plasma lipoproteins. Table adapted from (Cohen and Fisher,

2013).
Very low- Intermediate-
density density Low-density | High-density
Chylomicrons | lipoprotein lipoprotein lipoprotein lipoprotein
(CM) (VLDL) (IDL) (LDL) (HDL)
Density <0.9 0.95-1.006 1.006-1-019 1.019-1.063 | 1.063-1.210
(g/mL)
Diameter 75-1200 30-80 25-35 18-25 5-12
(mm)
Major Lipids | Triglycerides | Triglycerides | Triglycerides, | Triglycerides | Triglycerides,
Cholesterol Cholesterol
Total Lipid 98 90 82 75 67
(% wt)
Major Apo B-48, Apo | Apo B-100, Apo B-100, Apo B-100 Apo A-l, Apo
Apoproteins | C, Apo E, Apo | Apo E, Apo C | Apo E, Apo C A-ll, Apo C,
A-l, A-ll, A-IV Apo E

2.6.3.1.6 Triglyceride metabolism

TG, also known as triacylglycerol, are the most common type of fat, consisting of
three FA bound to a glycerol backbone. Metabolic energy in human body is primarily
derived from TG. The major sources of hepatic TG are dietary lipids, FA derived
from adipose tissue, and FA produced via DNL. Endogenous TG synthesis
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predominantly takes place in the liver and adipose tissue. Excess dietary
carbohydrates and proteins are converted into FA via DNL in the liver. These diet-
derived and de novo synthesized FA are then esterified with glycerol to form TG.
Similarly, FA and glycerol taken from the bloodstream are used for the synthesis of
TG in adipose tissue. The major source of energy in the body comes from the TG
stored in adipose tissue, especially during periods of energy deficit or increased
energy demand (Ahmadian et al., 2007). FA and glycerol are produced via TG
hydrolysis, a process regulated by hormones such as glucagon and adrenaline. This
metabolic process, also known as lipolysis, is most prominent in adipose tissue. After
being released into the bloodstream, FA and glycerol are transported to other tissues,
where they are utilized for energy production, a process that is especially crucial
during fasting (Jaworski et al., 2007).

There are three major lipases involved in the hydrolysis of intracellular TG: adipose
triglyceride lipase (ATGL), hormone-sensitive lipase (HSL), and monoglyceride lipase
(MGL). ATGL, also known as palatin-like phospholipase domain-containing protein 2
(PNPLA2), performs the first and rate-limiting step of TG hydrolysis in adipocytes by
generating diacylglycerol (DG) and one FA. The resulting DG molecules are then
further hydrolyzed by HSL (second step) into monoacylglycerol (MG) and one FA.
MGL is selective for MG and finally produces glycerol and the third FA (Edwards and
Mohiuddin, 2024). Several factors influence TG metabolism such as nutritional status,
hormonal signaling, and genetic factors. ATGL acts as a key enzyme in the regulation
of whole-body energy homeostasis via its central role in lipolysis, which provides
crucial energy substrates and precursors for the synthesis of membrane lipids (Schreiber
et al., 2019). Similarly, HSL mobilizes FA from TG in the adipose tissue and activated
by glucagon and adrenaline (epinephrine) and inhibited by insulin. Reduced insulin
sensitivity is strongly associated with hepatic fat accumulation in humans and other
animals. The determination of hepatic fat accumulation solely based on insulin
sensitivity is challenging due to the large variability in factors regulating insulin
sensitivity including overall obesity, body fat distribution, or circulating adipokines.
Excess lipids can be stored for short term in ectopic tissues in the least toxic form, i.e.,
TG. FA storage in the form of TG protects against lipotoxicity, however, overwhelmed
compensatory mechanism of high TG accumulation might cause damage to the cells as
well as metabolic stress and dysfunction. In most mammalian cell types, TG obtained
from the diet are broken down into several small lipid globules (emulsification) by bile
acids in the intestinal lumen following their hydrolysis by pancreatic lipase into sn-2-
monoacylglycerols and FFA. After the emulsification process, enterocytes resynthesize
those lipid molecules into TG and assemble them into CM, which are then secreted into
the lymphatic system and finally into the circulation (Hashimoto et al., 2000; Igbal and
Hussain, 2009). Under normal conditions, most FA are absorbed by adipose tissue and
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muscle, while the remaining TG within the CM remnants are delivered to the liver,
where FA are released during lysosomal processing (Cohen and Fisher, 2013).

2.6.3.1.7 Cholesterol metabolism

Cholesterol is a waxy, ubiquitous lipid found in all higher animals and is present in
every tissue of the body. Chemically, it is an organic compound with 27 carbon
atoms, consisting of a hydrocarbon tail, a central sterol nucleus composed of four
hydrogen rings, and a hydroxyl group (Fig. 2.13). As a crucial component of animal
cell membranes, cholesterol also serves as a precursor for the synthesis of bile acids,
vitamin D, several hormones, including sex hormones (estrogen, testosterone,
progesterone) and corticosteroids (corticosterone, cortisol, cortisone, and
aldosterone) (Dietschy, 1984). In most tissues, unesterified (free) cholesterol is an
essential component of cell membranes. Esterification helps store cholesterol and
prevents the toxicity associated with free cholesterol. Cholesterol can be either
synthesized de novo or obtained from the diet. De novo cholesterol synthesis
primarily occurs in the liver (accounting for 70-80%) and in the small intestine
(approximately 10%). Cholesterol and TG are packaged together with the
apolipoprotein in the liver and released into the circulation as VLDL particles. Due
to high hydrophobic nature of cholesterol, apolipoproteins help to package and
transport it in the bloodstream. The degradation of TG in VLDL leads to the
formation of LDL particles, which are rich in cholesterol (Kawano and Cohen,
2013). Cholesterol-rich LDL particles are transported to the peripheral tissues and
taken up by the LDL receptors (LDLR) via receptor-mediated endocytosis
(Goldstein et al., 1982). The majority of LDL particles are cleared from the
circulation by hepatocytes, which then convert excess cholesterol into bile acids or
excrete it into the bile as free cholesterol via specific transporters. In addition to LDL
particles, HDL particles transport cholesterol from extra-hepatic tissues to the liver,
where they are taken up via scavenger receptor class B member I (SR-BI, encoded
by the SCARBI gene) (Ouimet et al., 2019). Intracellular cholesterol homeostasis is
tightly regulated via a negative feedback mechanism, where cholesterol or its
metabolites inhibit the expression of genes involved in cholesterol biosynthesis and
LDLR activity (Luo et al., 2020). Hypercholesterolemia, which is linked to various
CVD and heart conditions, has become a major global health concern.
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Figure 2.13. Structural formula of cholesterol. Cholesterol is a sterol lipid characterized by its
distinct molecular structure, which includes a hydrocarbon tail, a central sterol nucleus
composed of four interconnected hydrocarbon rings, and a single hydroxyl group (-OH).

Cholesterol biosynthesis is a complex and energy-intensive process that
involves multiple enzymatic reactions. The rate-limiting step in this pathway is
governed by HMG-CoA reductase, whose activation is regulated via various
mechanisms (Craig et al., 2024). Classically, cholesterol levels are controlled by
two main pathways at the transcriptional level. The first pathway is regulated by
the transcription factors known as SREBPs, which regulate the expression of a
cluster of cholesterol biosynthesis genes. In the setting of low intracellular
cholesterol level, SREBPs are released from the ER and cleaved in the Golgi
complex to produce an active fragment, which enters the nucleus to bind to the
SRE (sterol regulatory element) and induces the transcription of the genes
encoding HMG-CoA reductase and other enzymes. In contrast, in the setting of
excess intracellular cholesterol, SREBPs are retained in the ER membranes and
therefore, proteolytic cleavage of the active fragment of SREBPs and induction of
cholesterol biosynthesis genes are inhibited (Istvan and Deisenhofer, 2001). The
second pathway is regulated by the LXR/ RXR transcription factor family, which
acts as cellular cholesterol sensors and protects the cells from cholesterol overload
by controlling bile acid metabolism and cholesterol excretion by the liver.
Additionally, several enzymes and proteins involved in cholesterol biosynthesis
are regulated by small non-coding microRNAs, which play a role in the
posttranscriptional control of gene expression (Bhattarai et al., 2021).

As previously mentioned, acetyl-CoA is a major precursor molecule in
cholesterol synthesis. Once it exists the mitochondria, acetyl-CoA is converted into
citrate and then back to acetyl-CoA by the ACLY enzyme in the cytosol. Acetyl-
CoA can be derived from the oxidative decarboxylation of pyruvate from glycolysis,
the oxidation of long-chain FA, or the oxidative degradation of certain amino acids
(Shi and Tu, 2015). The first stage of cholesterol biosynthesis produces mevalonate
as an intermediate, which represent the rate-limiting step in cholesterol synthesis
(Fig. 2.14). In this process, two molecules of acetyl-CoA condense to form
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acetoacetyl-CoA, which then combines with a third molecule of acetyl-CoA to
generate HMG-CoA, a reaction catalyzed by the rate-determining enzyme HMG-
CoA reductase. The subsequent steps are mostly unregulated, with mevalonate being
used to synthesize isoprenoid units (five-carbon units). These units are then joined
to form squalene (thirty-carbon units), which undergoes a cyclic reaction following
epoxidation. Lastly, lanosterol, a cyclized product, undergoes several reactions to
ultimately produce cholesterol as a final product (Cerqueira et al., 2016). Statins are
the competitive inhibitors of HMG-CoA reductase and extensively used to reduce

cholesterol

levels in patients with hypercholesterolemia or other forms of

dyslipidemia (Istvan and Deisenhofer, 2001; Keyomarsi et al., 1991; Menge et al.,
2005; Shrivastava et al., 2010).
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Cholesterol

Major pathways involved in de novo cholesterol synthesis. Cholesterol is
synthesized via the mevalonate pathway, a critical process that begins with the rate
limiting step catalyzed by 3-hydroxy-3-methylglutaryl CoA reductase (HMG-CoA
reductase), which converts HMG-CoA into mevalonate. This enzyme is key regulatory
target for cholesterol-lowering drugs like statins. Mevalonate is subsequently
phosphorylated using adenosine triphosphate (ATP), forming isoprenoid diphosphate,
an active isoprenoid unit. Subsequent condensation reactions produce farnesyl
diphosphate, which then condenses to form squalene. A series of reactions involving
squalene epoxidase, lanosterol is generated in the endoplasmic reticulum (ER).
Finally, via a series of complex reactions involving multiple enzymes, cholesterol is
synthesized from lanosterol within the ER membrane. Figure adapted from (Bhattarai
et al., 2021).
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2.6.3.2 Bile acid metabolism

Cholesterol is broken down into amphipathic molecules called bile acids in the
liver. In mammals, bile acids are mainly produced in pericentral hepatocytes,
converted into bile salts, and then secreted into the bile ducts. These bile salts are
stored in the gall bladder and released into the intestine after a meal (Li and Chiang,
2009). While cholesterol can be synthesized from acetyl-CoA in the liver, it cannot
be broken down into smaller molecules or burned by the body. Therefore, bile acids
are formed as part of cholesterol catabolism and are excreted into the feces. Besides
their well-established role in aiding the absorption of fats and fat-soluble vitamins
in the intestine, bile acids also participate in glucose metabolism and the secretion
of glucoregulatory hormones (Hofmann, 2009). Moreover, bile acids acts as a
bioactive signaling molecules, binding to receptors such as the farnesoid X
receptor (FXR) and the GPCR-coupled bile acid receptor (Gpbarl or TGRS)
(Ahmad and Haeusler, 2019). Bile acids are conjugated with taurine or glycine and
secreted into the bile after being synthesized in the hepatocytes. More than 90% of
these bile acids are reabsorbed in the ileum (small intestine) via bile acid
transporters, then travel back to the liver via the portal vein, where they are taken
up and recycled. This exchange of bile acids between the liver and intestine is
known as the enterohepatic circulation of bile. This process is crucial for
maintaining liver function, excreting cholesterol, and facilitating the absorption of
lipids and nutrients. However, some bile acids leak into the bloodstream or bypass
the ileal uptake, where they are modified by intestinal microorganisms and later
reabsorbed in the colon via passive diffusion (Dawson and Karpen, 2015). Bile
acid concentrations are high in the liver, bile, and intestine, but low in the plasma,
mainly due to incomplete reuptake by the hepatocytes.

In humans, bile acids are categorized into two distinct pools: primary bile acids,
which are synthesized in the liver (cholic acid, CA, and chenodeoxycholic acid,
CDCA) and secondary bile acids, which are produced from primary bile acids by gut
microbiota (deoxycholic acid, DCA, and lithocholic acid, LCA) (Russell and
Setchell, 1992). The synthesis of primary bile acids from cholesterol in the liver
occurs via two main pathways: the classical pathway and the alternative pathway
(Fig. 2.15) (Chiang, 2002). In the classical pathway, most of the bile acid
intermediates are neutral sterols, earning it the name ‘“neutral pathway”. This
pathway produces equal amounts of CA and CDCA in humans and is considered the
major bile acid biosynthesis route under normal physiological conditions. The
alternative pathway, which produces acidic intermediates, is referred to as the “acidic
pathway” (Axelson and Sjovall, 1990). Bile acids can be distinguished primarily by
their hydroxylation sites and whether they are conjugated with amino acids. In
rodents, bile acids are mostly conjugated with taurine, whereas in humans, the
majority are conjugated with glycine.
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Figure 2.15.Bile acid synthesis and metabolism. Bile acid synthesis involves two main
pathways: the classical (neutral) pathway and the alternative (acidic) pathway. The
classical pathway takes place in the endoplasmic reticulum (ER) and is primarily
regulated by the enzyme cholesterol 7a-hydroxylase (CYP7A1), as indicated by the
purple arrow. This pathway leads to the production of cholic acid (CA), with the
enzyme sterol 12a-hydroxylase (CYP8B1) playing a crucial role in its synthesis. In
contrast, the alternative pathway begins in the mitochondria and is initiated by sterol
27-hydroxylase (CYP27A1), represented by the green arrow. This pathway
contributes to the synthesis of chenodeoxycholic acid (CDCA) with the involvement
of oxysterol 7a-hydroxylase (CYP7B1). After their synthesis, primary bile acids (CA
and CDCA) are secreted into the intestine, where gut microbiota further metabolize
them into secondary bile acids, such as deoxycholic acid (DCA) and lithocholic acid
(LCA), via dehydroxylation and other modifications. These processes are essential
for bile acid recycling and maintaining cholesterol homeostasis. Figure adapted from
(Li and Chiang, 2009).
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2.6.3.3 Carbohydrate metabolism

The liver plays a critical role in the postprandial glucose homeostasis and disposes
large portion of ingested glucose by restricting the acute increase in glucose and
insulin levels in the bloodstream after feeding (Dimitriadis et al., 2021). The
remaining glucose is further taken up by the other organs including skeletal muscle
and non-insulin sensitive tissues such as the brain (Ferrannini et al., 1985).
Regardless of the feeding or exercise state, liver significantly contributes to the
regulation of blood glucose concentration by producing or consuming carbohydrates.
Carbohydrate metabolism in the liver is strictly regulated and involves multiple
processes such as glycolysis, glycogenesis, glycogenolysis, and gluconeogenesis.
The hepatic glucose production is almost always active except in the fed state and is
very important for maintaining the whole body glucose homeostasis (Burgess, 2015).
Interestingly, the liver accounts for nearly 90% of the endogenous glucose
production in the body (Ekberg et al., 1999; Moore et al., 2012).

2.6.3.3.1 Glucose uptake in the liver

In the postprandial state, blood glucose enters hepatocytes via glucose transporters
located on the plasma membrane, which facilitates passive (energy-independent)
glucose transport. In humans, the bidirectional glucose transport in hepatocytes is
primarily mediated by glucose transporter-2 (GLUT?2, also known as solute carrier
family 2 member A2, SLC2A2), the main glucose transporter in the liver. GLUT2
has a low affinity but high capacity for glucose, allowing it to efficiently transport
glucose from areas of higher to lower concentration, following its concentration
gradient (Seyer et al., 2013). Once glucose is taken up by the hepatocytes, it is
phosphorylated at the sixth carbon position by the enzyme glucokinase (GCK),
forming glucose 6-phosphate (G6P). This phosphorylation reduces intracellular free
glucose levels, enhancing further glucose uptake (Agius, 2008). G6P remains
trapped inside hepatocytes since it cannot be transported by the glucose transporters.
Depending on the body’s metabolic state, GOP serves as a precursor for either
glycolysis or glycogen synthesis (Fig. 2.16). Via glycolysis, G6P is converted into
pyruvate in a ten-step process that produces a net gain of two ATP and NADH
molecules per glucose molecule. Pyruvate then enters the mitochondria, where it is
decarboxylated to form acetyl-CoA, which is further processed to generate ATP via
the TCA cycle and oxidative phosphorylation. In the TCA cycle, acetyl-CoA
combines with oxalacetate to form citrate, which can be transported to the cytoplasm.
There, citrate is cleaved back into acetyl-CoA and oxaloacetate by ACL (Fig. 2.17).
In the cytoplasm, acetyl-CoA can be used as a substrate for DNL and cholesterol
synthesis (Rui, 2014).
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Figure 2.16.Regulation of glucose metabolism pathways in the liver. Glucose enters
hepatocytes via GLUT2 transporters, facilitating its uptake into the cells. Once inside,
glucose is phosphorylated by glucokinase (GCK) to form glucose-6-phosphate (G6P).
The fate of G6P depends on the body’s nutritional state: it can be channeled toward
glycolysis synthesis for immediate energy production or toward glycogen synthesis for
storage. During gluconeogenesis, the key rate-limiting enzymes phosphoenolpyruvate
carboxykinase (PEPCK) and glucose-6-phosphatase work to convert mitochondrial
oxaloacetate into phosphoenolpyruvate (PEP), eventually leading to the production of
glucose. Gluconeogenesis can be seen as a reversal of glycolysis, where pyruvate
kinase catalyzes the final step of glycolysis, bypassing its irreversible steps via specific
enzymes. In glycolysis, pyruvate kinase catalyzes the conversion of PEP to pyruvate,
representing the final step of the pathway. In the fed state, pyruvate is converted to
acetyl-CoA for adenosine triphosphate (ATP) production, while in fasting, pyruvate
dehydrogenase (PDH) is inhibited, shifting metabolism to fatty acid oxidation (FAO)
and ketone body production. The gluconeogenic (pink) and pentose phosphate
(yellow) pathways are also shown. Key abbreviations: GLUT2 — glucose transporter 2;
GYS2 - glycogen synthase 2; GSK3A — glycogen synthase kinase-2 alpha; GSK3B —
glycogen synthase kinase-3 beta; GCK — glucokinase; G6PC - glucose-6-
phosphatase; G6PD — glucose-6-phosphate  dehydrogenase; PFKL —
phosphofructokinase; OGT — O-linked N-acetylglucosamine transferase; PKLR —
pyruvate kinase L/R; PDK4 — pyruvate dehydrogenase kinase; PEPCK -
phosphoenolpyruvate carboxykinase; PC — pyruvate carboxylase; PDH — pyruvate
dehydrogenase; ME1 — malic enzyme 1. Figure adapted from (Rui, 2014).
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Alternatively, lipogenesis utilizes pyruvate (produced by the hydrolysis of
glucose via glycolysis) as a substrate molecule for FA synthesis (Fig. 2.17). The 3-
carbon pyruvate molecule generated via glycolysis is decarboxylated to produce a
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Figure 2.17.Schematic showing brief overview of lipogenic pathways. Pyruvate derived from
glycolysis, enters the mitochondria and is converted to acetyl-CoA. Acetyl-CoA combines
with oxaloacetate to form citrate via citrate synthase. In the cytoplasm, citrate is cleaved
back into acetyl-CoA and oxaloacetate. Oxaloacetate is reduced to malate, generating
NADPH, which is then converted back to pyruvate by the malic enzyme. Pyruvate re-
enters the mitochondria for the tricarboxylic acid (TCA) cycle, contributing to citrate
production. Acetyl-CoA is carboxylated by acetyl-CoA carboxylase (ACC) to form
malonyl-CoA, a precursor for FA synthesis. Fatty acid synthase (FASN) uses malonyl-
CoA to synthesize palmitic acid, utilizing NADPH. Long-chain fatty acids (LCFAs) are
produced by elongating palmitic acid via fatty acyl-CoA elongase (Elovl) enzymes in the
endoplasmic reticulum (ER). Stearoyl-CoA desaturases (SCDs) further desaturate
LCFAs to form unsaturated FA. Finally, palmitic acid, LCFAs, and unsaturated FA
combine with glycerol 3-phosphate to form TG in the cytoplasm. Acetyl-CoA serves as a
key precursor in de novo synthesis and hepatic lipogenesis, contributing to TG
production via a multi-step process. Enzymes responsible for lipogenesis are marked in
pink color. Key abbreviations: ACL — ATP-citrate lyase; ACC — acetyl-CoA carboxylase;
FASN - fatty acid synthase; Elovls — fatty acyl-CoA elongases; SCDs — stearoyl-CoA
desaturases; TAG — triacylglycerol. Figure adapted from (Rui, 2014).
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new, 2-carbon molecule i.e., acetyl CoA in the mitochondria. Acetyl CoA unit,
which acts as a building block of FA is further converted into citrate in the TCA
cycle before exiting the mitochondria to act as a substrate for lipogenesis.
Nicotinamide adenine dinucleotide phosphate (NADPH) is generated by
metabolizing G6P molecule via the pentose phosphate pathway. NADPH is an
essential component for lipogenesis and biosynthesis of the bioactive molecules such
as cholesterol biosynthesis. The dephosphorylation of glucose-6-phosphatease
(G6Pase) occurs in the ER employing G6P to release glucose in the fed state (Rui,
2014).

