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Abstract
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Dyslipidaemia and hepatic steatosis are interconnected metabolic
disorders, often associated with obesity and diabetes mellitus, that
contribute to the burden of cardiovascular disease. Hepatic steatosis is
now recognized as a specific subset of metabolic dysfunction-associated
steatotic liver disease (MASLD). Several processes contribute to lipid
depositionintheliver,includingincreased de novo lipogenesis, impaired
fatty acid oxidation and reduced lipoprotein biosynthesis. Hepatic lipid
accumulation can also result from lipid-lowering therapies thatimpair
lipoprotein production, thus requiring careful monitoring of hepatic
lipid content in patients taking these medications. By contrast, drugs
that lower plasmalevels of lipids by increasing hepatic expression of
the LDL receptor do not lead to lipid accumulation in the liver; however,
some patients are less responsive than others to these therapies.
Therefore, new therapeutics that decrease lipoprotein production
without causing steatosis are needed. Indeed, balanced modulation

of hepaticlipoprotein production and secretion, as well as systemic
and cellular lipid catabolism, is crucial for hepatic lipid homeostasis.
Strategies that target both plasma and hepatic lipid levels will help to
reduce the burden of atherosclerosis and MASLD. In this Review, we
discuss mechanistic links between dyslipidaemia and hepatic steatosis,
emphasizing lipid-lowering therapies and their effects on hepatic lipid
accumulation.
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Key points

¢ Dyslipidaemia and hepatic steatosis are tightly interconnected
metabolic disorders that jointly contribute to cardiovascular risk,
with insulin resistance representing a central pathogenic link.

¢ Impaired hepatic lipoprotein assembly or secretion (such as
dysfunction of apolipoprotein B or microsomal triglyceride transfer
protein) promotes intracellular lipid accumulation and defines a subset
of metabolic dysfunction-associated steatotic liver disease.

o Hepatic lipid accumulation is determined by the balance between
lipoprotein secretion, lipid uptake, de novo lipogenesis and fatty acid
oxidation rather than by a single pathway.

o Studies of human genetics show that reduced lipoprotein export
increases the risk of hepatic steatosis, whereas increased lipoprotein
clearance does not necessarily promote hepatic lipid accumulation.

o Lipid-lowering therapies that reduce lipoprotein production

can induce hepatic steatosis, whereas those enhancing LDL
receptor-mediated uptake (such as statins or PCSK9 inhibitors) are
generally hepatically neutral.

o Future therapies should balance or combine modulation of lipid
pathways to reduce both atherosclerotic burden and hepatic steatosis
without inducing liver injury.

Introduction

Dyslipidaemia and hepatic steatosis are among the most prevalent
metabolic disorders worldwide and frequently coexist in individu-
als with obesity, insulin resistance and type 2 diabetes mellitus'.
Hepatic steatosis is currently classified within the spectrum of
metabolic dysfunction-associated steatotic liver disease (MASLD),
whereas its progressive inflammatory form is termed metabolic
dysfunction-associated steatohepatitis (MASH). Although tradition-
ally considered distinct clinical entities, dyslipidaemia and MASLD
are increasingly recognized as interconnected manifestations of sys-
temic metabolic dysfunction thatinfluence each other through shared
molecular and physiological pathways.

The coexistence of these conditions hasimportant clinical impli-
cations. Dyslipidaemia is a major causal driver of atherosclerotic
cardiovascular disease (CVD)?*?, whereas MASLD is one of the most
common chronicliver diseases, with an estimated prevalence of up to
33% in the general population, depending on geographic region and
ethnicity, and is associated with increased cardiovascular morbidity
and mortality*. Importantly, CVD remains the leading cause of death
inindividuals with MASLD*. Understanding how hepaticlipid accumu-
lation and circulating lipoprotein metabolism interact is, therefore,
essential for improving risk stratification and therapeutic strategies
in cardiometabolic disease.

Thistopicis particularly timely because major advances inhuman
genetics, lipid biology and drug development have reshaped our under-
standing of hepatic lipid homeostasis. Genetic studies have identified
key pathways linking lipoprotein production, secretion and clearance
with susceptibility to hepatic steatosis. In addition, the rapid expan-
sion of lipid-lowering therapies, RNA-based medicines and emerging

treatments for MASLD has raised important questions regarding their
effectsonliverlipid content. These developments highlight the need to
better understand how interventions designed to reduce the levels of
circulatingatherogeniclipoproteinsinfluence hepaticlipid metabolism.

Inthis Review, we discuss the molecular basis and clinical relevance
ofthebalance between changesin circulating lipid profiles and hepatic
lipid content. We summarize current knowledge on the mechanisms
governing hepatic lipid accumulation, with particular emphasis on
lipoprotein assembly, secretion and uptake pathways, and examine
insights derived from human genetic studies. We also examine the
effects of established and emerging lipid-lowering therapies on hepatic
steatosis and discuss key knowledge gaps relevant to the development
of strategies to simultaneously reduce cardiovascular risk and hepatic
lipid burden.

Dyslipidaemia, hepatic steatosis and CVD

CVDsaccount for approximately one-third of all deaths worldwide®, with
ischaemicheartdisease, stroke and hypertensive heart disease being the
leading causes’. Between 1990 and 2019, the age-standardized deathrate
per 100,000 people from CVD fell by 33%°. However, this reduction is
unlikely to have been sufficient to achieve the objective set by the 2013
World Health Assembly of reducing the burden of CVD by 25% by 2025
compared with 2010 levels (the 25 by 25’ target, now extended to 2030)".

Modifiable CVDrisk factors

Five major risk factors are associated with CVD —non-HDL-cholesterol,
systolic blood pressure, smoking, diabetes mellitus and obesity (body
massindex (BMI) >30 kg/m?).In Europe and North America, the preva-
lence of obesity is between 20% and 40%, depending on sex and age;
diabetesis presentin approximately 10-12% of the population; and the
mean age-standardized level of non-HDL-cholesterolis 3.2-3.5mmol/l
(ref.9). According to the INTERHEART case—control study’, conducted
in52 countries, ninerisk factors account for >90% of myocardial infarc-
tions: dyslipidaemia, hypertension, smoking, psychosocial factors,
diabetes, abdominal obesity, unhealthy diet, physical inactivity and
regular alcohol consumption. Among these, the metabolic risk fac-
tors of abdominal obesity, diabetes and dyslipidaemia are the major
contributors to CVD risk. The Global Cardiovascular Risk Consortium
estimates that >50% of incident CVD in both sexes is attributable to
five modifiable risk factors (BMI, systolic blood pressure, non-HDL
cholesterol, smoking and diabetes), with the remaining approximately
45% of risk unexplained’. In other studies, the population-attributable
risk of myocardialinfarction associated with dyslipidaemia, obesity and
diabetesin developed countries has beenreported to be 49%,20% and
10%, respectively'®'%. These datasuggest that dyslipidaemiais the major
contributor to CVD burden, followed by obesity and diabetes. Non-HDL
cholesterol is a lipid-related metabolic risk factor that integrates the
atherogenic potential and risk contribution of all apolipoprotein B
(apoB)-containing lipoproteins (chylomicrons, LDL, lipoprotein(a),
VLDL and the remnants of all these lipoproteins). This parameter is
highly correlated with plasma levels of apoB, and a large body of evi-
dence — from experimental, interventional, observational and Men-
delian randomization studies — demonstrates the causal role of LDL
and, more generally, apoB-containing lipoproteins in atherogenesis
and in the development and progression of atherosclerotic CVD**,

Progression of hepatic steatosis
Metabolic disorders are often associated with hepatic steatosis'®, which
is defined by lipid accumulationin>5% of hepatocytes. Hepatic steatosis
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(and MASLD generally) is associated with almost all metabolic risk
factors, especially diabetes and obesity, as well as certain forms of
dyslipidaemia, particularly those characterized by an increase in the
plasmalevels of triglyceride-rich lipoproteins (VLDL and remnants) and
adecreaseinplasmaHDL-Clevels. The presence of these two lipid traits
is referred to as ‘atherogenic dyslipidaemia’ and is thought to result
frominsulinresistance, whichis commoninthe presence of diabetes,
obesity and metabolic syndrome™. Insulin resistance is a frequently
disregarded cardiovascular risk factor that is not often measured or
included in algorithms for the assessment of CVD risk, even though it
is prevalent in the general population (up to 50%) and substantially
affects CVD outcomes”. Notably, insulin resistance has a pathogenic
roleinthe development of hepatic steatosis and might help to explain
residual cardiovascular risk beyond classic cardiovascular risk factors.

