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Summary
Metabolic dysfunction-associated steatohepatitis (MASH) is characterised by cell death of parenchymal liver cells
which interact with their microenvironment to drive disease activity and liver fibrosis. The identification of the major
death type could pave the way towards pharmacotherapy for MASH. To date, increasing evidence suggest a type of
regulated cell death, named ferroptosis, which occurs through iron-catalysed peroxidation of polyunsaturated fatty
acids (PUFA) in membrane phospholipids. Lipid peroxidation enjoys renewed interest in the light of ferroptosis, as
druggable target in MASH. This review recapitulates the molecular mechanisms of ferroptosis in liver physiology,
evidence for ferroptosis in human MASH and critically appraises the results of ferroptosis targeting in preclinical
MASH models. Rewiring of redox, iron and PUFA metabolism in MASH creates a proferroptotic environment
involved in MASH-related hepatocellular carcinoma (HCC) development. Ferroptosis induction might be a prom-
ising novel approach to eradicate HCC, while its inhibition might ameliorate MASH disease progression.
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Introduction
Metabolic dysfunction-associated steatotic liver disease
(MASLD), defined as the presence of steatosis in more
than 5% of hepatocytes, is the most common liver disease
worldwide affecting about 25–30% of the adult population
worldwide.1 This hepatic manifestation of the metabolic
syndrome is often limited to isolated steatosis. However, a
subset of MASLD patients (estimated at 1.5–6.5% of the
global adult population) suffers from metabolic
dysfunction-associated steatohepatitis (MASH), wherein
steatosis is accompanied by hepatocyte ballooning and
lobular inflammation which constitute the ‘necroin-
flammatory’ disease activity.1,2 MASH can lead to
advanced liver fibrosis which associates independently
with overall mortality.3 The field of clinical trials for
MASH is a very vibrant one, but the need for more
pharmacotherapeutic options persists and combination
therapy is the future for MASH cure.4

Necroinflammation with hepatocyte cell death de-
fines MASH and is a possible therapeutic target. Pre-
clinical models of this chronic liver disease indicate that
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cell death, followed by inflammation and compensatory
proliferation, is linked to the development of fibrosis,
cirrhosis, and hepatocellular carcinoma.5 The demise of
hepatocytes, as evidenced by the presence of DNA
strand breaks detected by terminal deoxynucleotidyl-
transferase-mediated deoxyuridine triphosphate nick-
end labelling (TUNEL), is well documented in human
MASH biopsy specimens but less prevalent in isolated
steatosis.6–9 Cell death was initially categorised as either
apoptosis, i.e. caspase-dependent cellular demise
without membrane permeabilisation, or the accidental
necrosis with loss of membrane integrity and release of
cellular content.10 In the last decades several types of
regulated necrosis have been discovered that use dedi-
cated pathways to execute membrane permeabilisation,
such as necroptosis, pyroptosis and ferroptosis.11

Although initially thought to be specific for apoptosis,
the TUNEL assay also detects these types of regulated
necrosis because after plasma membrane rupture
extracellular deoxyribonucleases enter to degrade DNA
in vivo.12–15 Several cell death modes occur in MASLD
livers but their importance is under debate.5 Reduced
apoptosis due to caspase 3 deletion in mice protected
against liver fibrosis in dietary-induced MASH.16
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Pan-caspase inhibitor emricasan, which targets
apoptosis as well as pyroptosis, did not improve liver
histology, but even tended to worsen lobular inflam-
mation and ballooning in MASH with grade 1–3
fibrosis.17–19 This might indicate that apoptosis and
pyroptosis are less important in MASH; alternatively,
inhibition of one type of cell death can induce a switch
to another form, as demonstrated in mouse livers
in vivo.20 Indeed, the ongoing presence of high serum
cytokeratin-18 fragments despite emricasan points to-
wards persistent cell death.19 In case of absence of
caspase-8 activity, some cell types can switch to nec-
roptosis, i.e. a necrotic cell death dependent on receptor
interacting protein kinase (RIPK) 3-mediated phos-
phorylation of mixed lineage kinase like.21 Part of the
cell death machinery of necroptosis is activated in im-
mune cells in MASH since RIPK proteins mediate
inflammation, but primary mouse hepatocytes are quite
resistant to necroptosis.22,23 Essentially, it is difficult to
discern the relative importance of the different cell
death modes present in MASLD.

At present another subtype of regulated necrosis
termed ferroptosis, executed by iron-catalysed peroxi-
dation of polyunsaturated fatty acids (PUFA) in mem-
brane phospholipids, is subject of intense research in
many chronic diseases. Decades of research support the
role of PUFA peroxidation in MASLD but the discovery
of ferroptosis has led to new therapeutic options. In this
review, we summarise the mechanisms of this necrotic
cell death and evidence for hepatic ferroptosis in human
MASLD. Ferroptosis targeting in preclinical models
suggests that this cell death has a detrimental role in
MASH, whereas ferroptosis induction in cancer cells
could constitute a new therapeutic strategy for MASH-
related hepatocellular carcinoma (HCC).
Ferroptosis, dying through iron-catalysed lipid
peroxidation
Metabolically active tissues such as the healthy liver
inevitably form reactive oxygen species (ROS). In dis-
ease, an increase in oxidative stress typically results in
Fenton reaction catalysed generation of hydroxyl radi-
cals (•OH), which can overrun the cellular anti-oxidant
capacity causing damage to biomolecules.24 Poly-
unsaturated fatty acids in membrane phospholipids (PL-
PUFA) are particularly prone to damage by •OH because
of their easily-extractable hydrogen atoms at the penta-
dienyl moiety. This will start a chain reaction of auto-
(per)oxidation, catalysed by labile, ferrous iron (Fe2+),
called lipid peroxidation (LPO), with the formation of
lipid hydroperoxides in phospholipids (PL-PUFA-
OOH).25–27 A small amount of unbound Fe2+ is present
in the cytosol of hepatocytes, estimated at some 5 μM.28

Oxidised phospholipids (oxPL) destabilise cell mem-
branes and break down into a myriad of oxidation
products including toxic electrophiles, such as
malondialdehyde (MDA) and 4-hydroxynonenal (4HNE)
(Fig. 1).25,26,29

For a long time the cell death caused by excessive
LPO was assumed to be apoptosis or accidental necro-
sis.30 However, Marcus Conrad and colleagues discov-
ered that deletion of selenoprotein glutathione
peroxidase 4 (GPX4), the only peroxidase able to detoxify
PL-PUFA-OOH into non-toxic lipid alcohols by means
of the reductant glutathione (GSH), causes a distinct
type of cell death.31 The same cell death was observed in
the lab of Brent Stockwell while screening for cytotoxic
compounds in RAS-mutant cancer cells.32 The small
molecule erastin was found to inhibit the cystin-
glutamate antiporter systemXc−, leading to GSH
depletion, resulting in necrotic cell death by lethal
accumulation of iron-dependent PL-PUFA-OOH. This
cell death was named ferroptosis and can be inhibited
with iron chelators and lipophilic radical trapping anti-
oxidants (RTAs), i.e. vitamin E and the synthetic
ferrostatin-1 and liproxstatin-1, which reside in the lipid
bilayer to dampen LPO.33,34 GPX4 was identified as the
downstream GSH-dependent protein whose inhibition
also leads to ferroptosis.35 Morphologically ferroptosis is
characterised by rounding up of the cells, shrunken
mitochondrial cristae and lysis of the plasma membrane
which leaves undisturbed nuclei as remnants, but how
LPO exactly leads to cell death through direct or
indirect mechanisms is still disputed.33,36–39 Next to the
GPX4-GSH-systemXc- axis and vitamin E, other
membrane-residing reductants were found to protect
against ferroptosis. Ubiquinol (reduced vitamin CoQ10)
and vitamin K are regenerated by ferroptosis-suppressor
protein 1 (FSP1).40,41 Another lipophilic reductant tetra-
hydrobiopterin (BH4) is synthesised by GTP cyclo-
hydrolase 1 (GCH1) and regenerated by dihydrofolate
reductase.42,43 These ferroptosis defences act in concert
with synergistic effects to counter lipid peroxidation in
health and disease (Supplementary Fig. S1).40,43 Ferrop-
tosis is accompanied by the release of intracellular
content, which does not occur in apoptosis where
apoptotic bodies are formed. Due to its distinct cell
death machinery, ferroptosis is morphologically and
biochemically distinct from apoptosis and other types of
regulated necrosis.44

Up till now LPO in ferroptosis was described as a
random process which affects all classes of membrane
phospholipids.45,46 Some studies postulate that LPO is an
enzymatic process, catalysed by the complex of 15-
lipoxygenase and phosphatidylethanolamine binding
protein 1 which oxidises specific regions of the omega-6
(n-6) PUFA arachidonic and adrenic acid incorporated
into one species of phospholipids (phosphatidyletha-
nolamine).47,48 The nature of LPO during ferroptosis, i.e.
enzymatic or not, remains under debate. Of note, GCH1
overexpression inhibited ferroptosis in vitro by prevent-
ing critical peroxidation of phosphatidylcholine (PC)
with two PUFA chains. Such double PL-PUFA occur in
www.thelancet.com Vol 102 April, 2024
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Fig. 1: Mechanism of lipid peroxidation leading to a myriad of oxidation products. In polyunsaturated fatty acids (PUFA) the carbon atoms
between two double bonds possess two weakly-bonded hydrogens atoms (bisallylic hydrogens). After the loss of 1 hydrogen atom and its
electron to a radical the PUFA, attached as the second tail of membrane glycerophospholipids (sn-2 position) (PL-PUFA) in lipid bilayers,
becomes a radical itself (PL-PUFA•). After a reaction with oxygen, the PUFA radical is transformed into a lipid peroxyl radical (PL-PUFA-OO•)
which attacks other PL-PUFA to generate lipid hydroperoxides (PL-PUFA-OOH) and a new PUFA radical (PL-PUFA•). The latter will start the
oxidation reaction anew in a positive feedback loop of auto-oxidation, called lipid peroxidation (LPO), which is a typical branched chain reaction
as defined by the Nobel prize winning scientist Nikolay Semenov. Through Fenton reactions ferrous iron (Fe2+) can transform the PL-PUFA-OOH
into a radical, thereby amplifying the peroxidation of PL-PUFA. Evidently, higher numbers of double bonds in PUFA species would be predicted
to enhance this non-enzymatic LPO. Alternatively, certain enzymes can oxidise PL-PUFA in specific locations. For example, after a shift in its
substrate preference by phosphatidylethanolamine binding protein 1 (PEBP1), the enzyme 15-lipoxygenase (15-LOX) can oxidise arachidonic
acid (AA) and adrenic acid (AdA) esterified to phosphatydilethanolamine (PE) to produce the ferroptosis death signal 15-hydroperoxy-eico-
satetraenoic acid (15-HpETE)-PE. Likewise, the enzyme cytochrome P450 oxidoreductase (POR) from the endoplasmic reticulum facilitates
ferroptosis as it releases hydrogen peroxide to drive LPO in the presence of Fe2+. Regardless of how the LPO reaction starts, lipid hydroperoxides
are unstable molecules and the addition of more oxygen can form PLs with combinations of hydroxides (e.g. hydroxy-octadecadienoic acids
(HODEs) and hydroxy-eicosatetraenoic acids (HETEs)), keto- and epoxy-group. Oxidation-induced de-esterification of one of the fatty acid
residues can lead to the formation of lysophospholipids (with only one fatty acyl tail) which are sensitive indicators of ferroptosis. Alternatively,
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very minute amounts in living cells (including liver
tissue) but might be the crucial drivers of ferroptosis.42,49

In essence, ferroptosis is cell death due to ‘biological
rusting’ of lipid membranes which ensues when LPO
overrides the ferroptosis defenses.50 Evidently, meta-
bolism of PL-PUFA, cytosolic Fe2+ and redox defences
(including GSH stores) influences the propensity to-
wards ferroptosis. For example, expansion of cytosolic
Fe2+ by excessive heme oxygenase-1 activity can lead to
non-canonical ferroptosis, thereby turning this cytopro-
tective enzyme into a driver of ferroptosis.45 Importantly,
peroxidation of PUFA roaming freely in the cytosol or
acylated to triglycerides is no trigger of ferroptosis.
Interestingly, PL-PUFA-OOH were detected in tumour-
associated neutrophils while these cells were not dead.51

This suggests cells may survive in vivo with ferroptotic
stress (at least some time) and approaches the boundary
between survival with LPO and the execution of
ferroptosis.