2.6.3.3.2 Glycogen synthesis in the liver

Glycogen synthesis or glycogenesis is a multi-step process, which is initiated by the
liver hexokinase enzyme to generate G6P. In the fed state, blood glucose level rises,
and glucose enters the liver. The liver converts excess glucose into glycogen via
glycogenesis. Glycogen is the most important storage form of glucose and makes up
nearly 10% of the total liver weight in healthy individuals (Trefts et al., 2017).
Glycogen synthesis continues via the conversion of G6P to glucose 1-phosphate
(G1P) using phosphoglucomutase enzyme. The conversion of G1P to uridine
diphosphate  glucose  (UDP-glucose) is mediated via UDP-glucose
pyrophosphorylase and binding of UDP-glucose molecules to the carbon position 4
of glucose residues at the end of glycogen chains by glycogen synthase, an enzyme
responsible for adding new glucose units to the chain. Glycogen molecule has a
branched structure (polysaccharide of glucose) and is stored in the cytoplasm in the
form of granules. In a state of lower glycogen availability, the rate of glycogen
synthesis increases in the liver to ensure the replenishment of glycogen reserves
(Guasch-Ferr¢ et al., 2016). The build-up of hepatic glycogen is primarily activated
by insulin, whereas glucagon and adrenaline inhibit hepatic glycogen synthesis
(Pagliassotti et al., 1996).

2.6.3.3.3 Glycogenolysis in the liver

Glycogenolysis is not the reverse phenomenon of glycogenesis and occurs in the
cytosol. It is the process by which glycogen is broken down into glucose to supply
energy and maintain blood glucose levels in the fasted state or in highly intensive
training periods. Glycogenolysis or the breakdown of glycogen is accomplished by
coordinated actions of two key enzymes, namely glycogen phosphorylase and
debranching enzyme. Glycogen phosphorylase utilizes phosphate (Pi) and PLP
(pyridoxal phosphate) as cofactors to release G1P from a linear glycogen chain. On
the other hand, a glycogen branching enzyme is required for the complete breakdown
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of glycogen (Burwinkel et al., 1998). A somewhat similar action is carried out by the
lysosomal enzyme acid o-glucosidase or acid maltase, which facilitates the
breakdown of glycogen. G1P is derived from glycogen and isomerized into G6P and
dephosphorylated to produce glucose by G6P in the cytosol. In the fasted state, when
the blood glucose levels fall, the pancreas secretes glucagon, which is the primary
hormone that stimulates glycogenolysis (Paredes-Flores et al.,, 2024).
Glycogenolysis is also stimulated by adrenaline, while insulin is an inhibitory
hormone for glycogenolysis.

2.6.3.3.4 Gluconeogenesis in the liver

In the fasted state, gluconeogenesis serves as a critical metabolic pathway in
maintaining blood glucose homeostasis. This process is stimulated by glucagon and
an increased availability of gluconeogenic substrates, while it is inhibited by insulin.
However, in the context of insulin resistance, the suppression of hepatic
gluconeogenesis by insulin becomes impaired, resulting in an increased rate of
glucose production and contributing to hyperglycemia (Hirota and Fukamizu, 2010).
Hepatic gluconeogenesis is a complex, genetically heterogenous and strictly
regulated process that is initiated in response to changes in energy states and glucose
availability (Petersen et al., 2017). Gluconeogenesis has a monumental significance
to carnivores in the wild, where the availability of starch is virtually nonexistent.
During gluconeogenesis, non-carbohydrate substrates including lactate, glucogenic
amino acids, and glycerol are transformed into glucose (Fig. 2.18). Gluconeogenesis
comprises several enzymatic steps, which are under the regulation of hormones,
nutrient intake, and substrate concentrations. Substrates such as alanine and lactate
are first converted into pyruvate and then subsequently to oxaloacetate (OAA) by
the action of pyruvate carboxylase (PC) in the mitochondria. The major step in
gluconeogenesis is regulated by phosphoenolpyruvate carboxy kinase (PEPCK)
(Xiong et al., 2011). TCA cycle intermediates contribute to gluconeogenesis via the
conversion of OAA to phosphoenolpyruvate (PEP) by PEPCK. Lastly, PEP enters
into the gluconeogenic cycle (Petersen et al., 2017). After several steps of reverse
glycolysis, the final step in gluconeogenesis is completed by G6P, which converts
G6P to glucose via dephosphorylation. Thereafter, glucose exits the hepatocytes and
enters to the circulation with the help of GLUT2 transporters (Fukumoto et al.,
1988). Several hormones influence the expression of PEPCK including glucagon,
epinephrine, insulin, and glucocorticoids (Chakravarty et al., 2005). Theoretically,
glycolysis is the reverse process of gluconeogenesis. However, there are key
irreversible glycolysis kinase reactions catalyzed by the action of glucokinase (GK),
phosphofructokinase-1 (PFK-1), and pyruvate kinase (PK) (Pilkis and Granner,
1992).
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Figure 2.18.Diagram showing the overview of glucose metabolism in glycolysis and

gluconeogenesis. Glycolysis is the anaerobic breakdown of glucose into two
molecules of pyruvate via a series of 10 enzymatic steps (indicated by green arrow).
This metabolic pathway involves the key rate-limiting enzymes including hexokinase
(or glucokinase, depending on the tissue type), phosphofructokinase 1 (PFK1), and
pyruvate kinase, which regulate the flow of glucose via glycolysis. In contrast,
gluconeogenesis (depicted by purple up-arrow) is the anabolic process of synthesizing
glucose from non-carbohydrate precursors, such as glucogenic amino acids, lactate,
and glycerol. This pathway essentially reverses the glycolytic process, bypassing its
irreversible steps via specific enzymes like glucose-6-phosphatase, fructose 1,6-
biphosphatase and phosphoenolpyruvate carboxykinase (PEPCK). Key abbreviations:
a-KG - o-ketoglutarate; G6Pase — glucose-6-phosphatase; OAA — oxaloacetate;
PEPCK - phosphoenolpyruvate carboxykinase. Figure adapted from (Shah and
Wondisford, 2020).

55



Keshav Thapa

2.7 Liver diseases

Fat deposition in the liver depends on the amount of lipids the liver produces or
absorbs from the bloodstream, as well as its ability to export lipids to other tissues
or use them for energy. An imbalance in these processes results in the accumulation
of LDs and can eventually lead to liver steatosis.

2.7.1 Metabolic dysfunction-associated steatotic liver
disease

Liver diseases are classified into various categories based on their underlying
pathology, clinical manifestations, and pathogenesis. One of the most prevalent
forms of chronic liver disease is MASLD, which was previously known as non-
alcoholic fatty liver disease (NAFLD). MASLD encompasses a wide range of liver
conditions, from simple steatosis, where fat accumulates in the liver cells without
significant inflammation or injury, to more advanced stages such as MASH. In
MASH, there is considerable hepatocellular ballooning, inflammation, and fibrosis,
which can further progress to cirrhosis. As cirrhosis advances, the liver becomes
severely scarred, impairing its function and increasing the risk for complications
such as liver failure, liver-related mortality, and liver cancer (Fig. 2.19). As the name
indicates, MASLD can occur independently of alcohol consumption patterns or
quantity. It is mainly characterized by abnormal accumulation of TG in the liver.
Liver steatosis is histologically characterized by the presence of lipid macrovesicles
in more than 5% of hepatocytes (Brunt et al., 1999). The accumulation of lipids in
the liver is classified into mild (6-32%), moderate (33-66%) and severe (>60%)
(Younossi et al., 2011). Even though most of the MASLD patients do not progress
to MASH, the clinical and economic burden of this disease is significant due to its
high prevalence. The prevalence of MASLD varies across different populations, but
globally, it affects approximately 30% of individuals (Angulo et al., 2015). Many
patients with MASLD could live with steatosis without experiencing significant liver
damage. However, simple steatosis can progress to MASH, characterized by
hepatocyte ballooning, a sign of cellular injury, along with inflammation and/or
fibrosis. Patients with MASH are at a higher risk of developing cirrhosis, which can
lead to liver-related mortality or the need for a liver transplant (Michelotti et al.,
2013).

The gold standard for diagnosing MASLD used to be the liver biopsy, despite its
limitations, such as sample variability, its invasive nature, and the high economic
costs involved. Thus, liver biopsy is not recommended as a routine screening method
for MASLD diagnosis in the general population. Other diagnostic approaches for
MASLD, MASH, and advanced liver fibrosis include non-invasive biomarkers and
imaging techniques. However, diagnosing MASALD remains challenging, as the
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condition is often detected incidentally, either via elevated plasma liver enzyme
levels or the identification of hepatic steatosis during an abdominal ultrasound
(Wilkins et al., 2013).

The redefinition of NAFLD represents a significant shift in terminology,
highlighting an expanded understanding of liver steatosis and its associated risk
factors. MASLD reflects a broader context of metabolic syndrome, emphasizing the
interplay between hepatic fat accumulation and systemic metabolic abnormalities
(Boldys and Buldak, 2024). The high prevalence of MASLD is predominantly
associated with obesity, particularly during childhood and adolescence (Younossi et
al., 2018). The excess fat accumulation associated with obesity triggers cellular
stress signaling and inflammatory pathways, which contribute to increase muscle
insulin resistance, hepatic lipid accumulation and eventually result in organ damage
(Hirosumi et al., 2002; Ozcan et al., 2004; Yuan et al., 2001). MASLD is strongly
associated with T2D, which has similarly emerged as a growing global pandemic.
MASLD and T2D often coexist because they share a common underlying
mechanism, such as insulin resistance, obesity and metabolic syndrome. However,
the relationship between MASLD and T2D is complex and poorly understood, but it
has become more evident that these conditions are inter-related and increase the risk
for each other. Several studies indicate that an increasing number of patients are
diagnosed with both T2D and MASLD. In fact, around 70% of the patients with T2D
can have MASLD at the same time (Ciardullo et al., 2023; Younossi and Henry,
2024), indicating that steatotic liver is a common characteristic in T2D patients.
Liver biopsies from patients with T2D and MASLD have also revealed that liver
steatosis had progressed to MASH in majority of the cases and in some cases even
to fibrosis and cirrhosis (Diehl and Choi, 2008), highlighting the contribution of liver
diseases to the morbidity and mortality in T2D patients.

The degree of liver steatosis is determined by the flux of fat via hepatocytes
(Claydon and Beynon, 2012). However, the size of LDs can vary significantly, with
MASLD is primarily associated with macrovesicular steatosis, characterized by
fewer but larger LDs. In MASLD, toxicity-induced steatosis or advanced liver injury
is often marked by the build of large LDs within the hepatocytes, contributing to
disease progression (Tandra et al., 2011). TG accumulation per se is not considered
harmful in the liver and may be rather viewed as a protective mechanism against
FFA-induced lipotoxicity. As such, the extent of hepatic steatosis may not
necessarily correlate with the severity of MASLD or the state of hepatic injury
(McClain et al., 2007). Hence, increased deposition of other types of toxic lipids
such as FFA, diacylglycerols, free cholesterols, cholesterol ester, ceramide and
phospholipids might rather denote the stage of disease progression (Cheung and
Sanyal, 2008).
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The precise mechanisms leading to MASLD remain unknown, nevertheless, it is
known to be influenced by insulin resistance, increased expression of inflammatory
cytokines, and oxidative stress. A key feature of MASLD is insulin resistance, that
leads to increased DNL in the liver, reduced TG transportation from the liver as
VLDL particles and enhanced lipolysis in the adipose tissue (Smith et al., 2020). In
particular, increase in circulating FFA due to insulin resistance is the major cause of
hepatic lipid buildup in MASLD patients (Donnelly et al., 2005). The stepwise
progression of MASLD from a healthy liver to MASH has been explained by a recent
“multiple parallel hits” hypothesis, in which hepatic steatosis and lipotoxicity as well
as multiple factors outside the liver including adipose tissue inflammation and the
gut microbiota contribute to the disease mechanisms (Tilg et al., 2021).

The first-line treatment of MASLD is weight loss by diet intervention and other
lifestyle changes. Furthermore, associated risk factors such as hypertension, T2D
and dyslipidemia need to be effectively treated with lifestyle changes and
medication. However, there are only few specific medications available for MASLD
that are recommended in treatment guidelines. For example, MASLD patients
without T2D could benefit from taking vitamin E and pioglitazone, since the
powerful antioxidant properties of vitamin E is believed to target the underlying
oxidative stress, whereas pioglitazone is capable of ameliorating insulin resistance
(Cusi, 2016; Sanyal et al., 2010). Additionally, the U.S. Food and Drug
Administration (FDA) recently approved Rezdiffra (resmetirom) for the treatment
of MASH with fibrosis (Vidal-Cevallos and Chavez-Tapia, 2024). Therefore,
increasing our knowledge on the pathogenetic mechanisms of MASLD and the
potential links between steatosis and liver damage (MASLD, MASH and cirrhosis)
is essential to identify novel therapeutic targets for the treatment of a whole cluster
of these diseases.
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Stages of liver damage

Healthy liver

Cirrhosis

HCC

Figure 2.19.Stages of liver damage in the progression of metabolic dysfunction-associated
steatotic liver disease (MASLD) to cirrhosis and hepatocellular carcinoma
(HCC). The chronic liver disease progresses via four stages. The initial stage is simple
steatosis, characterized by fat accumulation in the liver due to obesity and metabolic
syndrome affecting 25-30% of the population. The disease can advance to metabolic
dysfunction-associated steatohepatitis (MASH), marked by hepatic inflammation and
apoptosis, seen in 7-30% of MASLD patients. Fibrosis, the next stage, impairs liver
function and can progress to cirrhosis, which affects 4-14% of MASLD patients. The
final stage is hepatocellular carcinoma (HCC), occurring in 0.2-0.5% of MASLD cases,
and may develop from MASH with or without cirrhosis. HCC often results in liver failure,
requires liver transplantation. The dotted arrow indicates potential reversibility if
appropriate treatment is applied. Image adapted from (Engelmann and Tacke, 2022).
Figure created using image from Servier Medical Art, licensed under a Creative
Commons Attribution 4.0 International License.

2.7.1.1 Metabolic dysfunction-associated steatohepatitis

MASH is the updated term replacing non-alcoholic steatohepatitis (NASH),
representing the more severe stage of MASLD. MASH is characterized by
hepatocellular ballooning, a result of excessive fat accumulation in the liver cells.
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This process is often accompanied by lobular inflammation, and in more advance
cases, can lead to liver fibrosis. If left unchecked, this condition can progress to
cirrhosis or hepatocellular carcinoma. It is believed that around 10-25% of the
patients with MASH could progress to cirrhosis (Matteoni et al., 1999). However, it
is difficult to predict whether MASH patients eventually develop cirrhosis due to the
complex multifactorial etiology of MASH contributed by sex, lifestyle, genetic
polymorphisms, ethnicity, and health status. MASLD is becoming a dominant
chronic liver disease in the developed world, while MASH is predicted to become
the major cause of liver transplantation worldwide (Angulo et al., 2015). Amongst
the many other causes, inflammation is the key factor in the development of MASH
and involves Kupffer cells, infiltering monocytes, T cells, and pro-inflammatory and
anti-inflammatory macrophages. These cells respond to increased accumulation of
TG by the secretion of cytokines and chemokines, and promote hepatic injury,
apoptosis and tissue remodeling (Arrese et al., 2016; Jump et al., 2018, 2013). In
addition, mitochondrial dysfunction because of hyperinsulinemia produces cytotoxic
lipid species, which generate reactive oxygen species (ROS) in the hepatocytes. ROS
stimulate the production of proinflammatory cytokines and participate in the
progression of MASH (Buzzetti et al., 2016). Although there are not many options
available for the treatment of MASH in the current market, a thyroid hormone
receptor-beta (THR-beta) agonist also known as resmetirom has been recently shown
to reduce hepatic fat content and to halt or even reverse the progression of fibrosis
in patients with MASH (Harrison et al., 2024; Karim and Bansal, 2023). Moreover,
drugs used for the treatment of T2D have shown promising effects and thereby could
also be used for the treatment of MASH along with type 2 diabetes (Sumida and
Yoneda, 2018). Currently, several drugs, including obeticholic acid, elafibranor, and
selonertib, are being evaluated for their potential therapeutic benefits in treating
MASH and liver fibrosis. If proven effective, these treatments could represent a
groundbreaking advancement for patients suffering from these conditions.

2.71.2 Cirrhosis and hepatocellular carcinoma

Liver cirrhosis is defined as the late stage of the liver disease, in which a healthy
liver is replaced with scar tissue, preventing it from working normally and causing
permanent damage to the liver. Cirrhosis can be caused by multiple factors including
chronic hepatitis B or C, but with the rising obesity epidemic, MASLD has become
one of the main causes of cirrhosis. Liver fibrosis due to sustained injury can
progress to a stage of advanced fibrosis and culminates in end-stage liver disease,
e.g., liver cirrhosis, decompensated liver disease or hepatocellular carcinoma.
Nevertheless, the development of liver fibrosis may take several years and is often
asymptotic in nature. Liver biopsy used to be the gold standard for diagnosing liver
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fibrosis or cirrhosis in the past. However, with the invention of elastography, a non-
invasive technique that measures liver stiffness, liver fibrosis can now be frequently
examined without a biopsy. While elastography provides a reliable prediction of
fibrosis severity, liver biopsies may still be necessary for cases requiring detailed
histological information, even though they carry higher risks, requires significant
resources and specialized expertise. Thus, performing a liver biopsy is not applicable
in every clinical setting and is not appropriate for screening of the disease stage.
Currently, there are no specific curative treatments for liver cirrhosis. However,
managing the underlying condition that led to cirrhosis can slow disease progression
and help prevent complications. Early intervention aiming at the root cause is of
utmost important for mitigating further liver damage and improving patient
prognosis.

2.8 Adipose tissue

Adipose tissue is the body’s largest energy reservoir and a major source of metabolic
fuel, functioning as an active endocrine organ with significant lipid metabolism.
Most of the energy reserves in human are stored as TG within adipocytes. In the fed
state, adipose tissue regulates lipid flux by increasing TG clearance from the plasma
and by suppressing the release of FFA into circulation (Frayn, 2002). TG synthesis
in adipocytes occurs via two primary pathways: first, via DNL, where non-lipid
precursors, such as carbohydrates, are converted into FA; and second, via the uptake
of circulating FA from lipoproteins like CM or VLDL. These FA are esterified into
TG, contributing to lipid storage in adipose tissue. LPL, an enzyme produced by
adipocytes, is transported to the luminal surface of endothelial cells, where it
hydrolyzes TG in lipoprotein particles, releasing FFA for uptake by adipocytes. This
LPL activity is essential for lipid storage and overall energy balance. Adipose tissue
is classified into two primary types based on anatomical location: subcutaneous or
visceral (Shen et al., 2003).

Adipose tissue is further categorized as either WAT or brown adipose tissue
(BAT). WAT is the predominant form, acting as a fat reservoir between organs,
providing insulation, and serving as an energy source during fasting or intense
physical activity. WAT secretes adipokines, including adiponectin, leptin,
interleukins (IL-6, IL-1p), and TNF-a, which regulate glucose and lipid metabolism,
inflammatory responses, blood pressure, and appetite (Galic et al., 2010; Guerre-
Millo, 2004). In contrast, BAT, found primarily in new-born, plays a role in
thermogenesis via the expression of uncoupling protein 1 (UCP1), which uncouples
mitochondrial respiration and generates heat (Lee et al., 2013). Notably,
thermogenically active BAT has also been identified in adult humans (Virtanen et
al., 2009). The amount of BAT is inversely related to body mass index (BMI), and a
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decrease or deficiency in BAT is associated with insulin resistance and obesity in
animal models (Bartelt and Heeren, 2014). In humans, activating BAT via increased
glucose uptake and energy expenditure has shown promise as a novel approach to
combat obesity (Scheele and Nielsen, 2017).