MASLD can progress to MASH, characterized by lipid accumula-
tion, hepatocellular injury, activation of inflammatory pathways and
fibrogenesis. Lipotoxic intermediates derived from excess free fatty
acidsand cholesterol can trigger endoplasmic reticulum stress, mito-
chondrial dysfunction and activation of Kupffer cells and stellate cells,
thereby promoting necroinflammation and fibrosis'. Approximately
20% of patients with MASH progress to advanced liver diseases, includ-
ing fibrosis, cirrhosis and hepatocellular carcinoma". In advanced
stages of disease, fibrotic remodelling further alters hepatocellular
architecture, impairs VLDL assembly and secretion and promotes
chronic low-grade inflammation, thereby potentially exacerbating
atherogenic dyslipidaemia and endothelial dysfunction’®", Impor-
tantly, fibrosisis not only amarker of disease severity but alsoanactive
modifier of systemic cardiometabolic risk”. Therefore, strategies that
attenuate progression of liver fibrosis can influence cardiovascular
risk not only by reducing liver inflammation but also by preserving
physiological lipoprotein export and hepatic metabolic flexibility.
MASLD is also considered to be an independent risk factor for CVD%.
In a meta-analysis of 36 prospective studies with a median follow-up
of approximately 7 years and including >5 million adults, MASLD and
MASH were independently associated with an increased risk of CVD
(HR1.45and 2.50, respectively)®.

MASLD and CVD risk

CVD and MASLD share risk factors, including insulin resistance,
impaired glucose tolerance, diabetes, hypertriglyceridaemia, visceral
adiposity and metabolic syndrome*. In this context, insulin resistance
isthe common factor between the two. Insulin resistance is prevalent
indiabetes, metabolic syndrome, hypertriglyceridaemia and obesity,
and itincreases VLDL production and the flux of fatty acids into the
liver”. Nevertheless, insulin resistance leads to animbalance between
triglyceride synthesis, VLDL secretion and intrahepatic fatty acid oxi-
dation that favours steatosis. During hepatic insulin resistance, both
gluconeogenesis and lipogenesis are stimulated, resulting in netintra-
hepaticlipid accumulation. However, the question of whether insulin
resistance causes hepatic steatosis or vice versa remains unresolved®.
Many studies and meta-analyses have shown that MASLD is associated
withincident CVD and contributes to CVD burden. However, whether
this relationship is mediated by coexisting and common cardiometa-
bolicrisk factors, suchas diabetes, dyslipidaemia, hypertension, insulin
resistance and obesity, is unclear. In a multicohort study conducted
inthe USA, the association between MASLD (assessed by liver CT) and
incident CVD was not significant after adding BMI as a covariate and
adjusting for time-varying classic risk factors'. On the basis of these
observations, it should be emphasized that the development of hepatic

steatosis is promoted by several metabolic conditions that are also
cardiometabolic risk factors for CVD. Atherogenic dyslipidaemia, for
example, is pathogenically linked to insulin resistance and contributes
to the CVDburdeninhepatic steatosis'®. Furthermore, the presence of
hepatic steatosis and metabolic risk factors is associated with excess
cardiovascular mortality*. From this perspective, MASLD is a marker
of CVDrisk, and its management is crucial to reduce cardiovascular
mortality. However, evidence is emerging that increasing lipoprotein
productionin theliver might representamechanismto furtherreduce
the hepatic lipid load.

Mechanisms of hepatic steatosis

Reduced hepaticlipoprotein synthesis

Hepatic lipid homeostasis is controlled by de novo lipogenesis, fatty
acid oxidation and hepatic lipoprotein production (Fig. 1). At the
molecular level, hepatic steatosis can result from animbalance in any
one ofthese three processes. Hepatic lipoprotein productionisacom-
plex, multistep process that begins in the endoplasmicreticulumand
requires coordinated synthesis of triglycerides and phospholipids,
followed by intracellular maturation, transport and secretion from
hepatocytes into the circulation®*?. Inhibition of several enzymes
involvedinthe synthesis of these lipids, as well as deletion of the genes
encoding these proteins, reduces lipoprotein assembly and secretion®.
Inaddition to de novo synthesis, lipids already presentin lipid droplets
serve as a source for lipoprotein formation and secretion. For exam-
ple, triacylglycerol hydrolase has been shown to have arole in these
processes®,

ApoB and MTP. Lipoprotein formation depends not only on the avail-
ability of lipids through synthesis, hydrolysis and re-esterification but
also on apoB and microsomal triglyceride transfer protein (MTP)%.
In humans, the form of apoB synthesized in the liver is referred to as
apoB100 and contains two long stretches of hydrophobic domains
(B1and B2) interspersed with amphipathic a-helical domains®°. MTP
is a heterodimeric complex of two subunits®, one of which acts as a
lipid transfer protein and the other, the protein disulfide isomerase
(PDI) subunit, helps to solubilize the MTP subunit and retain it in the
endoplasmicreticulum.

The assembly of hepatic lipoproteins begins with the translation
of apoB100. The nascent apoB100is a very long, single polypeptide of
4,563 amino acids, and protein translation can take 15-30 minutes to
complete. However, complete translation of apoB is not required for
lipoprotein assembly; instead, assembly begins cotranslationally®.
Duringtranslation, the hydrophobic domains of apoB interact with the
inner leaflet of the endoplasmic reticulum. Lipidation of the nascent
apoB polypeptide, its detachment from the endoplasmic reticulum
membrane and its release into the endoplasmic reticulum lumen as
asmaller primordial lipoprotein particle are important initial steps
in assembly”. This process depends on MTP, which transfers lipids to
apoB and contributes to the formation of alipoprotein particle?**. In
the absence of either of these proteins, nolipoproteins are synthesized,
and individuals with loss-of-function (LoF) variants in APOB or MTTP
(which encodes the large subunit of MTP) have no apoB-containing
lipoproteinsin the plasma®>*,

Although we focus primarily on hepatic lipoprotein production
inthis Review, intestinal lipoprotein assembly also contributes to lipid
trafficking. In enterocytes, apoB48 and MTP are required for chylomi-
cron assembly and secretion®*"*, Impaired intestinal MTP activity
reduces chylomicron output, whereasincreased intestinal lipoprotein

Nature Reviews Cardiology


http://www.nature.com/nrcardio

Review article

a
E it \\XJ/ Circulating
xtracellular F/J free fatty acids
space :
|
Plasma
membrane De novo
Hepatocyte lipogenesis . -
l Triglyceride
AN synthesis
}) %] o Lipid droplets
B
Fatty acids Triglycerides
’ Fatty acid VLDL synthesis
7 B-oxidation
/S CAPOB
T mRNA
DNA
ER

Nucleus

Fig.1|Hepatic triglyceride metabolism and very-low-density lipoprotein
assembly. a, Circulating free fatty acids enter hepatocytes or are generated
endogenously through de novo lipogenesis, contributing to the intracellular
fatty acid pool. Fatty acids are either oxidized via B-oxidation or esterified to
form triglycerides, which can be stored in cytosolic lipid droplets or used for
the synthesis of VLDL in the endoplasmic reticulum. Cholesterol is produced
through de novo synthesis (mevalonate pathway) or taken up from circulating
lipoproteins (free cholesterol (FC)) and is esterified by Acyl-CoA cholesterol
acyltransferase, cytosolic (ACAT2) to produce cholesteryl esters (CEs), which
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canbe stored in cytosolic lipid droplets or used for VLDL synthesis. b, Molecular
events underlying VLDL assembly and secretion. Apolipoprotein B (apoB),
translated from APOB mRNA, isimmediately lipidated by the microsomal
triglyceride transfer protein (MTP) within the endoplasmic reticulum (ER) to
form nascent VLDL particles. Additional proteins localized in the ER, including
acyl-coenzyme A diphosphatase FITM2 (FITM2), group XIIB secretory
phospholipase A2-like protein (PLA2G12B) and transmembrane 6 superfamily
member 2 (TM6SF2), contribute to VLDL maturation and secretion into the
circulation.

productionincreases the delivery of postprandial triglyceride-rich rem-
nantlipoproteins to the liver. After lipoprotein lipase (LPL)-mediated
hydrolysis, chylomicron remnants are rapidly cleared by hepatocytes
through apolipoproteinE (apoE)-dependent mechanisms, providing an
additional source of cholesterol and fatty acids that can be re-secreted
as VLDL, oxidized or stored**”. Thus, alterationsinintestinal apoB and
MTP activity influence not only systemic lipid levels but also hepatic
lipid flux and intracellular lipid partitioning.

Theimportance of apoB and MTP in the development of hepatic
steatosis has been extensively demonstrated by human genetic stud-
ies. Individuals carrying LoF variants in MTTP or APOB show varying
degrees of hepatic steatosis®**’ (see the later section on gene variants
affecting lipid metabolism). Furthermore, therapeutic approaches
that inhibit the activity of apoB or MTP have been associated with
hepatic lipid accumulation*. In addition, ablation of MTTPin human
hepatoma cells (Huh-7) has been shown to result in substantial
triglyceride accumulation in the cells*.

