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Abstract

Over the last few decades, obesity has reached epidemic proportions. Obesity is
strongly associated with insulin resistance (IR), hyperglycaemia, mixed dyslipidaemia,
and hypertension. These metabolic risk factors, grouped under the definition of the
Metabolic Syndrome (MetS), increase the risk of cardiovascular disease (CVD). Non-
alcoholic fatty liver disease (NAFLD) is one of the most common co-morbidities of
MetS. NAFLD ranges from simple steatosis to more aggressive forms, with the
potential to evolve to hepatocellular carcinoma and CVD. Lipoprotein dysmetabolism
is crucial to both MetS and NAFLD and few studies have investigated the circulating
lipidome, defined as the complete lipid profile in a specific tissue/biofluid, in these
conditions. The work contained in this thesis studied the lipoprotein remodelling
occurring in two cohorts; MetS cohort including 11 healthy people and 14 MetS
subjects and BioNASH cohort including 20 healthy people and 89 biopsy-proven
patients across the entire spectrum of NAFLD. To this end, we employed state-of-the-
art analytical techniques (mass spectrometry-based) along with molecular biology
assays to study the serum and lipoprotein lipidome of these patients.

In the MetS study, we found that the circulating lipidome of MetS was characterised
by a phospholipid (PL) dysmetabolism. The latter was driven, at least in part, by a
reduced activity of the enzyme lecithin—cholesterol acyltransferase (LCAT).
Dysfunctional LCAT could partly mediate the elevated CVD risk in MetS patients. Our
study demonstrated, for the first time, the link between reduced LCAT activity and
plasma lipidome in MetS.

In the BioNASH cohort, we observed a generalised PL and polyunsaturated fatty acids
(PUFA) depletion in NAFLD compared to the control group. By using fast protein liquid
chromatography, we isolated HDL and VLDL fractions where we performed lipidomic
analyses. As opposed to VLDL, the HDL lipidome was characterised by PL and PUFA
depletion. These changes have been reported in hepatic lipidomic studies of NAFLD

patients, thus suggesting a close link between peripheral tissues and the liver via HDL.



These results provide the basis for the study of HDL composition as a novel player in
the pathogenesis of NAFLD.

In conclusion, these data demonstrate how the study of lipoprotein metabolism in
obesity-related metabolic disorders can shed light on novel pathophysiological
mechanisms. Further efforts along these lines will clarify the role of LCAT in MetS and
CVD alongside establishing the contribution of the HDL lipidome to the liver
composition of NAFLD patients.
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Chapter 1. Background and rationale

1.1 The Obesity Epidemic

Overweight and obesity are defined as excessive fat accumulation that can adversely
affect health. Body mass index (BMI), weight in kilograms per height in metres
squared, is widely used as a marker of body fat in the clinic. The World Health
Organisation (WHO) defines overweight as a BMI between 25 and 29.9 kg/m?, and
obesity as a BMI greater than 30 kg/m? (World Health Organization, 2018). Over the
last three decades, the steady increase in obesity has become a major public health
concern, which has now reached epidemic proportions (Ng et al, 2014). Worldwide,
1.9 billion adults are classified as overweight, of whom 650 million are obese (World
Health Organization, 2018). In England, 62% of the population is classified as
overweight and 24% as obese (Gov.UK national statistics, 2017). Obesity is strongly
associated with a cluster of cardiovascular risk factors [referred to as Metabolic
Syndrome (Eckel et al, 2005)] including hypertension, mixed dyslipidaemia, systemic
insulin resistance (IR), and hyperglycaemia, and many other “travelling companions"
like fatty liver, gout, and chronic-low-grade systemic inflammation. Obesity also
promotes life-threatening comorbidities including type 2 diabetes mellitus (T2DM),
cardiovascular disease (CVD), and cancers (e.g. liver, colon, breast, and prostate)
((Berrington de Gonzalez et al, 2010)).

1.2 The Metabolic Syndrome and Non-alcoholic fatty liver disease

The metabolic syndrome (MetS) and non-alcoholic fatty liver disease (NAFLD) are
obesity-associated metabolic disorders. Although they are clinically defined as
different diseases, several pathophysiological aspects overlap. Therefore, throughout
the introduction of this thesis, the two conditions are described together, with the
differences between them clearly specified.

The MetS is clinically defined by the co-existence of atherogenic dyslipidaemia,
increased apolipoprotein B lipoproteins [very low density lipoprotein (VLDL),
intermediate density lipoprotein (IDL), low density lipoprotein (LDL)], decreased high
density lipoprotein (HDL), elevated blood pressure and fasting glucose, together with

a pro-thrombotic state, and a pro-inflammatory state (chronic low-grade inflammation)
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(Eckel et al, 2005). The real prevalence of MetS is difficult to estimate since differences
in inclusion criteria have led to varied results worldwide (Eckel et al, 2005). However,
in European countries, its prevalence is estimated to be between 10% and 30% (van
Vliet-Ostaptchouk et al, 2014). Although the MetS was clinically identified nearly a
century ago (Kylin, 1923), it was not until 1998 that a WHO panel proposed a set of
criteria for the MetS (Alberti & Zimmet, 1998) to establish an international standard.
Since then, different definitions have been proposed and among them, the most
commonly adopted definition was proposed as a joint statement of the International
Diabetes Federation Task Force on Epidemiology and Prevention; National Heart,
Lung, and Blood Institute; American Heart Association; World Heart Federation;
International Atherosclerosis Society; and International Association for the Study of
Obesity (Alberti et al, 2009). The latter defined the MetS when 3 out of 5 cardiovascular
risk factors [abdominal obesity, high blood glucose and triglycerides (TG), increased

blood pressure, and reduced HDL-C] are present (Table 1).

