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Abstract

Obesity is a primary antecedent to non-alcoholic fatty liver disease whose cardinal feature is
excessive hepatic lipid accumulation. Although total hepatic lipid content closely associates
with hepatic and systemic metabolic dysfunction, accumulating evidence suggests that the
composition of hepatic lipids may be more discriminatory. This review summarises cross-
sectional human studies using liver biopsy/lipidomics and proton magnetic resonance
spectroscopy to characterise hepatic lipid composition in people with obesity and related
metabolic disease. A comprehensive literature search identified 26 relevant studies published
up to 31%March 2021 which were included in the review. The available evidence provides a
consistent picture showing that people with hepatic steatosis possess elevated saturated and/or
monounsaturated hepatic lipids and a reduced proportion of polyunsaturated hepatic lipids.
This altered hepatic lipid profile associates more directly with metabolic derangements, such
as insulin resistance, and may be exacerbated in non-alcoholic steatohepatitis. Further evidence
from lipidomic studies suggests that these deleterious changes may be related to defects in lipid
desaturation and elongation, and an augmentation of the de novo lipogenic pathway. These
observations are consistent with mechanistic studies implicating saturated fatty acids and
associated bioactive lipid intermediates (ceramides, lysophosphatidylcholines and
diacylglycerol) in the development of hepatic lipotoxicity and wider metabolic dysfunction,
whilst monounsaturated fatty acids and polyunsaturated fatty acids may exhibit a protective
role. Future studies are needed to prospectively determine the relevance of hepatic lipid
composition for hepatic and non-hepatic morbidity and mortality; and to further evaluate the

impact of therapeutic interventions such as pharmacotherapy and lifestyle interventions.

Word count: 248

Key words:
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Liver, fatty acid, quality, non-alcoholic fatty liver disease, ectopic fat, insulin resistance

Key points:

e Although total hepatic lipid content is often associated with obesity-related
metabolic ill health, the composition of hepatic lipids may be more prognostic.

e Obesity and hepatic steatosis are associated with a higher proportion of saturated
and/or monounsaturated hepatic lipids, a lower proportion of polyunsaturated
hepatic lipids and an elevated n-6/n-3 polyunsaturated fatty acid ratio.

e This hepatic lipid profile may be further exacerbated in non-alcoholic
steatohepatitis; however, additional larger scale studies are required.

e Future clinical studies should focus on the quality in addition to the quantity of
hepatic lipids, which could represent a novel target in the management of obesity-

related metabolic disease.
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Introduction

The obesity pandemic has been paralleled by a rise in the prevalence of related metabolic
conditions such as non-alcoholic fatty liver disease (NAFLD)', type 2 diabetes mellitus
(T2DM)? and the metabolic syndrome®. An integral component of this obesity-related
metabolic dysfunction is lipid accumulation in ectopic tissues such as the liver (hepatic
steatosis), which is the defining feature of NAFLD*. Indeed, obesity is a primary antecedent to
hepatic steatosis, as once the finite adipose tissue lipid stores are overwhelmed, the resultant
adipose tissue dysfunction promotes the redistribution of lipids towards the liver for disposal’.

Consequently, hepatic steatosis is present in ~50-75% of individuals with obesity (BMI>30

kgm?)% and up to 94% of individuals with severe obesity (BMI>40 kg-m™)’. This has

important consequences for cardiometabolic and liver-related morbidity and mortality'®?.

The liver is an important regulator of glucose and lipid metabolism, and hepatic steatosis is
linked with multiple cardiometabolic comorbidities such as insulin resistance, hyperglycaemia,
dyslipidaemia and hypertension®!*!!. Consequently, NAFLD is often regarded as the hepatic
manifestation of the metabolic syndrome'2, which augments the risk of developing T2DM and
cardiovascular disease'*'*. Additionally, the coexistence of T2DM in NAFLD is associated
with an accelerated progression to non-alcoholic steatohepatitis (NASH)!%; a more advanced
form of chronic liver disease characterised by hepatocellular inflammation and injury®. A
subset of people with NASH develop hepatic fibrosis which is a major precursor to end-stage
liver diseases i.e. cirrhosis and hepatocellular carcinoma’. Importantly, the link between
hepatic steatosis, metabolic dysfunction and liver disease progression displays significant

heterogeneity; and the causal mechanisms are not completely understood.

Despite this deleterious sentiment, growing evidence suggests that hepatic lipid accumulation

as triacylglycerol (TAG) may not be inherently harmful'®!”. This notion stems from preclinical
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research demonstrating that promoting hepatic TAG synthesis is protective from lipotoxicity
and insulin resistance induced by the accumulation of other lipids and/or intermediates'®2!.
Instead, the composition of hepatic lipids may be a dominant factor mediating the adverse
metabolic and lipotoxic consequences of hepatic steatosis!'®??. Specifically, saturated fatty

acids (SFAs) and their incorporation into other lipid species, may be more harmful compared

with monounsaturated fatty acids (MUFAs) and polyunsaturated fatty acids (PUFAs)*>%.

Advancements in lipidomic and magnetic resonance (MR) techniques have enabled researchers
to identify marked alterations in hepatic lipid composition in individuals with obesity and
obesity-related diseases. Accumulating evidence suggests that a more deleterious hepatic lipid
composition profile may underpin the poorer metabolic health and more aggressive liver
disease trajectory observed as NAFLD and its associated ailments progress®*>. Therefore,
elucidating the role of hepatic lipid composition in obesity-related metabolic disease is of
paramount importance to support therapeutic intervention and advance understanding of

disease prognosis.

The purpose of this narrative review is to comprehensively evaluate existing human studies
characterising hepatic lipid composition in obesity-related metabolic disease. To provide
context, mechanistic aspects of hepatic lipid accumulation, and contemporary assessment
techniques in humans, are discussed in the first part of this review. The review concludes by
summarising the potential impact of lipid-lowering pharmacotherapies on clinical outcomes in

NAFLD and hepatic lipid composition.

Dysregulated lipid metabolism in hepatic steatosis

Hepatic steatosis is characterised by an imbalance between the supply, uptake, synthesis and
disposal of lipids, such that lipid supply exceeds the capacity for disposal®**°. Chronic energy

surplus in obesity and its associated metabolic comorbidities, such as insulin resistance, are
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key contributors to this dysregulation of hepatic lipid metabolism; and thus play an important

role in the pathogenesis of hepatic steatosis?®.

The largest supply of hepatic lipids (~60% in NAFLD) is from circulating FFAs derived from
adipose tissue lipolysis®’. Crucially, adipose tissue dysfunction in obesity, characterised by
enlarged/stressed adipocytes, chronic low-grade inflammation and insulin resistance, results in
unrestricted adipose tissue lipolysis and augmented delivery of circulating FFAs to the liver®*,
Many studies report elevated rates of lipolysis in obesity and NAFLD?**°, The other main
extra-hepatic source of hepatic lipids is from dietary fat (~15% in NAFLD)*+*’. Notably,
NAFLD is frequently associated with a Western dietary pattern in which excess dietary fat

(particularly saturated and trans-fat) is prominent®!-3,

Hepatic lipids are also synthesized endogenously from non-lipid precursors such as glucose
and fructose via de novo lipogenesis (DNL)?**. This process involves the conversion of acetyl-
CoA, to palmitoyl-CoA, the coenzyme A derivative of the SFA palmitate®’. Compared to lean
individuals, the contribution of DNL is elevated in people with obesity (19% vs. 11%), and
further increased in those with coexisting hepatic steatosis (38%)**. These higher rates of DNL
arise from both the increased intake of dietary glucose and fructose®, and from hyperglycaemia
and hyperinsulinaemia®¢. Collectively, elevations in each of these lipid sources contribute to

dysregulated lipid metabolism in NAFLD.

The two lipid disposal routes in the liver are fatty acid oxidation, through p-oxidation and
ketogenesis, and export into the circulation as very-low-density lipoprotein-TAG?®. Data are
conflicting about how these may be altered in hepatic steatosis, with some studies reporting

increases, potentially as a buffering mechanism?%*7,

However, malonyl-CoA, an
intermediate metabolite of DNL, can inhibit fatty acid oxidation, whilst reactive oxygen species

produced from B-oxidation may also promote mitochondrial dysfunction®®. Furthermore, rates
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of very-low-density lipoprotein-TAG secretion may plateau?® or even decrease®” as liver fat
content increases. Therefore, although no consensus exists, these lipid disposal pathways

appear to be overwhelmed in people with obesity and related metabolic dysfunction®*,
Hepatic lipid composition as a mediator of lipotoxicity and metabolic dysfunction

The hepatic lipidome comprises of six main categories of lipids including fatty acyls,
glycerolipids, glycerophospholipids, sphingolipids, sterol lipids and prenol lipids***!. The
glycerolipid TAG represents the predominant form of lipid storage in the liver*>*. Hepatic
FFAs partitioned into esterification pathways are converted to TAG via the acyltransferases
glycerol 3-phosphate acyltransferase and diacylglycerol transferase (DGAT), before being

compartmentalised into lipid droplets'’.

Despite hepatic TAG being used as a clinical marker for NAFLD*, and demonstrating close

associations with metabolic impairments such as insulin resistance'®!!

, accumulating evidence
suggests lipid deposition as TAG may not be inherently harmful'®*>*, Indeed, various
instances exist whereby hepatic TAG dissociates from insulin resistance and lipotoxicity. For
example, early rodent studies found that overexpressing DGAT2, which catalyses the
conversion of diacylglycerol (DAG) to TAG, promotes hepatic steatosis without affecting
insulin resistance or hepatic inflammation'. Conversely, inhibiting hepatic DGAT2 reduces
hepatic TAG synthesis but exacerbates oxidative stress, inflammation and fibrosis in mice with
obesity and NASH?’. Therefore, hepatic TAG stored in lipid droplets may be relatively inert
and could actually represent a protective mechanism to combat the accumulation of more
harmful lipid species'®!”. Nevertheless, excessive hepatic lipid flux leads to the accumulation
of SFAs and other associated bioactive lipid intermediates such as ceramides,
lysophosphatidylcholines (LPCs) and DAG?2. Importantly, these lipid species have been

directly implicated in the development of hepatic lipotoxicity and/or insulin resistance***’.
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Therefore, hepatic lipid composition, rather than absolute quantity, may underpin the hepatic

and systemic metabolic dysfunction associated with hepatic steatosis.

Saturated fatty acids (SFAs)

Palmitate (C16:0) and stearate (C18:0) are the two most abundant hepatic SFAs; characterised
by the absence of double bonds within their hydrocarbon chains***. SFAs, particularly
palmitate, are suggested to be more metabolically harmful than MUFAs and PUFAs, as high
saturated fat diets in people with overweight or obesity lead to greater increases in hepatic TAG
content and insulin resistance when compared to energy-matched unsaturated and
polyunsaturated fat diets*®*°. Notably, exposure of cultured hepatocytes to palmitate induces
cellular apoptosis but does not stimulate TAG synthesis'®. This suggests SFAs may be less
preferentially directed towards TAG synthesis in favour of more lipotoxic fates. Indeed,
multiple studies report inverse associations between SFA-induced lipotoxicity and TAG

synthesis?!%3!,

The mechanisms of SFA-induced lipotoxicity and insulin resistance in hepatocytes are depicted
in Figure 1. Preclinical research demonstrates that SFAs promote both endoplasmic reticulum
(ER) stress>? and oxidative stress*® in cultured hepatocytes. Notably, an important contributor
to ER stress is the incorporation of SFAs into phospholipid species which are integral structural
components of the ER membrane™. Subsequently, these factors initiate the c-Jun N-terminal
kinase pathway which promotes apoptosis and disrupts insulin signal transduction®. In non-
parenchymal cells, SFAs activate hepatic stellate cells and Kupffer cells leading to the initiation

of pro-inflammatory and pro-fibrogenic responses®>°.