Although LoF variantsin APOBand MTTPare not lethalinhumans,
ablation of Apob or Mttp in mice results inembryonic lethality probably
because lipoprotein assembly and secretion are crucial for the transfer
of nutrients across the placenta in rodent embryos*>*, Nevertheless,
liver-specific ablation of Mttp in mice leads to substantial hepatic lipid
accumulation***. Thus, defects in liver-specific lipoprotein formation
alsolead to hepatic lipid accumulation.

Other proteins. Several other proteins have been shown to beimpor-
tant in hepatic lipoprotein assembly and secretion**, For example,

transmembrane 6 superfamily member 2 (TM6SF2) contributes to
VLDL secretion, and variants in TM6SF2 are associated with hepatic
steatosis in humans*®. Tmésf2-knockout mice have a threefold increase
intriglyceride contentintheliver and a 50% decrease in VLDL secretion
compared with control mice*®. Although the molecular mechanisms
areunclear, astrongassociation between TM6SF2 variants, plasmalipid
profilesand hepatic steatosis has beenreported in humans*’. Moreover,
the endoplasmic reticulum protein acyl-coenzyme A diphosphatase
FITM2 (also known as fat storage-inducing transmembrane protein 2)
also seems to contribute to VLDL lipidation*®,

MTTP-mediated apoB lipidationis finely regulated by theinterac-
tion with tissue-type plasminogen activator and plasminogen activator
inhibitor 1 (ref. 49). Moreover, group XIIB secretory phospholipase
A2-like protein (PLA2G12B) participates in hepatic lipoprotein assem-
bly and secretion®. Although PLA2G12B belongs to a large family of
secretory phospholipases®*?, this protein is unusual in that it lacks
phospholipase activity and is not secreted’”. Rather, PLA2G12B has an
endoplasmic reticulumretention signal and resides in the endoplasmic
reticulum where it interacts with both apoB and MTP and is likely to
be involved in the formation and secretion of large VLDL particles®.
Mice with genetic ablation of or missense variants in Pla2g12b develop
hepatic steatosis® but have very low plasma levels of lipids and lipo-
proteins and areresistant to atherosclerosis*’. Moreover, PLA2G12B is
highly expressedin theintestine,and mice carryinga C129Y missense
variant in Pla2g12b show defects in intestinal absorption and hepatic
lipoprotein production, lipid accumulation in the liver and intestine,
and very low plasma levels of lipids and lipoproteins®*. These studies
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show thatinhibition of proteinsinvolved in VLDL assembly and secre-
tion causes hepatic steatosis and, therefore, that VLDL assembly and
secretion are essential to prevent lipid accumulationin the liver.

Hepatic uptake of lipids and lipoproteins

Theuptake of lipoproteins and lipidsin theliver occurs throughvarious
mechanisms (Fig. 2). After removal of triglycerides from circulation,
chylomicrons (produced by the intestine) and VLDL (produced by
the liver) are converted to remnant lipoproteins, which are smaller
andenrichedin cholesterol. Most remnant lipoproteins derived from
LPL-dependent peripheral triglyceride hydrolysis are subsequently
returned to the liver and endocytosed*® and digested by hepatocytes
to provide lipids for re-secretion as VLDL, oxidation or excretion via
bile”. Remnant lipoproteins can further lose triglycerides to become
cholesterol-rich LDL particles through the action of intravascular lipo-
lytic and transfer enzymes, including hepatic triacylglycerol lipase,
cholesteryl ester transfer protein and phospholipid transfer protein.
LDL particles can provide cholesterol to peripheral organs but canalso
return to the liver, where they are removed from circulation by cell
surface receptors on hepatocytes.

Key receptorsinvolvedin hepatocyte lipoprotein uptakeinclude
the VLDL receptor (VLDLR), LDL receptor-related protein1(LRP1) and
the LDL receptor (LDLR). The contribution of lipoprotein uptake to
hepaticlipid accumulationis highly context dependent and varies with
receptor type, the nature of the lipoprotein particle and the underlying
metabolic state.

VLDL receptor. VLDLR, a member of the LDLR family, binds
triglyceride-rich lipoproteins via apoE> but is normally expressed
at low levels in hepatocytes. In experimental models, stress condi-
tions, such as endoplasmicreticulum stress or metabolic dysfunction,

increase the expression of VLDLR in hepatocytes, thereby increasing
the hepatocyte uptake of triglyceride-rich particles and promoting
hepatic steatosis*®. Consistently, VLDLR deficiency in mice reduces
hepatic steatosis induced by high-fat diet or endoplasmic reticulum
stress-inducing agents, and hepatic VLDLR expression is elevated in
animals with obesity and hepatic steatosis, further supporting arole
for hepatocyte VLDLR in hepatic triglyceride accumulation.

Despite these findings, hepatocyte VLDLR upregulation does
not necessarily cause steatosis. For example, the drug fenofibrate
activates peroxisome proliferator-activated receptor-a (PPARx) to
increase hepatic VLDLR expression and also lowers plasma levels of
triglycerides and protects against hepatic steatosis”. This dissocia-
tion suggests that the metabolic fate of fatty acids depends on down-
stream pathways regulated by PPARa, including increasing fatty acid
oxidation and energy expenditure®®*’, Thus, hepatocyte lipoprotein
uptake alone does not determine hepaticlipid storage, and the balance
between uptake, oxidation and clearance is crucial. In conditions of
nutrient excess, triglyceride-rich remnants can overwhelmintracellular
handling in hepatocytes and contribute to steatosis®’.

LDL receptor-related protein 1. LRP1 is highly expressed in the
liver, where it cooperates with LDLR to clear plasma apoE-containing
lipoproteins®. Liver-specific LRP1 deficiency in mice fed a high-fat,
high-cholesterol diet results inincreased hepatic steatosis and inflam-
mation despite unchanged plasma lipid levels®, indicating a role for
LRP1in hepatic lipid homeostasis. In mice fed a high-fat diet, hepatic
LRP1inactivation also causes severe insulin resistance, dyslipidaemia
secondary to increased lipogenesis, reduced fatty acid oxidation and
impaired VLDL secretion, culminating in severe hepatic steatosis®.
Thus, expression of LRP1in hepatocytesis required to limit fat-induced
lipotoxicity, insulinresistance, hepatic steatosisand MASH. Conversely,
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Fig.2|Hepatic lipid uptake and processing pathways. The major receptors
that regulate hepatic lipid uptake and storage, thereby maintaining tissue and
systemic lipid balance, are shown. Triglyceride-rich lipoproteins (TRL) are

taken up primarily through the VLDL receptor (VLDLR), whereas LDL particles
are mainly recognized by the LDL receptor (LDLR). The LDL receptor-related
protein1(LRP1) also contributes to the clearance of LDL from the circulation.
After lipoprotein internalization, lipoprotein-derived lipids are hydrolysed in the

VLDL

lysosome to release free cholesterol (FC) and triglycerides. FC can be re-esterified
by Acyl-CoA cholesterol acyltransferase 2 (ACAT2; also known as sterol
O-acyltransferase 2) for storage in lipid droplets or incorporationinto lipoproteins.
The asialoglycoprotein receptor 1 (ASGR1) participates in LDLR endocytosis

and degradation, thus influencing hepatic lipid homeostasis. Heparan sulfate
proteoglycans are also involved in the uptake of lipoproteins by the liver.

CEs, cholesteryl esters.
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inmice fed a high-fat diet with cholesterol supplementation, a variant
in the distal NPxY motif of the LRP1 intracellular domain produces a
similar plasma lipid profile without hepatic steatosis, accompanied
by compensatory upregulation of LDLR in hepatocytes®*. These find-
ings highlight the functional redundancy among lipoprotein recep-
torsintheliver and support a protective role for LRP1 against hepatic
steatosis.

LDL receptor and PCSK9. LDLR and proprotein convertase
subtilisin/kexin type 9 (PCSK9) are closely connected with hepatic
steatosis, but the relationships are complex. Inmice, LDLR deficiency
worsens diet-induced hepatic steatosis accompanied by sustained
inflammation, apoptosis and fibrosis®. Steatosis itself can reduce
the expression of hepatic cell surface LDLRs and increase the circu-
lating levels of LDL cholesterol through an elevation in the circulat-
ing level of PCSK9 (ref. 66). Nevertheless, LDLR-deficient mice still
accumulate lipids in the liver when fed a high-fat diet®, indicating
that LDLR-mediated uptake is not required for diet-induced hepatic
steatosis and that alternative pathways participate.