Table 1. Clinical risk factors and defining levels for MetS according to NCEP ATP-III.

Risk factor Defining level
Elevated waist circumference* 2102 cmin males;

288 cm in female
Elevated triglycerides or under drug >1.7 mmol/L (150 mg/dL)
treatment for its reduction
Reduced HDL-C or under drug <1.0 mmol/L (40 mg/dL) in males;
treatment for reduced HDL-C <1.3 mmol/L (50 mg/dL) in females
Elevated blood pressure or under Systolic 2130 and/or
antihypertensive drug treatment diastolic 285 mm Hg

Elevated fasting glucose or under drug > 5.6 mmol/L (100 mg/dL)
treatment of elevated glucose

*Waist circumference cut-offs are population specific. Here, the values used for the
European population are reported.

NAFLD encompasses a spectrum of disorders ranging from simple steatosis,
intrahepatic fat deposition (>5% fat content in the liver), to steatohepatitis (steatosis in
the presence of inflammation) (NASH), fibrosis, and cirrhosis, which can ultimately
evolve to hepatocellular carcinoma (HCC) (Vacca et al, 2015). The diagnosis of
NAFLD is through the exclusion of all the secondary causes of fat accumulation in the

liver (elevated alcohol consumption, presence of hepatitis B and/or C, drug abuse,
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autoimmune liver disease, haemochromatosis or Wilson’s disease) and liver biopsy,
which is still considered the gold standard to differentiate fatty liver from NASH and to
stage fibrosis (Buzzetti et al, 2016). NAFLD is one of the most common liver disorders
worldwide with a global prevalence of 24% (Younossi et al, 2018). NASH related
cirrhosis is predicted to become the leading cause of liver transplantation within the
next two decades (Zezos & Renner, 2014).

Epidemiological studies have shown that despite the high prevalence of NAFLD, only
a subset of patients develops more aggressive forms of this disease. Specifically, 5 to
10% of patients with NAFLD develop NASH, 30% of these develop cirrhosis, and 1-
2% of these eventually develop HCC (Argo & Caldwell, 2009). The evolution of NAFLD
to HCC is an area of active research. NAFLD is also considered as the hepatic
manifestation of MetS, with a prevalence of 50% in patients with T2DM, 76% in obese
subjects, and 100% in those morbidly obese with T2DM (Vacca et al, 2015). The close
association with MetS is also represented by the fact that CVD is the leading cause of
mortality for people with NAFLD (Younossi et al, 2018). Of note, despite the strong
association of obesity with NAFLD, a subset of the population develops NAFLD in the
absence of obesity (Younossi et al, 2018). This population is referred to as “Lean
NAFLD”. The latter term, firstly described in Asia, has a prevalence in Europe and the
USA of up to 20% (Younossi et al, 2018). This condition is characterised by abdominal
obesity, IR, and elevated triglycerides when compared to matched controls without
NAFLD (Younossi et al, 2018).

Two recent position articles have proposed to re-define NAFLD into metabolic
associated fatty liver disease (MAFLD) to strengthen the metabolic nature of this
condition (Eslam et al, 2020a; Eslam et al, 2020b). This new definition highlights the
inadequacy of a biopsy centric approach to classify the disease. For example, high
variability in disease progression is well established. Specifically, some patients with
hepatic steatosis can develop steatohepatitis and revert to steatosis over a short
timeframe and although the progression to more severe forms of NAFLD spectrum is
more likely in patients with NASH, not all NASH patients will progress towards the end
stage of the disease (Eslam et al, 2020a). The new definition emphasises the crucial
role of metabolic impairment in this condition. Specifically, MAFLD defining criteria
include the presence of hepatic steatosis along with one of the three following

cardiovascular risk factors: overweight or obesity, T2DM, or normal weight with
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evidence of metabolic dysregulation (Eslam et al, 2020a). In sharp contrast to the
NAFLD paradigm, MAFLD is no longer considered a disease of exclusion and elevated
alcohol consumption and other concomitant liver diseases can coexist with this new
definition (Eslam et al, 2020a).

1.2.1 Pathophysiology

Although the aetiology of the MetS is multifactorial, it is increasingly recognised that
sedentary lifestyles along with overnutrition are key players (Cornier et al, 2008). The
pathophysiological mechanism of the MetS has not been fully determined, yet
abdominal obesity and insulin resistance are believed to be the main drivers of the
MetS (Cornier et al, 2008). NAFLD is the result of the accumulation of hepatic fat. The
sources of fats contributing to NAFLD can be summarised as follows: a) dietary fatty
acids derived through the uptake of chylomicrons (CM), b) free fatty acids (FFA)
derived thorough lipolysis of TG stored within white adipose tissue (WAT), and c) fatty
acids (FA) newly synthesised within the liver through de novo lipogenesis (DNL)
(Vacca et al, 2015). The raised FA levels in the liver can then be 1) stored as lipid
droplets within hepatocytes, 2) secreted into the bloodstream as VLDL, or 3) oxidised
via the B-oxidation pathway (Vacca et al, 2015). However, fat accumulation on its own
is not sufficient to drive NAFLD progression towards its more aggressive forms. The
multifactorial nature of NAFLD has been recognised over the last two decades and its
pathophysiology is currently recapitulated by the multiple parallel hit hypothesis (Tilg
& Moschen, 2010). Under this hypothesis, the onset and progression of NAFLD are
driven by the synergistic action of multiple parallel factors including IR, lipotoxicity,
endoplasmic reticulum (ER) stress, mitochondrial dysfunction, adipose tissue (AT)
dysfunction, and genetic background. The following sections describe the role of
different risk factors characterising MetS and NAFLD.