These deleterious effects may be partly mediated by their preferential conversion to bioactive

lipid intermediates such as ceramides, LPCs and DAG?*. Ceramides are sphingolipids which

can promote inflammation, mitochondrial dysfunction, insulin resistance and apoptosis®’%.
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Notably, palmitate is the preferred substrate for de novo ceramide synthesis*’, and inhibiting
this process alleviates hepatic inflammation, fibrosis and insulin resistance in murine models
of obesity and NAFLD**%, In humans, plasma and hepatic concentrations of ceramides are
elevated in patients with NAFLD and NASH, and are positively associated with markers of
insulin resistance®"*%2. Furthermore, in the aforementioned overfeeding study by Luukkonen
and colleagues*, high saturated fat overfeeding also increased plasma ceramide concentrations
and other intermediates of de novo ceramide synthesis. Consequently, ceramides are
recognised as important lipids in both the pathogenesis of NAFLD and NASH, and the

associated metabolic dysfunction.

LPCs are glycerophospholipids derived from phosphatidylcholines (PCs) via the enzyme
phospholipase A2 and share similar lipotoxic effects to SFAs including ER stress,
mitochondrial dysfunction, inflammation and apoptosis*-®*. These lipids may be a downstream
mediator of SFA-induced lipotoxicity as pharmacological inhibition of phospholipase A2 in
isolated hepatocytes impairs the conversion of palmitate to LPC, leading to a reduction in

palmitate-induced apoptosis®>*

. DAG are formed during the penultimate step of TAG
synthesis and have been strongly implicated in the development of hepatic insulin resistance
through activation of protein kinase Ce (PKCg)***, Indeed, palmitate treatment in HepG2 cells
resulted in the accumulation of DAG rather than TAG which was associated with greater
insulin resistance and PKCe activation®. Therefore, SFAs and their associated bioactive lipid

intermediates are important contributors to hepatic lipotoxicity and insulin resistance resulting

from excessive lipid flux in the liver.

Insert Figure 1
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Monounsaturated fatty acids (MUFAs)

MUFASs such as palmitoleate (C16:1) and oleate (C18:1) contain a single double bond and can
be converted from palmitate and stearate, respectively, by the rate-limiting enzyme stearoyl-
CoA desaturase-1 (SCD1)%. Compared to SFAs, MUFAs are less lipotoxic and appear to be
preferentially incorporated into TAG species?. Indeed, oleate supplementation in cultured
hepatocytes results in marked TAG accumulation with minimal impact on apoptosis, whilst
co-supplementing oleate with palmitate sufficiently prevents palmitate-induced lipotoxicity!®.
Furthermore, SCD1 knockout in mice with diet-induced NASH reduces hepatic steatosis but
exacerbates hepatic inflammation and injury compared to mice with intact SCD1 activity>°.
Together, these data suggest that the conversion of SFAs to MUFAs and their preferential
incorporation into hepatic TAG may be a key mechanism by which hepatic TAG accumulation

protects the liver from SFA-induced lipotoxicity.
Polyunsaturated fatty acids (PUFAs)

PUFAs contain multiple double bonds in their hydrocarbon chain and form two classes based
on the position of the first double bond in relation to the methyl end of the fatty acid chain: n-
3 and n-6 PUFAs***?. Eicosapentaenoic acid (C20:51-3; EPA) and docohexaenoic acid
(C22:6n-3; DHA) are important long-chain #-3 PUFAs, whilst arachidonic acid (C20:4n-6;
AA) is an important long-chain 1n-6 PUFAY’. These PUFAs are formed from a series of
desaturation and elongation steps via several fatty acid desaturase (FADS) and fatty acid
elongase (ELOVL) enzymes, respectively®®. Notably, only a minor portion (5-10%) are derived
from 18-carbon precursors such as linoleic acid (C18:2r-6) and a-linolenic acid (C18:3n-3);

thus, intake from the diet represents an essential source®®,.

PUFAs, particularly of the n-3 series, have been shown to exert protective metabolic effects as

n-3 PUFA supplementation reduces hepatic steatosis, improve markers of liver injury and



250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

13

enhance insulin sensitivity in humans and rodents with NAFLD®"°, Mechanistically, PUFAs
interact with transcription factors to upregulate oxidative pathways and downregulate
pathways relating to lipogenesis, inflammation and fibrogenesis’!"’>. Additionally, they are
readily incorporated into phospholipid species to maintain cell membrane fluidity and
permeabilization’?. Therefore, PUFAs appear to play an active role in maintaining hepatic lipid
homeostasis and alleviating hepatic lipotoxicity and insulin resistance resulting from excessive

lipid accumulation.

The aforementioned long-chain n-3 and n-6 PUFAs are also synthesised into specialised pro-
resolving mediators and eicosanoids, respectively??. Specialised pro-resolving mediators are a
class of signalling molecules which exhibit profound anti-inflammatory and anti-fibrogenic
properties’*”. In contrast, eicosanoids such as prostaglandins, thromboxane and leukotrienes
are signalling molecules which are primarily considered to play a proinflammatory role in the
liver’s. Consequently, given that n-6 PUFAs are the major precursors for proinflammatory
eicosanoids, an increased flux through the n-6 PUFA pathway and a concomitant increase in
the n-6/n-3 PUFA ratio may also contribute to the pathogenesis of NASH and its associated

metabolic dysfunction?>*:77,

Assessment of hepatic lipid composition

Liver biopsy/lipidomics

Liver biopsy is the gold-standard technique for the clinical diagnosis of hepatic steatosis and
is currently the only technique which can reliably detect other features of NASH such as
hepatocyte ballooning, lobular inflammation and fibrosis (although non-invasive markers are
increasingly used to distinguish advanced stages of fibrosis)*’®. This permits the distinction
between stages of chronic liver disease. Lipidomic analysis techniques such as chromatography

and mass spectrometry can be paired with liver biopsies to quantify the relative amounts of
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different lipid species in liver tissue samples and assess their fatty acid compositions”. Gas
chromatography and liquid chromatography (particularly high-performance liquid
chromatography) have traditionally been used to assess the composition of multiple hepatic
lipid species, including TAG, DAG, FFAs and phospholipids, in populations with obesity and
obesity-related metabolic disease®*®*. A major recent advancement is the coupling of these
techniques with mass spectrometry, enabling a more detailed characterisation of the hepatic
lipidome®**°. Recent studies using this approach have examined differences in the composition
of sphingolipids, PCs, LPCs, cholesterol esters, and free cholesterol, in addition to the other
lipid species mentioned previously®!*%7786 A key limitation, however, is that its invasiveness
has often limited its application to those with severe metabolic phenotypes®*8!:8687 The

heterogenous nature of hepatocytes is another consideration with small biopsy samples®s.
Proton magnetic resonance spectroscopy (' H-MRS)

Recent advances in precision imaging have enabled scientists to non-invasively monitor
important metabolic pathways and outcomes in obesity-related metabolic disease®’.
Specifically, advanced MR techniques, such as 'H-MRS and chemical-shift-encoded MR
imaging, now permit the non-invasive assessment of hepatic lipid composition in vivo™. 'H-
MRS has emerged as the gold-standard non-invasive technique for assessing liver fat content
and strongly correlates with histologically-derived measurements (+=0.93)°'. The theoretical
basis for 'H-MRS is underpinned by the ‘chemical shift’ effect whereby, when placed in a
strong magnetic field, hydrogen protons within water molecules and hydrocarbon fatty acid
chains resonate at different frequencies based on their surrounding chemical milieu (Figure
2A). By irradiating these molecules with a radio frequency field, protons are excited and
subsequently emit a signal at specific frequencies. Consequently, in a typical liver MR
spectrum, water forms a large spectral peak, whilst six smaller lipid peaks are formed owing
)2

to different functional groups within a fatty acid chain (Figure 2B)”. Liver fat fraction is then
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expressed as the total fat signal as a percentage of the combined water and fat signal, with

>5.56% being considered clinically elevated®.

Insert Figure 2

Of the six visible lipid peaks, two (methene and allylic) relate to functional groups associated
with double bonds in a fatty acid chain i.e. unsaturated fatty acids, whilst one (diallylic) relates
to a functional group exclusively associated with consecutive double bonds i.e. PUFAs**. With
this knowledge, multiple research groups have developed indices to represent the ratio of
saturated, (mono)unsaturated and polyunsaturated lipids within the liver”>**%°. Due to the
ethical considerations of liver biopsies, the 'H-MRS technique has currently only been
validated against gas chromatography in human adipose tissue samples. Nevertheless, these

9396 supporting 'H-MRS as a non-

studies report strong correlations between techniques
invasive alternative to liver biopsy. Given the potential for repeat measurements, the technique

is ideally suited for use in therapeutic trials®.

Unlike lipidomic approaches, "H-MRS only provides a semi-quantitative assessment of hepatic
lipid saturation measured through ratios of fat groups, rather than a quantitative assessment of
the relative abundances of different lipid species and their fatty acid constituents®.
Additionally, '"H-MRS is currently unsuitable for determining hepatic lipid composition in
individuals with low liver fat fractions owing to insufficient fat signal and therefore spectral
resolution at clinical field strengths®’. Other limitations include high costs, low spatial coverage

from single voxel spectroscopy, and the specialist expertise required.

Hepatic lipid composition in obesity-related metabolic disease
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Liver biopsy/lipidomic studies

We identified 18 cross-sectional studies using liver biopsy and lipidomic analyses to examine

the hepatic lipid composition of people with obesity and related metabolic disease (Table 1).

Insert Table 1

Takahashi and Tanaka®® first noted that posthumous liver samples of individuals with hepatic
steatosis comprised of a greater percentage of MUFAs and a lower percentage of PUFAs in
multiple lipid fractions compared to individuals without hepatic steatosis. More recently, Araya

et al.’°

observed a relative depletion of n-3 and n-6 long-chain PUFAs and an increase in the
n-6/n-3 PUFA ratio in the livers of patients with NAFLD compared to healthy controls;
however, no differences were observed between NAFLD stages i.e. non-alcoholic fatty liver
(NAFL; elevated steatosis without hepatic inflammation) and NASH. Similar findings have
been reported by others®>?*"1%!; however, these studies observed greater long-chain PUFA
depletion in individuals with NASH compared to NAFL. Notably, the NAFLD populations
recruited by Araya et al.** were undergoing bariatric surgery and the extreme metabolic
phenotype may have negated potential differences. Nevertheless, these studies indicate that a
depletion of hepatic long-chain PUFAs, particularly of the n-3 series, and a concomitant
increase in the n-6/n-3 PUFA ratio may contribute to the pathogenesis and progression of

NAFLD. This may be through favouring lipid synthesis over lipid export and oxidation’!, and

promoting a proinflammatory state’®.

Hepatic long-chain PUFA depletion may be related to deficiencies in dietary intake, desaturase

activity and/or greater lipid peroxidation®®#39%1% Importantly, no differences in dietary intake
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were reported in any of these studies; however, the product/precursor ratios for n-6
(AA/C18:2n-6) and n-3 PUFAs (EPA+DHA/C18:3n-3), which indirectly reflect desaturase
enzyme activity (FADS1 and FADS2, respectively), were decreased in NAFLD3"!% and
NASHY. Thus, defective desaturation and synthesis from their precursors may contribute to
hepatic long-chain PUFA depletion. PUFAs are also highly susceptible to lipid peroxidation
induced by oxidative stress and inflammation®®; however, data are inconsistent regarding the

contribution of lipid peroxidation to hepatic PUFA depletion in humans.

Puri et al.* comprehensively characterised the human liver lipidome in patients with NAFL
and NASH, and compared their compositions to controls with obesity. Alongside a stepwise
depletion of long-chain PUFAs in hepatic TAG, DAG and FFA fractions, it was found that
SFAs and MUFAs were augmented in hepatic TAG and DAG in the NAFL and NASH groups,
despite similar BMIs and metabolic profiles to controls®’. In agreement, Peng et al.®® recently
observed greater SFAs and MUFAs in hepatic TAG and DAG, respectively, in NAFL and
NASH along with lower long-chain PUFAs. Therefore, this enrichment of hepatic TAG and
DAG with SFAs and MUFAs represents a more lipotoxic hepatic lipid profile in individuals
with NAFLD. Interestingly, the greater MUFA concentrations in these studies were primarily
driven by an increase in oleate (C18:1), whilst reductions were seen in the SFA stearate
(C18:0), suggesting that an accelerated conversion of SFAs to MUFAs may occur to limit SFA-

induced lipotoxicity?.