Most knowledge on ferroptosis was derived from
in vitro experiments and requires translation to normal
liver physiology. GPX4 is indispensable for the liver as
hepatocyte-specific deletion of GPX4 results in death by
48 h after birth, but survival was prolonged by vitamin E
supplementation.13,52 Moreover, postnatal hepatocyte-
specific knockout of GPX4 leads to spontaneous cen-
trolobular hepatocyte ferroptosis and subsequent death,
which is completely blocked by systemic application of
ferrostatin-analogue UAMC-3203.13,53 This indicates that
normal centrolobular hepatocytes endure baseline levels
of LPO which must not be allowed to accumulate to
toxic levels. Of note, hepatocyte GPX4 is under tran-
scriptional control of the nuclear receptor peroxisome
proliferator-activated receptor alpha (PPARα). A PPARα
agonist was able to restrain ferroptosis through GPX4
upregulation and reduced iron import.54 Other ferrop-
tosis defences seem redundant for normal liver physi-
ology. Solute carrier family 7 member 11 (SLC7A11) is a
subunit of the systemXc− whose whole body knockout
(leading to GSH depletion) does not cause spontaneous
hepatic ferroptosis, but sensitises mouse livers for iron
overload-induced ferroptosis.55 This implies that normal
hepatocytes rely on different sources of GSH as the liver
synthesises cysteine and GSH in the transsulfuration
pathway.56,57 Constitutional knockout of FSP1 has no
phenotype in mice, but sensitises animals for poisoning
with the vitamin K antagonist warfarin.53 Deficiencies of
the lipophilic BH4 are rare metabolic disorders which
oxidative fragmentation by beta-scission or Hock rearrangement can lea
chains such as acrolein, malondialdehyde (MDA), 4-hydroxynonenal (4H
derived from LPO of n-6 PUFAs, whereas 4HHE is a product of n-3 PUFA
changes and breakdown mechanisms, as well as combinations thereof, o
identifiable with mass spectrometry using in-house optimised workflows
lipid peroxidation with cytotoxic effects by binding to other biomolecules
of amino acids lysine, histidine and cysteine residues, thereby perturbing
are not related to hepatocyte damage.58 In healthy livers
PL-PUFA integrity is mainly ensured by GPX4 under
basal levels of LPO, but this steady-state may change in
MASLD.
Signatures of ferroptosis in MASLD patients
Decades of research into LPO provide evidence for fer-
roptosis in MASLD, but specific detection of this cell
death in vivo can be challenging, as summarised in
Supplementary Box 1. The majority of evidence comes
from IHC and the TBARS assay, but mass spectrometry
yielded interesting results (Table 1 and Supplementary
Table S1). All studies agree that hepatic MDA (on the
TBARS assay) is increased in MASH patients compared
to lean controls, but this is not always the case for iso-
lated steatosis.59–61 In one study hepatic MDA correlated
with higher histologic inflammation, ballooning and
systemic insulin resistance.61 The ferroptosis executor
oxidised phosphatidylcholine (oxPC) was detected in
cellular membranes of ballooned hepatocytes, the lipid
droplet rim of macrovesicular steatotic hepatocytes and
macrophages in MASH specimens.62,73 The presence of
oxPC in MASLD specimens was confirmed with another
antibody.63 Several oxPC positive hepatocytes display
DNA strand breaks indicating ongoing cell death.62

These findings interrogate our understanding of the
ballooned morphology of hepatocytes, which could
constitute undead hepatocytes damaged by LPO that
contain small lipid droplets.74,75 In fact, the accumulation
of intracellular lipid vacuoles was observed in other cell
types during ferroptosis in vivo, which originate from
the endoplasmic reticulum.36,76 Concerning IHC for
4HNE adducts, these markers of ferroptosis are
increased in MASLD (hepatocytes and sinusoidal cells)
compared to controls.62,64–66 Regarding their topography,
LPO breakdown products are mainly present in the
pericentral region in MASH.64,67

To our knowledge, the gold standard for the detec-
tion of ferroptosis, i.e. oxidative phospholipidomics, was
never used to examine MASLD liver tissue, but other
mass spectrometry studies provide interesting clues.
Ooi et al. found decreasing amounts of three PL-PUFA
species and increases in their corresponding lysoPL at
increasing steatosis grades. Isolated steatosis specimens
displayed lower PL-PUFA compared to controls.68 This
points towards a signature of LPO (both isolated stea-
tosis and MASH) and/or reduced PUFA formation in
d to truncated oxidised phospholipids (oxPL) and shortened carbon
NE) and 4-hydroxyhexenal (4HHE) among others. 4HNE is mainly
s. Importantly, due to multiple possible sites of oxidation, types of
ne PL-PUFA species can give rise to a myriad of oxidation products,
. MDA and 4HNE are the most well-studied breakdown products of
. 4HNE (and other reactive electrophiles) typically cause carbonylation
protein functions.
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Method Number of patients Study findings Refs

TBARS MASH: n = 35
Isolated steatosis: n = 15
Lean controls: n = 10

Higher MDA in MASH and isolated steatosis compared to controls. Higher MDA in MASH than in isolated steatosis. 59

MASH: n = 53
Isolated steatosis: n = 51
Controls: n = 88

Significant increase in hepatic MDA in MASH compared to isolated steatosis. 60

MASH: n = 34
Isolated steatosis: n = 18
Overweight controls: n = 16

Higher MDA in MASH compared to controls. MDA correlates with histological inflammation, ballooning, waist circumference. 61

IHC MASH: n = 32
Isolated steatosis: n = 15
Normal controls: n = 11

Increased OxPC positivity and 4HNE adducts in isolated steatosis and MASH versus controls. oxPC in membranes of ballooned
hepatocytes correlates with necroinflammatory disease activity and fibrosis.

62

MASLD: n = 25
MASLD with F4: n = 3
Controls: n = 25

oxPC positivity in MASH and cirrhosis, but not in isolated steatosis or controls. Higher oxPC positive area in F1,2 and 4 livers,
compared to F0 livers.

63

MASH: n = 17
Isolated steatosis: n = 23
Overweight controls: n = 7

4HNE adducts in hepatocyte cytoplasm and sinusoidal cells in MASH. 4HNE adducts occur mostly in centrolobular region and
correlate with fibrosis and necroinflammation.

64

MASLD: n = 21
Controls: n = 5

Hepatocyte intracytoplasmic 4HNE adducts in MASLD, absent in normal livers. No correlation with MASH disease activity, fibrosis,
ALT or BMI. Oral vitamin E reduced 4HNE adducts on paired biopsies.

65

MASLD: n = 90
Controls: n = 13

Increased hepatic 4HNE adducts in MASLD compared to controls. 4HNE adducts associate with histological ballooning, lobular
inflammation and fibrosis in MASLD.

66

MASLD: n = 24
Controls: n = 6

MDA adducts in centrolobular hepatocytes in MASLD but not in controls. MDA adducts correlate with steatosis, inflammation and
fibrosis. MDA adducts are present in periportal sinusoidal cells when hepatic iron is increased.

67

MS MASH: n = 16
Isolated steatosis: n = 110
Obese controls: n = 50

Decreasing PL-PUFA (but increasing PL-SFA and PL-MUFA) with increasing steatosis. Lower PC-, PE- and PI-PUFA in isolated
steatosis compared to controls. Increasing lysoPC/-PE/-PI with increasing steatosis.

68

MASH: n = 9
Isolated steatosis: n = 9
Controls: n = 9

Increased absolute amounts of lysoPC in MASH compared to controls. Decreased PC-AA in MASH compared to controls. 69

Cirrhotic: n = 20
MASH: n = 20
Isolated steatosis: n = 17
Controls: n = 31

Increased lysoPE in isolated steatosis compared to controls. Increased 15-HETrE and 12-HETE in isolated steatosis compared to
controls.

70

MASLD: n = 23
Controls: n = 23

lysoPC and lysoPE increased in MASLD compared to controls. 71

MASH: n = 9
Isolated steatosis: n = 11
Controls: n = 2

PL zonation disturbed and 13- & 9-HODE increased in MASH compared to isolated steatosis. 13-HODE associates with histological
inflammation.

72

4HNE: 4-hydroxy-2-nonenal; 9-HODE: 9-hydroxyoctadecadienoic acid; 12-HETE: 12- hydroxyeicosatetraenoic acid; 13-HODE: 13-hydroxyoctadecadienoic acid; 15-HETrE: 15- hydroxyeicosatrienoic acid;
AA: arachidonic acid; ALT: alanine aminotransferase; BM: body mass index; MDA: malondialdehyde; MS: mass spectrometry; oxPC: oxidised phosphatidylcholine; lysoPLs: lysophospholipids; PC:
phosphatidylcholine; PE: phosphatidylethanolamine; PI: phosphatidylinositol; SFA: saturated fatty acid.

Table 1: Hepatic ferroptosis signatures in human MASLD.

Review
this chronic liver disease to avoid ferroptosis. The in-
crease in hepatic lysoPL species in MASLD was also
reported by others.69–71

Another hint towards the role of hepatic ferroptosis
in MASLD is the efficacy of nature’s premier RTA in
this disease, i.e. vitamin E. A total of 15 randomised
clinical trials (RCT) were conducted to test the effect of
vitamin E on MASH, as summarised elsewhere.77 Most
cohorts were relatively small, with the largest (PIVENS)
trial reporting that once daily oral 800 IU of vitamin E
for 96 weeks reduced transaminases and histological
abnormalities on follow-up liver biopsies, but only 43%
of patients reached the criteria of histological response.78

The beneficial effect of vitamin E could stem from its
RTA activity. Indeed, four weeks of vitamin E treatment
reduced the amount of 4HNE-adducts on follow-up liver
www.thelancet.com Vol 102 April, 2024
biopsies assessed by IHC.65 Collectively, data from RCTs
indicate that vitamin E reduces transaminases and
ballooning, less so in diabetic patients, but lacks anti-
fibrotic capacities.79 Given that vitamin E is a relatively
weak ferroptosis inhibitor, more pronounced effects on
MASH histology could be expected from stronger lipo-
philic RTAs.80
Ferroptosis in MASLD microenvironment and
gut–liver axis
Upon membrane permeabilization, ferroptotic cells
release different danger-associated molecular patterns
(DAMPs), such as oxPL and truncated oxidised lipids.81

Ferroptosis can propagate in vitro to neighbouring cells,
as well as in an ex vivo kidney tubule model and in the
5
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tailfin of zebrafish, possibly through release of LPO
products.39,82,83 The role of oxPL and their breakdown
products is well known in the MASH microenviron-
ment. The lab of Joseph Witztum showed that oxPC
induced mitochondrial dysfunction (with ROS produc-
tion) in primary mouse hepatocytes accompanied by a
drop in the cytosolic reductant NADH.63 OxPC can
hyperactivate dendritic cells and macrophages via their
CD14 receptor.84 In the setting of viral infections oxPL
induce pro-inflammatory cytokine production by mac-
rophages via toll-like receptor 4 signalling.85 Ether-linked
oxPL released by neutrophils can mediate neutrophil
extracellular trap (NET) formation, thereby promoting
more inflammation.86 Likewise, the oxidised PUFA
linoleic acid impaired mitochondria in hepatocytes
leading to apoptosis.87 In a MASH mouse model, trun-
cated oxPC species inhibited mitochondrial oxygen
consumption leading to lipid droplet formation in he-
patocytes.88 As ligands of PPARα, the LPO products can
influence lipid metabolism of neighbouring cells.89

These studies illustrate how oxPL can promote stea-
tosis and cell death of hepatocytes, but they can also
rewire the bioenergetics of hepatic stellate cells to
commence extracellular matrix synthesis.63,88,90 As rem-
nants of the LPO process, lysoPL from ferroptotic cells
may damage neighbouring cells since these toxic mes-
sengers cause ER stress and cell death of primary hu-
man hepatocytes.91,92

The electrophiles 4-HNE and MDA, released during
ferroptosis, are known to have detrimental effects in
MASH. Chen et al. confirmed that electrophiles in fer-
roptotic cells can modify over 400 endogenous proteins,
possibly impairing their function.93 Endogenous defences
against electrophiles exist such as AKR1C1, which can be
induced by 4HNE in hepatocytes.94 Alternatively, cells can
detoxify electrophiles through conjugation with GSH but
this route is impaired during ferroptosis.95 High 4HNE
levels cause disturbances in calcium homeostasis and
acute cytoskeletal damage in primary hepatocytes.29

Compared to other cell types, hepatocytes are relatively
resistant to 4HNE, but it is unknown whether this is also
true for steatotic, damaged hepatocytes.29,66 Indeed, 4HNE
induces stress response pathways such as c-Jun N-ter-
minal kinase (JNK) activation96 and Akt signalling in he-
patocytes, subsequently resulting in lipid droplet
accumulation and insulin resistance.96–98 Hence, electro-
philes could act as toxic second messengers of ferroptosis
that induce steatosis and cell death in neighbouring he-
patocytes. Moreover, 4HNE avidly forms adducts with
nucleic acids and interferes with DNA repair mecha-
nisms thereby promoting HCC carcinogenesis.99,100 The
same electrophile activates quiescent hepatic stellate cells
via direct interaction with JNK isoforms, as does MDA via
the proliferation inducer c-myb.101,102 Conversely, in pre-
clinical liver fibrosis models a subset of ceroid macro-
phages was found which takes up MDA and suppresses
fibrogenesis.103 This suggests that the liver has
endogenous mechanisms to counter the fibrotic effect of
electrophiles.