1.2.2 Genetic factors of NAFLD

Recent studies are increasingly revealing the genetic factors involved in the onset and
progression of NAFLD towards more advanced forms of the disease (Brunt et al,
2015). Investigation of candidate gene analysis with a biologically plausible

pathogenic role for NAFLD, have shown the involvement of mutations in genes
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including mitochondrial superoxide dismutase 2 (SOD2) (Al-Serri et al, 2012) and fatty
acid desaturase 1 (FADS1) (Wang et al, 2015). More recently, with the advent of a
non-targeted approach based on genome-wide association studies (GWAS), novel
genetic candidates have been associated with NAFLD specifically a) the Patatin-like
phospholipase domain-containing protein 3 gene (PNPLA3) on chromosome 22 and
b) the Transmembrane 6 superfamily member 2 gene (TM6SF2) on chromosome 19
(Brunt et al, 2015). PNPLA3 is involved in TG hydrolysis and acylglycerol transacylase
activity within the liver (Kumari et al, 2012), and a missense mutation 1148M in
PNPLA3 (at SNP rs738409) leads to impaired hepatic triglyceride hydrolysis (He et al,
2010). Although this polymorphism has been extensively investigated, the mechanism
by which a mutation in PNPLAS3 increases hepatic TG is yet to be fully elucidated.
Paradoxically, it has also been reported that carriers of this mutation have a reduced
CVD events (Ruschenbaum et al, 2018). A non-synonymous mutation Glul67Lys in
TM6SF2 (at SNP rs58542926) has been shown to influence hepatic TG content, with
carriers of the variant having a 34% higher liver fat content compared to those without
the variant (Zhou et al, 2019). Interestingly, none of the above mentioned SNPs are
associated with IR (He et al, 2010; Zhou et al, 2019).

1.2.3 Adipose tissue dysfunction

The last two decades have highlighted the underappreciated and dynamic role of AT
in obesity and its related disorders (i.e MetS and NAFLD) (Guerra et al, 2021). AT can
be classified into three “main” categories: 1) WAT, > 95% of total fat mass, 2) brown
AT (BAT), 1-2% of total fat mass, and 3) beige AT (BAT), located within WAT and with
the capability of turning into brown-like adipocytes following exposure to cold
temperatures or other stressors (Kahn et al, 2019). The anatomical localisation of
excessive WAT plays a key role in the onset of the MetS and NAFLD, with visceral
WAT surplus being more detrimental than subcutaneous WAT (Kahn et al, 2019). One
hypothesis behind the mechanistic link between obesity and the MetS and NAFLD is
the AT expandability hypothesis (Virtue & Vidal-Puig, 2010). The latter is based on the
idea that adipose tissue has a defined limit of expansion for any given individual
determined by genetic and environmental factors (Virtue & Vidal-Puig, 2010). At its
maximum storage limit, AT can no longer store more lipid, thus any additional surplus

is redirected into other tissues such as muscle, liver, and pancreas. This ectopic fat
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deposition has detrimental effects leading to IR and apoptosis (Virtue & Vidal-Puig,
2010). Although the molecular basis regulating AT expansion capability is not fully
understood, the continuous increase in AT mass leads to adipocyte hypertrophy and
hyperplasia. These events lead to increased lipolysis as a means to counterbalance
the expansion and release of pro-inflammatory cytokines as a stress response, which
if protracted over time can lead to AT IR and adipocyte apoptosis (Virtue & Vidal-Puig,
2010).

1.2.4 Physiological role of insulin in lipid and glucose metabolism

Insulin plays a central role in glucose, lipid, and energy regulation, enabling the body
to efficiently respond to changes in nutrient levels during fasting and feeding states
(Boucher et al, 2014). In healthy subjects, the postprandial effect of insulin on insulin-
sensitive tissues can be generalised as follows. In the liver, insulin promotes the
formation of glycogen, through the activation of the enzyme glycogen synthase (GS)
via the serine/threonine-protein kinases (Akt) pathway (Samuel & Shulman, 2016). It
also suppresses glucose production through a) the reduction of gluconeogenic
enzymes (Edgerton et al, 2017), and b) indirectly, through the inhibition of AT lipolysis
(Figure 1). The latter is due to the inhibition of hormone-sensitive lipase (HSL), which
normally releases free fatty acids (FFA) and glycerol into the bloodstream, as a source
of energy for other organs. One of the mechanisms by which insulin inhibits HSL is
through the promotion of the cyclic AMP (cAMP) phosphodiesterase activity which
enhances cAMP hydrolysis with consequent reduction of cAMP depended PKA
activity, that is required for the HSL activation (Lan et al, 2019). Reduced HSL activity
results in a reduced FFA flux into the liver, normally taken up through the fatty acid
translocase/cluster differentiation protein-36 (FAT/CD36), which leads to decreased
hepatic acetyl-CoA levels, promoting the activation of pyruvate carboxylase (PyrC),
and therefore reduced PyrC activity and gluconeogenesis (Perry et al, 2015).
Furthermore, insulin suppresses the formation and export of VLDL into circulation
through a reduced transcription of apo-B100 mRNA, as well as genes encoding MTP
and APOC Il via inhibition of the transcriptional factor forkhead box O1 (FoxO1)
(Altomonte et al, 2004; Kamagate et al, 2008) (Figure 1). The postprandial decrease
in VLDL export permits the preferential use of chylomicrons as a source of “fuel” from