The fatty acid composition of phospholipids was also altered such that patients with NAFL and
NASH exhibited progressively lower long-chain PUFAs in hepatic PCs**¢. Furthermore, total
hepatic PCs were lower and hepatic LPCs were higher in these populations**. Elizondo et al.®!
specifically compared the fatty acid composition of phospholipids in the liver and erythrocytes

of lean individuals and people with severe obesity/NAFLD. The NAFLD group, who had

markedly higher insulin resistance and hyperglycaemia, displayed 34% higher total SFAs and
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63% lower total n-3 long-chain PUFAs in hepatic phospholipids, resulting in a 2.4-fold greater
n-6/n-3 PUFA ratio®'. Given that phospholipids are integral to membrane bilayers, a reduction
in total hepatic phospholipids and enrichment with SFAs may disrupt membrane integrity of
structures such as the ER and mitochondria, thereby promoting ER stress and mitochondrial
dysfunction®>°2, In support, Peng et al.®® noted elevated concentrations of the mitochondrial
lipids cardiolipin, ubiquinone and acylcarnitine in NASH, suggestive of mitochondrial

dysfunction.

To investigate the relationship between hepatic lipid composition and metabolic dysfunction,
Luukkonen et al.%! recruited 125 bariatric surgery patients and divided them into two groups
based on their median homeostatic model assessment of insulin resistance (HOMA-IR). In
addition to 2-fold higher liver fat content, the high HOMA-IR group exhibited a greater
proportion of SFAs and MUFAs in hepatic TAG and FFA fractions compared to the low
HOMA-IR group®'. These associations between insulin resistance, augmented hepatic SFAs
and MUFAs, and depleted PUFAs have also been replicated recently in patients with less

103

severe metabolic dysfunction and obesity . Whilst observational, these findings concur with

preclinical evidence implicating SFAs in the development of insulin resistance'%*.

In a further analysis, Luukkonen et al.%! investigated the apparent dissociation between insulin
resistance and hepatic steatosis by additionally dividing their cohort based on PNPLA3
genotype (rs738409), given that carriers of the [148M variant display hepatic steatosis without

metabolic dysfunction'®

. As expected, these individuals exhibited a 3-fold greater liver fat
content compared to non-carriers, whilst metabolic parameters were similar between groups®!.
Interestingly, the greater hepatic lipid accumulation in 1148M variant carriers was driven by
elevated PUFAs in hepatic TAG®!. These findings are corroborated by Peter et al.®? who

reported 44% higher concentrations of the n-3 PUFA a-linolenic acid and reductions in

multiple n-6 PUFAs in hepatic TAG in 1148M variant carriers vs. non-carriers. PNPLA3
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functions as a transacylase, transferring PUFAs from hepatic TAG and DAG to phospholipid
species®; however, recent in vivo and in vitro experiments demonstrate that the 1148M variant
promotes the retention of PUFAs in hepatic TAG?’. Collectively, these studies demonstrate
that ‘metabolic NAFLD’ associated with insulin resistance is characterised by an enrichment
of SFAs in hepatic TAG; whilst PUFA enrichment in ‘genetic NAFLD’ may underpin a more

favourable metabolic profile.

Alterations in multiple ceramide species and their derivatives have also been observed in
obesity and NAFLD®1628  gSpecifically, Luukkonen et al.®* reported higher hepatic
concentrations of almost all ceramide species in metabolic NAFLD but minimal differences in
genetic NAFLD; whilst Apostolopoulou et al.®? observed elevated total hepatic ceramides in
patients with NASH compared to NAFL and controls with obesity. These differences were
primarily accompanied by higher dihydroceramide species, indicating an upregulation of the
de novo ceramide synthetic pathway in which palmitate is a key substrate®:®2, However, the
potential contribution of DAG to insulin resistance could not be discounted in the study by
Luukkonen et al.%! as multiple DAG species were also elevated. In support, Kumashiro et al.%*
found that hepatic DAG species containing C16:0 and C18:1 were the most abundant in
individuals with severe obesity, whilst total DAG content in lipid droplets strongly correlated
with greater insulin resistance (r=0.80) and hepatic PKCeg activation (+=0.67). Therefore, these
studies support a role for both ceramides and DAG in the development of insulin resistance in

people with metabolic-associated NAFLD.

Mechanistically, multiple studies have identified marked changes in the expression of
numerous genes involved in hepatic lipid metabolism which could underpin the altered hepatic
lipid composition in obesity-related metabolic disease’’#»1%110  Indeed, these studies
consistently show an upregulation of genes related to lipogenesis (e.g. sterol regulatory

element-binding protein 1, acetyl-CoA carboxylase, fatty acid synthase) and a downregulation
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of genes related to lipid oxidation (e.g. peroxisome proliferator-activated receptor-a; PPAR
a)’"108110 ‘which is consistent with higher rates of DNL in obesity and NAFLD**!!, Hepatic
DNL may be a key driver of the more saturated hepatic lipid profile in obesity-related metabolic
disease® given that DNL exclusively produces palmitate and is directly stimulated by
hyperglycaemia and hyperinsulinaemia®*34%. Additionally, the expression of hepatic SCD1,
FADS2 and ELOVL5 were also elevated in NASH”"1%110 consistent with an enhanced
conversion of SFAs to MUFAs in these individuals. Conversely, Chiappini et al.”’ reported
lower hepatic FADS1 and ELOVLG6 expression and activity in humans and rodents with NASH
which the authors suggested was responsible for a bottleneck upstream of long-chain PUFA
synthesis, leading to long-chain PUFA depletion and the accumulation of <20-carbon SFAs
and MUFAs. Earlier studies, however, noted elevated FADS1'% and ELOVL6''? expression

in patients with NASH; thus further research is required to clarify this discrepancy.
Proton magnetic resonance spectroscopy ('H-MRS) studies

Eight cross-sectional studies were identified using 'H-MRS to assess hepatic lipid composition

in individuals with obesity-related metabolic disease (Table 2).

Insert Table 2

Pollesello et al.''? first used 'H-MRS to determine the composition of lipid extracts from liver
biopsy samples of patients with vs. without hepatic steatosis by calculating the average fatty
acid chain length and a lipid unsaturation ratio. Each outcome was lower in patients with
hepatic steatosis, indicating the presence of shorter, more saturated fatty acids in hepatic lipids

in NAFLD. However, the first in vivo assessment of hepatic lipid composition was performed
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by Johnson et al.** who developed and validated indices to assess the degree of hepatic lipid
saturation. In this study, the hepatic lipid saturation index (SI), unsaturation index (UI) and
polyunsaturation index (PUI) were compared between people with obesity, NAFLD and
healthy controls. It was found that the hepatic SI was higher and the hepatic PUI was lower in
the groups with NAFLD and obesity compared to controls, whilst the hepatic PUI was depleted

to a greater extent in the NAFLD group®.

Using the same indices, Erickson et al.!!* recently reported that patients with NAFLD exhibited
a higher hepatic SI and lower hepatic Ul when compared to controls with overweight/obesity.
Notably, the greater hepatic lipid saturation in NAFLD was accompanied by greater
dyslipidaemia, lower exercise capacity and poorer peripheral insulin sensitivity!!*. The
relationship between hepatic steatosis and a more saturated hepatic lipid profile was further
highlighted by Hamilton et al.*” who found inverse associations between liver proton density
fat fraction and the number of double bonds and methylene-interrupted double bonds in
patients with suspected or diagnosed NAFLD, reflecting unsaturated and polyunsaturated
hepatic lipids, respectively. Therefore, in line with the liver biopsy/lipidomic literature, these
findings demonstrate that NAFLD is characterised by a greater proportion of saturated and a
lower proportion of unsaturated/polyunsaturated hepatic lipids, and this lipid profile is

accompanied by greater metabolic dysfunction.

Roumans et al.”> most recently introduced novel indices to specifically quantify hepatic SFA,
MUPFA and PUFA fractions, and compared these fractions in individuals with NAFL, T2DM
and overweight/obesity. The hepatic SFA fraction was elevated in both the NAFL and T2DM
groups compared to controls with overweight/obesity; however, the hepatic MUFA and PUFA
fractions were similar between groups®. Furthermore, hepatic insulin sensitivity was inversely
associated with the hepatic SFA fraction (»=-0.55) and positively associated with the hepatic

MUPFA fraction (#=0.39). Only one other study has examined hepatic lipid composition in
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T2DM which reported greater total hepatic unsaturated fatty acids in NAFLD patients with vs.
without T2DM!"'4. Notably, however, these findings are not directly comparable as the

unsaturation ratio used by van Werven et al.!'*

was calculated by expressing the methene
(unsaturated) resonance as a proportion of the total water rather than total lipid signal.
Therefore, this elevated unsaturation ratio suggests greater absolute amounts of unsaturated
hepatic lipids but does not necessarily represent differences in the relative proportion of lipid

fractions, and could merely reflect greater total liver fat in the T2DM group (data not

reported)! 4.

Given the proposed role of hepatic DNL as a key contributor to the saturated hepatic lipid pool,

Roumans et al.”®

determined rates of hepatic DNL in a sub-group of their study volunteers.
Hepatic DNL was positively associated with the hepatic SFA fraction (»=0.52) and negatively
associated with the hepatic MUFA fraction (r=-0.71). To further scrutinise this relationship,
the authors recruited an additional group of participants with glycogen storage disease 12, a
condition characterised by a genetic deficiency in glucose-6-phosphatase activity, leading to
elevated rates of hepatic DNL!'>. These individuals displayed a greater hepatic SFA fraction
compared to the NAFL and control groups; whilst the hepatic MUFA fraction was lower

compared to the control group’”. These data provide further support that hepatic DNL may play

a causal role in the accumulation of saturated hepatic lipids.

Only one "H-MRS study has compared hepatic lipid composition between patients with NAFL
and NASH, and no differences in hepatic SI, UI or PUI were observed''®. In contrast, a greater
hepatic SFA fraction has been reported in NASH compared to NAFL when assessed using MR
imaging as opposed to 'H-MRS!'”. In addition to the differing assessment techniques, these
discrepant findings may be related to the fact that Leporq et al.!!” restricted their analyses to
participants with a liver fat fraction >15%; whilst Trausnigg et al.!'® included a large number

of participants with more mild steatosis. Consequently, further studies using 'H-MRS are
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required to compare the hepatic lipid composition of patients with NAFL and NASH, and

confirm the differences reported in studies using a lipidomic approach.

Trausnigg et al.'!®

also examined the influence of PNPLA3 on hepatic lipid composition by
sub-dividing their participants into carriers and non-carriers of the [148M variant. In agreement
with lipidomic studies®!*2, homozygous carriers had a greater hepatic PUI and a lower HOMA -
IR compared to non-carriers despite all participants possessing hepatic steatosis''®. From the

opposing perspective, Fellinger et al.!!8

recently compared hepatic lipid composition between
people with acromegaly and healthy controls. Notably, acromegaly is an endocrine disorder

resulting from excessive growth hormone production and is characterised by insulin resistance

t119 1.118

despite having reduced liver fat content’ . Accordingly, Fellinger et a reported greater
insulin resistance and lower hepatic lipids in people with acromegaly compared to healthy
controls and this was accompanied by a lower proportion of unsaturated hepatic lipids.
Therefore, these studies provide further human evidence of the dissociation between hepatic
steatosis and insulin resistance, and support the notion that elevated saturated hepatic lipids,

rather than total hepatic lipids, may be a more important determinant of the metabolic

consequences of hepatic lipid accumulation.
Lipid-lowering agents as a potential pharmacotherapy

To date, no approved pharmacotherapies exist for the treatment of NAFLD/NASH; however,
multiple pharmacological approaches are currently under investigation. These include existing
antidiabetic medications with insulin-sensitising/glucose-lowering properties and experimental
agents currently in phase II and III clinical trials which target multiple aspects of hepatic lipid
metabolism; both have been reviewed recently*!. Lipid-lowering agents are another category
of pharmaceuticals demonstrating potential efficacy in NAFLD treatment. These broadly act

through reducing circulating concentrations of various lipids and are currently used for the
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treatment of dyslipidaemia and cardiovascular disease'?. Given the potential of these lipid-
lowering effects in NAFLD treatment, the following section will summarise the available

evidence regarding their potential impact on hepatic lipid composition.