Theroleofthe LDLRin the development and progression of MASLD
in humans remains unclear. Disorders that impair apoB-containing
lipoprotein secretion (such as pathogenic variants in APOB or MTTP)
protectagainst atherosclerotic CVD but promote hepatic steatosis and
eventually hepatic fibrosis®*®”. By contrast, familial hypercholesterol-
aemia, whichis characterized by defective LDLR function, is associated
with premature atherosclerotic CVD but typically not with MASLD®%°,
LDLR hasnot beenidentified in genome-wide association studies as a
causal or primary susceptibility gene for hepatic lipid accumulation,
unlike locisuchas APOB, PNPLA3 and TM6SF2 (ref.70). Moreover, phar-
macological upregulation of LDLR with statins or PCSK9 inhibitors has
notbeen associated with hepatic steatosis”, suggesting that increased
LDLR-mediated uptake of LDL alone does not promote hepatic lipid
accumulation.

Circulating levels of PCSK9 are often elevated in patients with
MASLD’>”® and can be associated with disease severity’”>”, although
correlations with steatosis severity or histological liver lesions are
inconsistent’. Although PCSK9 has been implicated in early stages
of MASLD, but not advanced MASH”’, the precise role of this protein
is likely to be more complex. PCSK9 can limit lipid uptake by down-
regulating platelet glycoprotein 4 (also known as CD36)5°%, By
contrast, PCSK9 deficiency promotes hepatic accumulation of free
cholesterol and cholesterol crystals and fibrosing steatohepatitis
and was shown to increase the predisposition to liver cancer in mice
fed a high-cholesterol diet®. Human genetic studies have provided
mixed findings in this respect. Some studies suggest that the PCSK9
LoF variant R46L is associated with ectopic lipid accumulation in
the liver® and heart®, whereas studies using data from large cohorts
(UK Biobank and US eMERGE Network) show no increase in the blood
levels of liver enzymes or the risk of MASLD with the same LoF PCSK9
variant®.Inalarge study conducted in Europe, individuals carrying the
R46L PCSK9variant had alower risk of steatosis and fibrosis compared
with non-carriers, independent of other genetic and metabolic risk
factors®. In addition, experimental data showed that PCSK9 overex-
pression in mice worsened MASLD and fibrosis when mice were fed a
high-fat, high-carbohydrate, high-cholesterol diet®. Whether these
effects reflect increased LDLR-mediated lipoprotein uptake by the
liver or LDLR-independent functions of PCSK9 remains unresolved.
Additionally, PCSK9 deficiency might impair 3-cell function and
insulin secretion®, potentially influencing hepatic lipid metabolism.

Whether the differences between genetically mediated PCSK9 defi-
ciency and pharmacological PCSK9 inhibition in the occurrence
of MASLD and MASH reflect the lifelong versus adult-onset inhibition
of PCSK9 remains to be established.

Ofnote, bothLDLR and LRP1depend on apoE for efficientinternali-
zation of lipoproteins®. ApoE-deficient mice develop more pronounced
hepatic steatosis and inflammation when fed chow or high-cholesterol
diets compared with wild-type animals®®. However, the interpretation
of this phenotype is complicated by the presence of severe hypercho-
lesterolaemiainapoE-deficient mice, making it difficult to separate the
relative contributions of increased lipoprotein uptake, impaired lipo-
proteinsecretionand hepatic lipid accumulation or de novo lipogenesis.
Increased hepaticlipoprotein uptake canmodulate de novo lipogenesis
by altering intracellular cholesterol levels and fatty acid-sensing path-
ways. Excess cholesterol uptake suppresses the processing and activity
of sterol regulatory element-binding protein 2 (SREBP2) and promotes
endoplasmicreticulum stress and oxysterol formation, which canindi-
rectlyincrease the activity of sterol regulatory element-binding protein
1c (SREBPIc) and the expression of genes related to lipogenesis®. Con-
versely, reduced cholesterolinflux or altered lipoprotein composition
might relieve the feedback inhibition on de novo lipogenesis.

Other pathways. Cholesterol-derived metabolites in the liver (oxys-
terols and bile acids) can activate the oxysterol receptor LXR (both
the aand 3 forms) and the bile acid receptor (also known as farnesoid
X-activated receptor), thereby promoting cholesterol removal via
efflux or bile. This mechanism might also benefit from reduced activity
of Acyl-CoA cholesterol acyltransferase 2 (ACAT2; also known as sterol
O-acyltransferase 2 and encoded by SOAT2).Indeed, ACAT2-mediated
esterification of cholesterol with fatty acids increases the availability
of cholesteryl esters for storage and formation of the lipid core of
chylomicrons and nascent VLDL, Deletion of Soat2 in mice reduces
lipid content in the liver” and facilitates the rerouting of cholesterol
to bile acids and fatty acids for oxidation®”. These findings support
theemerging conceptthatincreased lipid uptakein theliver does not
always result in hepatic steatosis. A clear example of this biological
mechanismis the activation of thyroid hormone receptor-f3 by resme-
tiromin the liver, which can reduce the levels of lipids both in plasma
andtheliver”. Resmetiromactivates multiple transcriptional programs
in hepatocytes that increase fatty acid B-oxidation, reduce de novo
lipogenesis, enhance mitochondrial function and upregulate LDLR
expression. These effectsreduce hepatictriglyceride content and lower
circulating levels of atherogenic lipoproteins®. In another example
in mice, adipose-specific MTP deficiency has been shown to increase
plasmalevels of triglycerides but does not cause hepatic steatosis*°.
These examples suggest thatincreased flux of lipidsin theliver canbe
metabolically neutral, or even beneficial, when matched by increased
oxidation and export pathways.

The soluble form of the asialoglycoprotein receptor 1 (ASGR1),
which is released after furin-mediated cleavage, is another protein
involved in the uptake of lipids and lipoproteins in the liver. This mol-
eculehasbeen proposedtoactasaligand for LDLR, limiting the uptake
of LDL particlesin a PCSK9-independent manner”. Individuals with a
LoF variant in ASGRI have a reduced risk of coronary artery disease”,
and ASGR1 deficiency resultsin less atherosclerosis in Apoe-knockout
mice”°°, However, AsgrI” Apoe™ mice have alterations in markers
of hepatic metabolism'°%'%", This finding suggests that, in the absence
of ASGR1, uptake of lipoproteins that do not contain apoE redirects
lipids to other pathways, which could affect hepatic metabolism
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independently of changes in lipid accumulation'®®'"", Proteoglycans
have also been shown to be involved in the uptake of lipoproteins
by the liver by helping to trap, bind and transfer the lipoproteins
to cellular receptors for clearance'®*'**, Potential limitations of all
these experimental findings are outlined in Box 1.

Genetic factorsrelated to lipoprotein metabolism

Several genetic and metabolic pathways areinvolved in the pathogen-
esisof triglyceride accumulationintheliver and in the progression from
MASLD to MASH and advanced liver diseases. The genetic contribution
to complex diseases such as MASLD could be between 30% and 50%%*.
Genesrelatedtolipid or lipoprotein metabolism, and the role of their
LoF or gain-of-function (GoF) variants, inlipid accumulation in hepato-
cytes canbe categorized according to the variant frequency and general
mechanisms leading to steatosis in the general population'® (Table 1).

Familial hypobetalipoproteinaemias. Biallelic LoF variants in MTTP
cause abetalipoproteinaemia (also known as familial hypobetalipopro-
teinaemia due to secretion defect1(FHBL-SD1)), and biallelic LoF vari-
ants in APOB cause homozygous familial hypobetalipoproteinaemia
(also known as familial hypobetalipoproteinaemia due to secretion
defect 2 (FHBL-SD2))**. Both are rare disorders characterized by the
absence or extremely low levels of apoB-containing lipoproteins, very
low plasmalevels of cholesterol and malabsorption of fat-soluble vita-
mins, leading to retinal degeneration, neuropathy and coagulopathy.
More than 75 nonsense and missense variants have been described in
MTTP, and rare nonsense and frameshift variants have been described
in APOB that result in early protein truncations, leading to apoB deg-
radation and impaired VLDL assembly and secretion®’. Consequently,
hepaticsteatosisis presentinboth diseases, and some data suggest that
liver fibrosis is present in 10% of these patients®®. Although nonsense
and frameshift variants are clearly pathogenic, missense variants in
MTTP, when present in homozygosity or compound heterozygosity,
must be tested experimentally for pathogenicity. Experimental data
show that the 30 C-terminal amino acids of the large subunit are cru-
cial for interaction with the smaller PDI subunit of MTP'°°, Moreover,
MTP crystal structure studies have suggested the existence of two
protein domains (B1-sandwich at the C-terminal and 32-sandwich at the
N-terminal), with different lipid transfer activities (triglycerides only,
phospholipids only or both)'””. Amino acids with large hydrophobic
side chains in the lipid binding domain are crucial for these transfer
activities'®®. Analysis of missense variants has suggested the possibil-
ity that selective inhibition of MTP functional domains could reduce
plasmalevels of lipids without causing triglyceride accumulationin the
liver'®%1°°, According to experimental data, missense variantsin MTTP
belong to two groups: variants that disrupt PDI binding and variants
that maintain PDIbinding. The latter group could be involved in lipid
transfer or in stabilizing the structure of MTP'* ™,