the peripheral tissues, therefore sparing the liver FA pool for fasting conditions.
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Furthermore, insulin directly co-modulates DNL by the activation of the transcriptional
factor sterol regulatory element-binding protein 1 (SREBP1) (Samuel & Shulman,
2016). SREBP1 regulates DNL through transcriptional upregulation of several key
genes involved in FA synthesis, namely acetyl-CoA carboxylase, fatty acid synthase
(FAS), and desaturation and elongation of FA through stearoyl-CoA desaturase 1 and
long-chain elongase 6 (ELOVLG6), respectively (Postic & Girard, 2008) (Figure 1).
Insulin also promotes the TG-rich lipoprotein clearance through the activation of
lipoprotein lipase (LPL) (Panarotto et al, 2002), a key enzyme in the metabolism of
TG-rich lipoproteins. Moreover, insulin promotes glucose uptake in AT and skeletal
muscles through the upregulation of the glucose transporter type 4 (GLUT4) (Figure
1).

1.2.5 Metabolic aspects of IR in MetS and NAFLD

IR, a key feature of the MetS and NAFLD, results when cells from insulin-sensitive
tissues (liver, skeletal muscle, and AT) no longer adequately respond to insulin,
negatively impacting glucose and lipid homeostasis (Boucher et al, 2014). The action
of insulin on insulin-sensitive tissues in IR people can be generalised as follows. In
AT, insulin fails to regulate HSL and LPL with subsequent continuous release of FFA
(Lewis et al, 1995) and increased TG-rich lipoproteins (Brunt et al, 2015). The rise in
plasma FFA and glycerol is partially redirected into the liver and skeletal muscle. The
former primarily responds by a) increasing the synthesis of very-low-density
lipoproteins (VLDL) (Lewis et al, 1995), and b) transient upregulation of mitochondrial
B-oxidation which subsequently becomes dysfunctional with increased production of
reactive oxygen species (ROS) (Koliaki et al, 2015), and increasing TG in the liver.
Lastly, IR within the muscle results in defective uptake of glucose into cells, redirecting

glucose to the liver, and consequently increases substrates for DNL.
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1.2.6 DNL and its drivers in NAFLD —the role of SREBP 1c & ChREBP

DNL is an important metabolic pathway to redirect energetic surplus coming from non-
lipid sources to a more energetically efficient form that can either be stored within the
liver or exported as VLDL. In mammalian liver, the state of positive energy balance
results in an accumulation of mitochondrial acetyl-CoA, which is at crossroads with
many metabolic pathways (Shi & Tu, 2015). The mitochondrial acetyl-CoA surplus is
transported into the cytosol, in the form of citrate and then converted back to acetyl-
CoA by the ATP citrate lyase, to start the DNL process (Postic & Girard, 2008). In the
cytosol, acetyl-CoA is carboxylated to malonyl-CoA by acetyl-CoA carboxylase, the
rate-limiting, and first committed step in DNL (Harwood, 2005). Malonyl-CoA is
subsequently transformed into palmitic acid by FAS and is then subject to various
degrees of elongation and desaturation by ELOVL6 and SCD1 respectively (Mikkelsen
et al, 1985). In healthy subjects, fasting hepatic DNL contributes to about 10% of the
hepatic lipid pool (Sanders & Griffin, 2016), however, in IR/NAFLD patients, it is
responsible for over 25% of the total liver fat (Sanders & Griffin, 2016).

DNL has been increasingly recognised as a key player in the pathophysiology of
NAFLD, it is therefore crucial to understand the mechanisms behind its regulation in
health and disease. DNL is influenced by both metabolic and hormonal stimuli, such
as glucose and insulin, and finely controlled through transcriptional regulation of key
fatty acids synthesis enzymes. The two main transcription factors regulating DNL are
SREBP1c and carbohydrate response element-binding protein (ChREBP), which are
activated by insulin and glucose, respectively (Vacca et al, 2015). SREBP1c can also
be activated by SFA and the oxysterol sensor liver X receptor (LXR), whereas PUFA,
glucagon, and 5' AMP-activated protein kinase (AMPK) signalling have inhibitory
effects (Vacca et al, 2015). SREBP1c is mostly expressed in the liver and it is found
as an inactive precursor bound to the ER membrane, where it is associated with the
SREBP cleavage activating protein (SCAP) and the insulin-induced gene 1 (Insigl)
acting as an inhibitor of SRBP (Eberle et al, 2004). Insulin activates SRBP1c through
the Insulin/ phosphatidylinositol 3-kinases/protein kinase B (PI3K/Akt) pathway, which
eventually leads to the separation of Insigl from the SRBP-SCAP complex. The latter
then relocates to the Golgi apparatus where it undergoes further maturation forming
the active SRBP1c form (Eberle et al, 2004). SRBP1c then migrates to the nucleus

where it binds to sterol regulatory element sequences of the DNL target genes
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including ATP citrate lyase, ACC, and FAS. Of note, when SREBP1c is
overexpressed, in an attempt to maintain cellular homeostasis, it exerts negative
feedback on the insulin signalling pathway via the inhibition of insulin receptor
substrate 2, with subsequent inhibiting the PI3K/Akt pathway (Engelking et al, 2004).
The hyperinsulinemia observed in NAFLD therefore activates SREBP1c, which
promotes DNL, negatively feedbacks insulin signalling (leading to decreased glycogen
synthesis and increased gluconeogenesis) ultimately promoting hepatic fat
accumulation (Vacca et al, 2015).