Statins are a class of lipid-lowering agents which inhibit cholesterol biosynthesis and may exert

anti-inflammatory and antioxidative effects'*°

. Multiple (albeit mainly uncontrolled) studies
have demonstrated some efficacy for statins in improving liver biochemistry, steatosis grade
and risk of cardiovascular events in patients with NAFLD!2!"!123; however, their impact on
histological endpoints is more equivocal'?*1?°, Nevertheless, preclinical research suggests
statins may also alter lipid composition in multiple cell lines including human liver cells'?’. In
vivo, data are currently restricted to plasma fatty acid compositions (which may not reflect
hepatic lipid composition); however, these studies found that statins increase the proportion of
long-chain PUFAs and decrease the proportion of SFAs and MUFAs!?%12° Furthermore, statin
treatment also led to elevations in the n-6/n-3 PUFA ratio'*’; however, the physiological role

this plays in their mode of action remains unclear. Additional studies are required to determine

the impact of statins on hepatic lipid composition.

Ezetimibe is another cholesterol-lowering agent which acts through inhibiting the intestinal
reabsorption of cholesterol'?’. No definitive consensus exists on the effectiveness of ezetimibe
in NAFLD treatment as a meta-analysis of the available literature found that ezetimibe
treatment was effective at improving liver biochemistry, steatosis severity and hepatocellular
ballooning but had no effect on hepatic inflammation and fibrosis'*!. However, when the
analyses were restricted to randomised controlled trials (n=2), only the positive effect on
hepatocellular ballooning remained'*!. Only one previous study has examined the impact of
ezetimibe on hepatic lipid composition, and it was found that six months of ezetimibe treatment
increased multiple hepatic SFAs and MUFAs in patients with NAFLD'*2. Notably, these

changes were accompanied by impairments to glycaemic control and insulin sensitivity which
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could be related to the shift in hepatic lipid composition'*?. Thus, combination therapy with
insulin-sensitising agents may be useful to combat this adverse off-target effect and has shown

potentially greater benefit to liver-related outcomes'?’.

Fibrates such as fenofibrate are PPARa agonists used clinically to lower circulating TAG and
increase circulating high-density lipoprotein!2. Whilst some studies show that fenofibrate
lowers circulating liver enzymes and indirect markers of hepatic fibrosis, stiffness and
inflammation*3134  others have failed to report any histological benefits®*313> Conversely,
pemafibrate is a novel selective PPARa modulator in phase Il trials which produces more
potent lipid-lowering effects and has recently been shown to improve markers of hepatic
inflammation, function and fibrosis in patients with NAFLD137, Regarding hepatic lipid
composition, fenofibrate treatment increases the SFA and MUFA content and decreases the
PUFA content of hepatic lipids in C57BL/6J mice®*. These changes were ascribed to the dual
role of PPARa in promoting hepatic lipogenesis and esterification in addition to 3-oxidation
following fenofibrate administration'*®, Similar observations have been made in multiple
plasma lipid fractions in patients with hypercholesterolaemia®®; however, the effect of fibrates

on hepatic lipid composition in humans remains to be elucidated.

Long-chain n-3 PUFAs, namely EPA and DHA, are used pharmacologically in the treatment
of hypertriglyceridaemia'2. Given the established anti-inflammatory properties of n-3 PUFAs
and their modulatory role in hepatic lipid metabolism’72747 research has focused on their
potential in NAFLD/NASH treatment. Recent meta-analyses have found n-3 PUFA
supplementation to be effective in reducing hepatic steatosis and liver enzyme concentrations
concomitantly with improvements in circulating lipid profiles and insulin sensitivity414,
Conversely, no effects of n-3 PUFA supplementation on histological features of NASH were
reported however4®14! Interestingly, n-3 PUFA supplementation in a diet-induced murine

model of NASH has been shown to increase hepatic n-3 PUFAs and decrease hepatic SFAS,
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MUFAs and the n-6/n-3 PUFA ratio'#2. In humans, Stephenson et al.}** examined the effect of
three months of n-3 PUFA supplementation on *H-MRS-assessed hepatic lipid composition in
patients with NAFLD but reported no changes in hepatic lipid composition. Notably, validated
hepatic lipid composition indices were not used by the authors, thus further clarification is
required to establish the influence of n-3 PUFA supplementation on hepatic lipid composition

in NAFLD.

Proprotein convertase subtilisin/kexin type 9 (PCSK9) inhibitors are an emerging
pharmacotherapy which reduce circulating low-density lipoproteins and cardiovascular risk by
inhibiting the PCSK9-mediated lysosomal degradation of the low-density lipoprotein
receptor?, Most*1% but not all**’, studies demonstrate positive associations between
circulating concentrations and hepatic expression of PSCK9 and steatosis severity, whilst it
was recently found that the PCSK9 R46L loss-of-function genetic variant was protective from
hepatic steatosis and the histological features of NASH®. Experimentally, preliminary
evidence has shown that two different PCSK9 inhibitors were successful in ameliorating
hepatic steatosis and resolving NASH in 40 patients with heterozygous familial
hyperlipidaemia®®®. No studies have examined the relationship between PCSK9 inhibition and
hepatic lipid composition, although multiple studies report positive associations between
PCSK9 and hepatic expression of DNL-related genes'*4-146, Therefore, PCSK9 inhibition may
theoretically promote a less saturated hepatic lipid profile through a reduction in DNL,;

however, this hypothesis needs to be tested experimentally.
Conclusions

Hepatic lipid accumulation is a central feature of obesity-related metabolic dysfunction and is
associated with a greater risk of developing T2DM, cardiovascular disease and advanced liver

disease!* !>, It is increasingly recognised, however, that the composition rather than the
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quantity of hepatic lipids may be the primary factor impacting liver disease progression and
related metabolic consequences'®?*?3. This paper reviewed studies using liver
biopsy/lipidomic approaches and 'H-MRS to characterise the hepatic lipid composition in
people with obesity and related metabolic disease. The available data provide a consistent
picture demonstrating that people with hepatic steatosis exhibit an elevated proportion of
saturated and/or monounsaturated hepatic lipids and a reduced proportion of polyunsaturated
hepatic lipids (Figure 3). This more lipotoxic hepatic lipid profile is associated with metabolic
derangements such as insulin resistance and may be further exacerbated in NASH. Data
published very recently by Ooi et al.!* challenge this notion as the authors failed to observe
differences in the composition of multiple liver lipid species in patients with NASH compared
to NAFL. Definitive conclusions remain elusive, however, owing to a far smaller sample size
in their NASH group; therefore, additional larger scale studies are required. Nevertheless, the
observations from these studies are consistent with mechanistic studies implicating SFAs in
the development of hepatic lipotoxicity and wider metabolic dysfunction!®-2346:52-56.104 "\yhist
MUFAs and PUFAs may exhibit a protective role'®*%%%72, However, it must be appreciated

that the studies included in this review are cross-sectional, limiting judgements about causal

inference.

Insert Figure 3

Studies employing liver biopsy/lipidomic approaches have provided the most detailed
characterisation of hepatic lipid composition and related metabolic pathways within this
review. In NAFLD, these studies detail an enrichment of SFAs/MUFAs and a depletion of

long-chain PUFAs in hepatic TAG, DAG, FFA and phospholipid species, and an accumulation
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of toxic lipid intermediates such as ceramides and LPCs. These differences are related to
dysregulated hepatic lipid metabolism, specifically defective lipid desaturation and elongation,

and an upregulation of hepatic DNL77:83-108.110,

'"H-MRS offers a non-invasive alternative to assess hepatic lipid composition, and whilst
currently only providing a semi-quantitative measurement, the technique demonstrates the
same general trends observed with liver biopsy/lipidomic techniques. These studies
demonstrate higher indices of hepatic lipid saturation and lower indices of hepatic lipid
unsaturation/polyunsaturation in obesity-related metabolic disease which is associated with
greater hepatic and peripheral insulin resistance. However, this technique is yet to be validated
against the gold-standard gas chromatography measurement in human liver tissue. Other
limitations include a lack of consistency with post-processing techniques and lipid composition
indices used”’, and measurement difficulty at low liver fat fractions’’. Nevertheless, 'H-MRS
enables repeat assessments of hepatic lipid composition in response to therapeutic interventions
(previously unviable in many instances). Preliminary (mainly preclinical) evidence suggests
that pharmacotherapies such as lipid-lowering agents may be able to alter hepatic lipid

composition*!¢7

, whilst lifestyle interventions have also shown promising results in patients
with NAFLD'. Further experimental studies are needed to extend this evidence base and to

prospectively determine whether changes in hepatic lipid composition impact metabolic and

liver-related health.



634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

29

References

1. Younossi ZM, Koenig AB, Abdelatif D, Fazel Y, Henry L, Wymer M. Global
epidemiology of nonalcoholic fatty liver disease-Meta-analytic assessment of prevalence,

incidence, and outcomes. Hepatology. 2016;64:73—84.

2. Zheng Y, Ley SH, Hu FB. Global aetiology and epidemiology of type 2 diabetes mellitus

and its complications. Nat Rev Endocrinol. 2018;14:88-98.

3. Moore JX, Chaudhary N, Akinyemiju T. Metabolic Syndrome Prevalence by
Race/Ethnicity and Sex in the United States, National Health and Nutrition Examination

Survey, 1988-2012. Prev Chronic Dis. 2017;14:160287.

4. Chalasani N, Younossi Z, Lavine JE, et al. The diagnosis and management of nonalcoholic
fatty liver disease: Practice guidance from the American Association for the Study of Liver

Diseases. Hepatology. 2018;67:328-357.

5. Heymsfield SB, Wadden TA. Mechanisms, Pathophysiology, and Management of Obesity.

N Engl J Med. 2017;376:254-266.

6. Bellentani S, Saccoccio G, Masutti F, et al. Prevalence of and Risk Factors for Hepatic

Steatosis in Northern Italy. Ann Intern Med. 2000;132:112.

7. Silverman JF, O’Brien KF, Long S, et al. Liver pathology in morbidly obese patients with

and without diabetes. Am J Gastroenterol. 1990;85:1349-55.

8. Allen AM, Therneau TM, Larson JJ, Coward A, Somers VK, Kamath PS. Nonalcoholic
fatty liver disease incidence and impact on metabolic burden and death: A 20 year-

community study. Hepatology. 2018;67:1726—-1736.

9. Taylor RS, Taylor RJ, Bayliss S, et al. Association Between Fibrosis Stage and Outcomes



656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

30

of Patients With Nonalcoholic Fatty Liver Disease: A Systematic Review and Meta-Analysis.

Gastroenterology. 2020;158:1611-1625.¢e12.

10. Korenblat KM, Fabbrini E, Mohammed BS, Klein S. Liver, Muscle, and Adipose Tissue
Insulin Action Is Directly Related to Intrahepatic Triglyceride Content in Obese Subjects.

Gastroenterology. 2008;134:1369—-1375.

11. Fabbrini E, Magkos F, Mohammed BS, et al. Intrahepatic fat, not visceral fat, is linked

with metabolic complications of obesity. Proc Natl Acad Sci U S A. 2009;106:15430—-15435.

12. Marjot T, Moolla A, Cobbold JF, Hodson L, Tomlinson JW. Nonalcoholic Fatty Liver
Disease in Adults: Current Concepts in Etiology, Outcomes, and Management. Endocr Rev.