Adipose tissue also protects against lipotoxicity by absorbing excess circulating
FFA, thereby preventing ectopic deposition in organs that could lead to damage
(Cusi, 2012; Frayn, 2002). It is composed of 50% adipocytes by cell number, with
the remainder 50% consisting of various cell types, including immune and
endothelial cells, which together form the stromal vascular fraction. Adipocytes
secrete adipokines, while immune cells release cytokines such as IL6 and TNF-a
(Gustafson and Smith, 2015). Adipose tissue has a remarkable ability to expand and
storage energy primarily as TG via two mechanisms: hypertrophy (increase in cell
size) and hyperplasia (increase in cell number). However, there is a limit to this
storage capacity, and once exceeded, lipid accumulate in ectopic tissues, leading to
metabolic dysfunction and insulin resistance (Hardy et al., 2012; Virtue and Vidal-
Puig, 2010). Excessive expansion of adipose tissue is associated with various
metabolic consequences, including hepatic steatosis and inflammation. Although the
precise links between obesity and metabolic diseases are not fully understood, they
continue to be an area of active research.

2.81 The lipid droplets

LDs are highly dynamic organelles in the cytoplasm of adipocytes, playing key roles
in cellular lipid metabolism, membrane trafficking, and cell signaling. They protect
against lipotoxicity by storing excess lipids and essential for maintaining lipid
homeostasis within the cell (Listenberger et al., 2003). The core of the LDs is
composed primarily of neutral lipids such as TG and cholesterol esters, while a
phospholipid/cholesterol monolayer surrounds the core, acting as a barrier to
separate the hydrophobic lipids from the cytosol (Olzmann and Carvalho, 2019).
LDs contain various lipids, including phosphatidylcholines (PC),
phosphatidylethanolamines (PE), and phosphatidylinositol (PI), with PC being the
most abundant in the LDs membrane (Bartz et al., 2007; Loizides-Mangold et al.,
2014). The biogenesis of LDs occurs at the ER via three different biological
processes: first, the synthesis of neutral lipids like TG and CE; second, the nucleation
of these lipids along with perilipin proteins; and third, the release of LDs from the
ER into the cytosol (Hsia et al., 2024). LDs are coated with various proteins that
regulate lipid homeostasis in the cell by interacting with other organelles (Mak,
2012; Murphy, 2012). In adipocytes, the most abundant proteins on the surface of
LDs are perilipins. Early studies have shown that perilipins inhibit lipolysis and
contribute to lipid homeostasis (Brasaemle et al., 2000). Among the perilipins,
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perilipin 1 (PLIN1) and perilipin 4 (PLIN4) are highly expressed in adipocytes, while
perilipin 5 (PLINS5) is predominantly expressed in the heart (Greenberg et al., 1991).
PLIN1 plays a critical role in regulating lipolysis via interaction with HSL and
ATGL (Granneman et al., 2009). Perilipin 2 (PLIN2) is essential for the formation
and stability of LDs (Xu et al., 2019), while perilipin 3 (PLIN3), though not directly
involved in lipolysis, may contribute to the initiation of LDs biogenesis (Skinner et
al., 2009). Additionally proteins such as comparative gene identification-58 (CGI-
58) and others on the surface of LDs are also involved in regulating lipolysis in
adipose tissue (Yu et al., 2020).

2.8.2 Adipose tissue lipolysis

Adipose tissue, functionating as an endocrine organ, plays a critical role in lipid
homeostasis and inflammation. It serves as the primary energy reservoir for other
organs by storing TG, which, when mobilized, release glycerol and FFA via
lipolysis. Lipolysis is explicitly regulated by hormonal and biochemical signals in
response to nutritional state. The major factors controlling lipolysis in humans are
autonomic nervous system and insulin. Catecholamines stimulate and insulin
suppresses lipolysis via PKA mediated phosphorylation of HSL and perilipins
(Frilhbeck et al., 2014). Multiple hormones such as growth hormone, ACTH,
cortisol, thyroid hormones, and glucagon are also known to regulate lipolysis in the
adipocytes. Amongst different hormones, insulin is quantitatively and qualitatively
the most relevant as it inhibits lipolysis (Carey, 1998). In addition, several dietary
nutrients such as calcium, ethanol, caffeine, and other methylxanthines have been
found to regulate lipolysis (Duncan et al., 2007; Murosaki et al., 2007; Westerterp-
Plantenga et al., 2005). On the other hand, the basal level of lipolysis is regulated by
sex, age, physical activity, fat depot location, species, and genetic variance
(Frithbeck and Gomez-Ambrosi, 2003; Langin et al., 2000). Additionally, lipolytic
rate might be also influenced by genetic variation. In fact, variation in adrenoceptors
has been widely investigated for its effect on lipolysis and associated obesity
(Umekawa et al., 1999). Negative energy balance such as fasting or starvation,
increases mobilization of FFA in response to catecholamines and reduces insulin
production. In contrast, during energy deprivation states such as prolonged intensive
training, plasma FFA increases in response to the elevated catecholamines and the
reduced insulin production (Lange, 2004). Dysregulation of lipolysis and lipid
metabolism has been shown to be implicated in a diverse range of metabolic
disorders including obesity, T2D, and MASLD (Yang and Mottillo, 2020). Impaired
lipolysis is often associated with obesity, which may increase the rate of basal
lipolysis, reduce catecholamine-stimulated lipolysis and contribute to the
development of insulin resistance (Large et al., 1999; Reynisdottir et al., 1995).
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The basic function of adipose tissue is to store energy in the form of TG and
release energy in the form of FFA. FA taken from circulation are esterified and stored
as TG in the adipocytes. The hydrolysis of stored TG in adipocytes depends on
demand. In case of active hydrolysis, FFA are released into the circulation and
eventually delivered to the peripheral tissues for mitochondrial B-oxidation to
generate ATP (Large et al., 2004). Lipolysis is the process of sequential hydrolysis
of TG by three different enzymes (Nielsen et al., 2014). Within adipocytes, the first
and the rate-limiting step in lipolysis is governed by ATGL, which produces DG via
the hydrolysis of TG. In the second step, the newly formed DG are hydrolyzed by
the HSL to yield MG. In the final step of lipolysis, MG molecule is cleaved into
glycerol and FA by MGL (Edwards and Mohiuddin, 2024). Previous studies have
described that ATGL is critical for TG lipolysis stored in LDs and controls the
substrate availability for FAO as well as modulates the progression of hepato-
steatosis (Ong et al., 2011; Reid et al., 2008; Wu et al., 2011). In addition, ATGL
ablation in mice adipocytes has been shown to reduce lipolysis without increasing
the overall fat mass and distribution (Schoiswohl et al., 2015). Furthermore, ATGL
role in lipid homeostasis has been relatively well-reported in other tissues such as
the heart, and skeletal muscle. Nevertheless, regulation of ATGL in the liver is
poorly understood. In contrast to the adipose tissue, ATGL expression in the liver is
relatively low, however, upregulated in the fasting state (Heier et al., 2015).
Moreover, hepatic ATGL levels have been shown to be lower in MASLD patients
(Kato et al., 2008). A key function of hepatic ATGL in lipid metabolism is further
supported by the global deficiency of ATGL, which showed the reduced rate of
mitochondrial $-oxidation indicating ATGL influence on hepatic energy metabolism
(Ong et al., 2011). Similarly, progressive hepatic steatosis was observed in liver-
specific ablation of the ATGL mouse model (Wu et al., 2011). Therefore, global and
liver-specific loss of ATGL mouse models have strengthened our understanding of
its tissue-specific roles in regulating hepatic lipid homeostasis and the progression
of liver diseases (Missaglia et al., 2019; Schweiger et al., 2008; Zhou et al., 2016).
While the specific roles of MGL and HSL in hepatocyte lipolysis remain unclear,
studies in mice have shown that genetic ablation of HSL protects against diet-induced
and genetic obesity (Harada et al., 2003; Sekiya et al., 2004).

2.8.3 Liver-adipose tissue crosstalk

Both the liver and adipose tissue play vital roles in regulating whole-body energy
homeostasis, however, they are challenged by the persistent nutrient surplus as seen
in the case of obesity. The prolonged metabolic stress triggers adipose tissue
dysfunction, inflammation, and adipokine release leading to increased lipid flux to
the liver (Azzu et al., 2020). After feeding, a small amount of dietary FA is
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assembled into TG and stored in the form of LDs in the hepatocytes. The excess
lipids are then exported into the circulation and further stored in adipose tissue and
other extra-hepatic tissues as an energy reservoir (Angulo, 2002; Scheja and Heeren,
2016). In this context, liver acts as a pleiotropic endocrine organ to access nutrients
first and then affects lipid metabolism in other organs. However, the exact
mechanisms by which cell-specific signals from the liver modulate lipid metabolism
in other organs have not been identified. Adipose tissue dysfunction has been shown
to increase lipids and FFA levels in the serum, causing lipotoxicity and increased
accumulation of ectopic fat, e.g., in the liver as in the case of MASLD (Virtue and
Vidal-Puig, 2010). Similarly, the increased release of adipokines due to
dysfunctional adipose tissue has been shown to induce chronic low-grade
inflammation and the development of obesity-linked metabolic syndrome (Skurk et
al., 2007). In addition, hepatic fat accumulation together with insulin-resistant state
modulates hepatic lipid metabolism pathways, which results in the selective build-
up of toxic lipid species, and aggravates inflammation, and fibrosis as seen in
MASLD. The pathogenesis of the MASLD is critically determined by the enhanced
lipolysis in the adipose tissue and the subsequent increase in circulating FFA and its
flux to the liver. Increased FFA flux into the liver disturbs the insulin sensitivity and
promotes hepatic DNL, which further predisposes to hepatic steatosis and
lipotoxicity. Lipid overload causes redistribution of lipids among metabolic organs,
including the liver, adipose tissue, and muscle. The pathophysiological mechanism
of MASLD at the molecular level has not been completely identified yet. Thus, the
crosstalk between liver and adipose tissue might play a crucial role for maintaining
whole-body energy homeostasis and provide insights into the underlying
mechanisms in the development of MASLD.
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3 Aims

The aim of this thesis was to investigate the regulatory role of MCIR in hepatic
cholesterol and FA metabolism using genetically modified mouse models for in vivo
studies and liver cell culture models for in vitro experiments.

The specific objectives of this study were:

1. To determine the expression of MCIR in the liver and explore its regulation
both in vivo and in vitro (Study I).

2. To examine the impact of hepatocyte-specific deletion of MCIR on
cholesterol and bile acid metabolism in mice (Study I).

3. To elucidate the functional role of MCIR in the regulation of FA metabolism
in vivo and in vitro (Study II).
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4 Materials and Methods

4.1 Animals and animal models

All experimental procedures were conducted on adult female mice (Study I) and
adult male mice (Study II). The mice were housed in groups with their littermates at
the Central Animal Laboratory, University of Turku, under a 12-hour light/dark
cycle, with controlled temperature (21 &+ 1°C) and humidity (50 + 5%). The number
of mice used in each experiment is specified in the figure legends in the result
section. Recessive yellow mice (Mc1r¥®), which are homozygous for the Mc1r¢allele
and lack functional MC1R due to a single base deletion mutation, along with their
non-mutant littermate controls (WT), were obtained from the Jackson Laboratory
(Strain # 000060, Bar Harbor, ME, USA). Both Mc1r¥® and WT mice were
maintained on either a regular chow diet or Western-type diet (RD Western Diet,
D12079B, Research Diets Inc, NJ, USA) for a total of 12 weeks, starting at eight
weeks of age. The formulation of Western diet is provided in (Appendix Table 1).
Hepatocyte-specific MC1R knock-out mice (Mc1r LKO) were generated by crossing
mice homozygous for a floxed McIr allele (Mc1#"", the Jackson Laboratory, strain
#029239) (Takeo et al., 2016) with transgenic A/b“"" mice (B6N.Cg-Speer6-
ps1Tg(Alb-cre)IMGn/J, the Jackson Laboratory, strain #018961) expressing Cre
recombinase under the control of the albumin promoter (4/6“**) (Postic et al.,
1999). These genetically modified mice were identified using earmarks and housed
with same sex littermates, regardless of genotypes with 1-6 animals per cage. Age-
matched Mc1#"" and Mc1#"" AIb“"*" mice were used as controls. Mclr LKO mice
were fed either a regular chow-diet (Study I) or a cholesterol-rich Western-type diet
(Study II). Efficient recombination of the loxP-flanked allele in Mc1r LKO mice was
confirmed by genotyping liver samples for the recombined allele using the following
primers: ACC ACT GCG TGC TAT CCT G (Mcir 5’ forward), ACC CCT TCC
CTT GAG GAG T (Mclr 5’ reverse), and GAA CTC TGA GGT CAC TAT TTT
CTG GAG A (Mclir 3’ reverse).
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4.2 Ethical considerations

All animal procedures were approved by the local ethics committee (Animal
Experiment Board in Finland, License Numbers: ESAVI1/6280/04.10.07.2016 and
ESAVI/1260/2020). The experiments were conducted in compliance with
institutional and national guidelines for the care and use of laboratory animals. The
studies were carefully designed following the ethical 3R principles (Replacement,
Reduction and Refinement) to ensure ethical animal testing. In vivo experiments
were replaced with in vitro experiments whenever possible to minimize animal use.
The experiments were meticulously planned to minimize stress and suffering.
Animals were closely monitored via regular assessments of food and water intake,
body weight measurements, and observations of physical condition. For each
experiment, mice were euthanized using CO» asphyxiation following a 4-hour fast,
with efforts made to minimize external stress.

4.3 In vivo experiments

4.3.1 Body weight and body composition measurement

Body weight was measured weekly throughout the 12-week intervention period.
Body composition (fat and lean mass) was assessed in vivo using quantitative
nuclear magnetic resonance (NMR) scanning (EchoMRI-700, Echo Medical System,
Houston, TX, USA). Measurements were taken from conscious mice either before
the regular weight measurement period (Study I) or before the start of the dietary
intervention (Study II), as well as at the end of the experiments (Study I and II). Each
animal was scanned twice, and the average values for body fat mass, lean tissue
mass, and relative fat and lean mass (% of the total body weight) were calculated
from the two scans.

4.3.2 Food intake

Food intake was monitored weekly throughout the entire experimental period.
Energy intake was calculated based on the caloric values of 3.82 kcal/g for the chow
diet and 4.67 kcal/g for the Western diet (caloric values provided by Research Diets
Inc). For group-housed mice, total food consumption per cage was calculated by
subtracting the amount of food left (including any food spilled in the cage) from the
initial amount provided, and then dividing the resulting value by the total number of
mice per cage (2-6 mice/cage). Food consumption was expressed as average daily
food intake or energy intake per mouse.

68



Materials and Methods

4.3.3 Glucose and insulin tolerance tests

Glucose sensitivity was assessed in vivo using a glucose tolerance test (GTT). For
Mc1r®® mice, GTT was performed once at the end of the experiment, while for Mclr
LKO mice, it was performed twice during the experimental period. The first GTT
was conducted at week 4 of the diet intervention, and the second GTT was conducted
at week 11, just before the end of the experiment. Mice were fasted for 4 hours prior
to the GTT. They then received an intraperitoneal (i.p.) injection of glucose (1g/kg
lean mass). Blood glucose levels were measured from the tail vein at 20-, 40-, 60-,
and 90-minutes post injection using the Precision Xtra Glucose Monitoring Device
(Abbott Diabetes Care, Abbott Park, CA, USA). Blood glucose was also measured
immediately before glucose injection. In Study I, mice were additionally subjected
to insulin tolerance test (ITT). After fasting for 4 hours, mice were injected with 0.75
1U/kg of insulin (Protaphane FlexPen, Novo Nordisk, Baggvaerd, Denmark) via i.p.
injection. Blood glucose levels were measured at 0-, 20-, 40-, 60-, and 90-minutes
following insulin administration. Blood glucose was also measured just before the
insulin injection. Additionally, blood glucose concentration was measured from the
tail vein just before sacrifice after a 4-hour fast.

4.3.4 Feces collection for bile acid analysis

Female mice (n = 4-5 per genotype) were randomly selected for feces collection and
individually housed in separate cages with minimum bedding material (Study I).
Feces were collected over a 48-hour period, and body weight was measured before
and after the collection period. Water and food consumption during this time were
also measured. Separate tweezers were used to collect the feces from each
individually housed mouse, and samples were stored into 50 mL falcon tubes. After
collection, the mice were returned to their original cages. The specimens were then
dried under airflow at 60°C for 48 hours, after which the dry weight was recorded.
Fecal samples were stored at -80°C until they were assayed for bile acids.

435 Tissue collection

Mice were fasted for 4 hours and euthanized via CO2 asphyxiation. Terminal blood
(0.5-1.0 mL) was collected by cardiac puncture, centrifuged at 380 g for 20 minutes
at 4°C, and plasma stored at -80°C for cholesterol and TG analysis. The entire liver
was excised and weighed. In study II, the excised liver was also subjected to
quantitative NMR scanning to measure liver composition. For histology analysis, a
mid-section of the left lateral lobe was fixed in 10% formalin for 24 hours,
dehydrated in 70% ethanol, and embedded in paraffin. Liver samples designated for
RNA extraction, protein quantification, and lipid analysis were weighed, snap-frozen
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and stored at -80°C. Samples of WAT from gonadal, subcutaneous, and
retroperitoneal regions, as well as BAT, samples were collected, weighed, and snap-
frozen, and stored at -80°C.

4.4 Ex vivo and in vitro assays

441 Blood parameters

Plasma samples were used to quantify total cholesterol and TG concentrations using
enzymatic colorimetric assay kits (CHOD-PAP and GPO-PAP, mtiDiagnostics,
Idstein, Germany) according to the manufacturer’s instructions. Plasma NEFA
concentration was determined using the FFA Fluorometric Assay Kit (Item No.
700310, Cayman Chemicals, USA), following the manufacturer’s instructions.

4.4.2 Hepatic lipid analysis

For hepatic lipid assessment, a ~100 mg piece of the liver from the left lobe was
homogenized in 500 puL of phosphate-buffered saline (PBS) containing 0.1% NP-40
(Abcam) using the Qiagen TissueLyser LT Bead Mill (QIAGEN, Venlo,
Netherlands). The homogenate was then centrifuged to remove insoluble
components. Cholesterol and TG concentrations in the liver homogenates were
quantified using CHOD-PAP and GPO-PAP reagents, respectively. For hepatic lipid
content analysis, a transverse piece of the left lobe was embedded in OCT compound
(Tissue-Tek®, Sakura Finetek USA Inc, Torrance, CA, USA) and cryo-sectioned
into 4 pm-thick slices. The liver sections were stained with Oil-Red-O (ORO),
counterstained with hematoxylin, and scanned using Pannoramic 250 digital slide
scanner (2DheHISTECH Kft, Budapest, Hungary).

443 Measurement of bile acids

Total and individual bile acids were measured in plasma, liver, and fecal samples.
Feces were collected over 48 hours from individually housed mice. Total bile acids
were extracted and analyzed using an ultra-high-performance liquid chromatography
tandem-mass spectrometry method (UHPLC-MS/MS), as previously described
(Jantti et al., 2014).
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4.4.4 Histology, immunohistochemistry, and
immunofluorescence staining

To evaluate liver morphology and extent of hepatic fibrosis, 4 pm thick serial
sections were prepared from paraffin-embedded liver tissues. Hematoxylin and eosin
(H&E) staining and Picrosirius red staining (abcam, #ab150681) were performed
according to manufacturer’s protocols. For immunohistochemistry targeting MCIR,
antigen retrieval was conducted using 10 mM sodium citrate buffer (pH 6.0). The
sections were then quenched with 1% hydrogen peroxide (H>O:) and blocked using
5% normal horse serum with 1% bovine serum albumin (BSA). The liver sections
were incubated overnight with a primary antibody against MCIR (Elabscience,
Texas, USA, # E-AB-15765), followed by incubation with a biotinylated secondary
antibody conjugated to horseradish peroxidase. The detection was performed using
diaminobenzidine (DAB) as a chromogen (ABC kit, Vector Labs). For double
immunofluorescence staining, the sections were incubated overnight with antibodies
against MC1R (Elabscience), serum albumin (Bioss Antibodies, # BSM-0945M),
and cytokeratin 19 (CK-19, Novus Biologicals, # NBP2-44827). The detection was
carried out using fluorochrome-conjugated secondary antibodies, specifically anti-
rabbit Alexa Fluor 647 and anti-mouse, anti-rat, or anti-goat Alexa Fluor 488
(Invitrogen). Image acquisition and analysis were performed using
Pannoramic/Caseviewer (3DHISTECH, Hungary) and ImageJ software (NIH,
Bethesda, MD, USA).