ChREBP is activated by the postprandial increase in glucose levels, with a mechanism
not fully characterised (Denechaud et al, 2008). One proposed mechanism of
activation involves the dephosphorylation at serine residue 196 or AMPK
phosphorylation sites, which allows for its relocation to the nucleus and activation of
target genes containing the carbohydrate response element (ChoRE) (Uyeda & Repa,
2006). This mechanism is also in line with the inhibitory effects exerted by glucagon
during fasting, where increased levels of protein kinase A (PKA), promotes ChREBP
phosphorylation at serine residue 196 (lizuka & Horikawa, 2008). ChREBP also
enhances the expression of liver pyruvate kinase (LPK), which converts
phosphoenolpyruvate to pyruvate thus promoting glycolysis, and the expression of
SCD1, favouring the conversion of newly generated SFA to MUFA (Benhamed et al,
2012).

The involvement of ChREBP in NAFLD has been reported in clinical and pre-clinical
studies. In leptin-deficient mice, a well-established model of obesity, liver expression
of ChREBP were remarkably increased, yet upon specific inhibition, the liver showed
a striking reduction of DNL gene expression alongside decreased hepatic steatosis
(Dentin et al, 2006). In a cohort of NASH patients, ChREBP expression was positively
correlated with the degree of hepatic steatosis but it was inversely related to IR
(Benhamed et al, 2012). The latter is attributable to the parallel upregulation of SCD1
by ChREBP, which avoids the accumulation of DNL products in the form of SFA but
rather as MUFA. The latter has shown to have little impact on liver IR as compared to
SFA (Musso et al, 2018).
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Fasting status

Glucose

FAT/CD36 Insulin —

1 FFA & Glycerol Insulin
receptor

Postprandial status

Glucose

FAT/CD36 Insulin ——

J FFA & Glycerol Insulin
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Figure 1. Simplified figure of lipid and carbohydrate metabolism, in fasting and
postprandial status, in healthy subjects. Red lines = up-regulated pathway. Green arrows
= down-regulated pathways. GS = glycogen synthase, DNL = de novo lipogenesis, ACC =
Acetyl-CoA carboxylase, FAS = Fatty Acid Synthase, Elongation of very long chain fatty acids
protein 6, Stearoyl-CoA desaturase 1, FA = fatty acid, PyrC = pyruvate carboxylase,
FAT/CD36, fatty acid translocase/cluster differentiation protein-36, MTP = Microsomal
triglyceride transfer protein, Akt = serine/threonine-protein kinases, SRBP1lc = Sterol
regulatory element-binding protein 1, ChREBP= carbohydrate response element-binding
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protein, LPK= liver pyruvate kinase, FOXO1= forkhead box O1, GLUT 4 = Glucose transporter
type 4, GLUT 2 = Glucose transporter type 2, HSL = Hormone-sensitive lipase. Figure based
on (Samuel & Shulman, 2018), and done using the http://smart.servier.com/ image resource.

1.2.7 Lipoprotein metabolism

Cholesterol is an essential component of cell membranes, the precursor for the
synthesis of steroid hormones and bile acids, and the major sterol in animal tissues.
Its structure includes four linked hydrocarbon rings (steroid core), a hydrocarbon tail
linked to one end of the steroid, and a hydroxyl group linked to the other end (Tabas,
2002). Cholesterol is present in two forms, unesterified cholesterol (also known as free
cholesterol, FC) and cholesteryl esters (CE). The latter, the most abundant form in
blood plasma, is transported via lipoproteins due to their hydrophobic properties.
Lipoproteins are aggregates of lipids and proteins that allow the transport of
hydrophobic lipids in the bloodstream, but also transport endogenous proteins,
vitamins, hormones, and microRNA (Kuai et al, 2016). The outer part of the lipoprotein
is composed of a monolayer of phospholipids (i.e PC, LPC, PE), unesterified sterols
(i.e FC and oxysterols), and apolipoproteins, while the inner part is composed of non-
polar lipids (such as TG and CE) (Figure 2). Apolipoproteins provide stability to
circulating lipoproteins and play a crucial role in regulating metabolic processes via
activation/inactivation of enzymes as well as acting as a receptor-ligand (Cohen &
Fisher, 2013). Apart from apolipoprotein B (apo B), all the other apolipoproteins are
exchangeable within the different particles, although their abundance in different
fractions is relatively constant (Dominiczak & Caslake, 2011).

Lipoproteins show a great deal of heterogeneity, mostly based on their
physicochemical properties alongside the methodology used for their separation
(Scherer et al, 2011). Their size is widely spread ranging from 5 nm to over 100 nm.
Based on their density, lipoproteins are classified into five main fractions: chylomicrons
(CM), Very Low-Density Lipoprotein (VLDL), Intermediate Density Lipoprotein (IDL),
HDL, and LDL. They can be further differentiated, for instance, using immunoaffinity
isolation techniques. For example, Furtado et al., identified 16 HDL subspecies
(Furtado et al, 2018), and the role of the different sub-fractions are currently being
investigated in large cohorts.