Evidence is mounting for the release of cyclo-
oxygenase (COX) and lipoxygenase (LOX) products by
ferroptotic cells. Depletion of GPX4 and GSH increases
the available hydrogen peroxide, resulting in higher
COX and LOX activities which explain the increased
prostaglandin E2 levels in the skin of mice after
keratinocyte-specific GPX4 deletion.35,104,105 Prosta-
glandin E2 is elevated in MASLD livers and has an
immunosuppressive effect.106 This illustrates that fer-
roptosis may not have a straightforward pro-
inflammatory effect. Indeed, in classical vaccination
studies with immunocompetent mice ferroptotic cells
failed to elicit T lymphocyte-driven adaptive immunity,
meaning that ferroptosis cannot be considered an
immunogenic cell death.107,108 In-depth studies with cells
in early or late stages of ferroptosis indicate that the
ferroptotic cell corpses themselves diminish cytotoxic
CD8+ T cell proliferation, despite the release of proin-
flammatory ATP and high-mobility group box 1
(HMGB1).108 Perhaps ferroptosis does not have to meet
the criteria of immunogenic cell death to be detrimental
in MASH. Dudek and colleagues recently described a
subset of ‘auto-aggressive’ cytotoxic T cells that can be
activated by metabolic DAMPs such as acetate and ATP
from dying hepatocytes.109 It would be conceivable that
the DAMPs from ferroptotic hepatocytes hyperactive
this subset of CD8+ T cells. The relation of ferroptosis
and necroinflammation continues to be debated, as
reviewed elsewhere.110 For instance, during neuro-
inflammation activation of epigenetic regulator C9a
repressed anti-ferroptotic genes and triggered ferropto-
sis in neurons.111 It is unknown whether inflammation
also promotes ferroptosis in a positive feedback loop in
MASLD. Overall, the findings above suggest that
recurring bouts of ferroptosis with DAMPs release
promote steatohepatitis and fibrogenesis in this chronic
liver disease (Fig. 2).

The liver microenvironment cannot be studied
without taking into account the gut–liver axis. Multiple
preclinical models have demonstrated that MASLD
initiation and progression are driven by intestinal dys-
biosis and gut-derived mediators such as lipopolysac-
charide (LPS) and ethanol.112,113 Moreover, the gut
microbiome can promote or inhibit ferroptosis in the
intestine and liver. For instance, LPS induced hepatic
ferroptosis in mouse models of acute liver injury, in part
through promotion of the 15-lipoxygenase/phosphati-
dylethanolamine binding protein 1 complexes.48,114,115

However, ferroptosis inhibition did not improve acute
liver injury in a polymicrobial sepsis model.13 Through
their metabolites gamma amino-butyric acid and cap-
siate, certain species of intestinal bacteria can inhibit
ferroptosis in ischemia-reperfusion injury of the liver
and gut, respectively.116,117 The microbiome regulates the
gut–liver axis through effects on bile salt metabolism
www.thelancet.com Vol 102 April, 2024
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Fig. 2: Proposed model how ferroptosis drives the components of MASLD. Ferroptotic hepatocytes release a multitude of danger-associated
molecular patterns (DAMPs) in the MASLD microenvironment. The breakdown products of lipid peroxidation, oxidised phospholipids (oxPL)
affect the mitochondrial bioenergetics of neighbouring hepatocytes, possibly via their agonistic effect on peroxisome proliferator-activated
receptor α (PPARα). The truncated oxPL are responsible for lipid droplet induction and, hence steatosis and ballooning in other hepato-
cytes. In fact, ballooned hepatocytes are loaded with oxPL in their membranes, but their fate is unclear. Some ballooned hepatocytes produce
Sonic Hedgehog protein (Shh) which acts as an autocrine pro-survival factor for undead hepatocytes and promotes fibrogenesis via induction of
myofibroblasts. The latter also display the scavenger receptor CD36 which leads to fibrogenesis after binding with oxPL. Oxidised forms of the
PUFA linoleic acid induce hepatocyte apoptosis, while certain species of oxidised phosphatidylcholine (oxPC) hyperactivate macrophages via
their CD14 receptor. Oxidised phosphatidylethanolamine on ferroptotic cells serves as an eat-me signal for macrophages, but it is uncertain
whether this happens in MASLD. Self-propagating waves of ferroptosis have been observed which pass from one cell to its neighbours. It is
unclear whether this also occurs in MASLD livers. Next, lysophospholipids (lysoPL) can induce ER stress and apoptosis in hepatocytes in a
concentration-dependent manner. The group of reactive electrophiles includes 4HNE which forms adducts with proteins from other MASLD
players. Hepatocytes under metabolic pressure from overnutrition are more sensitive for the detrimental effects of 4HNE, which includes
hepatocyte insulin resistance and more steatogenesis. The same electrophile can activate hepatic stellate cells via c-Jun NH2-terminal kinase
activation, while MDA can be stored in macrophages as a cytoplasmic autofluorescent ceroid pigment. Waves of hepatic ferroptosis with DAMPs
release could promote all histological aspects of MASLD, including disease activity and fibrosis, even though this cell death is not immunogenic
and pro-inflammatory in every context. Indeed, metabolites such as ATP and acetate can activate the subset of auto-aggressive T cells recently
discovered in MASLD. The latter induce cell death of hepatocytes in an in a major histocompatibility complex-class-I-independent fashion.

Review
and glycochenodeoxycholate was shown to promote
ferroptosis in MASLD.118 The effect of intestinal dys-
biosis on ferroptosis in MASLD merits further research
and may depend on the precise nature of the alterations
in gut microbiota.

Ferroptosis targeting in preclinical MASLD
models
Ferroptosis modulation in preclinical in vivo models
helps elucidate the role of this cell death type in MASLD
livers (Table 2 and Supplementary Table S2). The most
used ferroptosis inhibitors are lipophilic RTAs, such as
vitamin E, ferrostatin-1 (Fer-1) and liproxstatin-1 (Lip-1).
The latter compete with phospholipids and yield a
radical that does not propagate the chain reaction.
Importantly, natural phenols (including vitamin E)
confer little protection against ferroptosis, while the
synthetic Fer-1 and Lip-1 are more potent ferroptosis
inhibitors due to advantageous dynamics in the lipid
www.thelancet.com Vol 102 April, 2024
bilayer.131,132 Most studies report about the effects of Fer-
1 and Lip-1, although Fer-1 is hardly suitable for in vivo
studies due to rapid inactivation in plasma.80,82 Never-
theless, hepatic MDA decreased after chronic treatment
with Fer-1 or Lip-1, leading to reductions in steatosis,
lobular inflammation and fibrosis in choline-deficient
models as well as dietary models wherein animals
exhibit features of the metabolic syndrome.119–122 In
addition, ferroptosis inhibition reduced hepatic expres-
sion of pro-inflammatory cytokines such as interleukin-
1 beta, tumour necrosis factor alpha and monocyte
chemoattractant protein-1.119,120,133 Importantly, oxidative
phospholipidomics revealed the presence of lipid hy-
droperoxides in steatotic livers of mice after only 6
weeks of high-cholesterol high-fat diet, which is a strong
indication for hepatic ferroptosis in these models.134

Moreover, global GPX4 haploinsufficiency aggravated
steatosis in a high-fat high-sucrose model of metabolic
syndrome alongside increased hepatic 4HNE adducts.135

More in-depth studies employed endogenous
7
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Intervention Rodent model Study findings Refs

RTA 3w MCD diet 3w preventive Fer-1 (daily ip 5 mg/kg) or Lip-1 (daily ip 5 mg/kg) reduce hepatic LPO and prevent steatohepatitis
and fibrosis.

119

10d MCD diet 10d RSL3 (daily ip 10 mg/kg) increases histological abnormalities of MCD, while preventive Lip-1 (daily ip 10 mg/kg)
prevents it. Preventive deferoxamine (daily ip 100 mg/kg) prevents histological abnormalities of MCD and RSL3-
mediated exacerbation in MCD.

120

16w high-fat high-fructose diet Increased hepatic GPX4, FSP1, GSH and TfR1 in mice on high-fat high-fructose diet. Therapeutic Lip-1 (daily ip
10 mg/kg) during last 4 weeks reduces bodyweight gain, dyslipidaemia, hepatic MDA, steatosis and MASLD activity
score in mice.

121

18w high-fat high-fructose diet Therapeutic Lip-1 (daily ip 10 mg/kg) reduces hepatic MDA and 4HNE adducts, coinciding with reduced steatosis,
improved insulin resistance and liver fibrosis. Therapeutic deferiprone (daily ip 100 mg/kg) only mildly reduces
hepatic inflammation.

122

oxPC
scavenging

30/48w AMLN model
Streptozotocin + 4w high-fat diet
4w CCl4 model

CCl4 mice model and Ldlr−/− mice on AMLN or streptozotocin-high fat diet display increased hepatic and serum
oxPC. Neutralisation of oxPC reduces hepatic oxPC, TUNEL positivity, ALT, steatosis and MASH activity score,
fibrosis, as well as number and size of MASH-related HCC.

63

16w high-chol. diet Steatotic livers from hyperlipaemic Ldlr−/− mice on high cholesterol diet contain oxPC. Mice expressing Endogenous
variable fragments of E06 reduce hepatic oxPC and steatosis.

123

6/20w FPC +4.2% sugar water Hepatocyte-specific expression of variable fragments of E06 in mice on FPC for 6w reduce steatosis, ALT and plasma
truncated and full-length oxPC species. Hepatocyte expression of E06 variable fragments for 14w in mice on FPC for
20w reduces ALT, hepatic lipid droplet size and liver fibrosis, without effect on insulin resistance.

88

8w atherogenic diet IgM antibodies against oxPC reduce hepatic inflammation after 8w of atherogenic diet, without effect on steatosis
and fibrosis.

124

3w high-fat high-chol. Diet IgM antibodies against oxPC reduce hepatic inflammation after 3w of high-fat high-chol. diet, without effect on
steatosis and fibrosis.

125

HSC
ferroptosis

BDL Preventive erastin and sorafenib for 2w reduce liver fibrosis in mice with BDL. Erastin and sorafenib induced
ferroptosis in HSC cell lines via increased ferritinophagy by ZFP36 dependent mechanism.

126

BDL Erastin-induced ferroptosis of HSC cell lines partly depends on the BRD7-p53-SLC25A28 axis. Erastin in vivo reduces
fibrosis.

127

CCl4 Erastin-induced ferroptosis in HSC attenuated liver fibrosis and depends on post-translational modifier m6A. 128

CCl4 and BDL In an acute CCl4 liver fibrosis model, erastin induces HSC ferroptosis and reduces fibrosis. In the acute setting primary
hepatocytes are resistant to erastin. In chronic liver fibrosis models erastin exacerbates liver fibrosis due to the
induction of ferroptosis.

129

Iron dextran RSL3-induced ferroptosis in primary HSC induced fibrogenic gene expression. Chronic iron overload induced
ferroptosis in hepatocytes and HSC which initiate fibrogenesis.

130

ALT: alanine aminotransferase; AMLN, Amylin liver MASH model (high-fat, high-fructose, high-cholesterol); atherogenic diet, 21% milk fat and 0.2% cholesterol; BDL, common bile duct ligation model;
CCl4: carbon tetrachloride; d, days; Fer-1: ferrostatin-1; FPC, Fructose palmitate cholesterol diet; FSP1: ferroptosis-suppressor protein 1; GPX4: glutathione peroxidase 4; GSH: reduced glutathione; HCC:
hepatocellular carcinoma; ip: intraperitoneal; Ldlr−/−: low-density lipoprotein receptor; Lip-1: liproxstatin-1; MCD: methionine- and choline-deficient diet; RSL3: RAS-selective lethal 3; TfR1: transferrin
receptor 1; TUNEL: terminal deoxynucleotidyl-transferase-mediated deoxyuridine triphosphate nick-end labelling; w: weeks.

Table 2: Ferroptosis targeting in experimental MASLD.
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production of an IgM antibody (clone E06) which scav-
enges oxPC in MASLD models. The variable fragments
of E06 reduced steatosis, MASH disease activity and
liver fibrosis, without altering the upstream metabolic
drivers of MASLD.63,88,123 It is unknown whether such an
antibody inhibits ferroptosis or merely counters the
spreading of oxPC.

With regards to (MASLD-induced) liver fibrosis, the
induction of ferroptosis in hepatic stellate cells was
hypothesised to be a new anti-fibrotic strategy since
their trans differentiation into myofibroblasts is crucial
for fibrogenesis.136 Several studies present conflicting
results on this topic. Remarkably, erastin and sorafenib
in vivo had a very specific ferroptosis-inducing effect on
HSCs (but not on hepatocytes) in carbon tetrachloride
and bile duct ligation models of fibrosis, contrary to
another study where erastin exacerbated diet-induced
MASH.120,126–128 Indeed, Du and colleagues found that
inhibition of systemXc− in a chronic liver fibrosis model
caused ferroptosis of HSC and hepatocytes leading to
exacerbated fibrosis.129 The selective induction of
ferroptosis in one cell type of the liver might prove
challenging given the overall detrimental role of this cell
death in MASLD. Therefore, caution is warranted when
attempting to induce ferroptosis in HSC since that may
temporarily increase their fibrogenic gene expression,
while ferroptosis in HSC and primary hepatocytes pro-
moted liver fibrosis during chronic iron overload.130

Moreover, the studies mentioned above did not study
liver fibrosis in the context of MASLD.