445 Cell culture and treatment

An HepG2 cells (ATCC HB-8065), authenticated by STR profiling and confirmed
to be free of mycoplasma contamination, were obtained from the American Type
Culture Collection (Rockville, MD, USA). The cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM, Sigma-Aldrich) supplemented with 10% (v/v)
heat-inactivated fetal bovine serum (FBS, Gibco), 100 U/mL penicillin (Gibco), and
100 pg/mL streptomycin (Gibco). Cultures were incubated at 37°C in a humidified
atmosphere with 5%CQ,. HepG2 cells were grown in 175 cm? culture flask with 15
mL of complete medium, and medium was refreshed as needed. Cells were
maintained at approximately 75% confluence. For passaging, cells were rinsed twice
with pre-warmed (37°C) phosphate-buffer saline (PBS), detached using 0.05%
trypsin-EDTA solution, and neutralized with complete growth medium. Sub-
culturing was performed at a 1:4 ratio every 3 days or a 1:8 ratio every 6 days. To
investigate the regulation of MCIR expression, HepG2 cells were serum-deprived
in medium containing 0.5% FBS for 16 hours. Cells were then treated with 200
pg/mL of LDL (CliniSciences), 10 M of atorvastatin (Sigma-Aldrich), or 500 uM
of palmitic acid (Sigma-Aldrich) for 1, 3, 6, or 24 hours. For evaluating MC1R
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activation effects, cells were similarly serum-deprived and treated with the
endogenous MCIR agonist a-MSH (abcam, # ab120189) or the selective MCIR
agonist LD211.

4451 Primary mouse hepatocyte isolation and treatment

Primary mouse hepatocytes were isolated from 4-month-old male C57B1/6N mice
to investigate the effects of MCIR activation. The peristaltic pump (ISMATEC
instruments) was initially flushed with 70% ethanol, followed by pre-warmed
distilled water and then pre-warmed perfusion medium (GIBCO #17701-038). Mice
were anesthetized with ketamine (75 mg/kg, Ketaminol, Intervet Oy, Finland) and
medetomidine (1 mg/kg, Cepetor, ScanVet Oy, Finland). The abdominal cavity was
opened to expose the liver, portal vein, and inferior vena cava (IVC). A 24 G catheter
was inserted into the IVC, and perfusion was initiated at a rate of 4.5 mL/min with
perfusion medium, while the portal vein was immediately cut open to ensure
adequate flow. Perfusion continued for approximately 5 minutes or until the effluent
ran clear. Subsequently, the liver was perfused with 30 mL of digestion medium
containing high-glucose DMEM, 1% Penicillin/Streptomycin (Thermo Fischer), 1
mg/mL collagenase IV, and 10 pg/mL HEPES, 10% (v/v) FBS. The liver was
excised, transferred to a petri dish containing 20 mL of cold wash medium (GIBCO
#17704024), and kept on ice. The gall bladder was removed, and the liver tissue was
gently disrupted using forceps. The resulting cell suspension was filtered via a 70
pum strainer into a 50 mL tube. Additional wash medium was used to collect
remaining cells from the dish. Cell suspension was centrifuged at 50 x g for 3 minutes
at 4°C. The cell pellet was resuspended in 10 mL of cold wash medium and mixed
with 40% Percoll solution (Sigma P1644). Subsequently, 10 mL of 90% Percoll-PBS
solution was added, and the suspension was gently mixed by inversion
approximately 20 times. The mixture was centrifuged at 300 x g for 10 minutes at
4°C. The viable hepatocyte pellet was resuspended in 20 mL of wash medium,
followed by another centrifugation at 50 x g for 3 minutes at 4°C. Finally, the cell
pellet was resuspended in maintenance medium; William’s E medium (GlutaMAX
Supplement, GIBCO #32551087) supplemented with 10% FBS and 1% Pen/Strep.
Cells were plated in 12-well plates (2 x 10° cells/well) or 6-well plates (4 x 10°
cells/well) and incubated at 37°C in a humidified 5% CO: atmosphere. Experiments
were conducted approximately 12 hours after plating. For gene expression analysis,
hepatocytes were treated with varying concentrations of the MC1R agonists a-MSH
(0.1 nM, 10 nM, or 1 pM) or LD211 for 3 hours at 37°C. For protein analysis, cells
were treated with 1 uM of a-MSH or LD211 for different time points (0, 5, 15, 30,
or 60 minutes). In separate experiments, these treatments were extended to longer
durations (0, 1, 3, 6, or 24 hours).
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4452 Cyclic AMP determination

Intracellular cAMP levels were measured in HepG2 cells. Cells were plated in 12-
well plates (PhenoPlate, PerkinElmer) and serum-starved in DMEM containing
0.5% FBS for 18 hours. Following serum starvation, cells were pre-treated with 0.1
mM 3-isobutyl-1-methylxanthine (IBMX, Sigma-Aldrich) for 30 minutes to inhibit
phosphodiesterase activity. Subsequently, cells were stimulated with either a-MSH
or the selective MC1R agonist LD211 at concentrations of 0.1 nM, 10 nM, or 1 uM
for 30 minutes at 37°C. Forskolin (10 puM, Sigma-Aldrich) was used as a positive
control in separate wells. After incubation, cells were washed three times with cold
PBS, lysed with 0.1 M HCI, and centrifuged at 600 x g for 10 minutes at 4°C. The
supernatant was collected for cAMP analysis using a Cyclic AMP Select ELISA kit
(Cayman Chemical, #501040), following the manufacturer’s instructions. cAMP
levels were normalized to total protein concentrations determined by the Pierce BCA
Protein Assay Kit (Thermo Fisher). The results were expressed as a percentage
relative to control samples.

4.4.5.3 Fluorescently labelled LDL and HDL uptake assay

To assess the uptake of lipoproteins, HepG?2 cells were seeded at a density of 40,000
cells per well in 96-well plates (PhenoPlate, PerkinElmer) and serum-starved in
DMEM supplemented with 0.5% FBS for 18 hours. The cells were then treated with
a-MSH or the selective MC1R agonist LD211 at concentrations of 0.1 nM, 10 nM,
or 1 uM for 18 hours at 37°C. Following treatment, cells were washed three times
with pre-warmed PBS and incubated with fluorescently labeled HDL (Dil-HDL, 20
pg/mL, CliniSciences) or LDL (Dil-LDL, 10 pg/mL, CliniSciences) for 4 hours at
37°C. After the incubation period, the cells were washed three times with PBS to
remove excess fluorescent probes. The fluorescence signal was measured using an
EnSight Multimode Plate Reader (PerkinElmer) with excitation and emission
wavelengths set to 549 nm and 565 nm, respectively. The results were normalized
against cell confluency.

4454 Filipin staining for cellular free cholesterol

To quantify intracellular free cholesterol, HepG2 cells were seeded at 40,000 cells
per well in 96-well plates (PhenoPlate, PerkinElmer) and cultured until reaching
70% confluence. The cells were serum-starved in DMEM supplemented with 0.5%
FBS for 16 hours before being treated with a-MSH or the selective MC1R agonist
LD211 at concentrations of 0.1 nM, 10 nM, or 1 uM for 24 hours. After treatment,
the cells were washed three times with PBS and fixed with 4% paraformaldehyde
(Sigma-Aldrich) for 15 minutes at room temperature. Following fixation, cells were
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washed three more times with PBS and incubated with 1.5 mg/mL glycine (Sigma-
Aldrich) for 10 minutes at room temperature to quench any residual
paraformaldehyde. The cells were then washed again three times with PBS. For
staining, the cells were incubated with 50 ug/mL Filipin (Sigma-Aldrich, #F9765)
for 1 hour at 37°C to visualize free cholesterol. After staining, cells were washed
three times with PBS, and the fluorescence signal was measured using an EnSight
Multimode Plate Reader (PerkinElmer) with excitation at 360 nm and emission at
480 nm. The results were normalized against cell confluency.

4455 Enzyme-linked immunosorbent assay

To evaluate the activation of signaling pathways, HepG2 cells were seeded in 12-
well plates (PhenoPlate, PerkinElmer) and cultured until reaching approximately
70% confluence. The cells were then serum-starved in DMEM supplemented with
0.5% FBS for 24 hours. Following serum starvation, cells were treated with a-MSH
or the selective MC1R agonist LD211 at concentrations of 0.1 nM, 10 nM, or 1 uM
for 10 minutes. After treatment, the cells were washed three times with ice-cold PBS
to remove any residual media. Cells were then lysed using 150 pL of Lysis Buffer
#6 (R&D Systems), and the lysates were analyzed for the expression of
phosphorylated ERK1 (T202/Y204)/ERK2 (T185/Y187) and phosphorylated JINK
(T183/Y185 for INK1/2 and T221/Y223 for INK3). Commercially available DuoSet
IC ELISA kits (R&D Systems, #DYC1018B for ERK and #DYC1387B for JNK)
were used following the manufacturer's instructions. Protein levels were normalized
to total protein concentrations determined by the Pierce BCA Protein Assay Kit
(Thermo Fisher).

4456 Flow cytometry analysis of cell surface LDLR expression

To assess LDLR expression on the cell surface, HepG2 cells were seeded in 24-well
plates at a density of 1 mL per well and cultured until reaching approximately 70%
confluence. Cells were then serum-starved in DMEM medium supplemented with
0.5% FBS for 24 hours. Following serum starvation, cells were treated with 1 pM of
a-MSH or the selective MCIR agonist LD211 for varying durations (0, 1, 3, 6, or 24
hours). After treatment, the cells were washed three times with ice-cold PBS and
detached using 5 mM EDTA. For the detection of LDLR expression, cells were
stained with a phycoerythrin (PE)-conjugated anti-human LDLR antibody (clone C7,
BD Biosciences). The samples were analyzed using an LSR Fortessa flow cytometer
(BD Biosciences), and data were processed using FlowJo software (FlowJo, LLC,
Ashland, USA).
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4457 Gene expression analysis

Total RNA was extracted from HepG2 cells, primary mouse hepatocytes, liver
tissue, and gonadal white adipose tissue (gWAT) using QIAzol Lysis Reagent
(Qiagen). For HepG2 cells and primary hepatocytes, RNA isolation was performed
using the Direct-zol RNA Miniprep kit (Zymo Research, CA, USA) according to the
manufacturer’s instructions. For liver and gWAT tissue samples, homogenization
was carried out using metal beads in a Qiagen TissueLyser LT Bead Mill (QIAGEN,
Venlo, Netherlands). Additionally, phase separation with chloroform was employed
for gWAT samples. RNA extraction was performed using the Direct-zol RNA
Miniprep columns and assessed for purity using a Nanodrop spectrophotometer
(Thermo Fisher Scientific). Reverse transcription of total RNA into complementary
DNA (cDNA) was performed with the PrimeScript RT Reagent Kit (Takara
Clontech) following the manufacturer’s instructions. Quantitative real-time PCR
(qRT-PCR) was conducted using SYBR Green protocols (Kapa Biosystems, MA,
USA). Each reaction was performed in duplicate, and the relative expression of
target genes was normalized to the geometric mean of two housekeeping genes
(ribosomal protein S29, PPIA, or B-actin) using the comparative delta-Ct (2"—AACt)
method. Detailed primer sequences and qRT-PCR conditions are described in
original publications (I and II). The results are presented as relative transcript levels.

4458 Protein extraction and Western blot analysis

Protein lysates from HepG2 cells and primary mouse hepatocytes were prepared
using ice-cold RIPA buffer (50 mM NaCl, 1% Triton X-100, 0.5% sodium
deoxycholate, 0.1% SDS, pH 8.0) supplemented with a protease and phosphatase
inhibitor cocktail (ThermoFisher, #A32961). For liver and gonadal white adipose
tissue (gWAT) samples, homogenization was performed in ice-cold RIPA buffer
using metal beads and Qiagen TissueLyser LT. Protein extracts were resolved via
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) using gels
of varying concentrations (10%, 12%, 15%, or 4-20% gradient gels; Bio-Rad) and
then transferred onto either nitrocellulose (GE Healthcare) or PVDF membranes
(Bio-Rad). Blocking was performed in either 5% skimmed milk (Carl Roth) or 3%
BSA (Tocris Bioscience) in TBS-T (Tris-Buffered Saline with 0.1% Tween® 20)
for 1 hour at room temperature. Membranes were incubated overnight at 4°C with
primary antibodies against specific targets, including: MCIR (Alomone Labs,
#AMR-025), LDLR (Novus Biologicals, Littleton, CO, USA, #NBP1-06709), SR-
BI (NovusBio, #NB400-104), SREBP2 (Novus Biologicals, #NB100-74543),
HMGCR (Novus Biologicals, #NBP2-66888), DHCR7 (abcam, #ab103296), MRP4
(Cell Signaling Tech, Frankfurt, DE, #12857), StAR (Cell Signaling Tech, #8449),
CYP8BI (St John’s Laboratory Ltd, #STJ92607), phospho-AMPKa (Cell Signaling
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Tech, #2535), AMPKa (Cell Signaling Tech, #2532), SREBP1c (Novus Biologicals,
#NBP600-582), HSL (Novus Biologicals, # NB110-37253), ATGL (Novus
Biologicals, #NBP3-16567), CD36 (Abcam, #ab124515), FASN (Novus
Biologicals, #NB400-114), pACC1 (Cell Signaling, #11811), PGCla (Novus
Biologicals, #NBP1-04676), MT2 (Abcam, #ab192385). The next day, membranes
were washed in TBS-T and incubated with horseradish peroxidase (HRP)-
conjugated secondary antibodies (Cell Signaling Technology) for 1 hour at room
temperature. Protein bands were visualized using an enhanced chemiluminescence
(ECL) detection kit (Millipore). The expression levels of target proteins were
normalized to B-actin (Sigma-Aldrich, #2066) or vinculin (Bio-Rad, #MCA465GA)
as loading controls. Band densities were quantified using ImageJ software (NIH,
Bethesda, MD, USA).

4.5 Transcriptome analysis

RNA-sequencing (RNA-Seq) data was retrieved from the Gene Expression Omnibus
(GSE120064) data repository to study MCIR expression in human liver biopsy
samples from patients diagnosed with MASLD (n=51), MASH (n=155), and healthy
obese control cases (n=10) without biochemical or histological evidence of MASLD
(Govaere et al., 2020). The FIMM-RNAseq data analysis workflow (version 2.0.7)
(Kangas et al., 2022) was used to process the raw data. The raw reads were pre-
processed using Trim Galore software (version 0.6.6), then aligned to the human
reference genome GRCh39 (release 93) from the Ensembl database. Gene count data
was produced using Subreads (version 2.0.1) (Liao et al., 2013). Downstream data
analysis was carried out using the R package edgeR (version 3.40.2) (Robinson et
al., 2010). Low gene counts were removed using edgeR’s default parameters, and
the gene counts were normalized using the trimmed mean of M values (TMM)
method, expressed as log2 RPKM (reads per kilobase of exon per million reads
mapped). Additionally, RNA was extracted from the liver of Western diet-fed
control (n=4) and Mc1r LKO (n=4) mice for RNA-Seq analysis. The RNA-Seq was
performed at the Finnish Functional Genomics Centre following Illumina protocols.
The Illumina Novaseq 6000 produced binary base call (BCL) files, which were
converted to FASTQ files using Illumina’s bcl2fastq (version 2.18.0.12). The
FASTQ files were processed using FIMM-RNAseq (Kangas et al., 2022) pipeline
(version 3.0.0). The T overhang from the library preparation workflow was removed
from both forward and reverse reads. Quality trimming and removal of adapter
sequences were performed using the Trim-galore pipeline (Krueger et al., 2023,
version 0.6.6). The reads were aligned to the mouse reference genome GRCh38
(release 102) from Ensembl using STAR (version 2.7.6a) (Dobin et al., 2012), and
gene quantification was performed with Subread (version 2.0.1). Gene counts were
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filtered using edgeR’s (Robinson et al., 2010) filterByExpr function, applying
default parameters. Normalization was performed using the TMM method.
Differential gene expression analysis was conducted using DGA-quik in R,
comparing expression profiles between control and Mclr LKO mice. A total of 635
differentially expressed genes (DEGs) were identified, with a p-value cutoff of <0.05
and absolute log fold-change >=0.25. The DEGs were further analyzed for over-
representation in Gene Ontology (GO) terms using topGO (Alexa and Rahnenfuhrer,
2023) (version 2.46.0), a Bioconductor R package. GO terms with an adjusted p-
value (p.adj) <= 0.05 were considered significant.

4.6 Statistical analysis

All statistical analyses (except for RNA-Seq analysis) were performed using
GraphPad Prism software (versions 9 or 10, La Jolla, CA, USA). Statistical
significance between experimental groups was determined using a two-tailed,
unpaired Student’s t-test or one-way or two-way ANOVA followed by Bonferroni
post hoc tests, as appropriate. The normality of the data was assessed using the
D’ Agostino, Pearson omnibus and Shapiro-Wilk normality test. Based on the results
of the normality tests, statistical tests were selected. For data that were not normally
distributed, or if the sample size was below n < 8 per group, nonparametric tests such
as the Mann-Whitney U test or Kruskal-Wallis test were applied. Possible outliers
were identified using the regression and outlier removal (ROUT) method with a Q-
level of 1%. Data are presented as mean + standard error of the mean (SEM), unless
otherwise stated. Results were considered statistically significant for p-values less
than 0.05.
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5 Results

51 The effects of MC1R on cholesterol and bile
acid metabolism

5.1.1 MC1R expression in the liver

MCI1R expression was first confirmed via immunohistochemical staining of the liver
sections from chow-fed C57BL/6J mice, which showed strong and uniform MC1R
expression throughout the liver (Fig 5.1A). Immunofluorescence staining further
revealed the co-localization of MCI1R with hepatocyte marker serum albumin and
cholangiocyte marker cytokeratin 19 (CK19) (Fig. 5.1B and C). To investigate the
effects of a high-fat diet on MCIR expression, mice were fed a Western-type diet
for 12 weeks. Notably, both Mc/r mRNA and protein levels were significantly
reduced in the livers of Western diet-fed mice compared to chow diet-fed controls
(Fig. 5.1D and E). Additionally, RNA sequencing of human liver biopsies indicated
that MCIR expression was significantly downregulated in patients with MASLD or
MASH relative to healthy control subjects (Fig. 5.1F).
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Figure 5.1. Expression of melanocortin 1 receptor (MC1R) in the mouse and human liver.
(A) Immunostaining of MC1R in the liver of chow-fed C57BL/6J mice. Anti-MC1R
antibody was replaced by purified normal rabbit IgG (isotype control) in the control
section. Nuclei were stained with DAPI (blue). Scale bar: 50 pm. (B)
Immunofluorescence staining of MC1R (red) and hepatocyte marker serum albumin
(green) in the liver of chow-fed C57BI/6J mice. (C) Immunofluorescence staining of
MC1R (red) and hepatocyte marker serum albumin (green) in the liver of chow-fed
C57BL/6J mice. Scale bar: 20 ym. (D) Quantitative real-time PCR (qPCR) analysis of
Mc1r mRNA expression in the liver of chow- and Western diet-fed mice. (E)
Representative Western blots showing MC1R and B-actin (loading control) and
quantification of MC1R protein levels in the livers of chow- and Western diet-fed mice.
*p<0.05 and **p<0.01 versus chow-fed mice (Student’s t-test). (F) MC1R gene
expression analysis in human liver biopsies from control cases (n=10) and patients
with metabolic dysfunction-associated steatotic liver disease (MASLD, n=51) or
metabolic dysfunction-associated steatohepatitis (MASH, n=155). Violin plots show
normalized log2 RPKM values and medians (dashed line) for each sample group. The
values are presented as mean + SEM, with n=5—10 mice per group. *p<0.05, **p<0.01,
and ****p<0.0001 for indicated comparisons (one-way ANOVA, Bonferroni post hoc
tests). Mc1r: Melanocortin 1 Receptor.
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51.2 Characterization of hepatocyte-specific MC1R knock-
out mouse model