Lipoprotein metabolism can be described through three pathways: a) the exogenous

pathway that describes lipid transport from diet to internal organs, b) the endogenous
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pathway that describes lipid transport from internal organs to peripheral tissues) and
c) the reverse cholesterol transport (RCT)/HDL metabolism (endogenous pathway

from peripheral tissues to internal organs).

APO

Figure 2. Simplified figure of a lipoprotein. TG = triglycerides, CE = cholesteryl esters, FC
= Free cholesterol, PL = phospholipids, Apo = apolipoprotein. Figure done using the
http://smart.servier.com/ image resource.

1.2.7.1 The exogenous pathway

The exogenous pathway begins in the small intestine (jejunum) once dietary lipids
have been hydrolysed, TG into FFA and monoacylglycerols (MAG), phospholipids (PL)
into FFA and lysophospholipids, and CE into FFA and FC, which are then absorbed
by the enterocytes via different mechanisms (Boren et al, 2012). Upon absorption,
these lipids are assembled to TG, CE, and PL. Subsequently, in the ER, a large cell
organelle acting as a major site of protein, lipid and steroid synthesis, carbohydrate
metabolism and calcium storage (Schwarz & Blower, 2016), the enzyme microsomal
triglyceride transport protein (MTP) lipidates the apolipoprotein B-48 (apo B-48) laying
the basis for CM formation. This process is tightly regulated by the action of apo B-48
on MTP (Kindel et al, 2010). Besides TG, CM also contains smaller amounts of other
lipids such as CE, FC, PL, and apolipoproteins such as Apo-Al, Apo-E, and Apo-Cs
(Kindel et al, 2010). Once assembled, CM are released from the enterocytes into the
intestinal lymphatic system, reaching the systemic blood circulation. Here, CM are
subject to the hydrolysing action of the LPL, enzyme located in the capillary surfaces
of peripheral tissues (i.e AT, skeletal muscle, heart), on CM TG. The released FA
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relocates into tissues, leaving circulating CM with reduced TG, known as CM remnant.
The latter undergo further delipidation by hepatic lipase (HL), an enzyme-bound onto
heparan-sulfate proteoglycans (HSPGs) at the surface of hepatocytes and the
sinusoid endothelial cells (Stow et al, 1985), rendering the particles smaller. These
particles are then promptly taken up by the liver via a) the LDL receptor-related protein
(LRP), and b) the HSPGs, which also function alone as a receptor (Mahley & Ji, 1999).

1.2.7.2 The endogenous pathway

VLDL particles are the carriers of endogenous lipids, mainly TG, to peripheral tissues
as a source of “fuel’. These particles are assembled in the liver via a stepwise lipidation
of its structural protein apolipoprotein B100 (apoB100). The lipidation is carried out by
microsomal triglyceride transfer protein (MTP) in the ER (Adiels et al, 2008). This initial
step leads to the formation of a pre-VLDL particle, which subsequently undergoes
further lipidation, leading to the formation of a triglyceride-poor VLDL. The latter is then
further enriched in lipids in the Golgi apparatus and exported in circulation as a TG
rich VLDL (Adiels et al, 2008). VLDL particles, similarly to CM, are subject to TG
depletion by LPL in peripheral tissues (Boren et al, 2012). VLDL TG-depleted transfer
apoC-Il and apoC-lll to HDL, and in turn, accept apo-E. The presence of apo-E on
VLDL permits these particles to bind to high-affinity hepatic receptors and with this
mechanism, nearly 50% of apo-E VLDL are cleared from the circulation (Cohen &
Fisher, 2013). VLDL-TG are also exchanged for HDL-CE by the circulating enzyme
cholesteryl ester transfer protein (CETP) (Figure 2). These steps lead to a smaller and TG
depleted VLDL particle defined as IDL. The latter can be further delipidated by HL, further
reducing in size and forming LDL (Dominiczak & Caslake, 2011), or taken up by the liver
by LRP or HSPGs (Hurt-Camejo & Camejo, 2018). LDL is also subject to CETP activity,
leading to CE enriched LDL deriving from HDL (Shrestha et al, 2018) (Figure 2). Finally,
LDL is directed to the liver and internalised through LDLR (van de Sluis et al, 2017).
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1.2.7.3 Reverse cholesterol transport (RCT) — HDL metabolism and circulating