Metabolism links ferroptosis to MASLD
Ferroptosis is fundamentally intertwined with redox
metabolism and availability of Fe2+ and PL-PUFA. Al-
terations in these three metabolic pathways in MASLD
explain the increased ferroptosis sensitivity.

Redox metabolism in MASLD
Increased ROS production by certain subcellular or-
ganelles in MASLD could be the starting point for he-
patic LPO, which can propagate in endoplasmic
reticulum (ER) membranes and eventually reach the
www.thelancet.com Vol 102 April, 2024
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plasma membrane.137,138 For example, ex vivo high-
resolution respirometry revealed that dysfunctional he-
patic mitochondria in human MASH have lower
maximal respiration compared to isolated steatosis,
leading to an increased H2O2 leakage and LPO.139 Under
chronic metabolic stress, the unfolded protein response
in the ER becomes maladaptive. Indeed, in vivo accu-
mulation of unfolded proteins in hepatocyte ER causes
oxidative stress mediated hepatocyte cell death in mouse
livers.140 Ferroptosis in MASLD will be facilitated by
decreased activity of the GSH-GPX4 axis or a drop in
lipophilic antioxidants. In a small Japanese study he-
patic vitamin E levels were higher in a steatotic livers
(from many aetiologies) compared to normal livers,
possibly through sequestration of this lipophilic vitamin
in lipid droplets.141 This remains to be confirmed in
larger cohorts. Moreover, changes occur in the central
GPX4-GSH axis with lower hepatic GPX4 levels in a
small cohort of MASH patients compared to controls
with normal liver histology.142 The activity of the GPX4
protein depends on the availability of hepatic GSH,
which is lowered in human MASH and isolated stea-
tosis compared to controls.59,143 Mass spectrometry
revealed lower hepatic concentrations of reduced and
oxidised glutathione with a relative deficiency of reduced
GSH in a modestly sized cohort of steatotic livers
compared to controls.71 However, some researchers
have doubts about the lack of GSH in MASLD livers,
since the liver is well endowed with GSH via the
transsulfuration pathway.56 Metabolomics studies argue
that hepatic GSH is only diminished in a subset of
MASLD patients, together with decreased S-adenosyl
methionine and impaired VLDL secretion.144,145 To our
knowledge no efforts were made to measure the hepatic
levels of other lipophilic antioxidants, i.e. CoQ10,
vitamin K and BH4, in MASLD.

Iron deregulation in MASLD
Free cytosolic Fe2+ is essential for the ferroptosis since it
catalyses Fenton mediated hydroxyl radical production
as well as LPO. The amount of Fe2+ can rise through the
degradation of ferritin complexes in hepatocytes,
directed by nuclear receptor coactivator 4 (NCOA4), in
the process termed ferritinophagy.146 To our knowledge,
hepatocyte Fe2+ levels have not been assessed in human
MASLD liver specimens by mass spectrometry, but iron
deregulation is present in this chronic liver disease.147

Increases in hepatic iron stores, assessed with the
Prussian blue stain (mostly ferritin iron), were found in
25–35% of European and North American MASLD pa-
tients.148–150 Iron accumulation usually displayed a mixed
pattern with deposition in hepatocytes and sinusoidal
cells.150 In the largest cohort macrophage iron overload
correlated with the presence of MASH and advanced
fibrosis, although others contested this.149,151 Recently,
the term ‘dysmetabolic iron overload’ was coined for
high hepatic iron accumulation in MASLD, which is
www.thelancet.com Vol 102 April, 2024
caused by inappropriately high hepcidin levels during
chronic inflammation.152 Enlarged adipose tissue in
obesity can become an ectopic source of this hormone,
while hepatocyte hepcidin secretion is induced by ER
stress.153,154 MASLD patients with macrophage iron
accumulation displayed higher MASLD activity score
and more TUNEL positive foci in their livers compared
to the parenchymal pattern or no iron overload. In
addition, MASLD patients with some form of hepatic
iron overload displayed a signature of some hepatocyte
necrotic cell death in their serum, although the identity
of this cell death was not elucidated.8 It is conceivable
that ferroptosis plays a role in the subset of MASLD
patients with hepatic iron overload.

These observations raise questions about the inter-
action of the iron-handling macrophages and ferropto-
sis. As reviewed by Yang et al., iron storage could make
macrophages prone to ferroptosis and they could be
activated by mediators from ferroptotic cells via their
advanced glycosylation end-product specific receptor
and toll-like receptor 2.155 In MASH, resident Kupffer
cells are depleted through an unspecified cell death
while monocyte-derived macrophages infiltrate the liver
to form phagocytosing lipid-associated macrophages in
crown-like structures around steatotic hepatocytes.156–158

Macrophages can phagocytose dying ferroptotic cells
that express species of oxidised phosphatidylethanol-
amine as eat-me signals, possibly explaining the pres-
ence of oxPC in macrophages in human MASH.62,159

Alternatively, macrophages themselves can commit to
non-canonical ferroptosis due to erythrophagocytosis
with haem degradation.45,160 However, in vitro polar-
isation of macrophages to a pro-inflammatory pheno-
type renders these cells insensitive to GPX4 loss.161

Increased inducible nitric oxide synthase in pro-
inflammatory macrophages interferes with the pro-
ferroptotic effect of 15-lipoxygenase, thereby explaining
why these cells are unlikely to succumb to ferroptosis
pressure.162 It remains to be elucidated how precisely the
different macrophage subtypes relate to ferroptosis in
MASH with iron overload.

The question remains whether the mild-to-modest
hepatic iron accumulation in MASLD could enhance
ferroptosis. Several recent reports shed light on this
question. Hepatocyte-specific deficiency of the iron
chaperone protein poly (rC) binding protein 1 (PCBP1)
increased hepatocyte labile iron (through increased fer-
ritinophagy) and PL-PUFA-OOH on oxidative phos-
pholipidomics. This illustrates that the loss of control
over the hepatocyte free Fe2+ leads to ferroptosis, which
promotes the steatosis and portal inflammation in
PCBP1-deficient mice (without obesogenic diet).163 Un-
der pressure from saturated fatty acid palmitate, hepa-
tocytes increase their free Fe2+, which is a cofactor to
incorporate this toxic lipid in inert lipid droplets. Thus,
the influx of palmitate, highly abundant in the plasma of
MASLD patients, led to steatotic hepatocytes that are
9
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more prone to ferroptosis through increased ferriti-
nophagy.164 In spite of these preclinical findings, not
much is known about ferritinophagy in human MASLD,
except for a reported increase in hepatic NCOA4
expression at the transcriptional level in obese pa-
tients.165 Interestingly, agonism of PPARα and over-
expression of its target gene FGF-21 protect hepatocytes
from iron-overload induced ferroptosis in mice.54,166

PUFA-phospholipid metabolism in MASLD
Membrane lipid bilayers consist of PL that contain two
fatty acid tails.167 PL-PUFA are formed through contin-
uous removal of acyl tails and replacement with PUFA
in the so-called Lands’ cycle.168 Mammals do not possess
the enzymatic machinery for de novo synthesis of PUFA
meaning that dietary PUFA intake is important for PL-
PUFA which constitute the ‘fuel’ for ferroptosis.167

Increased PL-PUFA content in membranes sensitises
cells for this cell death, whereas increased PL-MUFA
prevents ferroptosis.169,170 One enzyme from the Lands’
cycle, lysophosphatidylcholine acyltransferase 3
(LPCAT3), has great affinity for the incorporation of
PUFA into PL after their activation by acyl-CoA synthase
long-chain 4 (ACSL4).171,172 Hepatic ACSL4 expression is
elevated in MASH and isolated steatosis compared to
controls, thereby promoting PUFA esterification into
cell membranes and ferroptosis.173–176 Hepatocyte-
specific deletion ACSL4 and pharmacological inhibi-
tion reduced steatosis and liver fibrosis in preclinical
MASLD due to increased mitochondrial respiration, and
rendered hepatocytes resistant to LPO.174 However,
acute adenoviral-mediated knockdown of hepatocyte
ACSL4 in mice on high-fat diet caused decreased he-
patocyte lipid export and aggravated insulin resis-
tance.177 Of note, thiazolidinediones (such as
pioglitazone) can inhibit ACLS4 independent from their
PPARγ agonistic effect.178 It would be tempting to
speculate that part of the effect of pioglitazone on
MASLD stems from an anti-ferroptotic effect.79

Hepatocyte-specific deletion of LPCAT3 has unwanted
effects as it leads to decreased VLDL secretion and
(limited) steatosis.179 Interestingly, ACSL4 and LPCAT3
are (in part) regulated by the nuclear receptor PPARδ,180
while PUFA themselves are ligands of all three isotypes
of PPAR, albeit with a varying affinity.181 In this way,
PUFA form a feedback control loop by regulating lipo-
genesis and beta oxidation and PL-PUFA are inter-
twined with the entire liver lipid metabolism.

Regardless of how the regulatory enzymes change,
lipidomics studies report a decreased proportion of n-6
on omega-3 (n-3) PUFA (on the total amount of hepatic
fatty acids), an increased n-6/n-3 ratio and deficit in very
long-chain PUFA.61,68,69,182–185 This suggests that cells
lower the substrate for ferroptosis to avert this cell death
or could indicate that long-chain PUFA are consumed in
LPO. For instance, during CCl4-induced liver fibrosis,
high levels of MDA occur in the centrolobular area
accompanied by a gradual drop in PUFA content of PC.
This consumption of PL-PUFA reduced membrane
fluidity of centrolobular hepatocytes (leading to ER
stress and cell death).186 The concept that increased PL-
PUFA in hepatocytes would sensitise for detrimental
ferroptosis raises questions since dietary n-3 PUFA
supplementation has been tested as a treatment for
MASH.187,188 Indeed, it is commonly assumed that n-3
PUFAs are beneficial since they are transformed into
anti-inflammatory mediators while the opposite is true
for n-6 PUFAs.189 This apparent paradox could be solved
by considering the relation between dietary PUFA
intake and PL-PUFA content of hepatocytes. Elegant
dietary studies in rats showed that intake of different
PUFA does not greatly influence the types of fatty acids
esterified to hepatocyte membrane PL, as opposed to the
lipid composition of plasma and adipose tissue. The
only exception is the balance of n-6/n-3 PUFA in he-
patocyte PLs which correlates well with the dietary ra-
tio.167,190,191 Hence, dietary PUFA intake could improve
MASLD without increasing PL-PUFA content of hepa-
tocytes and their propensity towards ferroptosis. In the
end, the balance between MUFA and PUFA in cell
membranes might not be so important for hepatic fer-
roptosis, as a critical mass of (double) PL-PUFA may
suffice for ferroptosis.192

Ferroptosis induction in MASH-related HCC
Recently, immunotherapy has become first-line therapy
for HCC, but the MASH-related form of this cancer may
respond less favourably to this treatment, mandating the
search for other therapeutic options.193 Ferroptosis in-
duction is a promising new strategy for cancer treat-
ment as some tumours are sensitive to synthetic
ferroptosis inducers.194 Indeed, many cancer cells
upregulate systemXc− for GSH supply to avoid sponta-
neous ferroptosis, while this membrane antiporter is
dispensable for normal cells.195 Sun et al. showed that
hepatoma cell lines and xenografts are susceptible to
ferroptosis due to systemXc− inhibition.196 The multi-
kinase inhibitor sorafenib, used for HCC, induces fer-
roptosis via systemXc− inhibition, although others could
not confirm this.197–199 SLC7A11 (a subunit of sys-
temXc−) is upregulated in human HCC tumours
compared to adjacent non-tumour tissue, especially in
advanced HCC, and associates with increased HCC
metastasis.200,201 4HNE levels are lower in HCC speci-
mens compared to surrounding non-tumour tissue,
especially in HCC of Barcelona Clinic Liver Cancer class
C.202 4HNE staining was even weaker in radiotherapy-
resistant HCC lesions because of reduced ferrous iron
and increased SLC7A11 and GPX4.203,204 More evidence
suggests human HCC enhance their ferroptosis de-
fences such as FSP1.205 The mitochondrial translocator
protein, upregulated in HCC with adverse prognosis,
protects against ferroptosis through upregulation of the
NRF2 pathways.206 Human HCC samples downregulate
www.thelancet.com Vol 102 April, 2024
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tumour-suppressor glutamine synthase 2 (a promotor of
ferroptosis in HCC cell lines) which allows for more
HCC tumour growth.207 Likewise, HCC with a poor
prognosis display higher levels of TAK1, an activator of
NF-κB and JNK signalling, to promote ferroptosis
avoidance.208,209 Moreover, heightened tumoral lactate
induces ferroptosis resistance in an HCC xenograft
model due to lipid bilayer remodelling (PL-PUFA
reduction).210 Indeed, most HCC tumours display a
reduction in PL-PUFA of several classes and an increase
in lysophospholipids.211,212 Of note, these findings relate
to HCC in general without differentiation for the sub-
class of MASH-related HCC.