Heterozygous APOB variants are common and can cause a less
severe form of FHBL-SD2, the prevalence of whichis1in 700 to1in
3,000 people'. More than 70 truncating variants have been described
and cangenerate various types of truncated apoB forms from apoB2 to
apoB89.Individuals with heterozygous FHBL-SD2 are usually asympto-
matic, despite low plasmalevels of apoB and LDL cholesterol (typically
<30% of controls)"* Hepatic steatosis is very common in individuals
with heterozygous FHBL-SD2 due to the reduced ability of truncated
apoBformstoexporttriglycerides fromtheliver, and this defectis even
more pronounced in carriers of truncated apoB forms shorter than
apoB48 (ref. 67). Homozygous LoF APOB variants are associated with

Box 1| Limitations of in vitro and preclinical
studies on hepatic lipoprotein assembly
and lipid handling

Mechanistic insights into hepatic lipoprotein assembly and

lipid handling derive from in vitro systems, genetically modified
mouse models and human genetic and pharmacological studies.
However, model-specific and species-related differences in

hepatic lipoprotein metabolism should be acknowledged. In vitro
hepatoma cell lines (such as HepG2 or Huh-7) provide valuable
insights into apolipoprotein B (apoB) lipidation and endoplasmic
reticulum stress responses'®, but these cells lack physiological
lipoprotein flux, systemic metabolic regulation and inter-organ
crosstalk. Mice lack cholesteryl ester transfer protein, resulting

in a lipoprotein profile dominated by HDL rather than LDL, and
show differences in apoB editing and VLDL composition compared
with humans. These features influence hepatic lipid flux and
atherogenesis and could help to explain why PCSK9 or LDL receptor
deficiencies produce more severe hepatic phenotypes in the setting
of a high-cholesterol diet in mice than in humans®#'#4, Moreover,
complete germline deletion of Apob or Mttp is embryonically lethal
in mice (potentially due to impaired placental lipid transport)*#.
By contrast, in humans, biallelic loss-of-function variants in APOB
or MTTP result in hypobetalipoproteinaemia with variable degrees
of hepatic steatosis and fibrosis®**’. These differences highlight the
need for robust translational human genetic and clinical data.

severe manifestations, including malabsorption, vitamin deficiencies
and hepatic steatosis'”. The prevalence of hepatic steatosis is higher
in carriers of LoF variants in APOB than in the general population, as
is hepatic lipid content and the increase in liver transaminases in the
absence of insulin resistance®. Progression to steatohepatitis, cir-
rhosis and hepatocarcinoma has been described®. Pathogenic APOB
variants linked to heterozygous FHBL-SD2 are enriched in cohorts of
patients with hepatocarcinoma, and their presence can be used in a
geneticrisk score to predict hepatocarcinomaassociated with hepatic
steatosis'*. Moreover, co-segregation of a truncating APOB gene vari-
ant with MASLD, cirrhosis and hepatocarcinoma has been described
in anItalian family'. These data suggest that searching for LoF APOB
variants associated with FHBL-SD2 in individuals with hepatic steatosis
or hepatocarcinoma is useful for clinical surveillance of carriers and
their first-degree relatives"*'™. In carriers of APOB-truncating variants
that lead to short apoB proteins, intestinal absorption of lipids and
fat-soluble vitamins can be impaired, and some of these individuals
develop neurological manifestations later in life"*".

Interestingly, genetic variants leading to familial hypobetalipo-
proteinaemia duetoincreased lipoprotein catabolism (FHBL-EC1and
FHBL-EC2) are not associated with hepatic steatosis and are generally
asymptomatic®’. Homozygous FHBL-EC1, also known as combined
hypolipidaemia, occurs in the presence of LoF variants in ANGPTL3
andis characterized by low plasmalevels of apoB, apolipoprotein A-l,
LDL cholesterol, triglycerides and HDL cholesterol due to increased
hydrolytic activities of lipoprotein and endothelial lipases. Individu-
als with heterozygous FHBL-EC1 show a lower reduction in all types
of lipoproteins but still have hypolipidaemia. FHBL-EC2 is caused by
LoF variants in PCSK9. The heterozygous formis characterized by low
plasma levels of apoB and LDL cholesterol due to PCSK9 deficiency,

Nature Reviews Cardiology


http://www.nature.com/nrcardio

Review article

Table 1| Key gene variants associated with hepatic steatosis

Mechanistic Gene Type of variant Functional effect Association with hepatic steatosis and/or Refs.
category MASLD
Increased uptake APOE el allele Altered remnant clearance Modulates hepatic lipid uptake; variable 19
of fatty acids association with MASLD
APOH Multiple variants Modulates lipoprotein lipase activity Associated with hepatic steatosis in EWAS 119,120
CD36 Overexpression; variants Increased fatty acid uptake Promotes hepatic lipid accumulation in 78-80
experimental models
FABP1 Variants Altered intracellular fatty acid trafficking Associated with altered hepatic lipid 176
content
De novo GCKR Common variants Increased glycolytic flux, which increases Associated with hepatic lipid accumulation 177
lipogenesis de novo lipogenesis
GPAM Variants Increased triglyceride synthesis Associated with hepatic steatosis in EWAS 19
MBOAT7 LoF variants Altered phospholipid remodelling Associated with MASLD progression 178
PNPLA3 LoF-like variant (1148M) Impaired triglyceride hydrolysis in lipid Strongest common genetic determinant of 121
droplets MASLD and progression to liver fibrosis
Reduced CPTI1A Variants Reduced mitochondrial fatty acid oxidation ~ Associated with hepatic lipid accumulation 179
mobilization of
lipid droplets PNPLA2 LoF variant Impaired triglyceride hydrolysis Hepatic steatosis in rare disorders 180
or impai_red PNPLA3 LoF variant 1148M Reduced lipid droplet remodelling Increased hepatic triglyceride retention 121
B-oxidation
VLDL assembly APOB LoF (truncating) variant Impaired VLDL secretion Familial hypobetalipoproteinaemia; 67,
and secretion hepatic steatosis with fibrosis 1415
pathways - . . . . . .
FITM2 Deficiency in experimental Impaired VLDL lipidation Hepatic steatosis in mouse models 48
models
MTTP LoF variant Absent VLDL assembly Abetalipoproteinaemia; hepatic steatosis 67,
with fibrosis 106-111
PLA2G12B  LoF variant Reduced VLDL maturation Hepatic steatosis in mouse models and 51,52
in humans
TM6SF2 LoF variant (E167K) Impaired VLDL lipidation Increased hepatic fat content; reduced 46,122
plasma LDL cholesterol levels
Increased uptake LDLR GoF variant Increased LDL uptake Not associated with hepatic steatosis 181
of lipoproteins in humans
LRP1 Hepatic deficiency Impaired remnant clearance Steatosis and inflammation in mice 62-64
PCSK9 LoF variant Increased LDL receptor expression Mixed human data; severe phenotype 81-85
in knockout mice
VLDLR Overexpression Increased triglyceride-rich lipoprotein Promotes steatosis in mouse models 56

uptake

EWAS, exome-wide association study; GoF, gain-of-function; LoF, loss-of-function; MASLD, metabolic dysfunction-associated steatotic liver disease.

whichincreases the expression of LDLR on cell membranes and causes
hypocholesterolaemiaby increasing LDL catabolism. Individuals with
extremely rare biallelic LoF variants in PCSK9 have markedly reduced
levels of LDL cholesterol and apoB-containing lipoproteins but expe-
rience no adverse effects®*. A GoF LDLR variant resulting from a large
deletion of the 3’-untranslated region was identified in seven heterozy-
gous carriers fromasingle Icelandic family. This variant is characterized
by anapproximately twofold increasein LDLR surface expressionand a
decreaseincirculating levels of PCSK9 and LDL cholesterol. Carriers of

this variant are asymptomatic and show no signs of hepatic steatosis"®.