lipoprotein remodelling enzymes

Reverse cholesterol transport (RCT) is the process by which HDL collects and
transports cholesterol excess from peripheral tissues to the liver, where it is directly or
indirectly (through transformation into bile acids) excreted into bile (Ouimet et al,
2019). RCT is a key player in cardiovascular protection since the accumulation of
cholesterol in macrophages is a defining step in atherosclerosis (Boren et al, 2020).
HDL is the smallest and densest of the lipoproteins, composed for nearly half of its
mass of lipids and half proteins (Kontush et al, 2013). HDL biogenesis starts with the
lipidation of the apolipoprotein Al (apoA-1), the most abundant apolipoprotein in HDL,
produced mainly by the liver and, to a lesser extent, by the small intestine (Figure 2)
(Kontush et al, 2013). ATP-binding cassette sub-family A member 1 (ABCAl), a
ubiquitous transmembrane protein, is responsible for the transfer of PL and FC to
apoA-1, which leads to the formation of a discoidal HDL or pre-g HDL (Ouimet et al,
2019). The latter is the preferential substrate of lecithin:cholesterol acyltransferase
(LCAT), an enzyme synthetized mainly by the liver and to a lesser extent by the brain
and testes (Jonas, 2000). LCAT circulates in plasma predominantly bound to HDL but
also LDL. In humans, LCAT catalyses the transfer of polyunsaturated fatty acids
(PUFA) from the sn-2 position of a PC to FC, generating a CE and LysoPC, with apoA-
1 as the main activator (Jonas, 2000) (Figure 2). As CE are more hydrophobic than
FC, they relocate to the core of HDL, thus reshaping the discoidal HDL into mature
spherical HDL(q) (Figure 2). Despite the crucial role of LCAT on HDL maturation, its
role in atherosclerosis is still debated. For example, while Dullaart et al. reported
increased activity of LCAT in MetS and positively correlated with carotid-intima media
thickness (Dullaart et al, 2008), the opposite was reported in patients with NAFLD
(Fadaei et al, 2018). Furthermore, while reduced levels of LCAT were found in patients
with ischemic heart disease independently of HDL levels (Sethi et al, 2010), a large
population study showed that LCAT mass was not associated with increased
atherosclerosis (Holleboom et al, 2010). Lack of association between LCAT mass and
CVD were also reported by Calabresi et al. (Calabresi et al, 2011), in a multicenter,
observational study including 540 participants. Studies on patients carrying genetic
LCAT deficiency and preclinical models have also yielded conflicting results (Ossoli et

al, 2016b), thus leaving its role in disease still debated.
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Spherical mature HDL are further enriched in FC and PL by the ATP-binding cassette
sub-family G member 1 (ABCG1), which specifically acts on mature HDL (Gelissen et
al, 2006). Another important circulating enzyme, involved in lipoprotein remodelling, is
the phospholipid transfer protein (PLTP), ubiquitously expressed in human tissues (i.e
lung, thymus, and AT), but mainly synthetized by the liver (Huuskonen et al, 2001).
PLTP mediates the net transfer of PL from VLDL, IDL, and LDL, into HDL patrticle
during lipolysis to generate smaller HDL (HDL2) and can also convert larger HDL
(HDL3) particles to HDL2 and prep-HDL (Zannis et al, 2015), as well as promote HDL
particle fusion creating HDL2 (Rye & Barter, 2014). Furthermore, PLTP is also capable
of transferring several lipids such as diacylglycerol, phosphatidic acid, sphingomyelin,
cerebroside and phosphatidylethanolamine, and a-tocopherol (Albers et al, 2012),
thus rendering it a non-specific transporter.

While the role of PLTP in lipoprotein remodelling and its relevance to CVD have been
investigated in murine models, the physiological role in humans is yet to be fully
understood.

HDL is also remodelled by CETP, which mediates the transfer of cholesteryl esters
from HDL to VLDL, IDL, and LDL in exchange for triglycerides (Shrestha et al, 2018).
Because of its ability to decrease HDL CE and increase VLDL CE, CETP has been
studied as a target for CVD prevention (Shrestha et al, 2018). Results from different
randomised clinical trials have failed to show any significant benefit on major coronary
events by CETP inhibition except for the Randomized Evaluation of the Effects of
Anacetrapib through Lipid Modification (REVEAL) trial (Group et al, 2017). Whether
inhibition of CETP activity is a viable option for CVD reduction is still debated.

In humans, HDL half-life is 2 to 4 days (Zannis et al, 2015), and its catabolism is
mediated through 1) liver uptake of HDL through the SR-BI; 2) liver uptake of
cholesterol coming from HDL and transported to the liver via apo-B lipoproteins (CETP
mediated exchange) by LDLR; 3) kidney uptake of lipid poor apoA-I, where it can be
filtered at the level of the glomerulus and then catabolized by proximal renal tubular
epithelial cells (Rader, 2006).
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1.2.8 Dyslipidaemia in NAFLD and MetS

NAFLD and MetS are characterised by increased VLDL levels, decreased HDL-C
(Speliotes et al, 2010) along with increased concentrations of atherogenic small sdLDL
particles, despite total LDL-C not necessarily being increased (DeFilippis et al, 2013;
Sugino et al, 2011; Toledo et al, 2006). Some of the mechanisms leading to the

dyslipidaemia observed in NAFLD and MetS are discussed below.

1.2.8.1 Impaired VLDL turnover

The increased plasma VLDL-TG levels observed in the early phases of NAFLD and
MetS are attributable to several factors. As already described, in the context of IR and
hyperglycaemia, the increased delivery of FFA from AT to the liver, coupled with
increased DNL (driven by SREBP1c and ChREBP activation), results in a net increase
of FA within the liver thus providing a surplus of substrate for VLDL synthesis. Besides
the increased VLDL-TG, IR also leads to qualitative changes in these particles.
Specifically, VLDL are particularly enriched in SFA TG and reduced in PUFA, this
being in line with increased liver DNL which ultimately leads to the production of the
SFA palmitic acid (Kotronen et al, 2009b; Roumans et al, 2020). Furthermore, in IR,
insulin no longer suppresses VLDL assembly and export, therefore leading to a
continuous release in the circulation of large VLDL1 (Sparks et al, 2012). Interestingly,
Borén et al., recently reported that in MetS nearly 46% of hypertriglyceridemia was
attributable to delayed catabolism and only 20% was explained by increased VLDL1
secretion (Boren et al, 2015). The putative mechanism by which MetS causes delayed
VLDL1 catabolism was attributed to elevated levels of apoC-Ill in these particles.
ApoC-lll exerts a powerful inhibitory effect on LPL which normally renders VLDL and
its delipidated forms, IDL, and LDL, more susceptible to clearance by the liver. Large
epidemiological studies also showed that elevated levels of apoC-lll in other
lipoprotein fractions had a major role in modulating hypertriglyceridemia and CVD risk
(Jensen et al, 2018; Sacks, 2015). Furthermore, apoC-IlIl inhibitors have been tested
in clinical trials showing promising results in reducing plasma TG levels in
hypertriglycaemic patients (Taskinen et al, 2019). Additionally, delayed TG turnover
can potentially be caused by the AT IR since LPL in AT is transcriptionally upregulated
by insulin (Wang & Eckel, 2009).
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1.2.8.2 Increased atherogenic LDL particles —the role of sdLDL-C