2020;41:bnz009.

13. Targher G, Byrne CD, Lonardo A, Zoppini G, Barbui C. Non-alcoholic fatty liver disease

and risk of incident cardiovascular disease: A meta-analysis. J Hepatol. 2016;65:589—600.

14. Mantovani A, Byrne CD, Bonora E, Targher G. Nonalcoholic fatty liver disease and risk

of incident type 2 diabetes: A meta-analysis. Diabetes Care. 2018;41:372-382.

15. Younossi ZM, Golabi P, de Avila L, et al. The global epidemiology of NAFLD and
NASH in patients with type 2 diabetes: A systematic review and meta-analysis. J Hepatol.

2019;71:793-801.

16. Alkhouri N, Dixon LJ, Feldstein AE. Lipotoxicity in nonalcoholic fatty liver disease: Not

all lipids are created equal. Expert Rev Gastroenterol Hepatol. 2009;3:445-451.

17. Mashek DG. Hepatic lipid droplets: A balancing act between energy storage and

metabolic dysfunction in NAFLD. Mol Metab. 2020;101115.

18. Listenberger LL, Han X, Lewis SE, et al. Triglyceride accumulation protects against fatty



678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

31

acid-induced lipotoxicity. Proc Natl Acad Sci U S A. 2003;100:3077-82.

19. Monetti M, Levin MC, Watt MJ, et al. Dissociation of hepatic steatosis and insulin

resistance in mice overexpressing DGAT in the liver. Cell Metab. 2007;6:69—78.

20. Yamaguchi K, Yang L, McCall S, et al. Inhibiting triglyceride synthesis improves hepatic
steatosis but exacerbates liver damage and fibrosis in obese mice with nonalcoholic

steatohepatitis. Hepatology. 2007;45:1366—74.

21. Noguchi Y, Young JD, Aleman JO, Hansen ME, Kelleher JK, Stephanopoulos G. Effect
of anaplerotic fluxes and amino acid availability on hepatic lipoapoptosis. J Biol Chem.

2009;284:33425-36.

22. Musso G, Cassader M, Paschetta E, Gambino R. Bioactive Lipid Species and Metabolic
Pathways in Progression and Resolution of Nonalcoholic Steatohepatitis. Gastroenterology.

2018;155:282-302.¢8.

23. Leamy AK, Egnatchik RA, Young JD. Molecular mechanisms and the role of saturated
fatty acids in the progression of non-alcoholic fatty liver disease. Prog Lipid Res.

2013;52:165-174.

24. Ipsen DH, Lykkesfeldt J, Tveden-Nyborg P. Molecular mechanisms of hepatic lipid

accumulation in non-alcoholic fatty liver disease. Cell Mol Life Sci. 2018;75:3313-3327.

25. Hodson L. Hepatic fatty acid synthesis and partitioning: the effect of metabolic and

nutritional state. Proc Nutr Soc. 2019;78:126—-134.

26. Fabbrini E, Magkos F. Hepatic Steatosis as a Marker of Metabolic Dysfunction.

Nutrients. 2015;7:4995-5019.

27. Donnelly KL, Smith CI, Schwarzenberg SJ, Jessurun J, Boldt MD, Parks EJ. Sources of



700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

32

fatty acids stored in liver and secreted via lipoproteins in patients with nonalcoholic fatty

liver disease. J Clin Invest. 2005;115:1343-1351.

28. Fabbrini E, Mohammed BS, Magkos F, Korenblat KM, Patterson BW, Klein S.
Alterations in adipose tissue and hepatic lipid kinetics in obese men and women with

nonalcoholic fatty liver disease. Gastroenterology. 2008;134:424-31.

29. Fabbrini E, DeHaseth D, Deivanayagam S, Mohammed BS, Vitola BE, Klein S.
Alterations in fatty acid kinetics in obese adolescents with increased intrahepatic triglyceride

content. Obesity. 2009;17:25-9.

30. Sunny NE, Parks EJ, Browning JD, Burgess SC. Excessive hepatic mitochondrial TCA
cycle and gluconeogenesis in humans with nonalcoholic fatty liver disease. Cell Metab.

2011;14:804-10.

31. Oddy WH, Herbison CE, Jacoby P, et al. The Western dietary pattern is prospectively
associated with nonalcoholic fatty liver disease in adolescence. Am J Gastroenterol.

2013;108:778-85.

32. Mirmiran P, Amirhamidi Z, Ejtahed H-S, Bahadoran Z, Azizi F. Relationship between
Diet and Non-alcoholic Fatty Liver Disease: A Review Atrticle. [ran J Public Health.

2017;46:1007-1017.

33. Sanders FWB, Griffin JL. De novo lipogenesis in the liver in health and disease: more

than just a shunting yard for glucose. Biol Rev Camb Philos Soc. 2016;91:452—68.

34. Smith GI, Shankaran M, Yoshino M, et al. Insulin resistance drives hepatic de novo

lipogenesis in nonalcoholic fatty liver disease. J Clin Invest. 2020;130:1453-1460.

35. Softic S, Cohen DE, Kahn CR. Role of Dietary Fructose and Hepatic De Novo



722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

743

33

Lipogenesis in Fatty Liver Disease. Dig Dis Sci. 2016;61:1282-93.

36. Flannery C, Dufour S, Rabel R, Shulman GI, Petersen KF. Skeletal muscle insulin
resistance promotes increased hepatic de novo lipogenesis, hyperlipidemia, and hepatic

steatosis in the elderly. Diabetes. 2012;61:2711-7.

37. Dasarathy S, Yang Y, McCullough AJ, Marczewski S, Bennett C, Kalhan SC. Elevated
hepatic fatty acid oxidation, high plasma fibroblast growth factor 21, and fasting bile acids in

nonalcoholic steatohepatitis. Eur J Gastroenterol Hepatol. 2011;23:382-8.

38. McGarry JD, Mannaerts GP, Foster DW. A possible role for malonyl-CoA in the

regulation of hepatic fatty acid oxidation and ketogenesis. J Clin Invest. 1977;60:265-70.

39. Higuchi N, Kato M, Tanaka M, et al. Effects of insulin resistance and hepatic lipid
accumulation on hepatic mRNA expression levels of apoB, MTP and L-FABP in non-

alcoholic fatty liver disease. Exp Ther Med. 2011;2:1077-1081.

40. Fahy E, Subramaniam S, Murphy RC, et al. Update of the LIPID MAPS comprehensive

classification system for lipids. J Lipid Res. 2009;50 Suppl:S9-14.

41. ten Hove M, Pater L, Storm G, et al. The hepatic lipidome: From basic science to clinical

translation. Adv Drug Deliv Rev. 2020. doi:10.1016/j.addr.2020.06.027

42. Gunstone FD, Harwood JL, Padley FB. The Lipid Handbook. 2nd ed. CRC Press; 1994.

43. Puri P, Baillie RA, Wiest MM, et al. A lipidomic analysis of nonalcoholic fatty liver

disease. Hepatology. 2007;46:1081-1090.

44. Samuel VT, Liu Z-X, Qu X, et al. Mechanism of hepatic insulin resistance in non-

alcoholic fatty liver disease. J Biol Chem. 2004;279:32345-53.

45. Kakisaka K, Cazanave SC, Fingas CD, et al. Mechanisms of lysophosphatidylcholine-



744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

762

763

764

765

34

induced hepatocyte lipoapoptosis. Am J Physiol Gastrointest Liver Physiol. 2012;302:G77-

84.

46. Egnatchik RA, Leamy AK, Noguchi Y, Shiota M, Young JD. Palmitate-induced
activation of mitochondrial metabolism promotes oxidative stress and apoptosis in H4IIEC3

rat hepatocytes. Metabolism. 2014;63:283-95.

47. Hannun YA, Obeid LM. Sphingolipids and their metabolism in physiology and disease.

Nat Rev Mol Cell Biol. 2018;19:175-191.

48. Luukkonen PK, Sadevirta S, Zhou Y, et al. Saturated fat is more metabolically harmful
for the human liver than unsaturated fat or simple sugars. Diabetes Care. 2018;41:1732—

1739.

49. Rosqvist F, Kullberg J, Stdhlman M, et al. Overeating Saturated Fat Promotes Fatty Liver
and Ceramides Compared with Polyunsaturated Fat: A Randomized Trial. J Clin Endocrinol

Metab. 2019;104:6207-6219.

50. Li ZZ, Berk M, Mclntyre TM, Feldstein AE. Hepatic lipid partitioning and liver damage
in nonalcoholic fatty liver disease: role of stearoyl-CoA desaturase. J Biol Chem.

2009;284:5637-44.

51. Mantzaris MD, Tsianos E V, Galaris D. Interruption of triacylglycerol synthesis in the
endoplasmic reticulum is the initiating event for saturated fatty acid-induced lipotoxicity in

liver cells. FEBS J. 2011;278:519-30.

52. Cao J, Dai D-L, Yao L, et al. Saturated fatty acid induction of endoplasmic reticulum
stress and apoptosis in human liver cells via the PERK/ATF4/CHOP signaling pathway. Mol

Cell Biochem. 2012;364:115-29.



766

767

768

769

770

771

772

773

774

775

776

7

778

779

780

781

782

783

784

785

786

787

35

53. Ariyama H, Kono N, Matsuda S, Inoue T, Arai H. Decrease in membrane phospholipid

unsaturation induces unfolded protein response. J Biol Chem. 2010;285:22027-35.

54. Win S, Than TA, Zhang J, Oo C, Min RWM, Kaplowitz N. New insights into the role and
mechanism of c-Jun-N-terminal kinase signaling in the pathobiology of liver diseases.

Hepatology. 2018;67:2013-2024.

55. Lee Y-S, Kim SY, Ko E, et al. Exosomes derived from palmitic acid-treated hepatocytes

induce fibrotic activation of hepatic stellate cells. Sci Rep. 2017;7:3710.

56. Luo W, Xu Q, Wang Q, Wu H, Hua J. Effect of modulation of PPAR-y activity on
Kupfter cells M1/M2 polarization in the development of non-alcoholic fatty liver disease. Sci

Rep.2017;7:44612.

57. Hla T, Kolesnick R. C16:0-ceramide signals insulin resistance. Cell Metab. 2014;20:703—

705.

58. Law BA, Liao X, Moore KS, et al. Lipotoxic very-long-chain ceramides cause
mitochondrial dysfunction, oxidative stress, and cell death in cardiomyocytes. FASEB J.

2018;32:1403—-1416.

59. Xia JY, Holland WL, Kusminski CM, et al. Targeted Induction of Ceramide Degradation
Leads to Improved Systemic Metabolism and Reduced Hepatic Steatosis. Cell Metab.

2015;22:266-278.

60. Jiang M, Li C, Liu Q, Wang A, Lei M. Inhibiting Ceramide Synthesis Attenuates Hepatic
Steatosis and Fibrosis in Rats With Non-alcoholic Fatty Liver Disease. Front Endocrinol

(Lausanne). 2019;10:665.

61. Luukkonen PK, Zhou Y, Sddevirta S, et al. Hepatic ceramides dissociate steatosis and



788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

36

insulin resistance in patients with non-alcoholic fatty liver disease. J Hepatol. 2016;64:1167—

1175.

62. Apostolopoulou M, Gordillo R, Koliaki C, et al. Specific hepatic sphingolipids relate to
insulin resistance, oxidative stress, and inflammation in nonalcoholic steato hepatitis.

Diabetes Care. 2018;41:1235-1243.

63. Hollie NI, Cash JG, Matlib MA, et al. Micromolar changes in lysophosphatidylcholine
concentration cause minor effects on mitochondrial permeability but major alterations in

function. Biochim Biophys Acta. 2014;1841:888-95.

64. Kumashiro N, Erion DM, Zhang D, et al. Cellular mechanism of insulin resistance in

nonalcoholic fatty liver disease. Proc Natl Acad Sci U S A.2011;108:16381-5.

65. Lee J, Cho H-K, Kwon YH. Palmitate induces insulin resistance without significant

intracellular triglyceride accumulation in HepG2 cells. Metabolism. 2010;59:927-34.