Based on their dependence of systemXc− and GPX4,
HCC cancer cells are prone to elimination by synthetic
ferroptosis inducers. Their effect can be amplified by
PUFA or ferrous iron supplementation to the cancer. As
proof of concept, transarterial or intratumoral adminis-
tration of nanoparticles containing PUFA docosahexae-
noic acid induced ferroptosis in syngeneic and xenograft
HCC models leading to marked tumour regression.213,214

Optimisation of the coating of nanoparticles enabled the
delivery of iron and induction of ferroptosis in a panel of
cancer cells.215 However, the induction of ferroptosis in
cancer will affect both the cancers cells as well as the
tumour microenvironment. For example, hepatocyte-
specific deletion of GPX4 caused cell death of malignant
hepatocytes in a mouse model of transposon-mediated
HCC, but failed to attenuate tumour growth. Instead,
ferroptosis in the HCC lesions induced infiltration of
CD8+ T cells and myeloid-derived suppressor cells. The
combination of ferroptosis inducer withaferin A with an
inhibitor of myeloid cell recruitment or anti-PD-1 anti-
bodies reduced tumour growth in this HCC model and
improved survival.216 It remains to be seen how HCC
embedded in the unique MASH microenvironment
would respond to ferroptosis inducers. In transposon-
mediated HCC in steatotic livers the compound FSP in-
hibitor selectively induced ferroptosis in tumour cells,
leading to an influx of M1 macrophages, dendritic cells
and T cells through chemoattractants, with improved
survival. This animal model greatly resembles a subset of
human HCC, although other mouse models of MASH-
related HCC are available.205,217 The presence of ferropto-
sis was detected in two other MASH-relatedHCCmodels,
i.e. streptozotocin and high-fat diet and ER stress-prone
MUP-uPA mice on high-fat diet.218,219

The complex relation between ferroptosis and
inflammation in the tumour microenvironment was
studied in other cancer types. For example, CD8+ T cells
activated by immune checkpoint inhibitors orchestrate
cancer cell ferroptosis through the release of interferon
gamma.220,221 Importantly, unselective ferroptosis in-
duction in cancer cells and immune cells could
compromise the anti-tumour immune response of the
tumour microenvironment. Uptake of AA by tumour-
associated CD8+ T cells via CD36 predisposes them to
www.thelancet.com Vol 102 April, 2024
ferroptosis and dampens immune surveillance.222 The
development of compounds that selectively degrade
GPX4 in cancer cells, but not in the tumour microen-
vironment, released HMGB1 to attract CD8+ T cells and
enhance anti-tumour response.223 Interleukin-9 renders
subsets of CD8+ T cells resistant to ferroptosis and helps
selective ferroptosis induction in cancer cells.224

Conversely, caution is warranted as immunosuppres-
sive ferroptotic neutrophils were found in the tumour
microenvironment of several human cancer types. In
the same study ferroptosis inhibition (instead of in-
duction) synergised with immune checkpoint inhibition
to limit tumour growth (Fig. 3).51 The interplay between
ferroptosis and inflammation will influence whether
ferroptosis induction would be beneficial for HCC.
Different HCC models can be used to induce ferroptosis
in tumour cells, but studies with immunocompetent
mice are more appropriate to elucidate the interplay
with inflammation.

In the search for biomarkers to guide HCC therapy,
several studies have explored the prognostic value of
ferroptosis-related genes at the mRNA level and relation
to immune cell infiltration. For instance, based on genes
related to metal binding, haem processing and redox
balance, a high risk groups were identified in patient
samples from The Cancer Genome Atlas and Interna-
tional Cancer Genome Consortium with reduced overall
survival and increased tumour mutational burden.225–227

This subgroup of HCC tumours could be susceptible
to immune checkpoint inhibition, and perhaps ferrop-
tosis induction. The prognostic and therapeutic value of
these multigene signatures in HCC needs to be validated
in prospective studies, considering the aetiology of HCC.

On the other hand, ferroptosis in MASH might also
have a procarcinogenic role. Grube et al. observed a
reduction in HCC tumour growth in hepatocyte-specific
ACSL4 knockout animals subjected to hepatocarci-
nogens. Since ACSL4 deletion is expected to reduce
hepatocyte ferroptosis, this suggests that ferroptosis
drives HCC progression.218 Similarly, an effector of ER
stress ATF4 reduced ferroptosis in MASH as well as
HCC development.219 Moreover, scavenging of oxPC
with endogenous E06 led to a reduction of HCC lesions
in mice exposed to the Amylin Liver NASH diet.63 These
studies (summarized in Supplementary Table S3) indi-
cate that ferroptosis in MASH promotes MASH-related
HCC, albeit evidence is mostly indirect, while these
tumours avoid ferroptosis once they are established.
This cancer type might be amenable to ferroptosis in-
duction and more research is needed to explore fer-
roptosis induction in MASH-related HCC.
Outstanding questions
• The ultimate proof of ferroptosis occurrence in
MASLD is still lacking. The detection of PL-PUFA-
OOH using oxidative lipidomics or spatial
11
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Fig. 3: Strategies to unleash ferroptosis on metabolic dysfunction-associated steatohepatitis-related hepatocellular carcinoma. After
their malignant transformation, hepatocellular carcinoma (HCC) cancer cells establish multiple mechanism to avoid spontaneous ferroptosis.
Upregulation of the SLC7A11 subunit of systemXc−, partly under the control of NRF2, provides cancer cells with a proliferation advantage due to
greater GSH reserve. Reduced labile iron and increased SLC7A11 and GPX4, mediated by reduced suppressor of cytokine signalling 2 (SOCS2),
confer resistance against radiotherapy-induced ferroptosis. An effector of ER stress activating transcription factor 4 (ATF4), upregulated in
MASH and HCC tissue, was found to promote SLC7A11. Likewise, the mitochondrial translocator protein (TSPO), upregulated in HCC cases with
poor prognosis, reduces ferroptosis sensitivity in HCC mouse through upregulation of the NRF2 pathways. Human HCC samples increase FSP1
expression and downregulate tumour-suppressor glutamine synthase 2 (GLS2) (a promotor of ferroptosis in HCC cell lines) which allows for
more HCC tumour growth. HCC with an adverse outcome display higher levels of mitogen-activated protein kinase kinase 7 (TAK1), an activator
of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) and c-Jun NH2-terminal kinase (JNK) signalling, which would lead to
less hepatocyte ferroptosis. Moreover, heightened tumoral lactate, present in many cancers due to aerobic glycolysis, induces ferroptosis
resistance in an HCC xenograft model due to lipid bilayer remodelling (more PL-MUFA, less PL-PUFA). Despite their inherent ferroptosis
resistance, HCC xenografts in rodents can be sensitised through supplementation of PL-PUFA or Fe2+ via nanoparticles (NPs) which promote
more lipid peroxidation (LPO). After this sensitisation step, ferroptosis inducers (FINs) from different classes may efficiently induce lethal cell
death through iron-catalysed LPO. However, elimination of HCC cancer cells by ferroptosis may not lead to straight-forward tumour regression,
since these dying tumour cells interact with the immune cells in of the tumour-microenvironment. For example, the ferroptosis inducer
withaferin A reduced tumour growth in an HCC model, but induced the expression of programmed death-ligand 1 (PD-L1) on other HCC cells
and attracted myeloid derived suppressor cells. These changes in tumour immunology countered the tumour regression by ferroptosis in-
duction. However, combination of the ferroptosis inducers with anti-PD-1 immunotherapy enhanced the anti-tumour effect. More research is
needed in the context of MASLD, where the presence of auto-aggressive CD8 T cells may pose extra challenges. Indeed, caution is warranted as
immunosuppressive neutrophils with a gene signature of ferroptosis were found in several human cancer types. In mouse models such tumour-
associated neutrophils contained PL-PUFA-OOH, indicating the commitment to ferroptosis, and secreted prostaglandin E2 (PGE2) and oxidised
phosphatidylethanolamine (oxPE) that downregulated the anti-tumour T cell response. Ferroptosis inhibition (rather than induction) therefore
synergised with immune checkpoint inhibition to limit tumour growth in those models.
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lipidomics in human MASLD liver tissue could
clarify this.228,229

• Which cell type(s) undergo ferroptosis in MASLD
livers. Advances in intravital liver microscopy will
help monitor ferroptotic cells in preclinical MASLD
models, identify the exact cell type to which they
belong, and elucidate their interaction with the
neighbouring cells.230
www.thelancet.com Vol 102 April, 2024
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Search strategy and selection criteria

A literature search was performed on PubMed with the
following search terms from 1990 until November 2023:
“Steatosis”, “metabolic dysfunction-associated
steatohepatitis”, “metabolic dysfunction-associated
steatotic liver disease”, “ferroptosis”, “lipid hydroperoxides”,
“lipid peroxidation”, “glutathione peroxidase”, “Non-
transferrin bound iron”, “labile iron”, “ferrous iron”, “redox
active iron”, “catalytic iron”, “glutathione”, “cysteine”,
“cystine”, “systemXc−”, “polyunsaturated fatty acids”,
“phospholipids”, “hepatocellular carcinoma”. Only original
research papers published in English were reviewed. The
final reference list was selected based on originality and
relevance to the scope of this review.
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• Treatment directed at inhibition of hepatic ferrop-
tosis might be insufficient when upstream drivers,
such as adipose tissue dysfunction and gut dysbiosis,
are not addressed.231 A possible role for ferroptosis in
the metabolic syndrome per se remains to be inves-
tigated. This differs from ischemia-reperfusion
injury for example, where ferroptosis inhibitors
help hepatocytes survive the acute insult, while no
continuous disease drivers are present.

• Ferroptosis is a promising anti-cancer treatment, but
the effect of ferroptosis induction on HCC in the
MASH microenvironment needs to be carefully
examined as this will determine the net effect of
ferroptosis modulation.
Conclusion
The presence of different types of hepatocyte cell death
is a hallmark of human MASH, but their (relative)
importance as therapeutic targets remains to be
explored. The evidence summarised here pinpoints an
important role for ferroptosis in MASLD pathogenesis.
In normal liver physiology, the GPX4-GSH axis (fed by
the transsulfuration pathway) is indispensable to pre-
vent spontaneous hepatocyte ferroptosis. In MASLD
ferroptosis defences are altered and eventually over-
ridden by LPO, as evidenced by the presence of execu-
tors of ferroptosis (oxPC) in hepatocytes and sinusoidal
cells, the drop in PL-PUFA and rise in lysoPC, as well as
the rise in ferroptosis breakdown products.

Hepatic ferroptosis seems to have a detrimental role
in MASLD as the DAMPs released can drive all com-
ponents of MASLD. More ferroptosis inhibitors
continue to be developed with improved pharmacoki-
netic and–dynamic properties, often based on the
backbone of the lipophilic RTAs such as Fer-1 and Lip-
1.80 Chronic administration of improved inhibitors in
MASLD models will shed more light on the therapeutic
potential of ferroptosis in MASLD.
ww.thelancet.com Vol 102 April, 2024
Lastly, ferroptosis induction has been explored as a
possible new treatment strategy for HCC. These tu-
mours rewire their metabolism to avoid ferroptosis.
Finding exactly which ferroptotic brake mechanisms are
upregulated in each patient with HCC will provide tar-
geted treatment strategies and pave the way for preci-
sion oncology.
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49 Ščupáková K, Soons Z, Ertaylan G, et al. Spatial systems lipidomics
reveals nonalcoholic fatty liver disease heterogeneity. Anal Chem.
2018;90:5130–5138.

50 Hassannia B, Van Coillie S, Vanden Berghe T. Ferroptosis: bio-
logical rust of lipid membranes. Antioxidants Redox Signal.
2021;35:487–509.

51 Kim R, Hashimoto A, Markosyan N, et al. Ferroptosis of tumour
neutrophils causes immune suppression in cancer. Nature.
2022;612:338–346.

52 Carlson BA, Tobe R, Yefremova E, et al. Glutathione peroxidase 4
and vitamin E cooperatively prevent hepatocellular degeneration.
Redox Biol. 2016;9:22–31.
www.thelancet.com Vol 102 April, 2024

http://refhub.elsevier.com/S2352-3964(24)00123-3/sref2
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref2
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref3
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref3
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref3
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref3
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref4
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref4
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref5
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref5
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref6
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref6
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref6
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref7
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref7
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref7
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref8
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref8
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref8
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref8
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref9
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref9
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref9
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref10
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref10
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref10
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref11
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref11
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref11
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref12
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref12
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref12
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref13
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref13
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref13
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref14
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref14
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref14
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref14
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref15
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref15
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref15
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref16
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref16
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref16
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref17
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref17
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref17
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref18
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref18
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref18
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref18
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref19
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref19
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref19
https://doi.org/10.1038/s41419-019-1719-6
https://doi.org/10.1038/nature14191
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref22
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref22
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref22
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref23
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref23
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref23
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref23
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref24
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref24
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref25
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref25
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref25
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref26
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref26
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref26
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref27
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref27
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref28
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref28
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref28
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref29
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref29
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref29
https://doi.org/10.1155/2014/360438
https://doi.org/10.1155/2014/360438
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref31
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref31
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref31
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref31
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref32
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref32
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref32
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref32
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref33
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref33
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref33
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref34
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref34
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref34
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref35
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref35
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref36
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref36
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref36
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref37
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref37
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref37
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref38
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref38
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref38
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref39
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref39
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref39
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref40
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref40
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref41
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref41
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref41
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref42
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref42
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref42
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref43
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref43
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref43
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref44
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref44
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref44
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref44
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref45
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref45
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref45
https://doi.org/10.1038/s41419-020-03118-0
https://doi.org/10.1038/s41419-020-03118-0
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref47
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref47
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref48
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref48
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref48
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref49
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref49
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref49
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref50
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref50
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref50
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref51
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref51
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref51
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref52
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref52
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref52
http://www.thelancet.com


Review
53 Mishima E, Ito J, Wu Z, et al. A non-canonical vitamin K cycle is a
potent ferroptosis suppressor. Nature. 2022;608:778–783.