Increased levels of sdLDL-C are a characteristic feature of NAFLD and MetS. The
main driver of this feature is attributed to elevated VLDL levels (Boren et al, 2020). In
this context, CETP is considered a key player exchanging TG from VLDL to LDL
particles in exchange for CE (Chapman et al, 2010). TG enriched LDL are then
delipidated by HL, which leads to smaller and denser particles (Diffenderfer &
Schaefer, 2014). Several lines of evidence have shown that sdLDL-C levels are a
stronger determinant of CVD risk than total LDL-C (Boren et al, 2020). Some of the
mechanism by which sdLDL-C are more atherogenic than larger LDL-C fractions
include greater propensity to penetrate the arterial wall due to smaller size (Berneis &
Krauss, 2002), delayed removal from circulation due to reduced LDL receptor affinity
(Taskinen & Boren, 2015), higher binding capacity for arterial wall proteoglycan (Flood
et al, 2004), susceptibility to glycation (Younis et al, 2009) and higher susceptibility of
PL and CE components to oxidation (lvanova et al, 2017). The development of
automated enzymatic method assay for sdLDL is allowing the screening of these
particles in large population studies (lvanova et al, 2017), rendering its use in the
clinical settings more feasible.

1.2.8.3 Decreased levels of HDL-C

Low levels of HDL-C are a hallmark of MetS and NAFLD. One of the mechanisms by
which these conditions are associated with low HDL-C has been attributed to
hypertriglyceridemia. Specifically, elevated circulating VLDL levels facilitate the CETP
activity with the consequent net transfer of TG from VLDL to HDL along with CE
transfer in the opposite direction. CETP enhanced activity promotes reduced HDL-C
because of the CE removal per se, and increased HDL catabolic rate (Rashid et al,
2003). The latter is possible because increased HDL-TG content reduces its stability
and consequently facilitating the dissociation of apoA-I from HDL, which then leads to
faster apoA-I catabolism by the kidney (Rashid et al, 2003). Reduced TG hydrolysis in
VLDL decreases the formation of IDL and LDL which contribute to the maturation of
HDL (Rashid et al, 2003). The effect of NAFLD and MetS on the biogenesis and
maturation of HDL is still under investigation. In human liver cells, insulin promotes the

gene expression of apoA-I (Murao et al, 1998), thus raising the possibility that IR could
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also drive a reduced production of HDL. Preclinical models show that hyperinsulinemia
decreases HDL-C biosynthesis through the reduction of hepatic ABCA1 functionality
(21402379). Taken together, these data strongly support the role of IR and
hypertriglyceridemia as drivers of the low HDL-C levels observed in NAFLD and MetS.
Besides low HDL-C levels, aspects of HDL functionality such as the cholesterol efflux
capacity (CEC), a measure of the capacity of HDL to accept cholesterol from
macrophages, is significantly reduced in MetS (Annema et al, 2016; D'Amore et al,
2018; Paavola et al, 2017) and NAFLD (Fadaei et al, 2018; van den Berg et al, 2018).

Peripheral tissues

(Macrophages)

pre-B-HDL

Apo A-1 (lipidated Apo A-1) o1-3) HDL

Figure 2. Simplified summary of key lipoprotein remodelling steps, with afocus on HDL
reverse cholesterol transport. SR-B1= Scavenger receptor class B type 1, ABCAL = ATP-
binding cassette sub-family A member 1, LDLR = low density lipoprotein receptor, Apo A-1 =
apolipoprtein Al, LPL = lipoprotein lipase, HTGL = hepatic triglyceride lipase, FC
unesterified cholesterol, PC = phosphatidylcholine, CE = cholesteryl esters, LysoPC =
lysophosphatidylcholine, PL = phospholipids, TG = Triglyceride, PLTP = Phospholipid transfer
protein, CETP = cholesteryl ester transfer protein. Figure based on (Rye & Barter, 2014), and
done using the http://smart.servier.com/.
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1.2.9 NAFLD: a tale of hepatic lipid fluxes

Recently Azzu et al. described NAFLD in terms of derangement of the hepatic fat
fluxes equation (Azzu et al, 2020). In their equation, the pool of hepatic fat, [P], is
described by the following formula: [P] = Ksyn/kdeg. ksyn is defined as the rate of fat
synthesis, expressed as the units of mass, including DNL, hepatic FFA uptake, and
lipoprotein uptake, whereas Kadeg is the rate of fat degradation, expressed as fractional
removal over time, comprising hepatic fatty acid oxidation and export (Azzu et al,