66. Paton CM, Ntambi JM. Biochemical and physiological function of stearoyl-CoA

desaturase. Am J Physiol Endocrinol Metab. 2009;297:E28-37.

67. Perakakis N, Stefanakis K, Mantzoros CS. The role of omics in the pathophysiology,

diagnosis and treatment of non-alcoholic fatty liver disease. Metabolism. 2020;111:154320.

68. Gormaz JG, Rodrigo R, Videla LA, Beems M. Biosynthesis and bioavailability of long-
chain polyunsaturated fatty acids in non-alcoholic fatty liver disease. Prog Lipid Res.

2010;49:407-419.

69. Jeyapal S, Kona SR, Mullapudi SV, Putcha UK, Gurumurthy P, Ibrahim A. Substitution
of linoleic acid with a-linolenic acid or long chain n-3 polyunsaturated fatty acid prevents

Western diet induced nonalcoholic steatohepatitis. Sci Rep. 2018;8:10953.



810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

831

37

70. de Castro GS, Calder PC. Non-alcoholic fatty liver disease and its treatment with n-3

polyunsaturated fatty acids. Clin Nutr. 2018;37:37-55.

71. Clarke SD. Polyunsaturated fatty acid regulation of gene transcription: a molecular

mechanism to improve the metabolic syndrome. J Nutr. 2001;131:1129-32.

72. Depner CM, Philbrick KA, Jump DB. Docosahexaenoic acid attenuates hepatic
inflammation, oxidative stress, and fibrosis without decreasing hepatosteatosis in a Ldlr(-/-)

mouse model of western diet-induced nonalcoholic steatohepatitis. J Nutr. 2013;143:315-23.

73. Lands WE, Inoue M, Sugiura Y, Okuyama H. Selective incorporation of polyunsaturated
fatty acids into phosphatidylcholine by rat liver microsomes. J Biol Chem. 1982;257:14968—

72.

74. Rius B, Duran-Giiell M, Flores-Costa R, et al. The specialized proresolving lipid
mediator maresin 1 protects hepatocytes from lipotoxic and hypoxia-induced endoplasmic

reticulum stress. FASEB J. 2017;31:5384-5398.

75. Musso G, Gambino R, Cassader M, Paschetta E, Sircana A. Specialized Proresolving
Mediators: Enhancing Nonalcoholic Steatohepatitis and Fibrosis Resolution. Trends

Pharmacol Sci. 2018;39:387-401.

76. Dennis EA, Norris PC. Eicosanoid storm in infection and inflammation. Nat Rev

Immunol. 2015;15:511-23.

77. Chiappini F, Coilly A, Kadar H, et al. Metabolism dysregulation induces a specific lipid

signature of nonalcoholic steatohepatitis in patients. Sci Rep. 2017;7:46658.

78. Rockey DC, Caldwell SH, Goodman ZD, Nelson RC, Smith AD, American Association

for the Study of Liver Diseases. Liver biopsy. Hepatology. 2009;49:1017—44.



832

833

834

835

836

837

838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

38

79. Kartsoli S, Kostara CE, Tsimihodimos V, Bairaktari ET, Christodoulou DK. Lipidomics

in non-alcoholic fatty liver disease. World J Hepatol. 2020;12:436—450.

80. Araya J, Rodrigo R, Videla L a, et al. Increase in long-chain polyunsaturated fatty acid n -
6/n - 3 ratio in relation to hepatic steatosis in patients with non-alcoholic fatty liver disease.

Clin Sci. 2004;106:635-643.

81. Elizondo A, Araya J, Rodrigo R, et al. Polyunsaturated Fatty Acid Pattern in Liver and

Erythrocyte Phospholipids from Obese Patients*. Obesity. 2007;15:24-31.

82. Peter A, Kovarova M, Nadalin S, et al. PNPLA3 variant [148M is associated with altered

hepatic lipid composition in humans. Diabetologia. 2014;57:2103-2107.

83. Arendt BM, Comelli EM, Ma DWL, et al. Altered hepatic gene expression in
nonalcoholic fatty liver disease is associated with lower hepatic n-3 and n-6 polyunsaturated

fatty acids. Hepatology. 2015;61:1565—-1578.

84. Cajka T, Fiehn O. Comprehensive analysis of lipids in biological systems by liquid

chromatography-mass spectrometry. Trends Analyt Chem. 2014;61:192-206.

85. Dotowy M, Pyka A. Chromatographic Methods in the Separation of Long-Chain Mono-

and Polyunsaturated Fatty Acids. J Chem. 2015;2015:1-20.

86. Peng K-Y, Watt MJ, Rensen S, et al. Mitochondrial dysfunction-related lipid changes

occur in nonalcoholic fatty liver disease progression. J Lipid Res. 2018;59:1977-1986.

87. Mavrelis PG, Ammon H V., Gleysteen JJ, Komorowski RA, Charaf UK. Hepatic Free

Fatty Acids in Alcoholic Liver Disease and Morbid Obesity. Hepatology. 1983;3:226-231.

88. Ratziu V, Charlotte F, Heurtier A, et al. Sampling variability of liver biopsy in

nonalcoholic fatty liver disease. Gastroenterology. 2005;128:1898-906.



854

855

856

857

858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

39

89. Thiagarajan P, Bawden SJ, Aithal GP. Metabolic Imaging in Non-Alcoholic Fatty Liver

Disease: Applications of Magnetic Resonance Spectroscopy. J Clin Med. 2021;10:632.

90. Peterson P, Trinh L, Mansson S. Quantitative 1 H MRI and MRS of fatty acid

composition. Magn Reson Med. 2021;85:49-67.

91. Szczepaniak LS, Babcock EE, Schick F, et al. Measurement of intracellular triglyceride

stores by H spectroscopy: validation in vivo. Am J Physiol. 1999;276:E977-89.

92. Hamilton G, Yokoo T, Bydder M, et al. In vivo characterization of the liver fat 1H MR

spectrum. NMR Biomed. 2011;24:784—790.

93. Szczepaniak LS, Nurenberg P, Leonard D, et al. Magnetic resonance spectroscopy to
measure hepatic triglyceride content: Prevalence of hepatic steatosis in the general

population. Am J Physiol - Endocrinol Metab. 2005;288:462—468.

94. Johnson NA, Walton DW, Sachinwalla T, et al. Noninvasive assessment of hepatic lipid
composition: Advancing understanding and management of fatty liver disorders. Hepatology.

2008;47:1513-1523.

95. Roumans KHM, Lindeboom L, Veeraiah P, et al. Hepatic saturated fatty acid fraction is

associated with de novo lipogenesis and hepatic insulin resistance. Nat Commun. 2020;11.

96. Lundbom J, Hakkarainen A, Fielding B, et al. Characterizing human adipose tissue lipids
by long echo time 1H-MRS in vivo at 1.5 Tesla: Validation by gas chromatography. NMR

Biomed. 2010;23:466-472.

97. Hamilton G, Schlein AN, Wolfson T, et al. The relationship between liver triglyceride

composition and proton density fat fraction as assessed by 1 H MRS. NMR Biomed. 2020;33.

98. Takahashi Y, Tanaka K. Gas-chromatographic Analysis of the Fatty Acid Composition of



876

877

878

879

880

881

882

883

884

885

886

887

888

889

890

891

892

893

894

895

896

897

40

Human Fatty Liver. J Biochem. 1961;49:713-720.

99. Allard JP, Aghdassi E, Mohammed S, et al. Nutritional assessment and hepatic fatty acid
composition in non-alcoholic fatty liver disease (NAFLD): A cross-sectional study. J

Hepatol. 2008;48:300-307.

100. Arendt B, S. Mohammed S, W.L. Ma D, et al. Non-Alcoholic Fatty Liver Disease in
HIV Infection Associated with Altered Hepatic Fatty Acid Composition. Curr HIV Res.

2011;9:128-135.

101. Yamada K, Mizukoshi E, Seike T, et al. Serum C16:1n7/C16:0 ratio as a diagnostic

marker for non-alcoholic steatohepatitis. J Gastroenterol Hepatol. 2019;34:1829-1835.

102. Casares D, Escribd P V, Rossello6 CA. Membrane Lipid Composition: Effect on
Membrane and Organelle Structure, Function and Compartmentalization and Therapeutic

Avenues. Int J Mol Sci. 2019;20.

103. Winters SJ, Scoggins CR, Appiah D, Ghooray DT. The hepatic lipidome and HNF4a

and SHBG expression in human liver. Endocr Connect. 2020;9:1009—-1018.

104. Petersen MC, Shulman GI. Mechanisms of insulin action and insulin resistance. Physiol

Rev. 2018;98:2133-2223.

105. Kantartzis K, Peter A, Machicao F, et al. Dissociation between fatty liver and insulin
resistance in humans carrying a variant of the patatin-like phospholipase 3 gene. Diabetes.

2009;58:2616-23.

106. Ruhanen H, Perttild J, Holttd-Vuori M, et al. PNPLA3 mediates hepatocyte

triacylglycerol remodeling. J Lipid Res. 2014;55:739-46.

107. Luukkonen PK, Nick A, Holtta-Vuori M, et al. Human PNPLA3-1148M variant



898

899

900

901

902

903

904

905

906

907

908

909

910

911

912

913

914

915

916

917

918

919

41

increases hepatic retention of polyunsaturated fatty acids. JCI Insight. 2019;4:1-13.

108. Pettinelli P, del Pozo T, Araya J, et al. Enhancement in liver SREBP-1¢/PPAR-a ratio
and steatosis in obese patients: Correlations with insulin resistance and n-3 long-chain
polyunsaturated fatty acid depletion. Biochim Biophys Acta - Mol Basis Dis.

2009;1792:1080-1086.

109. Lopez-Vicario C, Gonzalez-Périz A, Rius B, et al. Molecular interplay between A5/A6
desaturases and long-chain fatty acids in the pathogenesis of non-alcoholic steatohepatitis.

Gut. 2014;63:344-355.

110. Yamada K, Mizukoshi E, Sunagozaka H, et al. Characteristics of hepatic fatty acid

compositions in patients with nonalcoholic steatohepatitis. Liver Int. 2015;35:582—590.

111. Lambert JE, Ramos-Roman MA, Browning JD, Parks EJ. Increased de novo lipogenesis
is a distinct characteristic of individuals with nonalcoholic fatty liver disease.

Gastroenterology. 2014;146:726-35.

112. Pollesello P, Masutti F, Croce LS, et al. IH-NMR Spectroscopic Studies of Lipid

Extracts from Human Fatty Liver. Biochem Biophys Res Commun. 1993;192:1217-1222.

113. Erickson ML, Haus JM, Malin SK, Flask CA, McCullough AJ, Kirwan JP. Non-
invasive assessment of hepatic lipid subspecies matched with non-alcoholic fatty liver disease

phenotype. Nutr Metab Cardiovasc Dis. 2019;29:1197-1204.

114. Van Werven JR, Schreuder TCMA, Nederveen AJ, Lavini C, Jansen PLM, Stoker J.
Hepatic unsaturated fatty acids in patients with non-alcoholic fatty liver disease assessed by

3.0 T MR spectroscopy. Eur J Radiol. 2010;75:¢102—107.

115. Bandsma RHJ, Prinsen BH, van Der Velden M de S, et al. Increased de novo lipogenesis



920

921

922

923

924

925

926

927

928

929

930

931

932

933

934

935

936

937

938

939

940

941

942

42

and delayed conversion of large VLDL into intermediate density lipoprotein particles
contribute to hyperlipidemia in glycogen storage disease type la. Pediatr Res. 2008;63:702—

7.

116. Traussnigg S, Kienbacher C, Gajdosik M, et al. Ultra-high-field magnetic resonance
spectroscopy in non-alcoholic fatty liver disease: Novel mechanistic and diagnostic insights
of energy metabolism in non-alcoholic steatohepatitis and advanced fibrosis. Liver Int.

2017;37:1544-1553.