MASLD and progression to MASH. APOE and APOH, two other genes
related to lipoprotein metabolism, could influence MASLD develop-
ment and progression. An exome-wide association study showed a
robust negative association between the APOE rs429358 variant and
hepatic lipid content, with the presence of the variant preventing

steatosis'’. Theinvestigators speculated that this variant mightimpede

the clearance of plasma lipoproteins and the reuptake of lipids in the
liver'™. In the same study, a variant of APOH, encoding apolipopro-
tein H (apoH), was significantly associated with the development of
MASLD"™. ApoH binds lipoproteins and activates LPL, an enzyme that
hydrolyses triglycerides. In mice, downregulation of apoH has been
shown to exacerbate alcohol-induced hepatic steatosis and induce gut
microbiota dysbiosis through bile acid dysregulation'.
Geneticsusceptibility to MASLD is strongly influenced by variants
inother genes associated with lipids and lipoprotein biosynthesis, such
as PNPLA3 and TM6SF2. PNPLA3 encodes 1-acylglycerol-3-phosphate
O-acyltransferase PNPLA3, a lipid droplet-associated protein with
triglyceride hydrolase and acyltransferase activity'?. The PNPLA3
rs738409 (1148M) variant is the strongest common genetic determi-
nant of susceptibility to MASLD and progression to MASH, promoting
intrahepatic lipid retention through impaired triglyceride hydrolysis
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and altered lipid droplet remodelling™. As discussed in the sectionon
mechanisms, TM6SF2isinvolvedin VLDL lipidation and secretioninthe
endoplasmicreticulum. The TM6SF2E167K variant, which is most com-
moninindividuals of European ancestry, promotes hepatic triglyceride
retention by impairing VLDL secretion, often resulting in lower circulat-
ing levels of LDL cholesterol despite increased hepatic steatosis**'?,
Fromaclinical perspective, individuals carrying TM6SF2 variants that
impair VLDL export might becomeincreasingly susceptible to steatosis
when exposed to therapies that further reduce lipoprotein assem-
bly, whereas carriers of PNPLA3 risk alleles require closer monitoring
for fibrotic progression. Therefore, incorporating genetic profiling
into clinical evaluation can help to tailor lipid-lowering strategies
and improve personalized management of MASLD.

Together, the available genetic evidence suggests that genes
related to limiting lipoprotein synthesis are associated with increased
liver steatosis, whereas those related to increased lipoprotein uptake
do not lead to greater hepatic lipid deposition. This second observa-
tion suggests that lipids derived from lipoprotein uptake might be
redirected to other metabolic pathways rather than stored within
lipid droplets.
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Fig. 3| Molecular mechanisms of lipid-lowering therapies and their effects
on hepaticlipid metabolism. The main intracellular pathways targeted by
lipid-lowering agents and their effects on cholesterol, lipid and lipoprotein
metabolismin hepatocytes are shown. Agents that reduce VLDL production can
promote hepatic lipid accumulation. Lomitapide, an inhibitor of microsomal
triglyceride transfer protein (MTP), impairs VLDL assembly and secretion, leading
tointracellular triglyceride accumulation. Similarly, mipomersen, an antisense
oligonucleotide targeting APOB mRNA, decreases apolipoprotein B (apoB)
synthesisand VLDL secretion, leading to intracellular triglyceride accumulation.
By contrast, statins — which inhibit 3-hydroxy-3-methylglutaryl-coenzyme A
reductase (HMGCR), reduce cholesterol synthesis and increase LDL receptor
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Lipid-lowering therapies and hepatic steatosis
Elevated plasmalevels of lipids are widely accepted to be an additional
risk factorin patients with MASLD, and blood lipid reductionis recom-
mended to reduce cardiovascular risk. However, data on the benefits
of lipid-lowering therapies inimproving MASLD outcomes are mixed.
Most lipid-lowering therapies seem to be neutral and non-harmful in
patients with MASLD. However, whether pharmacological approaches
that decrease hepatic lipoprotein synthesis or increase hepatic lipo-
protein uptake could impair hepatic lipid metabolism and lead to
hepatic steatosis (Fig. 3) is a relevant clinical question. Given that
several lipid-lowering strategies with complementary mechanisms
of action are available'?, the question of which might be the most
safe and effective approach in patients with MASLD or MASH is even
more important.

Drugs that reduce hepatic lipoprotein synthesis

Therapeutic approaches that inhibit apoB or MTP, including mipom-
ersenand lomitapide, respectively, have been associated with hepatic
lipidaccumulation*°. Overall, the available evidence indicates that this
effectis typically dose dependent and potentially reversible.
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(LDLR)-mediated LDL uptake — do not promote hepatic lipid accumulation.

The sameis true for bempedoic acid, which acts upstream of HMGCR by inhibiting
ATP-citrate synthase (ACLY) and possibly also activating the peroxisome
proliferator-activated receptor-a and fatty acid oxidation, also resulting in
reduced cholesterol synthesis and increased LDLR expression. Neither is
hepaticlipid accumulation caused by proprotein convertase subtilisin/kexin
type 9 (PCSK9) inhibitors, which increase LDL clearance from plasma by
preventing LDLR degradation. Activation of thyroid hormone receptor-f

(THRP) by resmetirom modulates gene transcription in hepatocytes toimprove
mitochondrial function, increase B-oxidation and reduce de novo lipogenesis.
ER, endoplasmic reticulum; HMG-CoA, 3-hydroxy-3-methylglutaryl-coenzyme A.
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Mipomersen. This antisense oligonucleotide targets APOB mRNA
and substantially reduces the plasma levels of all atherogenic
apoB-containing lipoproteins, thereby lowering LDL cholesterol lev-
els independently of LDLR. Given its mechanism of action, mipom-
ersen can promote the development of hepatic steatosis. Analysis
of data from phase Ill trials showed a median 10% increase in the
hepatic lipid fraction measured using magnetic resonance imaging
with mipomersen from baseline, and this effect was reversible during
the post-treatment follow-up period™*. Treatment with mipomersen
beyond1year was found to stabilize hepaticlipid content, suggesting
compensatory adaptations in hepatic lipid metabolism'**. In another
study, histopathological evaluation of liver biopsy samples from seven
patients receiving mipomersen showed simple steatosis without necro-
inflammation or fibrosis'>. Of note, liver lipid content decreased after
discontinuation of therapy, supporting alargely reversible effect'*.

Lomitapide. This MTP inhibitor is used as an effective treatment of
homozygous familial hypercholesterolaemia. Lomitapide lowers the
plasmalevel of LDL cholesterolindependently of LDLR by reducing the
production of VLDL in the liver. However, because this drug decreases
lipid export from hepatocytes, lomitapide has the potential to induce
hepatic steatosis. Lomitapide therapy is associated with increased
hepatic lipid accumulation in some patients, although long-term reg-
istry data have not demonstrated consistent progression to advanced
fibrosis'?. Analysis of phase Ill trial data, together with findings from
the LOWER registry, confirmed the hepatic safety of lomitapide, withno
clinically relevantincreaseinliver biomarkers or hepatic stiffnessand no
consistent progression to advanced fibrosis over >9 years of follow-up'.
However, a 2025 case report on the use of lomitapide in a patient with
familial chylomicronaemia syndrome showed that, although the drug
was highly effective in lowering the plasma levels of triglycerides, it
caused a progressive worsening of lipid accumulationin the liver'”.
Drugs that increase hepatic lipoprotein uptake

Statins. The effect of statins onlipid accumulationintheliveris unclear.
Althoughnospecificclinical trialshave been conducted to investigate
this outcome, some evidence suggests aneutral effect of statinson the
blood levels of liver enzymes and a possible increase in the expression
of genes related to de novo lipogenesis®®'?, Interestingly, a registry
study from China showed that statin use was associated with reduced
MASLD progression onultrasonography inthose with anindication for
statintherapy’. The strongest associations were observed with longer
cumulative duration of therapy and in patients with alow-to-moderate
risk of atherosclerotic CVD"°. Regimens of moderate-intensity and
high-intensity statins demonstrate a protective association with the
risk of fibrosis progression in patients with MASLD treated in primary
caresettings™. Pooled data also show that statin use in individuals with
metabolic dysfunction was associated with alower prevalence of MASH
and liver fibrosis and might prevent MASLD'*,

Genetic variation in PNPLA3, a gene linked to susceptibility to
MASLD, seems to modulate the hepatic response to statin therapy
and might partly explaininterindividual heterogeneity in liver-related
outcomes'”. In this context, the pleiotropic hepatic effects of statins
(beyond plasma LDL-cholesterol lowering) mightinteract with PNPLA3-
dependent lipid-handling pathways. This reduced responsiveness to
statins could reflectamismatch betweenincreased hepatic lipoprotein
uptakeinduced by statins (via upregulation of LDLR) and dysfunctional
intracellular lipid utilization or mobilizationin carriers of PNPLA3 vari-
ants. When hepatocellular lipid partitioning isimpaired, anincreased

lipid influx might fail to reduce lipotoxicity or inflammation and could
blunt statin-associated improvements in steatosis, necroinflamma-
tion or fibrosis-related pathways. Conversely, when PNPLA3 function
is preserved, or the genetic background confers relative protection
against MASLD, statin use has been associated with more pronounced
liver-related benefits'*. Notably, carriers of the protective PNPLA3
genotypereceiving statins experienced amarked reductionin therisk
of hepatocellular carcinoma, with hazard ratios approaching a 70%
risk reductioninsome cohorts™*. These findings supportagene-drug
interaction, in which the hepatic metabolic milieu determines whether
statin-induced changes in lipid flux, inflammation and fibrogenesis
translate into clinically meaningful liver protection.