54 Xing G, Meng L, Cao S, et al. PPARα alleviates iron overload-
induced ferroptosis in mouse liver. EMBO Rep. 2022;23:1–14.

55 Wang H, An P, Xie E, et al. Characterization of ferroptosis in
murine models of hemochromatosis. Hepatology. 2017;66:449–465.

56 Ookhtens M, Kaplowitz N. Role of the liver in interorgan homeo-
stasis of glutathione and cyst(e)ine. Semin Liver Dis. 1998;18:313–
329.

57 Hayano M, Yang WS, Corn CK, Pagano NC, Stockwell BR. Loss of
cysteinyl-tRNA synthetase (CARS) induces the transsulfuration
pathway and inhibits ferroptosis induced by cystine deprivation.
Cell Death Differ. 2016;23:270–278.

58 Shintaku H. Disorders of tetrahydrobiopterin metabolism and their
treatment. Curr Drug Metab. 2005;3:123–131.

59 Malaguarnera L, Madeddu R, Palio E, Arena N, Malaguarnera M.
Heme oxygenase-1 levels and oxidative stress-related parameters in
non-alcoholic fatty liver disease patients. J Hepatol. 2005;42:585–
591.

60 Fujita K, Nozaki Y, Wada K, et al. Dysfunctional very-low-density
lipoprotein synthesis and release is a key factor in nonalcoholic
steatohepatitis pathogenesis. Hepatology. 2009;50:772–780.

61 Allard JP, Aghdassi E, Mohammed S, et al. Nutritional assessment
and hepatic fatty acid composition in non-alcoholic fatty liver dis-
ease (NAFLD): a cross-sectional study. J Hepatol. 2008;48:300–307.

62 Ikura Y, Ohsawa M, Suekane T, et al. Localization of oxidized
phosphatidylcholine in nonalcoholic fatty liver disease: impact on
disease progression. Hepatology. 2006;43:506–514.

63 Sun X, Seidman JS, Zhao P, et al. Neutralization of oxidized
phospholipids ameliorates non-alcoholic steatohepatitis. Cell Metab.
2020;31:189–206.e8.

64 Seki S, Kitada T, Yamada T, Sakaguchi H, Nakatani K, Wakasa K.
In situ detection of lipid peroxidation and oxidative DNA damage in
non-alcoholic fatty liver diseases. J Hepatol. 2002;37:56–62.

65 Podszun MC, Chung JY, Ylaya K, Kleiner DE, Hewitt SM,
Rotman Y. 4-HNE immunohistochemistry and image analysis for
detection of lipid peroxidation in human liver samples using
vitamin E treatment in NAFLD as a proof of concept. J Histochem
Cytochem. 2020;68:635–643.

66 Seike T, Boontem P, Yanagi M, et al. Hydroxynonenal causes he-
patocyte death by disrupting lysosomal integrity in nonalcoholic
steatohepatitis. Cell Mol Gastroenterol Hepatol. 2022;14:925–944.

67 Macdonald GA, Bridle KR, Ward PJ, et al. Lipid peroxidation in
hepatic steatosis in humans is associated with hepatic fibrosis and
occurs predominately in acinar zone 3. J Gastroenterol Hepatol.
2001;16:599–606.

68 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. 2021;75:524–535.

69 Puri P, Baillie RA, Wiest MM, et al. A lipidomic analysis of
nonalcoholic fatty liver disease. Hepatology. 2007;46:1081–1090.

70 Gorden DL, Myers DS, Ivanova PT, et al. Biomarkers of NAFLD
progression: a lipidomics approach to an epidemic 1. J Lipid Res.
2015;56:722–736.

71 García-Cañaveras JC, Donato MT, Castell JV, Lahoz A.
A comprehensive untargeted metabonomic analysis of human
steatotic liver tissue by RP and HILIC chromatography coupled to
mass spectrometry reveals important metabolic alterations.
J Proteome Res. 2011;10:4825–4834.

72 Hall Z, Bond NJ, Ashmore T, et al. Lipid zonation and phospho-
lipid remodeling in nonalcoholic fatty liver disease. Hepatology.
2017;65:1165–1180.

73 Fujii H, Ikura Y, Arimoto J, et al. Expression of perilipin and adi-
pophilin in nonalcoholic fatty liver disease; relevance to oxidative
injury and hepatocyte ballooning. J Atheroscler Thromb.
2009;16:893–901.

74 Caldwell S, Ikura Y, Dias D, et al. Hepatocellular ballooning in
NASH. J Hepatol. 2010;53:719–723.

75 Hirsova P, Gores GJ. Ballooned hepatocytes, undead cells, sonic
hedgehog, and Vitamin E: therapeutic implications for nonalco-
holic steatohepatitis. Hepatology. 2015;61:15–17.

76 Chen R, Li Z, Peng C, Wen L, Xiao L, Li Y. Rational design of novel
lipophilic aggregation-induced emission probes for revealing the
dynamics of lipid droplets during lipophagy and ferroptosis. Anal
Chem. 2022;94:13432–13439.

77 Sumida Y, Yoneda M, Seko Y, et al. Role of vitamin E in the
treatment of non-alcoholic steatohepatitis. Free Radic Biol Med.
2021;177:391–403.
www.thelancet.com Vol 102 April, 2024
78 Chalasani NP, Sanyal AJ, Kowdley KV, et al. Pioglitazone versus
vitamin E versus placebo for the treatment of non-diabetic patients
with non-alcoholic steatohepatitis: PIVENS trial design. Contemp
Clin Trials. 2009;30:88–96.

79 Bril F, Cusi K. Management of nonalcoholic fatty liver disease in
patients with type 2 diabetes: a call to action. Diabetes Care.
2017;40:419–430.

80 Devisscher L, Van Coillie S, Hofmans S, et al. Discovery of novel,
drug-like ferroptosis inhibitors with in vivo efficacy. J Med Chem.
2018;61:10126–10140.

81 Nishizawa H, Matsumoto M, Chen G, et al. Lipid peroxidation and
the subsequent cell death transmitting from ferroptotic cells to
neighboring cells. Cell Death Dis. 2021;12. https://doi.org/10.1038/
s41419-021-03613-y.

82 Linkermann A, Skouta R, Himmerkus N, et al. Synchronized renal
tubular cell death involves ferroptosis. Proc Natl Acad Sci U S A.
2014;111:16836–16841.

83 Katikaneni A, Jelcic M, Gerlach GF, Ma Y, Overholtzer M,
Niethammer P. Lipid peroxidation regulates long-range wound
detection through 5-lipoxygenase in zebrafish. Nat Cell Biol.
2020;22:1049–1055.

84 Zanoni I, Tan Y, Di Gioia M, Springstead JR, Kagan JC. By
capturing inflammatory lipids released from dying cells, the re-
ceptor CD14 induces inflammasome-dependent phagocyte hyper-
activation. Immunity. 2017;47:697–709.e3.

85 Imai Y, Kuba K, Neely GG, et al. Identification of oxidative stress
and toll-like receptor 4 signaling as a key pathway of acute lung
injury. Cell. 2008;133:235–249.

86 Yotsumoto S, Muroi Y, Chiba T, et al. Hyperoxidation of ether-
linked phospholipids accelerates neutrophil extracellular trap for-
mation. Sci Rep. 2017;7:1–5.

87 Schuster S, Johnson CD, Hennebelle M, et al. Oxidized linoleic
acid metabolites induce liver mitochondrial dysfunction,
apoptosis, and NLRP3 activation in mice. J Lipid Res. 2018;59:
1597–1609.

88 Upchurch CM, Yeudall S, Pavelec CM, et al. Targeting oxidized
phospholipids by AAV-based gene therapy in mice with established
hepatic steatosis prevents progression to fibrosis. Sci Adv. 2022;8:1–
17.

89 Delerive P, Furman C, Teissier E, Fruchart JC, Duriez P, Staels B.
Oxidized phospholipids activate PPARα in a phospholipase A2-
dependent manner. FEBS Lett. 2000;471:34–38.

90 Schneiderhan W, Schmid-Kotsas A, Zhao J, et al. Oxidized low-
density lipoproteins bind to the scavenger receptor, CD36, of he-
patic stellate cells and stimulate extracellular matrix synthesis.
Hepatology. 2001;34:729–737.

91 Kakisaka K, Cazanave SC, Fingas CD, et al. Mechanisms of lyso-
phosphatidylcholine-induced hepatocyte lipoapoptosis. Am J Physiol
Gastrointest Liver Physiol. 2012;302:77–84.

92 Myoung HS, Park SY, Shinzawa K, et al. Lysophosphatidylcholine
as a death effector in the lipoapoptosis of hepatocytes. J Lipid Res.
2008;49:84–97.

93 Chen Y, Liu Y, Lan T, et al. Quantitative profiling of protein car-
bonylations in ferroptosis by an aniline-derived probe. J Am Chem
Soc. 2018;140:4712–4720.

94 Gagliardi M, Cotella D, Santoro C, et al. Aldo-keto reductases
protect metastatic melanoma from ER stress-independent ferrop-
tosis. Cell Death Dis. 2019;10. https://doi.org/10.1038/s41419-019-
2143-7.

95 Van Kessel ATM, Karimi R, Cosa G. Live-cell imaging reveals
impaired detoxification of lipid-derived electrophiles is a hallmark
of ferroptosis. Chem Sci. 2022;13:9727–9738.

96 Singh R, Wang Y, Schattenberg JM, Xiang Y, Czaja MJ. Chronic
oxidative stress sensitizes hepatocytes to death from 4-hydrox-
ynonenal by JNK/c-Jun overactivation. Am J Physiol Gastrointest
Liver Physiol. 2009;297:907–917.

97 Shearn CT, Smathers RL, Stewart BJ, et al. Phosphatase and tensin
homolog deleted on chromosome 10 (PTEN) inhibition by 4-
hydroxynonenal leads to increased Akt activation in hepatocytes.
Mol Pharmacol. 2011;79:941–952.

98 Shearn CT, Fritz KS, Reigan P, Petersen DR. Modification of Akt 2
by 4-hydroxynonenal inhibits insulin-dependent Akt signaling in
HepG2 cells. Biochemistry. 2011;50:3984–3996.

99 Hu W, Feng Z, Eveleigh J, et al. The major lipid peroxidation
product, trans-4-hydroxy-2-nonenal, preferentially forms DNA ad-
ducts at codon 249 of human p53 gene, a unique mutational hot-
spot in hepatocellular carcinoma. Carcinogenesis. 2002;23:1781–
1789.
15

http://refhub.elsevier.com/S2352-3964(24)00123-3/sref53
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref53
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref54
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref54
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref54
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref55
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref55
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref56
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref56
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref56
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref57
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref57
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref57
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref57
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref58
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref58
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref59
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref59
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref59
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref59
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref60
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref60
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref60
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref61
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref61
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref61
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref62
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref62
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref62
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref64
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref64
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref64
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref68
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref68
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref68
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref69
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref69
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref69
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref69
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref69
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref70
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref70
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref70
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref71
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref71
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref71
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref71
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref72
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref72
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref72
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref73
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref73
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref74
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref74
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref74
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref75
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref75
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref75
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref75
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref75
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref80
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref80
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref80
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref63
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref63
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref63
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref63
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref65
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref65
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref66
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref66
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref66
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref67
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref67
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref67
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref67
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref76
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref76
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref76
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref77
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref77
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref77
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref77
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref78
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref78
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref78
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref79
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref79
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref79
https://doi.org/10.1038/s41419-021-03613-y
https://doi.org/10.1038/s41419-021-03613-y
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref82
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref82
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref82
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref83
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref83
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref83
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref83
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref84
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref84
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref84
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref84
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref85
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref85
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref85
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref86
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref86
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref86
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref87
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref87
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref87
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref87
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref88
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref88
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref88
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref88
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref89
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref89
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref89
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref89
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref90
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref90
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref90
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref90
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref91
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref91
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref91
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref92
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref92
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref92
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref93
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref93
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref93
https://doi.org/10.1038/s41419-019-2143-7
https://doi.org/10.1038/s41419-019-2143-7
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref95
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref95
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref95
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref96
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref96
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref96
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref96
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref97
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref97
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref97
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref97
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref98
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref98
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref98
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref99
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref99
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref99
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref99
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref99
http://www.thelancet.com


Review

16
100 Feng Z, Hu W, Tang MS. Trans-4-hydroxy-2-nonenial inhibits
nucleotide excision repair human cells: a possible mechanism for
lipid peroxidation-induced carcinogenesis. Proc Natl Acad Sci U S
A. 2004;101:8598–8602.