The regulatory role of hepatic MC1R was investigated by generating hepatocyte-
specific MCIR knock-out mice (McI#""41p“*"*; symbolized as Mclr LKO) by
crossing Mclr floxed mice (Mcl/"") with transgenic mice expressing Cre
recombinase under the control of the mouse albumin promoter (4/6"). These mice
were maintained on a normal chow diet, and body weight was monitored weekly
from 8 to 16 weeks of age. Recombination efficacy was confirmed via PCR analysis
of genomic DNA from the liver, demonstrating efficient recombination in Mclr
LKO mice (Appendix Fig. 1A). Correspondingly, Mcir mRNA expression was
significantly reduced in the livers of Mclr LKO mice (Fig. 5.2A), and Western
blotting revealed a marked decrease in MC1R protein levels in these mice compared
to controls (Fig. 5.2B). Phenotypic analysis showed no significant differences in
body weight between Mclr LKO and control mice throughout the monitoring period
(Appendix Fig. 1B), nor were there any changes in total fat or lean mass (Appendix
Fig. 1C and D). However, Mclr LKO mice exhibited significantly higher absolute
liver weights and liver-to-body weight ratio compared to control mice (Fig. 5.2C and
D).
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Figure 5.2. Low expression of melanocortin 1 receptor (MC1R) in the livers of hepatocyte-
specific MC1R deficient mice. (A) Quantitative real-time polymerase chain reaction
(qPCR) analysis of Mc1r expression in the liver of control and Mc1r LKO mice. (B)
Representative Western blots and quantification of MC1R levels in the liver of Western
diet-fed control and Mc1r LKO mice. (C and D) Absolute liver weights and liver-to-body
weight ratio (expressed as a percentage of body weight) in chow-fed control and Mc1r
LKO Mice. The values are presented as mean + SEM, n=5—-10 mice per group. *p<0.05
versus control mice (Student’s t-test). Mc1r LKO: hepatocyte-specific MC1R knockout.
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513 The effects of hepatocyte-specific MC1R deficiency on
cholesterol, triglycerides, fibrosis, and bile acids

To assess the effects of hepatocyte-specific MCIR deficiency on lipid
accumulation, liver tissue samples from Mc1r LKO and control mice were stained
with H&E and ORO, revealing a significant increase in intracellular LDs in Mclr
LKO mice (Fig. 5.3A). Lipid quantification in liver homogenates further confirmed
a substantial increase in total cholesterol and TG levels in Mc1lr LKO mice (Fig.
5.3B). Plasma cholesterol and TG levels were also elevated in Mclr LKO mice
(Fig. 5.3C). To explore potential mechanisms underlying these changes, mRNA
expression levels of key genes involved in cholesterol synthesis and transport were
analysed. Mclr LKO mice exhibited increased hepatic expression of Srebp2,
Hmgcr, Dher7, Ldlr, and ATP binding cassette subfamily A member 1 (4bcal)
(Appendix Fig. 2A and B). Interestingly, while protein levels of both cleaved and
precursor forms of SREBP2, a key regulator of cholesterol homeostasis, were
unchanged, the ratio of mature to precursor SREBP2 was significantly reduced in
the livers of Mclr LKO mice (Fig. 5.3D and E). Protein levels of SREBP2 targets
genes HMGCR and DHCR7 were reduced in Mc1r LKO mice liver (Fig. 5.3E and
F). Histological analysis using Picrosirius Red staining revealed increased fibrosis
in Mclr LKO liver, which corroborated by the upregulation of fibrotic genes (Fig
5.3G and H, Appendix Fig. 2C). However, no difference was observed between
the genotypes in the mRNA expression of pro-inflammatory markers in the liver
(Appendix Fig. 2D).
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Figure 5.3. Loss of hepatic Melanocortin 1 receptor (MC1R) promotes cholesterol and

82

triglycerides (TG) accumulation and enhances liver fibrosis. (A) Representative
images of Hematoxylin and eosin (H&E) and Oil Red O (ORO)-stained liver sections
from chow-fed control and Mc1r LKO mice. Scale bar: 50 ym. (B and C) Quantification
of total cholesterol and triglycerides (TG) levels in the liver and plasma of chow-fed
control and Mc1r LKO mice. (D) Representative Western blots of SREBP2, HMGCR,
DHCRY?7, and vinculin (loading control) expression in the liver of chow-fed control and
Mc1r LKO mice. (E) Quantification of mature and precursor forms of SREBP2, and the
precursor-to-mature SREBP2 ratio in the liver of chow-fed control and Mc1r LKO mice.
(F) Quantification of HMGCR and DHCRY protein levels in the liver of chow-fed control
and Mc1r LKO mice. (G) Representative images of Picrosirius Red-stained liver
sections from chow-fed control and Mc1r LKO mice. Scale bar: 100 pm. (H)
Quantification of fibrotic area (as a percentage of total tissue area) in the liver of chow-
fed control and Mc1r LKO mice. The values are presented as mean + SEM, mice n=6—
10 mice per group. *p<0.05 and **p<0.01 versus control mice (Student’s t-test).
SREBP2: Sterol regulatory element-binding protein 2; HMGCR: 3-hydroxy-3-
methylglutaryl-CoA reductase; DHCR7: 7-dehydrocholesterol reductase.
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To investigate the potential causes of elevated cholesterol levels in the liver and
plasma of Mclr LKO mice, the levels of total and individual bile acids were
measured in the liver, plasma, and feces using liquid chromatography-mass
spectrometry. While hepatic bile acid levels did not differ significantly between
genotypes (Fig. 5.4A), plasma bile acids were reduced, with a near-significant
decrease in fecal bile acids (p=0.06) in Mc1r LKO mice. These changes in the bile
acids pool were primarily attributed to a reduction in secondary bile acids (Fig 5.4B
and C). Further analysis of individual bile acids revealed decreased levels of CA and
UDCA, as well as secondary bile acids like DCA, HDCA, and ®-MCA in the plasma
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Figure 5.4. Reduction of bile acid levels due to loss of hepatocyte-specific melanocortin 1
receptor (MC1R) (A-C) Quantification of total, primary, and secondary bile acids in the
liver, feces, and plasma samples of chow-fed control and Mc1r LKO mice. (D)
Concentration of individual primary and secondary bile acids in the plasma of chow-fed
control and Mc1r LKO mice. (E) Ratio of cholic acid (CA) to chenodeoxycholic acid
(CDCA) in the plasma samples of chow-fed control and Mc1r LKO mice. The values are
presented as mean + SEM, n=4-5 mice per group. *p<0.05, **p<0.01, ***p<0.001, and
****n<0.0001 versus control mice (Student’s t-test). Primary bile acids: cholic acid (CA),
chenodeoxycholic acid (CDCA), ursodeoxycholic acid (UDCA); secondary bile acids:
deoxycholic acid (DCA), hyodeoxycholic acid (HDCA), w-muricholic acid (w-MCA).
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of Mclr LKO mice (Fig. 5.4D). Additionally, DCA levels in the liver and HDCA,
LCA, and 12-ox0 LCA levels in the feces were reduced in Mc1r LKO mice (data not
shown). Furthermore, the ratio of CA to CDCA in the plasma was lower in Mclr
LKO mice (Fig 5.4E).

To investigate the factors contributing to disrupted bile acid metabolism in Mclr
LKO mice, key enzymes regulating bile acid synthesis and transporters responsible
for bile acid uptake and excretion were assessed in the liver. Mc1r LKO mice showed
significant upregulation of sterol 12-alpha-hydroxylase (Cyp8bI) and sterol 27-
hydroxylase (Cyp27al), with no significant change in cholesterol 7 alpha-
hydroxylase (Cyp7al), the rate-limiting enzyme in bile acid synthesis (Fig. 5.5A).
Conversely, the expression of steroidogenic acute regulatory protein 1 (Stardl),
crucial for cholesterol transport to mitochondria in the alternative bile acid pathway,
was downregulated. Among bile acid transporters Na'-taurocholate cotransport
polypeptide (Ntcp) expression was elevated, while multidrug-associated protein 4
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Figure 5.5. Impact of hepatocyte-specific melanocortin 1 receptor (MC1R) deficiency on a
bile acid synthesis and transport gene expression. (A) Quantitative real time
polymerase chain reaction (QPCR) analysis of bile acid synthesis, transport, and
nuclear receptors genes in the liver of the chow-fed control and Mc1r LKO mice. (B
and C) Representative Western blots and quantification of CYP8B1, StAR, and MRP4
protein levels in the liver of chow-fed control and Mc1r LKO mice. The values are
presented as mean + SEM, n=7—10 mice per group. *p<0.05, **p<0.01, and ***p<0.001
versus control mice (Student's t-test). Genes: Cyp7a1l, cholesterol 7 alpha-
hydroxylase; Cyp8b1, sterol 12-alpha-hydroxylase; Cyp27a1, sterol 27-hydroxylase;
Stard1, steroidogenic acute regulatory protein; Ntcp, Na+-taurocholate cotransporting
polypeptide; Mrp4, multidrug resistance-associated protein 4; Fxr, farnesoid X
receptor; Hnf4a, hepatocyte nuclear factor 4 alpha.
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(MRP4) was decreased in Mclr LKO mice. Additionally, transcriptional regulators
farnesoid X receptor (Fxr) and hepatocyte nuclear factor 4 alpha (Hnf4a) were
significantly upregulated (Fig 5.5A). Protein analysis corroborated these findings,
showing increased levels of CYP8B1 and decreased MRP4 in the liver of Mc1r LKO
mice. Interestingly, the protein expression of StAR (Stardl) was increased, contrary
to its downregulated gene expression profile (Fig. 5.5B and C).

514 The effects of MC1R activation on cholesterol and lipid
handling in HepG2 cells

Given the observed hypercholesterolemia and increased TG levels in Mclr LKO
mice, the underlying mechanisms of MC1R activation on lipid metabolism in human
hepatocytes (HepG2) was explored in vitro. Initially, MCIR expression was
analyzed under the effect of saturated FA (palmitic acid), which led to a rapid and
significantly downregulation of MC1R (Fig. 5.6A), mirroring the in vivo reduction
in Western diet-fed mice. However, MCIR protein levels remained unchanged when
HepG?2 cells were treated with LDL cholesterol or atorvastatin (data not shown). To
access the impact of MCIR activation, we treated HepG2 cells with a-MSH or
LD211. Both agonists significantly reduced intracellular free cholesterol levels in a
dose-dependent manner, as demonstrated by filipin fluorescence staining (Fig.
5.6B). Additionally, MCIR enhanced the uptake of fluorescently labelled LDL and
HDL particles (dil-LDL and dil-HDL) (Fig. 5.6C and D). Correspondingly, the
mRNA levels of lipoprotein receptors, LDLR and HDL receptor SR-BI (SCARBI),
were upregulated following treatment with MC1R agonists (Fig. 5.6E and F). Protein
analysis revealed increased LDLR and SR-BI levels in a-MSH-treated cells, whereas
no changes were observed with LD211 treatment (Appendix Fig. 3A and B).
Enhanced surface expression of LDLR was confirmed by flow cytometry after
treatment with MCIR agonists (data not shown). Despite the reduction in free
cholesterol, MCIR activation did not alter the protein expression of key cholesterol
biosynthesis enzymes, HMGCR or DHCR7 (Appendix Fig. 3C and D). Lastly,
treatment with LD211 led to downregulation of fibrosis-related genes, including
TGFBI, ACTA2, and COLIAI, while similar but nonsignificant trends were
observed with a-MSH-treatment (data not shown).
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Figure 5.6. Effect of agonist-mediated melanocortin 1 receptor (MC1R) activation on

cholesterol and lipoprotein uptake in HepG2 cells. (A) Representative Western
blots and quantification of MC1R protein levels in HepG2 cells treated with palmitic
acid (500 uM) at different time points. (B) Quantification of free cholesterol content in
HepG2 cells treated with a-MSH and LD211 (0.1 nM, 10 nM, or 1 uM) for 24 hours. (C
and D) Quantification of HDL and LDL uptake in HepG2 cells treated with a-MSH and
LD211 (0.1 nM, 10 nM, or 1 uM) for 24 hours. (E and F) Quantitative real-time
polymerase chain reaction (qQPCR) analysis of LDL receptor (LDLR) and scavenger
receptor class B member 1 (SCARBT) expression in HepG2 cells treated with 1 uM a-
MSH and LD211 at different time points. The values are presented as mean + SEM,
n=3-6 per group. *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001 by one-way
ANOVA and Bonferroni post hoc tests.

In terms of bile acid metabolism, treatment of HepG2 cells with the MCIR
agonist a-MSH led to an increase in CA levels without affecting CDCA levels (Fig.
5.7A). This resulted in a higher CA:CDCA ratio (Fig. 5.7B). Consistent with these
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observations, o-MSH treatment increased the protein expression of CYP8BI, a
crucial enzyme that regulates the CA:CDCA ratio (Fig. 5.7, C and D).
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Figure 5.7. Effects of melanocortin 1 receptor (MC1R) activation by a-MSH on bile acid
levels in HepG2 cells. (A) Quantification of cholic acid (CA) and chenodeoxycholic
acid (CDCA) in HepG2 cells treated with 1 yM a-MSH for 24 hours. (B) Ratio of CA to
CDCA in HepG2 cells treated with 1 uM a-MSH for 24 hr. (C and D) Representative
Western blots and quantification of sterol 12-alpha-hydroxylase (CYP8B1) in HepG2
cells treated with 1 yM a-MSH at different time points (0-, 1-, 3-, 6-, or 24-hours). The

values are presented as mean + SEM, n=4-6 per group. *p<0.05 for the indicated
comparisons by Student’s t-test (A and B) or by one-way ANOVA and Bonferroni post

hoc tests (D).

515 The effects of pharmacological activation of MC1R on
intracellular signaling pathways in HepG2 cells

To evaluate the intracellular signaling pathways activated by MC1R in HepG2 cells,
cells were treated with different concentrations of a-MSH or LD211. Surprisingly,
neither a-MSH nor LD211 influenced cAMP levels (Fig. 5.8A and B). However,
Western blot analysis revealed that both agonists decreased phosphorylation of
extracellular-signal-regulated kinase (ERK) and c-Jun N-terminal kinase (JNK) (Fig.
5.8C-F). Additionally, both treatments induced rapid, transient phosphorylation of
AMP-activated protein kinase (AMPK) (Fig. 5.8G and H). To determine if AMPK
activation mediates the cholesterol-lowering effects of the agonists, HepG2 cells
were treated with the AMPK inhibitor dorsomorphin. Notably, dorsomorphin
increased cholesterol content and reversed the cholesterol-reducing effects of a-
MSH, while the effects of LD211 was abolished by AMPK inhibition (Appendix 4A

and B).
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Figure 5.8. Effects of melanocortin 1 receptor (MC1R) activation on intracellular signaling

5.2

5.2.1

in HepG2 cells. (A and B) Quantification of intracellular cyclic adenosine
monophosphate (CAMP) levels in HepG2 cells treated with a-MSH and LD211 (0.1 nM,
10 nM, or 1 uM) for 30 min. Forskolin used as a positive control. (C-F) Quantification
of phosphorylated ERK1/2 and JNK by ELISA in HepG2 cells treated with a-MSH and
LD211 (0.1 nM, 10 nM, or 1 uM) for 10 minutes. (G and H) Representative Western
blots and quantification of phosphorylated AMPK (p-AMPK) levels, normalized against
total AMPK, in HepG2 cells treated with 1 yM a-MSH and LD211 at different time
points (5’-, 15'-, 30’-, or 60’-minutes). The values are presented as mean + SEM, n=3—
6 per group. *p<0.05, **p<0.01, and ****p<0.0001 by one-way ANOVA with Bonferroni
post hoc tests.

The effects of hepatocyte-specific MC1R
deficiency on fatty acid metabolism

Adipose tissue and liver phenotype in global MC1R
deficient mice

The impact of global MC1R deficiency on body weight and adiposity was assessed
in Mc1r”¢ mice. Male Mc1r®® and WT mice were kept on either a chow or Western
diet for 12 weeks. The body weight gain was monitored weekly for the whole
experimental period. No significant differences in body weight or overall
composition were observed between the genotypes on either diet (Appendix Fig. SA-
D). GTT also revealed no differences in fasting glucose levels between the genotypes
(Appendix Fig. 5E-G). Despite similar body weights, Mclr¥® mice exhibited
increased weights of gWAT, subcutanecous white adipose tissue (sWAT), and
retroperitoneal white adipose tissue (rWAT) compared to WT mice on chow diet,
with only gWAT significantly increased in Western diet-fed Mc1r®® mice (Fig. 5.9A
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and B). Total WAT depot weight was significantly higher in Mc1r®® mice across

both diet

groups (Fig. 5.9C). Histological analysis of gWAT showed larger

adipocytes in Mclr®® mice, indicating adipocyte hypertrophy (Fig. 5.9D-G).
Notably, food intake and physical activity levels were comparable between

genotypes

(data not shown), suggesting adipocyte hypertrophy was independent of

these factors.
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Increased adipocyte-hypertrophy in mice with global melanocortin 1 receptor
(MC1R) deficiency (A-C) White adipose tissue (WAT) weights and the sum of WAT
weights in chow-and Western diet-fed WT and Mc1r®® mice. (D) Representative H&E-
stained gWAT sections from chow- and Western diet-fed WT and Mc1r®® mice. Scale
bar: 100 um. (E and F) Distribution of adipocyte size in gWAT samples from chow-
and Western diet-fed WT and Mc1r®® mice. (G) Mean adipocyte size in gWAT samples
from chow- and Western diet-fed WT and Mc1ré®® mice. (H-J) Quantitative real-time-
polymerase chain reaction (QPCR) analysis of Lipe, Atgl, and Lpl expression in gWAT
samples. The values are presented as mean + SEM, n=10-15 mice per group.
*p<0.05, **p<0.01, and ***p<0.001 for the indicated comparisons by two-way ANOVA
with Bonferroni post hoc tests. gWAT: gonadal white adipose tissue; Lipe: hormone-
sensitive lipase; Atgl: adipose triglyceride lipase; Lpl: lipoprotein lipase.
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To explore underlying mechanisms of adipocyte hypotrophy, the expression of
key TG hydrolysis enzymes was examined in gWAT. Mc1r®® mice on a chow diet
showed reduced expression of Lipe and Atgl/, while these differences were not
present under a Western diet (Fig. 5.9H and I). Expression of Lp/ (Fig. 5.9J) and
other genes involved in TG hydrolysis, FA synthesis (e.g., Fasn, Scdl, Accl, Dgatl,
Dgat2), and FAO (Ppara, AcoxI) were not changed (data not shown). These findings
indicate that global MCIR deficiency promotes adipocyte hypertrophy without
affecting overall body weight or composition.

In addition to increased WAT mass, Mc1r¥® mice exhibited higher liver weights
compared to WT mice in chow and Western diet groups (Fig. 5.9A). Plasma lipid
analysis indicated elevated TG levels in Mc1r¥® mice on Western diet, while no
differences were observed between genotypes on a chow diet (Fig. 5.9B). Gene
expression profiling in the liver showed no significant differences in mRNA levels
of SrebpIc, a primary transcription factor involved in lipogenesis. However, Chrebp,
another major regulator of hepatic lipid synthesis, was significantly upregulated in

A B
Owr
B Mctree

Liver weight (g)

Chow Western Chow Western

Srebp1c (Liver) Chrebp (Liver) Fasn (Liver) Scd1 (Liver)

©

o

mRNA expression
(fold change)
=
mRNA expression
(fold change)
mRNA expression
(fold change)
mRNA expression
(fold change)

N

o

Chow Western Chow Western Chow Western Chow Western

Figure 5.10.Increased liver weights and upregulation of lipogenesis-related genes in the
livers of global melanocortin 1 receptor (MC1R) deficient mice (A) Liver weights
of chow- and Western diet-fed WT and Mc1r®® mice. (B) Quantification of plasma
triglyceride (TG) concentrations in chow- and Western diet-fed WT and Mc1r®® mice.
(C-F) Quantitative real-time-polymerase chain reaction (QPCR) analysis of Srebp7c,
Chrebp, Fasn, and Scd? mRNA expression levels in the liver. The values are
presented as mean + SEM, n=10-15 mice per group. *p<0.05, **p<0.01, and
***p<0.001 for the indicated comparisons by two-way ANOVA with Bonferroni post hoc
tests. Srebp1c: sterol regulatory element-binding protein 1; Chrebp: carbohydrate
response element-binding protein; Fasn: fatty acid synthase; Scd7: stearoyl-CoA
desaturase 1.
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the livers of Western diet-fed Mc1r®® mice (Fig. 5.9C and D). This upregulation
corresponded with increased expression of Chrebp target genes, including Fasn and
Scdl, which are key enzymes in FA synthesis (Fig. 5.9E and F). In summary, global
MCIR deficiency led to increased liver weights and elevated plasma TG levels,
alongside transcriptional changes in the liver indicative of enhanced hepatic DNL,
particularly under a Western-type diet.