117. Leporq B, Lambert SA, Ronot M, Vilgrain V, Van Beers BE. Simultaneous MR
quantification of hepatic fat content, fatty acid composition, transverse relaxation time and
magnetic susceptibility for the diagnosis of non-alcoholic steatohepatitis. NMR Biomed.

2017;30:€3766.

118. Fellinger P, Wolf P, Pfleger L, et al. Increased ATP synthesis might counteract hepatic

lipid accumulation in acromegaly. JCI Insight. 2020;5.

119. Colao A, Grasso LFS, Giustina A, et al. Acromegaly. Nat Rev Dis Prim. 2019;5:20.

120. Athyros VG, Alexandrides TK, Bilianou H, et al. The use of statins alone, or in
combination with pioglitazone and other drugs, for the treatment of non-alcoholic fatty liver
disease/non-alcoholic steatohepatitis and related cardiovascular risk. An Expert Panel

Statement. Metabolism. 2017;71:17-32.

121. Hyogo H, Tazuma S, Arihiro K, et al. Efficacy of atorvastatin for the treatment of

nonalcoholic steatohepatitis with dyslipidemia. Metabolism. 2008;57:1711-8.

122. Athyros VG, Tziomalos K, Gossios TD, et al. Safety and efficacy of long-term statin
treatment for cardiovascular events in patients with coronary heart disease and abnormal liver

tests in the Greek Atorvastatin and Coronary Heart Disease Evaluation (GREACE) Study: a



943

944

945

946

947

948

949

950

951

952

953

954

955

956

957

958

959

960

961

962

963

964

965

43

post-hoc analysis. Lancet. 2010;376:1916-22.

123. Han KH, Rha SW, Kang H-J, et al. Evaluation of short-term safety and efficacy of
HMG-CoA reductase inhibitors in hypercholesterolemic patients with elevated serum alanine
transaminase concentrations: PITCH study (PITavastatin versus atorvastatin to evaluate the
effect on patients with hypercholesterolemia and mild to moderate hepatic damage). J Clin

Lipidol. 2012;6:340-51.

124. Nelson A, Torres DM, Morgan AE, Fincke C, Harrison SA. A pilot study using
simvastatin in the treatment of nonalcoholic steatohepatitis: A randomized placebo-controlled

trial. J Clin Gastroenterol. 2009;43:990-4.

125. Hyogo H, Ikegami T, Tokushige K, et al. Efficacy of pitavastatin for the treatment of
non-alcoholic steatohepatitis with dyslipidemia: An open-label, pilot study. Hepatol Res.

2011;41:1057-65.

126. Dongiovanni P, Petta S, Mannisto V, et al. Statin use and non-alcoholic steatohepatitis

in at risk individuals. J Hepatol. 2015;63:705-12.

127. Hrboticky N, Tang L, Zimmer B, Lux I, Weber PC. Lovastatin increases arachidonic
acid levels and stimulates thromboxane synthesis in human liver and monocytic cell lines. J

Clin Invest. 1994;93:195-203.

128. Jula A, Marniemi J, Ronnemaa T, Virtanen A, Huupponen R. Effects of diet and
simvastatin on fatty acid composition in hypercholesterolemic men: a randomized controlled

trial. Arterioscler Thromb Vasc Biol. 2005;25:1952-9.

129. Ciucanu CI, Olariu S, Vlad DC, Dumitrascu V. Effect of rosuvastatin on the
concentration of each fatty acid in the fraction of free fatty acids and total lipids in human

plasma: The role of cholesterol homeostasis. Biochem Biophys Reports. 2020;24:100822.



966

967

968

969

970

971

972

973

974

975

976

977

978

979

980

981

982

983

984

985

986

987

988

44

130. Harris JI, Hibbeln JR, Mackey RH, Muldoon MF. Statin treatment alters serum n-3 and
n-6 fatty acids in hypercholesterolemic patients. Prostaglandins Leukot Essent Fatty Acids.

2004;71:263-9.

131. Nakade Y, Murotani K, Inoue T, et al. Ezetimibe for the treatment of non-alcoholic fatty

liver disease: A meta-analysis. Hepatol Res. 2017;47:1417—-1428.

132. Takeshita Y, Takamura T, Honda M, et al. The effects of ezetimibe on non-alcoholic
fatty liver disease and glucose metabolism: a randomised controlled trial. Diabetologia.

2014;57:878-90.

133. Fernandez-Miranda C, Pérez-Carreras M, Colina F, Lopez-Alonso G, Vargas C, Solis-
Herruzo JA. A pilot trial of fenofibrate for the treatment of non-alcoholic fatty liver disease.

Dig Liver Dis. 2008;40:200-5.

134. El-Haggar SM, Mostafa TM. Comparative clinical study between the effect of
fenofibrate alone and its combination with pentoxifylline on biochemical parameters and

liver stiffness in patients with non-alcoholic fatty liver disease. Hepatol Int. 2015;9:471-9.

135. Fabbrini E, Mohammed BS, Korenblat KM, et al. Effect of fenofibrate and niacin on
intrahepatic triglyceride content, very low-density lipoprotein kinetics, and insulin action in
obese subjects with nonalcoholic fatty liver disease. J Clin Endocrinol Metab. 2010;95:2727—

35.

136. Ishibashi S, Arai H, Yokote K, et al. Efficacy and safety of pemafibrate (K-877), a
selective peroxisome proliferator-activated receptor a modulator, in patients with
dyslipidemia: Results from a 24-week, randomized, double blind, active-controlled, phase 3

trial. J Clin Lipidol. 12:173-184.

137. Shinozaki S, Tahara T, Lefor AK, Ogura M. Pemafibrate improves hepatic



989

990

991

992

993

994

995

996

997

998

999

1000

1001

1002

1003

1004

1005

1006

1007

1008

1009

1010

45

inflammation, function and fibrosis in patients with non-alcoholic fatty liver disease: a one-

year observational study. Clin Exp Hepatol. 2021;7:172—-177.

138. Oosterveer MH, Grethorst A, van Dijk TH, et al. Fenofibrate simultaneously induces
hepatic fatty acid oxidation, synthesis, and elongation in mice. J Biol Chem.

2009;284:34036—44.

139. Agheli N, Jacotot B. Effect of simvastatin and fenofibrate on the fatty acid composition

of hypercholesterolaemic patients. Br J Clin Pharmacol. 1991;32:423-8.

140. Yan J-H, Guan B-J, Gao H-Y, Peng X-E. Omega-3 polyunsaturated fatty acid
supplementation and non-alcoholic fatty liver disease: A meta-analysis of randomized

controlled trials. Medicine. 2018;97:€12271.

141. Lee C-H, Fu Y, Yang S-J, Chi C-C. Effects of Omega-3 Polyunsaturated Fatty Acid
Supplementation on Non-Alcoholic Fatty Liver: A Systematic Review and Meta-Analysis.

Nutrients. 2020;12:2769.

142. Garcia-Jaramillo M, Lytle KA, Spooner MH, Jump DB. A Lipidomic Analysis of
Docosahexaenoic Acid (22:6, ®3) Mediated Attenuation of Western Diet Induced

Nonalcoholic Steatohepatitis in Male Ldlr -/- Mice. Metabolites. 2019;9:252.

143. Stephenson MC, Johnston RD, Aithal GP, Kaye P, Macdonald 1A, Morris PG.
Differences in hepatic lipid composition linked to histological evidence of inflammation in
the liver: A 1H MRS study investigating omega-3 fatty acid supplementation. Proc Intl Soc

Mag Reson Med. 2012;20:402.

144. Ruscica M, Ferri N, Macchi C, et al. Liver fat accumulation is associated with

circulating PCSKO9. Ann Med. 2016;48:384-91.



1011

1012

1013

1014

1015

1016

1017

1018

1019

1020

1021

1022

1023

1024

1025

1026

1027

1028

1029

46

145. Emma MR, Giannitrapani L, Cabibi D, et al. Hepatic and circulating levels of PCSK9 in
morbidly obese patients: Relation with severity of liver steatosis. Biochim Biophys acta Mol

cell Biol lipids. 2020;1865:158792.

146. Grimaudo S, Bartesaghi S, Rametta R, et al. PCSK9 rs11591147 R46L loss-of-function
variant protects against liver damage in individuals with NAFLD. Liver Int. 2021;41:321—

332.

147. Wargny M, Ducluzeau P-H, Petit J-M, et al. Circulating PCSKO9 levels are not associated
with the severity of hepatic steatosis and NASH in a high-risk population. Atherosclerosis.

2018;278:82-90.

148. Dimakopoulou A, Sfikas G, Athyros V. PCSK9 administration ameliorates non
alcoholic fatty disease in patients with heterozygous familial hyperlipidemia. Hell J

Atheroscler. 2018;9:1-2.

149. Ooi GJ, Meikle PJ, Huynh K, et al. Hepatic lipidomic remodeling in severe obesity
manifests with steatosis and does not evolve with non-alcoholic steatohepatitis. J Hepatol.

2012;75:524-535.

150. Deibert P, Lazaro A, Schaffner D, et al. Comprehensive lifestyle intervention vs soy
protein-based meal regimen in non-alcoholic steatohepatitis. World J Gastroenterol.

2019;25:1116-1131.



47

Table 1. Summary of the findings from 18 liver biopsy/lipidomic studies examining hepatic lipid composition in individuals with obesity-related

metabolic diseases.

Ref. Study Population Analysis Lipid Main differences in hepatic lipid fatty acid composition
Year Method Species
9 1961  Healthy liver vs. GC Total lipids ~ Total lipids: 1 MUFAs (C16:1, C18:1) and | SFAs (C18:0) and

PUFAs (C18:2) in steatosis vs. healthy liver.

Neutral lipids: 1 C14:0 and MUFAs (C16:1) and | C18:0 and PUFAs
(C18:2) in steatosis vs. healthy liver.

Steatosis Neutral lipids
Phospholipids

CEs Phospholipids: 1 C14:0 and MUFAs (C16:1, C18:1) and | C18:0 and
PUFAs (C18:2) in steatosis vs. healthy liver.
CEs: 1 MUFASs (C16:1) and | PUFAs (C18:2) in steatosis vs. healthy
liver.
80 2004  Control (obesity) vs. GC Total lipids  Total lipids: 1 C16:0, MUFAs (C16:0, C14:1, C16:1, C18:1) and n-
6/n-3 PUFA ratio, and | n-3 PUFAs (EPA, DHA) and n-6 PUFAs
NAFL vs. TAG_ _ (AA) in NAFLD vs. control.
NASH Phospholipids . | ¢18:0, n-3 PUFAs (C18:3, EPA, DHA) and n-6 PUFAs (AA)
in NAFLD vs. control.
Phospholipids: 1 n-6 PUFAs (AA) and n-6/n-3 PUFA ratio and | n-3
PUFAs (EPA, DHA) in NAFLD vs. control.
43 2007  Control (obesity) vs. TLC/ Total lipids  Total lipids: 1 proportion of MUFAs and n-6/n-3 PUFA ratio, and |
NAFEL Vs GC TAG proportion of PUFAs in NAFLD vs. control.
NASH DAG TAG: 1 SFAs (C16:0), MUFAs (C18:1) and n-6/n-3 PUFA ratio, and

| inn-3 PUFAs (EPA, DHA) and n-6 PUFAs (AA) in NASH vs.
FFAs NAFL vs. control (trend).

Phospholipids
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CEs
Cholesterol

DAG: 1 SFAs (C16:0), MUFAs (C18:1) and n-6/n-3 PUFA ratio, and
1 iInn-3 PUFAs (EPA, DHA) and n-6 PUFAs (AA) in NASH vs.
NAFL vs. control (trend).

FFAs: | n-3 PUFAs (EPA, DHA) and | n-6 PUFAs (AA, C18:3) in
NASH vs. NAFL vs. control (trend). 1 n-6/n-3 PUFA ratio in NASH
vs. control.

Phospholipids: 1 n-6/n-3 PUFA ratio and | in n-3 PUFAs (EPA,
DHA) and n-6 PUFAs (AA) in phosphatidylcholines in NASH vs.
NAFL vs. control (trend).