In normal physiological conditions, cholesterol delivered to
liver cells after LDL uptake (due to increased LDLR expression, such
as in patients treated with statins) could be converted to bile acids
or repackaged into VLDL. Other lipids (mainly triglycerides and fatty
acids) have amajor effect onintracellular lipid homeostasis and might
favour intracellular metabolic processes that reroute metabolites
within the liver. The rerouting of metabolites in the liver could apply
to other drugs that increase LDLR expression, such as bempedoic
acid or PCSK9 inhibitors, which increase lipoprotein and lipid uptake
inthe liver but have not been shown to significantly increase hepatic
lipid accumulation.

Bempedoic acid. Bempedoic acid targets key pathways involved
in hepatic lipid accumulation and inflammation and has a promis-
ing therapeutic role in MASLD™, By inhibiting ATP-citrate synthase,
bempedoicacid reduces de novo cholesterol and fatty acid synthesis,
potentially decreasing hepatic steatosis. In addition, activation of
5’-AMP-activated protein kinase might suppress gluconeogenesis and
lipogenesis and exert anti-inflammatory effects. Preclinical studies sug-
gest that these mechanisms canattenuate liver steatosis, inflammation
and fibrosis" "%, In addition, evidence suggests that bempedoic acid
interacts directly with PPARa to stabilize its active conformation and
increases fatty acid oxidation in hepatocytes and other cells™. This
mechanism is thought to contribute to attenuation of steatosis and
improve cardiovascular outcomes™. Given its established cardiovas-
cular benefits, bempedoicacid could offer dualadvantagesin patients
with MASLD, although dedicated clinical trials are needed to confirm
its efficacy and safety in this patient population.

PCSK?9 inhibitors. PCSK9 inhibition could exert a protective effect
in MASLD, particularly MASH, by promoting anti-inflammatory and
anti-fibrotic mechanisms in the liver. By increasing LDLR expres-
sion on hepatocytes, PCSK9 inhibitors promote the uptake of
neutrophil-derived extracellular vesicles enriched inthe microRNA miR-
223, which suppressinflammatory and fibrogenic gene expression'*’.In
addition, monoclonal antibodies targeting PCSK9 increase circulating
levels of PCSKO (ref. 141), which might inhibit the hepatic expression of
platelet glycoprotein 4 and reduce liver fat uptake.

Data from safety evaluation studies in patients treated with
anti-PCSK9 monoclonal antibodies or inclisiran (a small interfering
RNA (siRNA) targeting PCSK9 mRNA to inhibit hepatic production
of PCSK9) did not show differences in hepatic enzyme elevations
compared with placebo'**'*, Direct clinical evidence for changes in
liver steatosis with PCSK9 inhibitors is limited because cardiovascu-
lar outcomes trials of these agents (such as FOURIER and ODYSSEY
OUTCOMES)"**'* did not include routine quantitative liver imag-
ing substudies’. However, a randomized study of 40 patients with
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heterozygous familial hyperlipidaemia showed complete amelioration
of previously diagnosed MASLD and MASH after 1 year of treatment
withananti-PCSK9 monoclonal antibody (alirocumab or evolocumab),
with no signs of steatosis, inflammation or fibrosis and with improve-
ments in liver structure and function*®. Another study on the effect
of PCSK9 inhibitors (either alirocumab or evolocumab) in 26 patients
with MASLD and genetically confirmed familial hypercholesterolaemia
showed that those with alow plasmatriglyceride-to-HDL ratio experi-
enced greater reductionsin biomarkers of hepatic steatosis than those
who had a high triglyceride-to-HDL ratio'. Inaddition, aretrospective
study of 29 patients receiving PCSK9 inhibitor therapy (alirocumab or
evolocumab) showed that blood levels of liver enzymes decreased after
treatmentand that 8 out of 11 patients with confirmed MASLD achieved
complete resolution of hepatic steatosis as measured by radiological
parameters'*. These findings, reported in small patient populations,
highlight a crucial knowledge gap and underscore the need for specifi-
cally designed hepatic imaging studies to definitively determine the
effects of PCSK9 inhibition on liver lipid content. The effect of inclisiran
onliver lipid content remains to be addressed.

Ezetimibe. Ezetimibe inhibits intestinal (and possibly hepatic) cho-
lesterol uptake mediated by NPC1-like intracellular cholesterol trans-
porter 1, thereby robustly lowering plasma levels of LDL cholesterol
and reducing hepatic cholesterol influx'*’. However, studies in humans
show, at best, modest and inconsistent effects of ezetimibe onreducing
hepatic steatosis or the risk of MASH™°,

Triglyceride-lowering drugs

Fibrates. Fibrates and selective PPARx agonists lower plasma levels
oftriglycerides primarily by increasing lipoprotein lipolysis and fatty
acid oxidation. The hepatic effects of these agents seem to be context
dependent, and clinical data on fibrates in MASLD are heterogene-
ous. Preclinical models demonstrate clear anti-steatotic actions of
fibrates viaincreased B-oxidation and mitochondrial function™*2, In
addition, inastudyin 27 patients with MASLD and overweight or obe-
sity, fenofibrate resulted in a small increase in total liver lipid volume
compared with free omega-3 carboxylicacid, as assessed by magnetic
resonance imaging'>. A randomized, placebo-controlled study of
pemafibratein patients with high-risk MASLD showed no reductionin
liver lipid content over 72 weeks of treatment, although liver stiffness
decreased, suggesting that fibrates could exert an anti-inflammatory
oranti-fibrotic effect rather than limiting steatosis™*. Together, these
datashow that, although fibrates consistently reduce plasmalevels of
triglycerides, their effects on hepatic steatosis are modest and variable.

ANGPTL3 inhibitors. Monoclonal antibody-mediated inhibition of
ANGPTL3 with evinacumab seems to be hepatically safe™>"*®, although
no direct data on hepatic lipid fraction have been reported. The find-
ings from studies of gene-silencing therapies are mixed, with the first
drug developed (the antisense oligonucleotide vupanorsen; now dis-
continued) showinga dose-dependentincrease in hepaticlipid content
in patients with hyperlipidaemia™’. By contrast, a robust reductionin
hepaticlipid content hasbeen demonstrated for the siRNA solbinsiran
in patients with mixed dyslipidaemia®. Therefore, the available data
indicate that targeting ANGPTL3 improves the plasma lipid profile
withoutincreasing hepatic lipid deposition.

Omega-3 fatty acids. Omega-3 fatty acids (docosahexaenoic acid
and eicosapentaenoic acid) have been evaluated in multiple clinical

studies of patients with MASLD. Meta-analyses indicate that omega-3
fatty acid supplementation produces modest, but consistent, reduc-
tions in hepatic lipid content compared with control, particularly in
patients with hypertriglyceridaemia™’. However, improvements in
liver inflammation or fibrosis as assessed by histology have not been
consistently demonstrated. Importantly, high-purity eicosapentaenoic
acid formulations, such asicosapent ethyl, significantly reduce therisk
of cardiovascular events compared with placebo without evidence of
worsening liver function, supporting their hepatic safety in patients

with cardiometabolic disease'*°.

Incretin-based therapies

Glucagon-like peptide 1 receptor (GLP1R) agonists and dual gastric
inhibitory polypeptide (GIP)-GLP1R agonists have shown beneficial
effects on hepatic steatosis and cardiometabolic parameters. In a
phase Il trial in patients with biopsy-proven MASH, the GLP1R agonist
semaglutide significantly increased MASH resolution compared with
placebo and was associated with reductions in liver lipid content and
body weight, although improvementinliver fibrosis stage did not reach
statistical significance. Similarly, in the SYNERGY-NASH trial'®*, the
dual GIP-GLPIR agonist tirzepatide induced dose-dependent reduc-
tionsinliverlipid content and was associated with a higher incidence of
MASH resolution, with encouraging signals for reducingliver fibrosis,
compared with placebo. Beyond hepatic effects, both agentsimprove
atherogenic dyslipidaemia, producing reductionsin the plasmalevels
of triglycerides, apoB-containing lipoproteins and non-HDL choles-
terol, effects that are likely to be secondary to weight loss, improved
insulin sensitivity and reduced hepatic de novo lipogenesis'®*'**. Col-
lectively, these data suggest thatincretin-based therapies exert favour-
able effects on hepatic fat, cardiometabolic risk factors and potentially
fibrosis progression.