522 Liver and adipose tissue phenotype in Western diet-
fed hepatocyte-specific MC1R deficient mice

Given the pronounced effects seen in Western diet-fed Mc1r¥® mice, Mclr LKO
mice were subjected to Western diet for 12-weeks. In line with the Mc1r®® mice,
body weight gain and food intake remained similar between control and Mc1r LKO
mice throughout the intervention (Appendix Fig. 6A and B). Quantitative NMR
scanning indicated no differences in total fat or lean mass at both the start and end
of the diet period (Appendix Fig. 6C and D). However, Mc1lr LKO mice exhibited
significantly increased liver weights compared to controls (Fig. 5.11A). Ex vivo
quantitative NMR scanning revealed elevated relative fat mass and reduced
relative lean mass in Mc1r LKO mice (Fig. 5.11B and C). This was consistent with
enhanced TG levels in the liver and elevated plasma TG levels, while plasma
NEFA remained unchanged (Fig. 5.11D and E). GTT data showed no differences
between genotypes (data not shown). Thus, hepatocyte-specific loss of MC1R led
to increased liver weights and TG accumulation, resembling the liver phenotype
seen in Mc1r mice.
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Figure 5.11.Hepatic loss of melanocortin 1 receptor (MC1R) increases liver weights and
triglyceride (TG) accumulation (A) Liver weights measurement of control and Mc1r
LKO mice in Western diet. (B and C) Quantification of fat and lean mass in whole-liver
samples of Western diet-fed WT and Mc1r LKO mice using quantitative NMR scanning
(D and E) Liver and plasma triglyceride (TG) levels in control and Mc1r LKO mice on
a Western diet. The values are presented as mean + SEM, n=10-15 mice per group.
*p<0.05, **p<0.01, and ***p<0.001 by unpaired two-tailed Student’s t-test. Mc1r LKO:
hepatocyte-specific MC1R knockout mice; TG: triglycerides.
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Consistent with the findings in Mc1r®® mice, Mclr LKO mice exhibited
significantly higher weights of gWAT, sWAT and rWAT depots as well as total
WAT weight compared to controls (Fig. 5.12A, B). Histological analysis of H&E-
stained gWAT increased adipocyte size, indicating hypertrophy in Mclr LKO mice
(Fig. 5.12C-E). To explore the mechanisms underlying this hypertrophy, key lipid
metabolism genes were analyzed in gWAT samples. The expression of Ppara, a
regulator of FAO, was reduced in Mc1r LKO mice, while Srebpic and Chrebp levels
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Figure 5.12.Hepatic loss of melanocortin 1 receptor (MC1R) increases adipocyte size and
alters lipid metabolism in gWAT. (A and B) Absolute weight of different white
adipose tissue (WAT) depots and total WAT mass in Western diet-fed control and Mc1r
LKO mice. (C) Representative hematoxylin and eosin (H&E) stained gWAT sections
from Western diet-fed control and Mc1r LKO mice. Scale bar: 100 ym. (D and E)
Distribution of adipocyte sizes and average adipocyte volumes in gWAT of control and
Mc1r LKO mice fed a Western diet. (F) Quantitative real-time-polymerase chain
reaction (QPCR) analysis of genes involved in lipogenesis, lipolysis, and lipid droplet-
associated proteins in gWAT of Western diet-fed control and Mc1r LKO mice. The
values are presented as mean + SEM, n = 10-15 mice per group. *p<0.05 and **p<0.01
by unpaired two-tailed Student’s t-test. Ppara: peroxisome proliferator-activated
receptor alpha; Srebpic: sterol regulatory element-binding protein 1; Chrebp:
carbohydrate response element-binding protein; Lpl: lipoprotein lipase; Lipe: hormone-
sensitive lipase; Atgl: adipose triglyceride lipase; Mgl: monoglyceride lipase; Plin:
perilipin-1; Plin2: perilipin-2; Plin3: perilipin-3.
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were unaffected (Fig. 5.12F). Lipolysis markers Lipe and Azg/ showed reduced
mRNA levels, whereas Lp/ and Mg/ were unchanged (Fig. 5.12F). Additionally,
mRNA levels of lipid droplet-associated proteins Plin [ and Plin 3 were lower in
Mclr LKO mice (Fig. 5.12F). Expression of other lipogenesis-related genes (Fabp4,
Cd36, Fasn, Accl, Scdl, Dgatl, Dgat2 and Gpat3) and pro-inflammatory markers
({11b, 116 and Tnf-a) did not differ between genotypes (Appendix Fig. 7A and B).
Western blot analysis confirmed no change in the protein levels of lipogenesis
(SREBPIc), lipolysis (HSL, ATGL) and lipid transport (CD36) markers in gWAT
of Mclr LKO mice (Appendix Fig. 7C and D). Overall, the loss of MCI1R signaling
in hepatocytes resulted in increased adipocyte size and alteration in lipid metabolism
in gWAT. These changes suggest that MCIR plays a crucial role in maintaining
normal adipocyte function and lipid homeostasis, highlighting its importance in
metabolic regulation.

5.2.3 Hepatic transcriptome analysis of hepatocyte-specific
MC1R deficient mice

To explore genome-wide transcriptomic changes in the liver of Mclr LKO mice,
a bulk RNA-Seq was conducted on liver samples from Western diet-fed control
and Mclr LKO mice (n=4 per genotype). Principal component analysis (PCA)
showed a clustering between the genotypes (data not shown). RNA-Seq analysis
identified 14,214 transcripts, with 635 being differentially expressed between
Mclr LKO and control mice, using an adjusted p-value < 0.05 and an absolute log
fold change >= 0,25. As shown in the volcano plot (Fig. 5.13A), 240 genes were
upregulated, while 395 genes were downregulated in Mclr LKO mice. Gene
ontology (GO) enrichment analysis of 635 DEGs revealed significant associations
with several biological processes. Enriched pathways included defense response to
bacteria, cellular responses to lipopolysaccharide, interferon-gamma and -beta
responses, and adaptive immune response (Fig. 5.13B). These findings indicate
marked hepatic transcriptomic alterations in Mc1lr LKO mice under Western diet.
Overall, suggesting that the absence of MCIR in hepatocytes influences gene
expression linked to lipid metabolism and inflammatory responses and this shift in
gene expression may contribute to metabolic dysregulation in the context of high-
fat diet.
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Figure 5.13.Hepatic transcriptomic difference between control and Mc1r LKO mice on
Western diet. (A) Volcano plot showing upregulated and downregulated genes
between control and Mc1r LKO mice. (B) Gene ontology (GO) terms associated with
differently expressed genes (DEGs) identified using topGO, a Bioconductor R
package. The enriched pathways highlight significant alterations in inflammatory
responses, adaptive immune responses, and cellular responses to lipopolysaccharide.
The circle size represents the number of DEGs enriched in each pathway, while circle
color indicates the degree of enrichment.
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A few selected DEGs from RNA-Seq analysis were validated using qPCR on liver
samples from control and Mclr LKO mice. Consistent with the RNA-Seq analysis,
top hit genes including metallothionein 1 (M¢/) and metallothionein 2 (Mt2) were
significantly upregulated, while FK506 binding protein 5 (Fkbp5) showed a tend
towards upregulation (p=0.10) in Mc1r LKO mice (Fig. 5.14A). Given the enrichment
of inflammation-related GO terms among DEGs, the expression of pro-inflammatory
cytokines was quantified. Mclr LKO mice exhibited significant upregulation of
interleukin 6 (//6) and tumor necrosis factor alpha (7nf-a), with a trend towards
increased interleukin-1 beta (///b) expression (p = 0.065) (Fig. 5.14B). Additionally,
there was an increase in the mRNA levels of 6 phosphofructo-2-kinase/fructose-2,6-
biphosphatase 3 (Pfkfb3), a key glycolysis regulator associated with liver fibrosis
(Zhou et al., 2021) (Fig. 5.14B). Histological analysis using Picrosirius Red staining
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Figure 5.14.Hepatocyte-specific loss of melanocortin 1 receptor (MC1R) signaling induces
inflammation, apoptosis, and fibrosis in the liver. (A) Validation of RNA-Seq data via
quantitative real-time-polymerase chain reaction (QPCR) analysis of selected differentially
expressed genes (DEGs). (B and C) gPCR analysis of pro-inflammatory cytokines and
apoptosis markers in the liver of control and Mc1r LKO mice. (D) Representative Picrosirius
Red-stained liver sections from Western diet-fed control and Mc1r LKO mice. Scale bar:
100 um. (E) Quantification of liver fibrosis as percentage of total section area. The values
are presented as mean + SEM, n=5—-10 mice per group. *p<0.05 versus control mice by
unpaired Student’s t-test. Abbreviations: Mt1, metallothionein 1; Mt2, metallothionein 2;
Fkbp5, FK506 binding protein 5; Il1b, interleukin-1 beta; /I6, interleukin 6; Tnf-a, tumor
necrosis factor alpha; Pfkfb3, 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3;
Bax, Bcl2-associated X protein; Noxa, phorbol-12-myristate-13-acetate-induced protein 1;
Bcel2, B-cell ymphoma 2; Casp3, caspase 3.
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confirmed elevated fibrosis in Mclr LKO mice (Fig. 5.14D and E). Markers of
apoptosis were also examined, revealing significant upregulation of Bcl2-associated X
protein (Bax) and phorbol-12-myristate-13-acetate-induced protein 1 (Noxa). There
were also upward trends in B-cell lymphoma 2 (Bcl2) and caspase 3 (Casp3)
expression levels (Fig. 5.14C). In summary, the hepatocyte-specific loss of MCIR
signaling results in inflammation, apoptosis, and fibrosis in the liver. These findings
underscore the critical role of MC1R in maintaining liver health, as its absence may
drive pathological change leading to liver damage and dysfunction.

Enrichment analysis indicated that hepatocyte-specific MC1R deficiency may
impact multiple nodes of the hepatic functions, including defense response to
bacteria, cellular responses to lipopolysaccharide, interferon-gamma and -beta
signaling, and adaptive immune response. Although the lipid metabolism pathway
was not among the top significantly enriched GO terms, hepatic markers of
lipogenesis, FAO and LDs were examined using qPCR. In line with the findings
from Mc1r®® mice, Srebplc mRNA expression remained unchanged in Mclr LKO
mice, whereas Chrebp was significantly upregulated (Fig. 5.15A). The upregulation
of Chrebp was accompanied by increased expression of its target genes involved in
DNL, such as Accl and Fasn, with Scdl expression tented to be upregulated (p=0.08)
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Figure 5.15. Hepatocyte-specific loss of melanocortin 1 receptor (MC1R) signaling increases
expression of de novo lipogenesis (DNL) and fatty acid (FA) esterification genes
in the liver. Quantitative real-time polymerase chain reaction (QPCR) analysis of: (A)
Hepatic markers of de novo lipogenesis (DNL) in the liver of Western-diet fed control
and Mc1r LKO mice. (B) Genes involved in FA esterification in the liver of Western diet
fed control and Mc1r LKO mice. The values are presented as mean + SEM, n=10-15
mice per group. *p<0.05 and **p<0.01 for the indicated comparisons by unpaired two-
tailed Student’s t-test. Abbreviations: Srebp7c, sterol regulatory element-binding
protein 1; Chrebp, carbohydrate response element-binding protein; Acc1, acetyl-CoA
carboxylase; Fasn, fatty acid synthase; Scd1, stearoyl-CoA desaturase 1; Gpat3,
glycerol-3-phosphate acyltransferase 1; Dgat1, diglyceride acyltransferase.
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in Mclr LKO mice (Fig. 5.15A). However, there were no differences in the
expression of genes related to lipid droplet-associated proteins, except for a notable
downregulation of Plin/ in Mclr LKO mice (Appendix Fig. 8A and B).
Additionally, genes involved in FA esterification were assessed. Gpatl expression
was significantly upregulated, while Dgatl expression remained unchanged in the
livers Mclr LKO mice (Fig. 5.15B). In summary, the hepatocyte-specific loss of
MCIR leads to increased expression of genes involved in DNL and FA esterification,
suggesting that the loss of MCIR signaling disrupts normal hepatic metabolic
regulation, promoting enhanced fat synthesis and storage.

524 The effects of pharmacological activation of MC1R in
HepG2 cells and primary mouse hepatocytes

HepG?2 cells and primary mouse hepatocytes were employed as an in vitro model to
investigate whether pharmacological activation of MCIR signaling using a-MSH and
LD211 could mitigate the expression of top DEGs and those involved in DNL observed
in Mclr LKO mice. The treatment with a-MSH significantly decreased the mRNA
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Figure 5.16. Pharmacological activation of melanocortin 1 receptor (MC1R) using a-MSH and
LD211 results in variable responses in HepG2 cells (A and B) Quantitative real-time
polymerase chain reaction (QPCR) analysis of metallothionein genes (MT71 and MT2) in
HepG2 treated with a-MSH and LD211 (0.1 nM, 10 nM, or 1 pM). (C and D)
Representative Western blots and quantification of MT2 and ChREBP protein levels in
HepG2 cells treated with 10 nM a-MSH for different time points (1, 3, 6 and 24 hours).
The values are presented as mean + SEM, n=3-6 per group. **p<0.01 and ***p<0.001
for the indicated comparisons by one-way ANOVA and Bonferroni Post hoc tests.
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expression of stress-related proteins M7T1 and MT2 (Fig. 5.16A), whereas LD211
showed no effect (Fig. 5.17B). Analysis of CAREBP gene expression, known to be
upregulated in Mc1r¥® and Mc1r LKO mice, revealed no significant change in response
to a-MSH (data not shown). Consistently, Western blot analysis showed no reduction
in ChREBP or MT?2 protein levels following a-MSH treatment (Fig. 5.16C and D).
These results indicate that pharmacological activation of MC1R in HepG2 cells and did
not consistently module MT2 and ChREBP expression at the protein level.

In contrast, primary mouse hepatocytes exhibited a different response profile.
Treatment with a-MSH tented to lower Mt/ and Mt2 mRNA expression, though
LD211 displayed inconsistent effects (Fig. 5.17A and B). Notably, both a-MSH and
LD211 significantly reduced ChREBP protein expression in primary mouse
hepatocytes (Fig. 5.17C and D). Additionally, LD211 decreased the expression of
cleaved caspase 3, an apoptosis marker, while levels of BAX, BCL-2, and p53
remained unchanged (Appendix Fig.9B-D). To further explore the intracellular
signaling pathways, primary hepatocytes were treated with a-MSH and LD211 for
varying durations (5, 15, 30, and 60 minutes), and phosphorylation of c-Jun N-
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Figure 5.17. Selective pharmacological activation of melanocortin 1 receptor (MC1R) by
LD211 reduces ChREBP and pJNK expression in primary mouse hepatocytes.
(A and B) Quantitative real-time polymerase chain reaction (qQPCR) analysis of
metallothionein genes (M7 and Mt2) in primary mouse hepatocytes treated with a-
MSH and LD211 (0.1 nM, 10 nM, or 1 uM). (C and D) Representative Western blots
and quantification of ChREBP protein levels in primary mouse hepatocytes treated
with 1 yM a-MSH for different time points (1, 3, 6 and 24 hours) (E and F)
Representative Western blots and quantification of phosphorylated JNK protein levels
in primary mouse hepatocytes treated with 1 yM a-MSH and LD211 for different time
points (5’-, 15’-, 30’- and 60’-minutes). The values are presented as mean + SEM, n=3-
6 per group. *p<0.05 and **p<0.01 for the indicated comparisons by one-way ANOVA
and Bonferroni Post hoc tests.
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terminal kinase (JNK) was assessed via Western blotting. Interestingly, LD211
rapidly reduced JNK phosphorylation, an effect not observed with a-MSH (Fig.
5.17E and F). In summary, these findings indicate that pharmacological activation
of MCIR with LD211 effectively reduces ChREBP expression and apoptosis
markers in primary mouse hepatocytes, highlighting the potential role in modulating
hepatic metabolic and stress responses.
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The current understanding of the MC1R and its implication in the pathogenesis of
obesity and obesity-related metabolic disorders remains limited. While MCIR is
recognized for its established roles in pigmentation and inflammatory responses, its
physiological functions in the regulation of cholesterol and FA metabolism have not
been thoroughly investigated, leaving significant knowledge gaps in this area.

In this thesis, two distinct mouse models with MCI1R deficiency were utilized:
the recessive yellow mice (Mc1r®®) and hepatocyte-specific MCIR deficient mice
(Mcl1r LKO). These models were employed to elucidate the functional significance
of MCI1R signaling in the regulation of cholesterol and FA metabolism. Furthermore,
the therapeutic potential of MC1R activation was explored via the application of two
in vitro cell culture models: the human hepatocellular carcinoma (HepG2) cell line
and freshly isolated primary mouse hepatocytes.

The findings presented in this thesis reveal the novel and significant role of
MCIR signaling in the regulation of hepatic cholesterol, bile acids, and FA
metabolism. This work not only advances our understanding of multifaceted
functions of MCI1R but also opens new avenues for potential therapeutic strategies
targeting MCIR in the management of metabolic disorders.

6.1 Implication of MC1R signaling in the regulation
of cholesterol and bile acid metabolism

One of the primary objectives of this thesis was to elucidate the regulatory role of
MCIR in cholesterol and bile acid metabolism. Study I specifically investigated the
biological consequences associated with the loss of hepatocyte-specific MCIR
signaling by using female Mclr LKO mice alongside control counterparts.
Following a standard chow diet, MClr LKO mice exhibited an increase in liver
weights as well as elevated concentrations of total cholesterol and TG levels in both
plasma and liver tissues. These observations are consistent with the results from the
previous study that has demonstrated diet-induced hypercholesterolemia and
enhanced hepatic lipid accumulation in Apoe” mice with global MCIR deficiency
(Rinne et al., 2018). This alignment of findings supports the hypothesis that the
phenotypic characteristics observed in Apoe” mice may be attributed to disturbance
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in hepatocyte-specific MCIR signaling. Consequently, these results underscore the
critical role of MCIR in maintaining lipid homeostasis and suggest a potential
mechanistic link between disrupted MCIR signaling and the development of
dyslipidemia. The exact mechanisms driving the increased hepatic cholesterol
accumulation observed in Mclr LKO mice are not fully understood. Under normal
physiological conditions, SREBPIc predominantly activates genes involved in FA
and TG biosynthesis, while SREBP2 primarily regulates genes essential for
cholesterol metabolism (Hua et al., 1993; Yokoyama et al., 1993). When intracellular
cholesterol levels are elevated, the transcription activation of SREBP2 are
suppressed, resulting in decreased expression of its target genes, including HMGCR
and DHCR?7, which subsequently reduces cholesterol biosynthesis. Despite the
increased hepatic cholesterol accumulation in Mclr LKO mice, protein levels of
HMGCR and DHCR7 were significantly lower, suggesting a disparity between
cholesterol accumulation and SREBP2 activity. This indicates that the elevated
cholesterol in Mc1r LKO mice is unlikely due to upregulated DNL. Supporting this,
in vitro experiments in HepG2 cells showed no change in HMGCR and DHCR7
levels following pharmacological activation of MCIR, signifying that MCIR
signaling does not directly modulate the expression of SREBP2 or its target genes
involved in cholesterol biosynthesis. These findings imply that MC1R signaling is
not a direct regulator of hepatic cholesterol synthesis pathway. However, the
hypercholesterolemia observed in Mclr LKO mice may be partially linked to
impaired cholesterol conversion into bile acids, which could contribute to the
cholesterol accumulation. Further studies are needed to determine the specific
pathways via which hepatic MC1R modulates cholesterol homeostasis, potentially
identifying new regulatory mechanisms in cholesterol metabolism.

In Mclr LKO mice, bile acid levels, particularly secondary bile acids, were
reduced in both plasma and feces. This bile acid profile closely resembled that of
Apoe”” mice with a global MCIR deficiency (Rinne et al., 2018). Notably, both
models exhibited a decreased ratio of CA to CDCA, a ratio typically regulated by
the activity of Cyp8b1, the enzyme responsible for CA synthesis (Chiang, 2004).
Despite increased mRNA and protein levels of CYP8B1 in Mclr LKO mice, the
lower CA to CDCA ratio suggests dysfunctional CYP8BI activity, potentially
disrupting the classical bile acid synthesis pathway. This disruption may lead to a
compensatory increase in bile acid production via the alternative pathway, which has
been reported to dominate in the liver diseases such as MASLD (Chiang, 2004;
Crosignani et al., 2007; Lake et al., 2013). In humans, CYP8BI deficiency results in
elevated plasma CDCA levels and reduced CA levels (Zhong et al., 2022). Similarly,
genetic deletion of Cyp8bl in mice leads to decreased CA synthesis and
subsequently lower levels of secondary bile acids derived from CA (Li-Hawkins et
al., 2002). However, Cyp8bi-deficient mice maintain normal plasma cholesterol
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levels and exhibit resistance to diet-induced obesity and liver steatosis (Bertaggia et
al., 2017; Chevre et al., 2018). This suggests that hypercholesterolemic phenotype
observed in Mc1r LKO mice is unlikely to be caused by Cyp8bIdeficiency. The rate-
limiting step of the classical bile acid synthesis pathway is regulated by CYP741
(Russell and Setchell, 1992). While Cyp7al knock-out models have shown variable
effects on bile acid synthesis and cholesterol homeostasis (Dueland et al., 1993;
Machleder et al., 1997; Schwarz et al., 2001, 1998), both human and murine
CYP7A1/Cyp7al deficiencies are associated with hypercholesterolemic (Erickson
et al., 2003; Pullinger et al., 2002). Additionally, Cyp7al-deficient mice show
reduced hepatic Ldlr expression, increased intestinal cholesterol synthesis, and
decreased fecal bile acid output, indicating a proatherogenic state (Erickson et al.,
2003). Although no change in Cyp7al expression was observed in Mc1r LKO mice,
these findings imply that impaired bile acid synthesis could attribute to increased
hepatic cholesterol levels.