101 Zamara E, Novo E, Marra F, et al. 4-Hydroxynonenal as a selective
pro-fibrogenic stimulus for activated human hepatic stellate cells.
J Hepatol. 2004;40:60–68.

102 Lee KS, Buck M, Houglum K, Chojkier M. Activation of hepatic
stellate cells by TGFα and collagen type I is mediated by oxidative
stress through c-myb expression. J Clin Invest. 1995;96:2461–2468.

103 Rantakari P, Patten DA, Valtonen J, et al. Stabilin-1 expression
defines a subset of macrophages that mediate tissue homeostasis
and prevent fibrosis in chronic liver injury. Proc Natl Acad Sci U S
A. 2016;113:9298–9303.

104 Schneider M, Wortmann M, Mandal PK, et al. Absence of gluta-
thione peroxidase 4 affects tumor angiogenesis through increased
12/15-lipoxygenase activity. Neoplasia. 2010;12:254–263.

105 Sengupta A, Lichti UF, Carlson BA, et al. Targeted disruption of
glutathione peroxidase 4 in mouse skin epithelial cells impairs
postnatal hair follicle morphogenesis that is partially rescued
through inhibition of COX-2. J Invest Dermatol. 2013;133:1731–
1741.

106 Henkel J, Coleman CD, Schraplau A, et al. Augmented liver
inflammation in a microsomal prostaglandin E synthase 1
(mPGES-1)-deficient diet-induced mouse NASH model. Sci Rep.
2018;8:1–11.

107 Galluzzi L, Vitale I, Warren S, et al. Consensus guidelines for the
definition, detection and interpretation of immunogenic cell death.
J Immunother Cancer. 2020;8:1–22.

108 Wiernicki B, Maschalidi S, Pinney J, et al. Cancer cells dying from
ferroptosis impede dendritic cell-mediated anti-tumor immunity.
Nat Commun. 2022;13:1–15.

109 Dudek M, Pfister D, Donakonda S, et al. Auto-aggressive CXCR6+
CD8 T cells cause liver immune pathology in NASH. Nature.
2021;592:444–449.

110 Tang D, Kroemer G, Kang R. Ferroptosis in immunostimulation
and immunosuppression. Immunol Rev. 2023;321:199–210.

111 Rothammer N, Woo MS, Bauer S, et al. G9a dictates neuronal
vulnerability to inflammatory stress via transcriptional control of
ferroptosis. Sci Adv. 2022;8:1–15.

112 Aron-Wisnewsky J, Vigliotti C, Witjes J, et al. Gut microbiota and
human NAFLD: disentangling microbial signatures from metabolic
disorders. Nat Rev Gastroenterol Hepatol. 2020;17:279–297.

113 Meijnikman AS, Davids M, Herrema H, et al. Microbiome-derived
ethanol in nonalcoholic fatty liver disease. Nat Med. 2022;28:2100–
2106.

114 Huang S, Wang Y, Xie S, et al. Hepatic TGFβr1 deficiency atten-
uates lipopolysaccharide/D-galactosamine–induced acute liver fail-
ure through inhibiting GSK3β–Nrf2–mediated hepatocyte
apoptosis and ferroptosis. Cell Mol Gastroenterol Hepatol.
2022;13:1649–1672.

115 Zhao C, Xiao C, Feng S, Bai J. Artemisitene alters LPS-induced
oxidative stress, inflammation and ferroptosis in liver through
Nrf2/HO-1 and NF-kB pathway. Front Pharmacol. 2023;14:1–11.

116 Wang F, Liu X, Huang F, et al. Gut microbiota-derived gamma-
aminobutyric acid from metformin treatment reduces hepatic
ischemia/reperfusion injury through inhibiting ferroptosis. Elife.
2024:1–35.

117 Deng F, Zhao BC, Yang X, et al. The gut microbiota metabolite
capsiate promotes Gpx4 expression by activating TRPV1 to inhibit
intestinal ischemia reperfusion-induced ferroptosis. Gut Microb.
2021;13:1–21.

118 Liu S, Gao Z, He W, et al. The gut microbiota metabolite glyco-
chenodeoxycholate activates TFR-ACSL4-mediated ferroptosis to
promote the development of environmental toxin–linked MAFLD.
Free Radic Biol Med. 2022;193:213–226.

119 Li X, Wang TX, Huang X, et al. Targeting ferroptosis alleviates
methionine-choline deficient (MCD)-diet induced NASH by sup-
pressing liver lipotoxicity. Liver Int. 2020;40:1378–1394.

120 Qi J, Kim JW, Zhou Z, Lim CW, Kim B. Ferroptosis affects the
progression of nonalcoholic steatohepatitis via the modulation of
lipid peroxidation–mediated cell death in mice. Am J Pathol.
2020;190:68–81.

121 Shu Y, Gao W, Chu H, Yang L, Pan X. Attenuation by time-
restricted feeding of high-fat and high- fructose diet-induced NASH
in mice is related to Per2 and ferroptosis. Oxid Med Cell Longev.
2022:1–20.
122 Tong J, Lan X, Zhang Z, et al. Ferroptosis inhibitor liproxstatin-1
alleviates metabolic-associated fatty liver disease in mice: potential
involvement of PANoptosis. Acta Pharmacol Sin. 2022;44:1014–
1028.

123 Que X, Hung MY, Yeang C, et al. Oxidized phospholipids are
proinflammatory and proatherogenic in hypercholesterolaemic
mice. Nature. 2018;558:301–306.

124 Gruber S, Hendrikx T, Tsiantoulas D, et al. Sialic acid-binding
immunoglobulin-like lectin G promotes atherosclerosis and liver
inflammation by suppressing the protective functions of B-1 cells.
Cell Rep. 2016;14:2348–2361.

125 Bieghs V, van Gorp PJ, Walenbergh SMA, et al. Specific immuni-
zation strategies against oxidized low-density lipoprotein: a novel
way to reduce nonalcoholic steatohepatitis in mice. Hepatology.
2012;56:894–903.

126 Zhang Z, Guo M, Li Y, et al. RNA-binding protein ZFP36/TTP
protects against ferroptosis by regulating autophagy signaling
pathway in hepatic stellate cells. Autophagy. 2020;16:1482–
1505.

127 Zhang Z, Guo M, Shen M, et al. The BRD7-P53-SLC25A28 axis
regulates ferroptosis in hepatic stellate cells. Redox Biol. 2020;36:
101619.

128 Shen M, Li Y, Wang Y, et al. N6-methyladenosine modification
regulates ferroptosis through autophagy signaling pathway in he-
patic stellate cells. Redox Biol. 2021;47:102151.

129 Du K, Oh SH, Dutta RK, et al. Inhibiting xCT/SLC7A11 induces
ferroptosis of myofibroblastic hepatic stellate cells but exacerbates
chronic liver injury. Liver Int. 2021;41:2214–2227.

130 Cho SS, Yang JH, Lee JH, et al. Ferroptosis contribute to hepatic
stellate cell activation and liver fibrogenesis. Free Radic Biol Med.
2022;193:620–637.

131 Shah R, Farmer LA, Zilka O, Van Kessel ATM, Pratt DA. Beyond
DPPH: use of fluorescence-enabled inhibited autoxidation to pre-
dict oxidative cell death rescue. Cell Chem Biol. 2019;26:1594–1607.
e7.

132 Zilka O, Shah R, Li B, et al. On the mechanism of cytoprotection by
ferrostatin-1 and liproxstatin-1 and the role of lipid peroxidation in
ferroptotic cell death. ACS Cent Sci. 2017;3:232–243.

133 Tsurusaki S, Tsuchiya Y, Koumura T, et al. Hepatic ferroptosis
plays an important role as the trigger for initiating inflammation in
nonalcoholic steatohepatitis. Cell Death Dis. 2019;10. https://doi.
org/10.1038/s41419-019-1678-y.

134 Wu Y, Chen Z, Fuda H, et al. Oxidative stress linked organ lipid
hydroperoxidation and dysregulation in mouse model of nonalco-
holic steatohepatitis: revealed by lipidomic profiling of liver and
kidney. Antioxidants. 2021;10. https://doi.org/10.3390/
antiox10101602.

135 Katunga LA, Gudimella P, Efird JT, et al. Obesity in a model of gpx4
haploinsufficiency uncovers a causal role for lipid-derived alde-
hydes in human metabolic disease and cardiomyopathy.Mol Metab.
2015;4:493–506.

136 Hammerich L, Tacke F. Hepatic inflammatory responses in liver
fibrosis. Nat Rev Gastroenterol Hepatol. 2023;20:633–646.

137 Rolo AP, Teodoro JS, Palmeira CM. Role of oxidative stress in the
pathogenesis of nonalcoholic steatohepatitis. Free Radic Biol Med.
2012;52:59–69.

138 von Krusenstiern AN, Robson RN, Qian N, et al. Identification of
essential sites of lipid peroxidation in ferroptosis. Nat Chem Biol.
2023. https://doi.org/10.1038/s41589-022-01249-3.

139 Koliaki C, Szendroedi J, Kaul K, et al. Adaptation of hepatic mito-
chondrial function in humans with non-alcoholic fatty liver is lost
in steatohepatitis. Cell Metab. 2015;21:739–746.

140 Malhotra JD, Miao H, Zhang K, et al. Antioxidants reduce endo-
plasmic reticulum stress and improve protein secretion. Proc Natl
Acad Sci U S A. 2008;105:18525–18530.

141 Nagita A, Ando M. Assessment of hepatic vitamin E status in adult
patients with liver disease. Hepatology. 1997;26:392–397.

142 Liu B, Yi W, Mao X, Yang L, Rao C. Enoyl coenzyme A hydratase 1
alleviates nonalcoholic steatohepatitis in mice by suppressing he-
patic ferroptosis. Am J Physiol Endocrinol Metab. 2021;320:E925–
E937.

143 Videla LA, Rodrigo R, Orellana M, et al. Oxidative stress-related
parameters in the liver of non-alcoholic fatty liver disease patients.
Clin Sci. 2004;106:261–268.

144 Iruarrizaga-Lejarreta M, Varela-Rey M, Fernández-Ramos D, et al.
Role of aramchol in steatohepatitis and fibrosis in mice. Hepatol
Commun. 2017;1:911–927.
www.thelancet.com Vol 102 April, 2024

http://refhub.elsevier.com/S2352-3964(24)00123-3/sref100
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref100
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref100
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref100
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref101
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref101
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref101
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref102
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref102
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref102
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref102
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref103
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref103
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref103
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref103
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref104
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref104
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref104
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref105
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref105
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref105
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref105
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref105
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref106
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref106
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref106
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref106
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref107
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref107
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref107
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref108
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref108
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref108
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref109
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref109
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref109
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref110
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref110
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref111
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref111
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref111
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref112
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref112
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref112
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref113
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref113
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref113
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref114
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref114
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref114
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref114
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref114
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref114
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref114
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref115
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref115
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref115
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref116
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref116
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref116
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref116
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref117
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref117
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref117
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref117
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref118
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref118
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref118
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref118
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref121
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref121
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref121
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref122
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref122
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref122
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref122
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref123
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref123
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref123
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref123
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref124
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref124
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref124
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref124
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref128
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref128
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref128
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref135
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref135
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref135
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref135
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref136
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref136
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref136
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref136
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref130
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref130
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref130
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref130
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref131
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref131
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref131
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref132
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref132
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref132
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref133
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref133
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref133
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref134
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref134
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref134
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref119
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref119
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref119
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref119
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref120
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref120
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref120
https://doi.org/10.1038/s41419-019-1678-y
https://doi.org/10.1038/s41419-019-1678-y
https://doi.org/10.3390/antiox10101602
https://doi.org/10.3390/antiox10101602
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref127
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref127
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref127
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref127
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref129
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref129
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref137
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref137
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref137
https://doi.org/10.1038/s41589-022-01249-3
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref139
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref139
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref139
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref140
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref140
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref140
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref141
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref141
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref142
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref142
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref142
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref142
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref143
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref143
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref143
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref144
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref144
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref144
http://www.thelancet.com


Review
145 Alonso C, Fernández-Ramos D, Varela-Rey M, et al. Metabolomic
identification of subtypes of nonalcoholic steatohepatitis. Gastro-
enterology. 2017;152:1449–1461.e7.