Indirect effects on hepatic de novo lipogenesis

Therapies that alter lipoprotein metabolism can indirectly modulate
hepatic de novo lipogenesis, thereby influencingintrahepatic triglyc-
eridebalance beyond their effects on VLDL secretion or LDL clearance.
Inhibition of apoB or MTP reduces VLDL export and canincreaseintra-
cellular lipid availability, potentially increasing de novo lipogenesis
through feedback activation of SREBP1c and endoplasmic reticulum
stress-mediated pathways®. Conversely, therapies that improve
hepatic insulin sensitivity or increase lipid disposal (such as GLP1R
agonists, PPARa agonists or thyroid hormone receptor-3 agonists)
reduce de novo lipogenesis by suppressing the transcription of lipo-
genicenzyme genes driven by SREBP1c and carbohydrate-responsive
element-binding protein, as well as promoting B-oxidation'*>'¢, Agents
thatreduceintracellular cholesterol flux, including statins and PCSK9
inhibitors, canalsoindirectly affect de novo lipogenesis through altered
sterol sensing and downstream transcriptional programmes'®’.

In mouse models, partial inhibition of the triglyceride trans-
fer activity of MTP reduces plasma levels of lipids without causing
steatosis'*®'®’, The microRNA miR-30c¢, which reduces hepatic MTP
expression, has been shown in mice to reduce de novo lipogenesis
and plasma levels of lipids and prevent atherosclerosis, without
causing steatosis”’°"2, miR-30c analogues have been synthesized
that enter liver cells via asialoglycoprotein receptor-mediated
endocytosis”’. One such analogue, C2, has been shown to reduce
plasma levels of apoB-containing lipoproteins in hyperlipidaemic
mice, non-human primates and mice with humanized livers, with-
out causing hepatic steatosis’*. Mechanistic studies showed that
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C2 reduces hepatic lipoprotein production, increases fatty acid
oxidation and diminishes triglyceride synthesis. Furthermore, C2
administrationinduced atherosclerosis regressionin Ldlr-knockout
mice fed a Western diet and increased faecal cholesterol excretion'*.
Thus, C2 seems to affect various metabolic pathways to reduce
hypercholesterolaemiawithout causing hepaticinjury and inflamma-
tory response. Whether these analogues reduce plasma cholesterol
levels without causing steatosis in humans remains to be determined
inclinical studies.

Knowledge gaps

Despite substantial advances in our understanding of the interplay
between hepatic lipid metabolism and dyslipidaemia, several mecha-
nisticand clinical questions remain unresolved. Addressing these gaps
is essential for the development of therapies that effectively reduce
the burden of both CVD and liver disease.

First, whether steatosis resulting from impaired VLDL secretion
confers the same long-term risk of liver fibrosis and inflammation
and hepatocarcinogenesis as metabolically driven MASLD is unclear.
Iftherapies with potential steatogenic effects are prescribed, clinical
monitoring should extend beyond the measurement of liver enzymes
inblood. Periodic, non-invasive assessment of fibrosis markers (such
asthefibrosis-4 test and transient elastography) and, where appropri-
ate, quantitative imaging of hepatic lipid content can help to distin-
guishreversible hepatic lipid accumulation from progressive fibrotic
remodelling. Whether therapy-induced hepatic steatosis translates
into long-term adverse outcomes, such as MASH, liver fibrosis or
hepatocellular carcinoma, remains unknown.

Second, the threshold at which inhibition of apoB or MTP shifts
from therapeutically beneficial lipid lowering to pathological lipid
retention in hepatocytes is uncertain. The various mechanisms
describedin this Review suggest that drug-induced steatosis associated
withinhibition of lipoprotein assembly is predominantly abiochemical
andimaging-defined phenomenonrather thanadriver ofinflammatory
or fibrotic liver injury.

Third, the mechanisms that enable increased hepaticlipid uptake
(such as LDLR upregulation) to occur without promoting steatosis in
some contexts remain incompletely defined. This uncertainty high-
lights the need to move beyond measurements of hepaticlipid content
towards biomarker-driven and flux-based approaches to evaluate
rates of de novo lipogenesis, VLDL secretion, fatty acid oxidation and
lipid uptake.

Finally, whether patients with pre-existing MASLD should avoid
specific lipid-lowering therapies remains an open clinical question.
Currently available data do not support systematic avoidance of agents
that target apoB or MTP in patients with mild hepatic steatosis, par-
ticularly when cardiovascular risk is high and alternative therapies
are insufficient. However, in individuals with advanced liver fibrosis
or active MASH, careful risk-benefit assessment is warranted. Con-
versely, therapies that increase LDLR expression (such as bempedoic
acid, PCSK9 inhibitors and statins) have not been associated with
clinically meaningful worsening of hepatic steatosis and might even
confer beneficial hepatic effects. Another potentially safer treatment
strategy for patients with MASLD would be to use combination therapy
toincrease fatty acid oxidation, reduce de novo lipogenesis or both.

Conclusions
The observations from animal and human studies summarized in this
Review demonstrate the importance of hepatic lipoprotein assembly

and secretion in maintaining normal physiological levels of hepatic
lipids. However, complete inhibition of lipoprotein production medi-
atedby apoB or MTPis consistently associated with hepatic triglyceride
accumulation. Therefore, future therapeutic strategies should aim for
balanced modulation, rather than complete suppression, of lipoprotein
assembly. Furthermore, combination therapies can be implemented
to prevent hepatic triglyceride accumulation.

Partial inhibition of lipoprotein assembly, preserving suf-
ficient lipid export to prevent steatosis while lowering circulating
apoB-containing lipoproteins, could be a successful strategy. The
concept of selectively modulating MTP activity or targeting APOB
expressionthrough liver-directed RNA-based therapiesillustrates this
principle. For example, hepatocyte-specific siRNA platforms targeting
ANGPTL3 reduce the circulating levels of lipids”*'”, and combining
these siRNAs with agents that increase hepatic lipid disposal could
mitigate the risk of liver steatosis.

Another strategy is the combined attenuation of lipoprotein
assembly and de novo lipogenesis. Mechanistically, this approach
couldinvolve pairing partial inhibitors of MTP or apoB synthesis with
agents that suppress SREBP1c-driven lipogenesis, ATP-citrate synthase
activity (such as bempedoic acid) or RNA-based therapeutics that
target lipogenic enzymes. By simultaneously reducing lipid synthesis
and limitinglipid export, intracellular lipid balance can be preserved.

Athird possible strategy is to reduce lipoprotein assembly while
increasing fatty acid oxidation to prevent steatosis. The combined
modulation of these pathways might be achieved using microRNAs
that regulate multiple genes involved in metabolism. As discussed
above, hepatic delivery of the miR-30c analogue C2 simultaneously
regulated at least three separate pathways in hepatocytes'*. This agent
reduces lipoprotein production by reducing the expression of MTP,
as well as reducing triglyceride synthesis and increasing fatty acid
oxidation. Surprisingly, C2 also increases faecal cholesterol excretion,
thereby affecting total cholesterol balance. Therefore, harnessing
microRNA-based therapies is a promising new approach, although
biomarker evaluation is essential in establishing the safety profiles of
these therapies.

Thyroid hormone receptor-3 agonists, such asresmetirom, which
were initially developed as lipid-lowering agents, provide proof of
concept thatincreasing hepatic -oxidation cansimultaneously reduce
plasma levels of lipids and intrahepatic lipid content®. Notably, this
mechanistic rationale ultimately led to resmetirom becoming the
first therapy to be approved by the FDA and the European Union for
the treatment of MASLD, highlighting the therapeutic convergence
between lipid modulationand the treatment of liver disease. Similarly,
pharmacological agents that enhance mitochondrial oxidative capac-
ity or act as mild mitochondrial uncouplers could offset intracellular
triglyceride accumulation induced by reduced VLDL secretion. Such
combinations could enable the lowering of plasma levels of lipids
without promoting steatosis.

Insummary, the treatment of dyslipidaemias needs to shift from
single-pathway inhibition towards complex metabolic modulation with
the goal of reducing circulating levels of atherogeniclipoproteins and
preventing intrahepatic lipid accumulation. Future clinical develop-
ment should prioritize liver-targeted, pathway-selective agents used
in combination. Such an approach could enable the simultaneous
treatment of atherosclerotic CVD and MASLD, addressing two major
cardiometabolic burdens with integrated therapeutic strategies.
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