Moreover, Mclr LKO mice exhibited upregulation of Stardl, which facilitates
mitochondrial cholesterol transport for substrate availability to Cyp27al, a key
enzyme in the alternative bile acid synthesis pathway (Ren et al., 2004).
Overexpression studies in HepG2 cells have shown that increased CYP2741
enhances StAR expression, which in turn boosts bile acid synthesis via the
alternative pathway (Hall et al., 2005). Elevated StAR expression has also been
linked to MASH and MASH-driven HCC (Conde de la Rosa et al., 2021). Thus, the
increased hepatic expression of StAR and Cyp27al in Mclr LKO mice may serve
as markers of bile acid synthesis, suggesting a shift from classical to the alternative
pathway as a compensatory mechanism. This shift is common in liver diseases such
as MASLD, where the classical bile acid synthesis pathway is often compromised
(Chiang, 2004; Crosignani et al., 2007; Lake et al., 2013). However, future studies
are necessary to confirm this altered bile acid metabolism and its implication for
cholesterol metabolism in Mclr LKO mice. There was an increased expression of
the bile acid transporter gene Ntcp and a decreased expression of another transporter,
MRP4 in Mclr LKO mice. These alterations are likely compensatory responses to
disturbed bile acid synthesis. Upregulation of Ntcp may enhance bile salt uptake
from the portal circulation, thereby promoting the enterohepatic recirculation of bile
acids (Ozvegy-Laczka et al., 2023). Conversely, the downregulation of MRP4 could
reduce the efflux of bile acids into the circulation, preventing excessive spillover and
thereby decreasing plasma bile acid levels (Zollner et al., 2006). This reduction in
plasma bile acid levels may help to stabilize the hepatic bile acid pool despite of
impaired bile acid synthesis in Mclr LKO. These changes in bile acid transport
suggest a compensatory mechanism aimed at maintaining bile acid homeostasis
when its synthesis is disturbed. Given the well-documented interplay between
steatotic liver diseases and bile acid dysregulation, it is unclear whether the altered
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bile acid profile Mc1r LKO mice is a direct consequence of MC1R deficiency or an
indirect effect of excessive hepatic lipid accumulation. However, in vitro studies
with HepG2 cells support a direct role of MC1R in bile acid metabolism. Activation
of MCIR signaling with a-MSH led to increased expression of CYP8BI, enhanced
synthesis of CA, and CA:CDCA ratio. These findings indicate that hepatic MC1R
signaling may play a direct role in regulating bile acid synthesis and composition in
the liver. Further studies are needed to clarify the exact mechanisms and implications
of this regulation in the context of liver health and disease.

Mclr LKO mice displayed signs of liver fibrosis, potentially because of
persistent hepatic cholesterol overload. Excessive cholesterol in the liver can
exacerbate fibrosis by accumulating in hepatic stellate cells, which contributes to
fibrogenic activation, as previously demonstrated in murine models (Teratani et al.,
2012). As such, the fibrotic changes may be directly influenced by hepatocyte-
specific MCIR deficiency. Contrary, MCIR activation has shown anti-fibrotic
effects in various contexts, such as cultured fibroblasts and models of skin fibrosis
and systemic sclerosis (Bohm and Stegemann, 2014; Kondo et al., 2022). Supporting
this, in vitro experiments with HepG2 cells revealed a reduction in the expression of
fibrotic markers upon MCIR activation with LD211. MCIR is widely recognized
for its anti-inflammatory role, typically via the suppression of pro-inflammatory
cytokine production (Bohm and Stegemann, 2014; Catania et al., 2004). However,
in Study I, there was no direct evidence that MCIR signaling modulates
inflammatory markers in the liver or cultured hepatocytes. Interestingly, Mclr LKO
mice displayed marked hepatic steatosis even when maintained on a standard chow
diet, without accompanying signs of obesity or diabetes. Body weight gain and
glucose homeostasis were comparable between Mclr LKO and controls, indicating
that the steatosis was not driven by systemic metabolic disturbances like obesity or
insulin resistance. The precise mechanisms behind the onset of metabolic
dysfunction in the liver, particularly in the form of MASLD, remain unclear.
However, evidence from both human and animal studies suggest that, under normal
caloric intake, MASLD may be linked to disturbed hepatic cholesterol metabolism
(Kainuma et al., 2006; Min et al., 2012; Simonen et al., 2011). This dysregulation
might precede or even contribute to the accumulation of TG in the liver. In Mclr
LKO mice, the increased hepatic TG content could therefore be a secondary
consequence of elevated plasma and liver cholesterol levels, indicating a boarder
disruption in lipid homeostasis.

Pharmacological activation of MCIR using the endogenous agonist a-MSH or
the selective agonist LD211 led to the reduction in cellular cholesterol levels as well
as enhanced uptake of both HDL and LDL particles in HepG2 cells. Typically,
inhibition of cholesterol synthesis via statins decreases intracellular cholesterol
levels in hepatocytes, which induces a compensatory increases in LDLR expression,
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leading to lower plasma total and LDL cholesterol levels (Somers et al., 2023). The
observed reduced in cholesterol following a-MSH-treatment could partially explain
the upregulation of LDLR and the enhanced uptake of HDL and LDL particles in
HepG2 cells. Interestingly, an upregulation of LDLR expression was detected as
early as 1 hour after a-MSH treatment, even before any significant changes in
intracellular cholesterol levels were evident. This suggests that MCIR activation
directly stimulates LDLR expression rather than acting solely via feedback
regulation due to lowered cholesterol. Similarly, MC1R activation rapidly increased
SR-BI expression in HepG2 cells, which is consistent with the enhanced uptake of
HDL particles. Previous studies have also shown increased LDLR expression and
reduced plasma total cholesterol in atherosclerotic mice treated with a selective
MCIR agonist (Rinne et al., 2017), underscoring the potential therapeutic benefits
of MCIR activation in cholesterol regulation. Notably, while MCIR activation
decreased cellular cholesterol levels in HepG2 cells, it did not alter the expression of
key cholesterol biosynthetic enzymes HMGCR and DHCR?7. This suggests that
MCI1R may reduce cholesterol synthesis via alternative mechanisms, possibly by
regulating the phosphorylation state of HMGCR, which influences its enzymatic
activity (Zhang et al., 2015). Additionally, increased cholesterol turnover into bile
acids via elevated CYP8BI1 expression and enhanced CA production could also
contribute to the observed reduction in cellular cholesterol content following MC1R
activation. However, further studies are needed to elucidate the exact molecular
pathways via which MC1R activation reduces cholesterol levels in hepatocytes.
Classically, MCIR is coupled to the Gs protein, leading to the activation of AC
and subsequent production of cAMP. In HepG2 cells, however, activation of MC1R
with o-MSH or LD211 resulted in phosphorylation of AMPK and inhibition of
ERK1/2 and JNK pathway, without altering cAMP levels. Mechanistically,
inhibition of AMPK using dorsomorphin partially reversed the reduction in cellular
cholesterol level in a-MSH-treated HepG2 cells. Despite this, the cholesterol-
lowering effects a-MSH were still evident at lower concentrations even in the
presence of dorsomorphin, indicating that the reduction in cholesterol levels is
mediated via multiple signaling pathways, including AMPK and potentially MAPK
pathways. In contrast, the cholesterol-lowering effect of LD211 was entirely
dependent on AMPK phosphorylation, as dorsomorphin treatment completely
reversed this effect. Previous studies have shown that AMPK activation reduces
cholesterol synthesis, whereas its inhibition increases cholesterol synthesis in the
liver (Clarke and Hardie, 1990; Loh et al., 2018; Steinberg and Kemp, 2009). The
relationship between cholesterol metabolism and MAPK signaling is less
understood. However, mechanistic study in HepG2 cells has demonstrated that
ERK1/2 phosphorylation can enhance cholesterol synthesis via SREBP2, which
regulates the transcription of HMGCR (Kotzka et al., 2004). The role of JNK
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signaling pathway in cholesterol metabolism is even less explored, although it has
been shown to contribute to hepatic steatosis and disturbance in bile acid metabolism
(Manieri et al., 2020; Vernia et al., 2014). Therefore, it is plausible that MC1R
activation by a-MSH modulates cholesterol metabolism in hepatocytes by inducing
AMPK phosphorylation and inhibiting ERK1/2 and JNK signaling pathways.

In conclusion, hepatocyte-specific MC1R deficiency has been implicated in
increasing cholesterol levels and disrupting bile acid metabolism in the liver.
Conversely, activation of MCI1R in hepatocytes led to the phenotype characterized
by reduced cholesterol content. These findings suggest that targeting MCIR
signaling, particularly within hepatic tissue, could serve as a promising therapeutic
approach for managing MASLD and hypercholesterolemia. By modulating the
MCIR signaling pathway, it may be possible to restore lipid homeostasis, thereby
alleviating the adverse effects of MASLD. This therapeutic strategy could open new
avenues for addressing conditions marked by elevated cholesterol levels and
impaired bile acid metabolism, eventually improving liver health and overall
metabolic functions of the liver.

6.2 Liver and adipose tissue phenotype of global
anddhlepatocyte-specific MC1R deficient mouse
models

The main objective of Study II was to investigate the regulatory role of MC1R
signaling in FA metabolism in the liver and WAT. Mice with a global loss of MC1R
(Mc1r®®) did not exhibit differences in body weight gain under a chow or a Western
diet. However, these mice had significantly higher liver weights, plasma TG levels,
and increased fat depot weights compared to control mice. Previous studies have
shown that melanocortin receptors, including MCI1R, are abundantly expressed in
adipose tissue (Butler et al., 2000; Mgller et al., 2015; Trevaskis et al., 2007; Zhang
et al., 2005). MCI1R expression has also been detected in both human and mouse
adipocytes, where it has been implicated in regulating cell proliferation and
inflammatory responses (Hoch et al., 2007; Moller et al., 2011). To further elucidate
the functional role of MCIR in hepatocytes and adipocytes, the key enzymes
involved in lipogenesis and FA hydrolysis were quantified. Hepatic gene expression
analysis revealed more pronounced and consistent changes in Mc1r®® mice on a
Western diet compared to those observed in gWAT samples. While the observed
effects might initially seem to result from the loss of MCI1R signaling in adipose
tissue, the phenotypic similarities between Mc1r®® and Mclr LKO mice suggest
otherwise. It is plausible that the increased adiposity and altered lipid metabolism in
Mc1r®® mice are primarily driven by the loss of MCIR signaling in the liver. This
hypothesis is further supported by a previous study on cultured adipocytes, which
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indicated that MCIR signaling in adipocyte does not directly influence lipid
metabolism (Hoch et al., 2008). The functional role of MCIR in the liver was
previously demonstrated in Study I, where hepatic MC1R signaling found to regulate
cholesterol and bile acid metabolism. Hepatocyte-specific Mc1R deficient mice on
a Western diet exhibited a similar phenotype, characterized by increased liver
weights, elevated plasma and liver TG concentrations, as well as higher WAT
weights. These findings underscore the critical role of hepatic MCIR signaling in
regulating lipid metabolism and suggest that its loos contribute significantly to
adipocyte hypertrophy and disrupted lipid homeostasis, particularly under high-fat
diet conditions.

The increased expression of Chrebp and its target genes, along with elevated TG
accumulation in the livers of Mcl1r®® and Mclr LKO mice, occurred without
transcriptional changes in genes involved in FAO oxidation or export. The link
between hepatocellular fat accumulation and an imbalance in FA uptake, DNL, FA
oxidation, and lipid export is well-documented (Chao et al., 2019). The major
transcriptional regulators, such as CAREBP and SREBPIc, control lipogenesis by
modulating the expression of key lipogenic enzymes like ACC1 and FASN (Wang et
al., 2021). Despite their overlapping functions, CAREBP and SREBPIc have distinct
roles in lipid metabolism, particularly in regulating genes involved in desaturation
and elongation of FA (Linden et al., 2018). Interestingly, Chrebp was upregulated in
the livers of Mclr¥® and Mclr LKO mice, while Srebplc remained unchanged.
Given that Chrebp expression is typically regulated by glucose levels and that
Mc1r¥® and Mclr LKO mice exhibited similar blood glucose levels, it is plausible
that the loss of MCI1R signaling directly induces Chrebp expression. The crucial role
of Chrebp in glucose and lipid metabolism has been well-established; genetic
ablation of Chrebp in rodents reduces the expression of key lipogenic and glycolytic
enzymes necessary for the synthesis of FA and TG (lizuka et al., 2004). In mouse
model of genetic obesity, such as 0ob/ob mice, Chrebp deficiency led to a reduction
in DNL in the liver and provided protected against obesity and adiposity (lizuka et
al., 2006). Conversely, Chrebp overexpression in mice has been shown to increase
the expression of hepatic lipogenesis and FA esterification genes, elevate TG
concentrations, and induce steatosis (Benhamed et al., 2012). However, these mice
exhibited improved glucose tolerance, enhanced insulin sensitivity, and lower
gWAT compared to wild-type controls following a Western diet, along with the
reduced blood glucose and plasma TG levels (lizuka et al., 2018). In contrast,
Western diet-fed Mc1r®® and Mc1r LKO mice had showed increased WAT weights
without changes in glucose homeostasis, exhibiting a phenotype distinct from that
observed in Chrebp gain-of-function models. This discrepancy suggest that Chrebp
upregulation alone may not account for the increased adiposity observed in Mc1r®®
and Mclr LKO mice. Therefore, it is likely that the loss of hepatocyte-specific
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MCIR signaling disturbs additional, yet unidentified metabolic pathways involved
in maintaining whole-body lipid homeostasis.

Mouse models deficient in MCIR signaling exhibited adipocyte hypertrophy,
despite showing no significant differences in overall body weight gain. Additionally,
these mice had comparable food intake and physical activity levels between
genotypes, suggesting that the differences in energy intake or expenditure do not
account for the increased fat mass. Thus, it is likely that increased adipocyte size in
MCI1R-deficient mice represents a compensatory mechanism to store more fat in
gWAT in response to enhanced DNL in the liver. The ability of adipose tissue to
expand and store extra fat has been shown to protect against diabetes (Kim et al.,
2007). However, prolonged fat storage can lead to increased adipokine release,
triggering metabolic disturbances that result in adipose tissue dysfunction,
inflammation, and enhanced lipid flux to the liver (Pellegrinelli et al., 2016).
Interestingly, Mc1r®® and Mc1r LKO mice exhibited reduced expression of adipose
Atgl and Lipe, which are key enzymes involved in TG hydrolysis and FA
mobilization. Previous studies have shown that the deletion of Azg/ is associated with
reduced lipolysis in adipocytes (Schoiswohl et al., 2015), while genetic ablation of
Hsl protects against diet-induced and genetic obesity in mice (Harada et al., 2003;
Sekiya et al., 2004). Given that the downregulation of Lipe and Atgl was only
observed under chow diet conditions, it is unlikely that the increased fat mass in
Mc1r®® mice is primarily due to the reduced expression of these lipolytic enzymes.
In Mclr LKO mice, there was a reduction in perilipins level, which play a crucial
role in adipose tissue biology by regulating LDs stability and suppressing lipolysis
(Brasaemle et al., 2000). The observed transcriptional alterations in Lipe, Atgl, and
Plin] may indicate a compensatory mechanism aimed at suppressing lipolysis and
consequently reducing FA flux to the liver. Despite increased adiposity, plasma FFA
levels remained unchanged in MC1-R-deficient mouse models, suggesting that
lipolysis in adipose tissue is adequately controlled. These findings imply the
involvement of alternative mechanisms, such as increased TG re-esterification,
reduced VLDL export, or decreased FA oxidation, contributing to enhanced TG
accumulation in the livers of Mc1r LKO mice. Additionally, the expression of Ppara,
a key regulator of FAO and gluconeogenesis, was reduced in the gWAT of Mclr
LKO mice. This reduction may represent an adaptive response to lower FA oxidation
process, facilitating the storage of excess TG sourced from the liver. In MASLD,
insulin resistance in WAT plays a critical role in enhancing lipolysis, increasing FA
flux to the liver, and promoting hepatic TG accumulation (Donnelly et al., 2005).
Interestingly, Mclr KO mice did not exhibit signs of insulin resistance or adipose
tissue inflammation. These observations were supported by the unchanged plasma
FFA levels and the absence of pro-inflammatory markers in the gWAT. Thus, it
remains to be seen whether prolonged feeding with a Western diet or a diet with
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higher fat content could potentially exceed the adipose tissue’s capacity to store
excess fat in Mclr LKO mice. Such a scenario could lead to adipose tissue
dysfunction, characterized by impaired lipid storage, inflammation, and
exacerbation of metabolic disturbance.

The impact of loss of hepatocyte-specific MC1R signaling on various biological
pathways was further investigated using RNA-Seq analysis. DEGs data indicated an
upregulation of stress response proteins, specially metallothioneins (M¢/ and M¢2),
in the liver of Mclr LKO mice. Under normal physiological conditions,
metallothioneins maintain high zinc levels in the liver and release zinc during
oxidative stress, thereby exerting potential antioxidant effects within the cells
(Ruttkay-Nedecky et al., 2013). Metallothionein expression has been documented in
several organs, including the liver, pancreas, intestine, and kidney. Notably, high-fat
diet-induced liver anomalies in C57BL/6J mice have been associated with reduced
hepatic expression of Mtl and Mt2 (Waller-Evans et al., 2013). Interestingly,
disruption of Mtl and Mt2 genes increases susceptibility to diet-induced obesity,
highlighting their potential role in regulating energy balance (Beattie et al., 1998;
Kawakami et al., 2019). Conversely, overexpression of metallothioneins has been
shown to protect hepatocytes from palmitate-induced lipotoxicity (Li et al., 2022).
Thus, the observed increase in metallothioneins expression in the liver of Mc1r LKO
mice is likely a consequence of elevated hepatic TG accumulation rather than a direct
effect of MCI1R deficiency. This hypothesis was confirmed in HepG2 and primary
mouse hepatocytes. While activation of MCIR with a-MSH reduced the expression
of MT1 and MT2 in HepG2 cells, similar effects were not observed with LD211
activation. Additionally, neither a-MSH nor LD211 mediated activation of MC1R
altered metallothionein expression in primary mouse hepatocytes. Along with the
increased hepatic TG accumulation, there was a significant upregulation of genes
related to fibrosis, inflammation, and apoptosis in the liver of Mc1r LKO mice. This
finding is intriguing, given that in Study I, selective activation of MCIR did not
affect inflammatory markers in HepG2 cells. However, in Study II, MCIR activation
had direct effects on apoptotic markers in primary mouse hepatocytes, suggesting
that the loss of hepatic MCI1R signaling may contribute to liver fibrosis and apoptosis
It remains unclear whether the increased TG accumulation in the livers of Mc1r LKO
mice predisposes them to the pathological hallmarks of MASLD-such as apoptosis,
inflammation, and fibrosis-or whether this hepatic TG buildup is a direct
consequence of the impaired MC1R signaling in the liver. Further studies are needed
to delineate these mechanisms and their implications for MASLD progression.

In vitro experiments demonstrated that MCI1R activation reduced the protein
expression of ChREBP in primary mouse hepatocytes, an effect not observed in
HepG2 cells. While, HepG2 cells have been shown to share some biological
characteristics with human primary hepatocytes (Rowe et al., 2013), significant
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discrepancies exist between hepatoma cell lines and primary hepatocytes regarding
DNL and gluconeogenesis (Calvisi et al., 2011; Molinaro et al., 2020). Comparative
studies on lipid and glucose metabolism have revealed a marked reduction in DNL
activity in HepG2 cells compared to primary hepatocytes (Nagarajan et al., 2019).
Thus, differences in the regulation of metabolic pathways for glucose, FA, and
cholesterol metabolism between primary hepatocytes and HepG2 cell lines explain
why MCIR activation reduced ChREBP expression only in primary mouse
hepatocytes.