CEs: | SFAs and 1 n-3 PUFAs (trend) and n-6 PUFASs in NAFLD vs.
control.

812007 Control (lean) vs. GC Phospholipids 1 total SFAs (C18:0), C22:5n-6 and n-6/n-3 PUFA ratio in NAFLD
NAELD vs. control.
| total n-3 PUFAs (EPA, DHA, C22:5n-3) and n-6 PUFAS (AA,
C18:2) in NAFLD vs. control.
9 2008  Healthy liver vs. GC Total lipids 1t MUFAs (C16:1, C18:1) in NASH vs. healthy liver.
NAFL vs. 1 n-3 PUFASs (EPA, DHA) and n-6 PUFASs (AA) in NASH vs.
NASH healthy liver.
| total n-6 PUFAs in NASH vs. NAFL.
1082009 Control (lean) vs. GC Total lipids | n-3 PUFAs (DHA) in NAFLD vs. control.
NAFLD
1002011  Control (healthy) vs. GC Total lipids | n-3 PUFAs (EPA, DHA) and n-6 PUFAs (AA) in NAFLD vs.
NAFLD control.
64 2011 Obesity LC-MS/ DAG C18:1-C16:0, C18:1-C18:1, C18:1-C18:2 and C16:0-C18:2 were

MS

most abundant and positively correlated with HOMA-IR.
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C20:4-C20:5 inversely correlated with HOMA-IR.

82 2014 PNPLA3M8llys, TLC TAG TAG: | SFAs (C18:0, C20:0, C22:0) and n-6 PUFASs (AA, 20:3, 22:4,
PNPLA34EM DAG 22:5) and 1 n-3 PUFAs (C18:3) in PNPLA34M ys, PNPLA3M8!!,
FEAS FFAs: | n-6 PUFAs (AA, 20:3) and 1 n-3 PUFAs (18:3) in
PNPLA3'148M ys PNPLA3M8!,
Phospholipids
CEs
1092014  Control (healthy) vs. GC Total lipids 1 n-6/n-3 PUFA ratio and | n-3 PUFAs (EPA, DHA) in NASH vs.
NASH control.
83 2015 NAFL vs. GC Total lipids | n-3 PUFAs (EPA, DHA) and n-6 PUFAs (AA, C20:3) in NASH vs.
NASH NAFL.
1102015  Control (lean) vs. GC Total lipids 1 proportion of SFAs (C14:0, C16:0), MUFAs (C16:1, C18:1) and n-
NAFEL Vs 6/n-3 PUFA ratio in NASH vs. NAFL vs. control.
NASH | proportion of C18:0, n-3 PUFAs (DHA) and n-6 PUFAs (C18:2,
C22:2) in NASH vs. NAFL vs. control.
612016 NAFLD GC-MS/ TAG TAG: 1 saturated and monounsaturated TAG in high HOMA-IR vs.
H 148MM/MI
(high HOMA-IR vs.  UHPLC-MS DAG ::())’\\/IVPIE%\{IA,?'\;”IIR. 1 polyunsaturated TAG in PNPLA3 VS.
low HOMA-IR/ FFRAS FFA: 1 SFAs (C16:0, C18:0) and MUFAs (C18:1) in high HOMA-IR
PNPLA3M8! ys. Ceramides  vs. low HOMA-IR.
PNPLA3MEMMMY) Ceramides: 1 ceramide (almost all species) in high HOMA-IR vs.
low HOMA-IR.
DAG: 1 (4 species) in high HOMA-IR vs. low HOMA-IR and 1
polyunsaturated DAG in PNPLA3MEMMMI s pNPLA3ZMEMIL
7 2017  Control (lean) vs. GC/ Neutral lipids 1 SFAs (C14:0, C16:0), MUFAs (C16:1, C18:1n-7, C18:1n-9),

C18:2n-6 and n-6/n-3 PUFA ratio in NASH vs. NAFL and control.
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NAFL vs. LC-MS | n-3 PUFAs (EPA, DHA) and n-6 PUFAs (AA) in NASH vs. NAFL
NASH and control.
86 2018  Control (obesity) vs. LC-MS TAG TAG: 1 SFAs (C14:0, C17:0, C18:0) in NASH vs. control and | n-6
NAEL Vs, DAG PUFAs (AA) in NASH vs. NAFL vs. control.
. DAG: t MUFAs (C16:1, C18:1) and | SFAs (C18:0), n-3 PUFAs
NASH Phospholipids 1A 'c22:5n-3) and n-6 PUFAs (AA, C18:2) in NAFLD vs.
Sphingolipids  control.
CEs CEs: 1 Cl6:1, Cl16:2,C17:1, C18:2, C18:3, C22:6 and | C16:0,
C18:1, C20:1, C20:2, C22:4 in NASH vs. control. 1 C16:2 and |
C16:0 in NAFL vs. control. | C20:2 in NASH vs. NAFL.
Phospholipids: | n-3 PUFAs (DHA) in NAFLD vs. control.
Sphingolipids: 1 Cer(d18:0/18:0) in NAFLD vs. control and 1
Hex2Cer(d18:1/18:0) and Hex2Cer(d18:1/24:1) in NASH vs. NAFL
and control.
62 2018  Control (healthy) vs. LC-MS/ Sphingolipids Ceramides: 1 total ceramides and C24:0 in NASH vs. other groups. 1
Obesity Vs MS C16:0 in obesity vs. control.
NAEL Vs Dihydroceramides: 1 total dihydroceramides and C16:0, C22:0 and
' C24:1 in NASH vs. control.
NASH Lactosylceramides: 1 total lactosylceramides and C24:1 in NASH vs.
control.
Hexosylceramides: 1 C22:0 and C24:0 in NASH vs. other groups.
1012019 NAFL vs. GC Total lipids 1 proportion of C16:0 and MUFAs (C16:1, C18:1) in NASH vs.
NASH NAFL.

| proportion of C18:0, MUFAs (C22:1), n-3 PUFAs (DHA) and n-6
PUFAs (C18:2, C22:2) in NASH vs. NAFL.
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1032020  Healthy liver vs. GC FFAs 1 proportion of SFAs (C14:0, C16:0) and MUFAs (C16:1, C18:1) and
Steatosis / ! proport_lon of C18:0 and PUFAs (AA, C18:2) in steatosis vs.
_ healthy liver.
High HOMA-IR vs. 1 proportion of SFAs (C14:0, C16:0) and MUFAs (C16:1, C18:1) and
Low HOMA-IR | proportion of C18:0 and PUFAs (AA, C18:2) in high HOMA-IR vs.
low HOMA-IR.

AA, arachidonic acid; CE, cholesterol ester; DAG, diacylglycerol; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; FFA, free fatty acids;
GC, gas chromatography; HOMA-IR, homeostatic model assessment of insulin resistance; LC, liquid chromatography; LPC,
lysophosphatidylcholine; MS, mass spectrometry; MUFA, monounsaturated fatty acid; NAFL, non-alcoholic fatty liver; NAFLD, non-alcoholic
fatty liver disease; NASH, non-alcoholic steatohepatitis; PC, phosphatidylcholine; PNPLA3, patatin-like phospholipase domain-containing protein
3; PUFA, polyunsaturated fatty acid; SFA, saturated fatty acid; TLC, thin-layer chromatography; UHPLC, ultra-high-performance liquid

chromatography.



Table 2. Summary of the findings from eight proton magnetic resonance spectroscopy studies examining hepatic lipid composition in

individuals with obesity-related metabolic diseases.
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Ref. Study Population Main differences in hepatic lipid composition indices
12 \1(9633[ Healthy liver vs. | unsaturation ratio and chain length in NAFLD vs. healthy liver.
NAFLD
% 2008 Leanvs. 1 Sl in obesity and NAFLD vs. lean.
Obesity vs. | PUIin NAFLD vs. obesity vs. lean.
NAFLD
1142010 Suspected NAFLD 1 proportion of unsaturated fatty acids in group with T2DM vs. without T2DM.
(With T2DM vs.
Without T2DM)
162017 NAFL vs. No differences in SI, Ul or PUI in NAFL vs. NASH.
NASH | PUI/UI ratio in participants with vs. without obesity.
1 PUI in PNPLA3 1148M homozygous carriers vs. non-carriers.
132019  Healthy liver vs. 1 Sland | Ul in NAFLD vs. healthy liver.
NAFLD No differences in PUI in NAFLD vs. healthy liver.
97 2020 NAFLD (or suspected) | number of double bonds and number of methylene-interrupted double bonds with 1 liver proton
density fat fraction.
93 2020  Overweight/Obesity vs. 1 SFA fraction in NAFL and T2DM vs. overweight/obesity.

NAFL vs.
T2DM vs.

1 SFA fraction in GSD1a vs. NAFL and overweight/obesity.
| MUFA fraction in GSD1a vs. overweight/obesity.
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GSD1a

118 2020 Control (healthy) vs. | Ul'in acromegaly vs. control.
Acromegaly

!H-MRS, proton magnetic resonance spectroscopy; GSD1a, glycogen storage disease type 1a; HOMA-IR, homeostatic model assessment of insulin
resistance; NAFL, non-alcoholic fatty liver; NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis; PNPLA3, patatin-

like phospholipase domain-containing protein 3; PUI, polyunsaturation index; Sl, saturation index; T2DM, type 2 diabetes mellitus; Ul,

unsaturation index.
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Figure legends

Figure 1. The mechanistic pathways underpinning SFA-induced lipotoxicity and insulin
resistance in hepatocytes. SFAs induce ER stress through activation of the unfolded protein
response pathway, and promote oxidative stress via mitochondrial dysfunction and the
accumulation of reactive oxygen species. Both factors indirectly trigger apoptosis through
activation of the JNK stress signalling pathway. Additionally, SFAs can directly promote
apoptosis through binding to various death receptors located on the cell membrane. JNK
activation also impairs insulin signalling via phosphorylation of the insulin receptor substrate-
1, leading to the development of insulin resistance. SFAs also promote lipogenesis which may
be mediated by their conversion to MUFAs which are preferentially incorporated into lipid
droplets as triacylglycerol. Furthermore, the activation of TLR4 signalling by SFAs leads to
the production of proinflammatory cytokines through the upregulation of the transcription
factor NF-kB. Notably, some of these effects of SFAs on lipotoxicity and insulin resistance
within hepatocytes may be mediated through their conversion to bioactive lipid intermediates
such as ceramides, LPCs and DAG. DAG, diacylglycerol; ER, endoplasmic reticulum; JNK,
c-Jun N-terminal kinase; LPC, lysophosphatidylcholine; MUFA, monounsaturated fatty acid,;

NF-kB, nuclear factor kappa B; SFA, saturated fatty acid; TLR4, toll-like receptor 4.

Figure 2. (A) Example chemical structures of a saturated (palmitic), monounsaturated (oleic)
and polyunsaturated (linoleic) fatty acid chain with the hydrogen protons associated with
different functional fatty acid groups highlighted. (B) Peak assignments and chemical shifts of

the functional fatty acid groups in a typical lipid proton magnetic resonance spectrum.

Figure 3. Summary of the relative alterations in the fatty acid composition of hepatic lipids
across the progression of NAFLD. The percentage of SFAs and MUFAs in hepatic lipids are

elevated in NAFL compared to individuals with a healthy liver; whilst the percentage of PUFAS
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are reduced, leading to an elevation in the n-6/n-3 PUFA ratio. The percentage of SFAs and
MUFAs and the n-6/n-3 PUFA ratio may be further increased in NASH compared to NAFL;
whilst there is a further depletion in the percentage of PUFAs. These alterations in hepatic lipid
composition are associated with greater obesity-related metabolic dysfunction and hepatic
lipotoxicity as NAFLD progresses. MUFA, monounsaturated fatty acid; NAFL, non-alcoholic
fatty liver; NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis;

PUFA, polyunsaturated fatty acid; SFA, saturated fatty acid.
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Figure 2
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