In terms of intracellular signaling, MCIR activation increased AMPK
phosphorylation and reduced JNK phosphorylation in HepG2 cells (Study I).
Similarly, JNK phosphorylation was reduced in primary mouse hepatocytes
following MCI1R activation (Study II). AMPK serves as a master cellular energy
sensor, responding to ATP depletion and maintaining energy homeostasis
(Spaulding and Yan, 2022). AMPK activation is known to reduce the risk of MASLD
by inhibiting hepatic DNL, promoting FAO in the liver, and enhancing
mitochondrial integrity in adipose tissue (Smith et al., 2016). Moreover, AMPK
inhibits ChREBP activity via phosphorylation, providing a mechanistic link between
MCIR activation and reduced lipogenesis (Kawaguchi et al., 2002; Sato et al., 2016).
The role of JNK signaling in FA metabolism is even less understood, but increased
JNK activity has been observed in the livers of diet-induced and genetic mouse
models (Hirosumi et al., 2002). Hence, it is plausible that both AMPK and JNK
pathways mediate the effects of MCIR activation on FA metabolism. Given its
central role in energy homeostasis, AMPK is a promising therapeutic target for
various metabolic disorders. For example, metformin, an AMPK activator, effective
controls blood glucose levels in patients with T2D, particularly in the presence of
obesity or metabolic syndrome (Cheang et al., 2014; Coughlan et al., 2014; Tong et
al., 2022). Targeting MCI1R to induce AMPK phosphorylation or modulating its
signaling network could provide a novel approach for treating metabolic disorders.
However, further research is needed to explore the broader implication of MCIR
signaling in liver metabolism and its therapeutic potential.

In conclusion, Study II demonstrates how the hepatocyte-specific MCIR
deficiency contributes to fat accumulation in the liver and adipose tissue, posing a
significant metabolic risk. Specifically, the impairment of hepatic MCIR led to the
upregulation of lipogenesis-related genes, indicating enhanced hepatic DNL,
accompanied by fibrosis, inflammation, and signs of apoptosis. Conversely,
pharmacological activation of MCIR reduced ChREBP expression in primary
hepatocytes, suggesting a protective role against lipid overload. These findings
suggest that targeting MC1R signaling could be a promising therapeutic strategy for
treating metabolic disorders like MASLD.
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6.3 Study limitations

While this study provides valuable insights into the role of hepatic MCIR in lipid
metabolism, it has some limitations. First, the vitro experiments primarily relied on
HepG?2 cells, with limited use of freshly isolated primary mouse hepatocytes, which
are considered the gold standard for physiologically relevant liver models. The use
of HepG2 cells was mainly due to the challenges of culturing primary hepatocyte,
which are phenotypically unstable, have short lifespan and require a labor-intensive
process. Another limitation is the lack of specificity in the in vitro studies, where
cells were treated with the endogenous MCIR agonist a-MSH. Since a-MSH
activates all MCR subtypes, except MC2R, some observed effects may not have been
mediated by MCIR alone, potentially explaining differences between o-MSH and
the selective MCI1R agonist LD211. Although studies on the expression of MCR
subtypes in the liver are limited, MC4R and MC5R have been detected in the human
and rat liver (Bitto et al., 2011; Malik et al., 2012; Moscowitz et al., 2019). Thus, the
effects of a-MSH should be interpreted with caution. Additionally, the absence of
other selective MCIR agonists limits the interpretation of the findings. While LD211
shows selectivity for MCIR, testing additional MC1R agonists in both in vitro and
in vivo studies could have validated LD211’s effects and provided a more
comprehensive understanding of MC1R signaling.

Regarding in vivo studies, the lack of gain-of-function models (either via drug
intervention or genetic manipulation) is a limitation, as such studies would offer
greater insights into the therapeutic potential of targeting MC1R in liver diseases like
MASLD. Additionally, the lack of lipidomic profiling in Mclr LKO mice limited
the understanding of differentially expressed lipids in the livers, which could have
complemented the hepatic transcriptomic analysis. Furthermore, in vivo studies did
not include functional assays to determine whether MCI1R affects rates of cholesterol
synthesis or measurement of DNL flux in the liver. Although measurement of
cholesterol synthesis and DNL or FAO is methodologically challenging, these assays
would have validated the molecular mechanisms driving altered hepatic FA
metabolism in Mclr LKO mice. Additionally, this study lacked validation methods
for liver fibrosis. While histological imaging is accurate, it is subject to sample
variability and only assesses a limited liver area. Using assays that detect fibrotic
markers like collagen, alpha smooth muscle actin (a-SMA), and transforming growth
factor beta (TGF-f), could have provided a more precise and consistent assessment
of liver fibrosis. Finally, while animal models offer valuable insights into human
metabolic diseases, there are notable physiological differences between mice and
humans that must be considered when interpreting these results. Recognizing these
disparities is crucial for accurately translating findings from this study into potential
therapeutic strategies for human metabolic syndrome.
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6.4 Therapeutic perspectives

The future direction of this thesis is to conduct interventional studies to evaluate the
therapeutic potential of hepatic MC1R signaling in the treatment of dyslipidemia and
associated liver diseases, particularly MASLD. Given the current lack of treatment
strategies to address the underlying pathogenic mechanisms of MASLD, there is an
unmet need to explore innovative therapeutic approaches that could effectively halt
disease progression. This research could contribute significantly to the development
of novel therapies for conditions characterized by metabolic dysregulation and
hepatic impairment. Recent advancements in understanding MCRs have generated
significant interest in their therapeutic potential across various inflammatory,
metabolic and CVD (Cai et al., 2009). MC1R’s anti-inflammatory prosperities are
well-established in multiple cell types (Catania et al., 2004), and its activation has
shown anti-fibrotic effects, offering protection against skin fibrosis and systemic
sclerosis (Bohm and Stegemann, 2014; Kondo et al., 2022). The therapeutic benefits
of MCIR activation are increasingly recognized, warranting further exploration into
its broader applications. This thesis identifies hepatic MCIR activation as a
promising therapeutic strategy for targeting the underlying pathophysiological
mechanisms of MASLD. Notably, afamelanotide (marketed as SCENESSE), a
MCIR agonist, is approved for treating erythropoietic protoporphyria (EPP),
demonstrating enhanced light tolerance with mild adverse effects (Wu and Cotliar,
2021). MCIR agonists currently in clinical trials primarily focus on chronic
inflammatory conditions, including systemic sclerosis, neuroinflammation, and
rheumatoid arthritis. Amongst these, Dersimelagon (MT-7117), a highly selective
MCIR agonist (has much higher selectivity for MCIR than afamelanotide), has
shown promise in increasing light tolerance in patients with EPP, as indicated by
Phase 2 trial data (Balwani et al., 2020). MC1R agonists are generally well tolerated,
with mild to moderate adverse effects such as injection site reactions, headaches, and
gastrointestinal disturbances. However, further research is needed to fully assess
their long-term safety and effectiveness across diverse populations.

This thesis demonstrated that the hepatocyte-specific MC1R deficiency leads to
increased cholesterol and TG accumulation in the liver. In contrast, activation of
hepatic MCIR reduces cellular cholesterol levels and enhances the uptake of HDL
and LDL particles in cultured hepatocytes. While the cholesterol-lowering effects of
MCIR activation may appear similar to those of statins, which reduces cholesterol
synthesis, MC1R likely regulates multiple distinct pathways. For example, MC1R
signaling appears to directly induce LDLR expression, whereas statins increase
LDLR expression as a secondary effect of reduced cholesterol synthesis. Supporting
this, selective MC1R agonist treatment in atherosclerotic mice reduced plasma total
cholesterol and increased hepatic expression of LDLR, highlighting the therapeutic
potential of MCIR activation in cholesterol management (Rinne et al., 2017).
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Furthermore, Mclr LKO mice exhibited increased TG accumulation and
upregulation of Chrebp, a key regulator of hepatic DNL. MCI1R activation reduced
ChREBP expression in hepatocytes, suggesting an additional role in regulating
hepatic DNL. Consistent with previous findings of MCI1R’s anti-fibrotic effects,
MCIR activation downregulated fibrotic gene expression in hepatocytes, while
Mclr LKO mice showed enhanced liver fibrosis (Bohm and Stegemann, 2014).
Additionally, MCI1R activation influenced the expression of apoptotic markers in
primary mouse hepatocytes.

In the light of the ‘multiple parallel hits’ -hypothesis of MASLD, the findings
from this thesis suggest that MCIR activation could target multiple key pathways
involved in the progression from steatosis to MASH. Specifically, targeting hepatic
MCIR may help reduce hepatic TG and cholesterol accumulation while also
mitigating fibrosis, inflammation, and apoptosis—critical pathological hallmarks of
MASLD progression. Although this approach may not exceed the efficacy of current
lipid-lowering drugs like statins, the ability of MCI1R activation in the hepatocytes
could simultaneously target multiple pathogenic mechanisms of MASLD highlights
its therapeutic potential, warranting further investigation in future studies.

In conclusion, this thesis uncovers a novel role for hepatic MCIR signaling in
the regulation of cholesterol, bile acid, and FA metabolism. Despite these promising
insights, substantial research is needed to develop highly selective MCI1R ligands
and evaluate their pharmacological properties and therapeutic efficacy in liver
diseases. The recent structural resolution of MC1R-Gs complexes via cryo-electron
microscopy (Ma et al., 2021) provides a framework for designing melanocortin-
targeted molecules, particularly using advanced in-silico drug discovery techniques
(Sela et al., 2010). This structural insight enables precise modeling and targeting
MCIR interactions to enhance selectivity and efficacy. Although promising drugs
targeting the MCR family are in clinical trials for chronic diseases like systemic
sclerosis, neuroinflammation, and rheumatoid arthritis, designing MC1R-selective
ligands for metabolic conditions remain complex. Therefore, extensive preclinical
and clinical studies are essential to identify optimal MC1R-targeted compounds and
fully evaluate their therapeutic benefits in managing metabolic disorders such as,
MASLD.
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Summary/Conclusions

The main aim of this study was to investigate the functional role of MCIR in the
regulation of cholesterol, bile acid, and FA metabolism in the liver. The key findings
and conclusions of this thesis were as follows:

1.

MCIR expression was downregulated in the livers of mice fed a cholesterol-
rich Western-type diet. Similarly, decreased MCIR levels were observed in
the liver biopsies from MASLD and MASH patients. In vitro, palmitic acid
treatment of cultured HepG2 cells led to a reduction in MCIR protein levels.
These findings indicate that MCI1R is expressed in the hepatocytes and that
its expression reduces in response to lipid overload.

Hepatocyte-specific MCIR deficiency led to increased accumulation of
cholesterol and TG in the liver and circulation, along with disturbed bile acid
metabolism. Mclr LKO mice showed signs of hepatic steatosis and fibrosis.
In contrast, pharmacological activation of MCIR signaling reduced
intracellular cholesterol levels and enhanced the uptake of HDL and LDL
particles in cultured HepG2 cells.

Global MCIR-deficient mice displayed hyperlipidemia, expanded WAT
depots, and increased adipocyte hypertrophy. This phenotype was
recapitulated in hepatocyte-specific MCIR deficient mice, suggesting that
these effects were driven by impaired MC1R signaling in the liver. Hepatic
transcriptomic analysis revealed upregulation of genes associated with DNL
and FA esterification in Mclr LKO mice. Furthermore, hepatocyte-specific
MCIR deficiency was associated with increased sings of inflammation,
fibrosis, and apoptosis in the liver.

In conclusion, hepatocyte-specific MC1R deficient mouse model exhibited key
features of MASLD, including hepatic steatosis, dyslipidemia, inflammation, and
fibrosis. These findings underscore the role of hepatic MCIR signaling in lipid
metabolism and liver pathology, providing insight into the molecular mechanisms
driving MASLD progression.
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Figure 7.1. Schematic summary of the effects of hepatic MC1R signaling in vivo and in vitro.
(A) Loss of hepatocyte-specific MC1R signaling (Study I): The loss of hepatocyte-
specific MC1R signaling enhances the accumulation of cholesterol and triglycerides
(TG) in the liver, promotes fibrogenesis, and disrupts bile acid metabolism. This study
illustrates the role of hepatic MC1R in regulating cholesterol and bile acid metabolism.
(B) Loss of global and hepatocyte-specific MC1R signaling (Study Il): The loss of
MC1R signaling, both globally and in hepatocytes, leads to increased fat depots,
adipocyte hypertrophy, as well as elevated liver fibrosis, inflammation, and apoptosis.
(C) Pharmacological activation of MC1R signaling (Study | & I1): Activation of MC1R in
HepG2 cells and primary mouse hepatocytes by endogenous agonist a-MSH or
synthetic agonist LD211 reduces cellular cholesterol content and enhances the uptake
of low-density lipoprotein (LDL) and high-density lipoprotein (HDL) in HepG2 cells. In
primary mouse hepatocytes, MC1R activation reduces ChREBP and p-JNK protein
levels, likely inhibiting de novo lipogenesis (DNL). In summary, hepatic MC1R
activation offers therapeutic potential for managing hypercholesterolemia and
hyperlipidemia. Blue arrows indicate upregulation, red arrows indicate downregulation
and the dashed arrows with red question mark suggest possible mechanisms, but
these were not evaluated in this study. Key terms: MC1R: melanocortin 1 receptor; p-
AMPK: phosphorylated AMP-activated protein kinase; p-ERK1/2: phosphorylated
extracellular-signal-regulated kinase 1/2; p-JNK: phosphorylated c-Jun N-terminal
kinase; ChREBP: carbohydrate response element binding protein. Parts of the figure
was created using images from the Servier Medical Art, licensed under a Creative
Commons Attribution 4.0 International License.
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Figure 1. Hepatocyte-specific melanocortin 1 receptor (MC1R) deficiency does not impact
body weight or composition in chow diet-fed mice. (A) Schematic representation of the loxP-
flanked (floxed) Mc1r allele, with the positions of forward and reverse primers used for PCR
genotyping. PCR analysis of DNA samples extracted from the liver of Alb-Cre-negative and -positive
mice with homozygous for the Mc1r floxed allele (Mc1r”) confirmed recombination, with the
recombined allele size being approximately 217 bp. (B) Weekly body weight gain curves for chow-
fed control and Mc1r LKO mice. (C and D) Total fat and lean mass, as well as the difference
between fat and lean mass, measured at the start and end of the experimental period in chow-fed
control and Mc1r LKO mice. The values are presented as mean + SEM, n=5-10 mice per group.
Mc1r LKO: hepatocyte-specific MC1R knock-out mice.
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Figure 2. Hepatocyte-specific melanocortin 1 receptor (MC1R) deficiency alters the
expression of markers related to cholesterol synthesis and fibrosis. Quantitative real-time
polymerase chain reaction (QPCR) analysis was conducted on genes involved in cholesterol
synthesis (A), transport (B), fibrosis (C), and pro-inflammatory processes (D) in the liver of chow-
fed control and Mc1r LKO mice. The values are presented as mean + SEM, n=7—10 mice per group.
*p<0.05 and **p<0.01versus control mice by Student’s t-test. Key genes include Srebpic (sterol
regulatory element-binding protein 1), Srebp2 (sterol regulatory element-binding protein 2), Hmgcr
(3-hydroxy-3-methylglutaryl-CoA reductase), Dhcr7 (7-dehydrocholesterol reductase), Ldlr (low-
density lipoprotein receptor), Scarb1 (scavenger receptor class B member 1), Pcsk9 (proprotein
convertase subtilisin/kexin type 9), and several ATP-binding cassette (ABC) transporters (ABCA1,
ABCG1, ABCG5, ABCGS8), along with fibrosis markers such as Col1a? (collagen type | alpha 1),
Tgf-B1 (transforming growth factor beta-1), Mmp2 (matrix metallopeptidase 2), and pro-
inflammatory cytokines (/I-18, -6, Tnf-a, Ccl2).
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Figure 3. Agonists stimulated effects of melanocortin 1 receptor (MC1R) in protein
expression in HepG2 cells. (A and B) Representative Western blots and quantification of LDLR
and SRBI protein levels in HepG2 cells treated with 1 yM a-MSH and LD211 for 1, 3, 6, or 24 hr.
(C and D) HMGCR and DHCRY proteins levels in HepG2 cells treated with 1 yM a-MSH and LD211
for 1, 3, 6, or 24 hr. The values are mean + SEM, n=3-6 per group in each graph. *p<0.05 and
**p<0.01 for the indicated comparisons by one-way ANOVA and Bonferroni post hoc tests.
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Figure 4. Melanocortin 1 receptor (MC1R) agonists reduce cholesterol content in the HepG2
cells. (A and B) Quantification of free cholesterol content was performed using filipin staining in
HepG2 cells treated with a-MSH and LD211 (0.1 nM, 10 nM, or 1 uM) with or without AMP-activated
protein kinase (AMPK) inhibitor dorsomorphin (1 uM) for 2h hr. The values are presented as mean
+ SEM, n=3-6 per group. *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001 indicate statistical
significance in comparisons made using one-way ANOVA and Bonferroni post hoc tests.
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Figure 5. Global melanocortin 1 receptor (MC1R) deficiency does not impact body weight,
body composition or glucose handling capacity in Mc1re/e mice on chow- and Western diets.
(A and B) Body weight gain curves in chow- and Western diet-fed wild type (WT) and Mc1re/e mice.
(C and D) Quantification of fat and lean mass using quantitative NMR scanning of whole-body
composition in chow- and Western diet-fed WT and Mc1re/e mice. (E and F) Glucose tolerance test
(GTT) performed at the end of a 12-week diet intervention in chow- and Western diet-fed WT and
Mc1re/e mice. (G) Area under the blood glucose curves. The values are presented as mean + SEM,

n = 9-17 mice.
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Figure 6. Hepatocyte-specific MC1R deficiency does not impact body weight gain, body
composition, or food intake in Western diet-fed mice. (A and B) Body weight gain curves and
food intake (g/week) in Western diet-fed control and Mc1r LKO mice. (C and D) Total fat and lean
mass, as well as the difference between fat and lean mass, at the start and end of a 12-week diet
intervention in control and Mc1r LKO mice. The values are presented as mean + SEM, n=10-12

mice per group.
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Figure 7. Hepatocyte-specific melanocortin 1 receptor (MC1R) deficiency does not impact
lipid metabolism or inflammation in the gWAT of Mc1r LKO mice. (A) Quantitative real-time-
polymerase chain reaction (QPCR) analysis of genes involved in lipid metabolism and (B)
inflammation in the gWAT samples of Western diet-fed control and Mc1r LKO mice. (C)
Representative Western blots and quantifications of SREBP1c, HSL, ATGL, CD36, and vinculin
(loading control) protein levels in gWAT samples from Western diet-fed control and Mc1r LKO mice.
The values are presented as mean + SEM, n = 10-15 mice per group. *p<0.05 for the indicated
comparisons by unpaired two-tailed Student’s t-test.
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Figure 8. Hepatocyte-specific MC1R deficiency does not affect the expression of fatty acid
oxidation (FAO) markers in the liver. (A) Quantitative real-time-polymerase chain reaction
(qPCR) analysis of genes involved in FAO and (B) Lipid droplet-associated (LDs) proteins. The
values are presented as mean + SEM, n = 10-15 mice per group. *p<0.05 indicates statistically
significant difference compared t0 control mice. Mc1r LKO: hepatocyte-specific MC1R knock-out
mice. Key genes include Ppara (peroxisome proliferator-activated receptor), Cptfa (carnitine O-
palmitoyltransferase 1), Acox1 (peroxisomal acyl-coenzyme A oxidase 1), Plin1 (perilipin-1), Plin2
(perilipin-2), and Plin3 (perilipin-3).
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Figure 9. The effects of pharmacological activation of melanocortin 1 receptor (MC1R) with
LD211 on protein expression levels in primary mouse hepatocytes. (A-D) Representative
Western blots and quantification of Caspase 3, BAX, BCL2 and p53 protein levels in primary mouse
hepatocytes treated with 1 yM LD211 for different time points (1, 3, 6 and 24 hr). The values are
presented as mean + SEM, n=3-6 per group. *p<0.05 and **p<0.01 for the indicated comparisons
by one-way ANOVA and Bonferroni post hoc tests."
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Table 1.  Calorie density of the Western diet (D12079B).

Product # D12079B g% kcal%
Protein 20 17
Carbodydrate 50 43
Fat 21 41

Total 100

kcallg 47
Ingredient g kcal
Casein, 80 Mesh 195 780
DL-Methionine 3 12
Corn Starch 50 200
Maltodextrin 10 100 400
Sucrose 341 1364
Cellulose 50 0
Milk Fat, Anhydrous * 200 1800
Corn Ol 10 90
Mineral Mix S10001 35
Calcium Carbonate 4 0
Vitamin Mix V1001 10 40
Choline Bitartrate 2 0
Cholesterol, USP* 1,5 0
Ethoxyquin 0,04 0
Total 1001,54 4686

*Anhydrous milk fat typically contains approximately 0.3% cholesterol.
On this basis, D12079B contains approximately 0.21% cholesterol.
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