146 Gao M, Monian P, Pan Q, Zhang W, Xiang J, Jiang X. Ferroptosis is
an autophagic cell death process. Cell Res. 2016;26:1021–1032.

147 Blume B, Witting M, Schmitt-Kopplin P, Michalke B. Novel
extraction method for combined lipid and metal speciation from
caenorhabditis elegans with focus on iron redox status and lipid
profiling. Front Chem. 2021;9:1–11.

148 Valenti L, Fracanzani AL, Bugianesi E, et al. HFE genotype,
parenchymal iron accumulation, and liver fibrosis in patients
with nonalcoholic fatty liver disease. Gastroenterology.
2010;138:905–912.

149 Nelson JE, Wilson L, Brunt EM, et al. Relationship between the
pattern of hepatic iron deposition and histological severity in
nonalcoholic fatty liver disease. Hepatology. 2011;53:448–457.

150 Buzzetti E, Petta S, Manuguerra R, et al. Evaluating the association
of serum ferritin and hepatic iron with disease severity in non-
alcoholic fatty liver disease. Liver Int. 2019;39:1325–1334.

151 Chitturi S, Weltman M, Farrell GC, et al. HFE mutations, hepatic
iron, and fibrosis: ethnic- specific association of NASH with C282Y
but not with fibrotic severity. Hepatology. 2002;36:142–149.

152 Valenti L, Corradini E, Adams LA, et al. Consensus Statement on
the definition and classification of metabolic hyperferritinaemia.
Nat Rev Endocrinol. 2023;19:299–310.

153 Bekri S, Gual P, Anty R, et al. Increased adipose tissue expression
of hepcidin in severe obesity is independent from diabetes and
NASH. Gastroenterology. 2006;131:788–796.

154 Vecchi C, Montosi G, Zhang K, et al. ER stress controls iron
metabolism through induction of hepcidin. Science. 2009;325:877–
880.

155 Yang Y, Wang Y, Guo L, Gao W, Tang TL, Yan M. Interaction
between macrophages and ferroptosis. Cell Death Dis. 2022;13.
https://doi.org/10.1038/s41419-022-04775-z.

156 Guilliams M, Scott CL. Liver macrophages in health and disease.
Immunity. 2022;55:1515–1529.

157 Tran S, Baba I, Poupel L, et al. Impaired kupffer cell self-renewal
alters the liver response to lipid overload during non-alcoholic
steatohepatitis. Immunity. 2020;53:627–640.e5.

158 Daemen S, Gainullina A, Kalugotla G, et al. Dynamic shifts in the
composition of resident and recruited macrophages influence tis-
sue remodeling in NASH. Cell Rep. 2021;34. https://doi.org/10.
1016/j.celrep.2020.108626.

159 Luo X, Gong HB, Gao HY, et al. Oxygenated phosphatidyletha-
nolamine navigates phagocytosis of ferroptotic cells by interacting
with TLR2. Cell Death Differ. 2021;28:1971–1989.

160 Puylaert P, Roth L, Van Praet M, et al. Effect of eryth-
rophagocytosis-induced ferroptosis during angiogenesis in athero-
sclerotic plaques. Angiogenesis. 2023. https://doi.org/10.1007/
s10456-023-09877-6.

161 Piattini F, Matsushita M, Muri J, et al. Differential sensitivity of
inflammatory macrophages and alternatively activated macro-
phages to ferroptosis. Eur J Immunol. 2021;51:2417–2429.

162 Kapralov AA, Yang Q, Dar HH, et al. Redox lipid reprogramming
commands susceptibility of macrophages and microglia to ferrop-
totic death. Nat Chem Biol. 2020;16:278–290.

163 Protchenko O, Baratz E, Jadhav S, et al. Iron chaperone poly rC
binding protein 1 protects mouse liver from lipid peroxidation and
steatosis. Hepatology. 2021;73:1176–1193.

164 Li N, Liao Y, Huang H, Fu S. Co-regulation of hepatic steatosis by
ferritinophagy and unsaturated fatty acid supply. Hepatol Commun.
2022;6:2640–2653.

165 Pihlajamäki J, Boes T, Kim EY, et al. Thyroid hormone-related
regulation of gene expression in human fatty liver. J Clin Endocrinol
Metab. 2009;94:3521–3529.

166 Wu A, Feng B, Yu J, et al. Fibroblast growth factor 21 attenuates
iron overload-induced liver injury and fibrosis by inhibiting fer-
roptosis. Redox Biol. 2021;46. https://doi.org/10.1016/j.redox.2021.
102131.

167 Hulbert AJ, Kelly MA, Abbott SK. Polyunsaturated fats, membrane
lipids and animal longevity. J Comp Physiol B. 2014;184:149–166.

168 Lands WEM, Inoue M, Sugiura Y, Okuyama H. Selective incorpo-
ration of polyunsaturated fatty acids into phosphatidylcholine by rat
liver microsomes. J Biol Chem. 1982;257:14968–14972.

169 Dierge E, Debock E, Guilbaud C, et al. Peroxidation of n-3 and n-6
polyunsaturated fatty acids in the acidic tumor environment leads
to ferroptosis-mediated anticancer effects. Cell Metab.
2021;33:1701–1715.e5.
www.thelancet.com Vol 102 April, 2024
170 Magtanong L, Ko P, To M, et al. Exogenous monounsaturated fatty
acids promote a ferroptosis-resistant cell state. Cell Chem Biol.
2019;26:420–432.

171 Doll S, Proneth B, Tyurina YY, et al. ACSL4 dictates ferroptosis
sensitivity by shaping cellular lipid composition. Nat Chem Biol.
2017;13:91–98.

172 Dixon SJ, Winter GE, Musavi LS, et al. Human haploid cell genetics
reveals roles for lipid metabolism genes in nonapoptotic cell death.
ACS Chem Biol. 2015;10:1604–1609.

173 Younossi ZM, Gorreta F, Ong JP, et al. Hepatic gene expression in
patients with obesity-related non-alcoholic steatohepatitis. Liver Int.
2005;25:760–771.

174 Duan J, Wang Z, Duan R, et al. Therapeutic targeting of hepatic
ACSL4 ameliorates NASH in mice. Hepatology. 2022;75:140–153.

175 Westerbacka J, Kolak M, Kiviluoto T, et al. Genes involved in fatty
acid partitioning and binding, lipolysis, monocyte/macrophage
recruitment, and inflammation are overexpressed in the human
fatty liver of insulin-resistant subjects. Diabetes. 2007;56:2759–2765.

176 Stepanova M, Hossain N, Afendy A, et al. Hepatic gene expression
of Caucasian and African-American patients with obesity-related
non-alcoholic fatty liver disease. Obes Surg. 2010;20:640–650.

177 Singh AB, Kan CFK, Kraemer FB, Sobel RA, Liu J. Liver-specific
knockdown of long-chain acyl-CoA synthetase 4 reveals its key role
in VLDL-TG metabolism and phospholipid synthesis in mice fed a
high-fat diet. Am J Physiol Endocrinol Metab. 2019;316:E880–E894.

178 Kim JH, Lewin TM, Coleman RA. Expression and characterization
of recombinant rat acyl-CoA synthetases 1, 4, and 5: selective in-
hibition by triacsin C and thiazolidinediones. J Biol Chem.
2001;276:24667–24673.

179 Rong X, Wang B, DunhamMM, et al. Lpcat3-dependent production
of arachidonoyl phospholipids is a key determinant of triglyceride
secretion. Elife. 2015;2015:1–23.

180 Singh AB, Liu J. Identification of hepatic lysophosphatidylcholine
acyltransferase 3 as a novel target gene regulated by peroxisome
proliferator-activated receptor δ. J Biol Chem. 2017;292:884–897.

181 Sampath H, Ntambi JM. Polyunsaturated fatty acid regulation of
genes of lipid metabolism. Annu Rev Nutr. 2005;25:317–340.

182 Araya J, Rodrigo R, Videla LA, et al. Increase in long-chain poly-
unsaturated 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.

183 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.

184 López-Vicario C, González-Périz A, Rius B, et al. Molecular inter-
play between Δ5/Δ6 desaturases and long-chain fatty acids in the
pathogenesis of non-alcoholic steatohepatitis. Gut. 2014;63:344–
355.

185 Yamada K, Mizukoshi E, Sunagozaka H, et al. Characteristics of
hepatic fatty acid compositions in patients with nonalcoholic stea-
tohepatitis. Liver Int. 2015;35:582–590.

186 Jia H, Liu J, Fang T, et al. The role of altered lipid composition and
distribution in liver fibrosis revealed by multimodal nonlinear op-
tical microscopy. Sci Adv. 2023;9:1–18.

187 Parker HM, Johnson NA, Burdon CA, Cohn JS, O’Connor HT,
George J. Omega-3 supplementation and non-alcoholic fatty liver
disease: a systematic review and meta-analysis. J Hepatol.
2012;56:944–951.

188 Lee CH, Fu Y, Yang SJ, Chi CC. Effects of Omega-3 poly-
unsaturated fatty acid supplementation on non-alcoholic fatty liver:
a systematic review and meta-analysis. Nutrients. 2020;12:1–20.

189 Dennis EA, Norris PC. Eicosanoid storm in infection and inflam-
mation. Nat Rev Immunol. 2015;15:511–523.

190 Leyton J, Drury PJ, Crawford MA. In vivo incorporation of labeled
fatty acids in rat liver lipids after oral administration. Lipids.
1987;22:553–558.

191 Valencak TG, Ruf T. Feeding into old age: long-term effects of di-
etary fatty acid supplementation on tissue composition and life
span in mice. J Comp Physiol B Biochem Syst Environ Physiol.
2011;181:289–298.

192 Xin S, Schick JA. PUFAs dictate the balance of power in ferroptosis.
Cell Calcium. 2023;110:3–5.

193 Pfister D, Núñez NG, Pinyol R, et al. NASH limits anti-tumour
surveillance in immunotherapy-treated HCC. Nature. 2021;592.
https://doi.org/10.1038/s41586-021-03362-0.

194 Hassannia B, Vandenabeele P, Vanden Berghe T. Targeting fer-
roptosis to iron out cancer. Cancer Cell. 2019;35:830–849.
17

http://refhub.elsevier.com/S2352-3964(24)00123-3/sref145
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref145
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref145
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref146
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref146
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref147
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref147
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref147
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref147
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref148
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref148
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref148
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref148
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref149
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref149
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref149
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref150
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref150
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref150
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref151
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref151
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref151
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref152
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref152
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref152
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref153
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref153
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref153
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref154
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref154
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref154
https://doi.org/10.1038/s41419-022-04775-z
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref156
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref156
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref157
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref157
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref157
https://doi.org/10.1016/j.celrep.2020.108626
https://doi.org/10.1016/j.celrep.2020.108626
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref159
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref159
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref159
https://doi.org/10.1007/s10456-023-09877-6
https://doi.org/10.1007/s10456-023-09877-6
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref161
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref161
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref161
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref162
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref162
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref162
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref163
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref163
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref163
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref164
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref164
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref164
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref165
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref165
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref165
https://doi.org/10.1016/j.redox.2021.102131
https://doi.org/10.1016/j.redox.2021.102131
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref167
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref167
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref168
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref168
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref168
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref169
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref169
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref169
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref169
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref170
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref170
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref170
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref171
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref171
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref171
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref172
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref172
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref172
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref173
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref173
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref173
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref174
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref174
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref175
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref175
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref175
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref175
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref176
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref176
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref176
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref177
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref177
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref177
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref177
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref178
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref178
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref178
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref178
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref179
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref179
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref179
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref180
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref180
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref180
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref180
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref181
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref181
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref182
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref182
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref182
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref182
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref183
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref183
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref183
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref183
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref184
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref184
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref184
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref184
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref184
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref184
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref185
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref185
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref185
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref186
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref186
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref186
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref187
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref187
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref187
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref187
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref188
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref188
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref188
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref189
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref189
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref190
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref190
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref190
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref191
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref191
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref191
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref191
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref192
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref192
https://doi.org/10.1038/s41586-021-03362-0
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref194
http://refhub.elsevier.com/S2352-3964(24)00123-3/sref194
http://www.thelancet.com


Review

18
195 Arensman MD, Yang XS, Leahy DM, et al. Cystine–glutamate
antiporter xCT deficiency suppresses tumor growth while preser-
ving antitumor immunity. Proc Natl Acad Sci U S A.
2019;116:9533–9542.

196 Sun X, Ou Z, Chen R, et al. Activation of the p62-Keap1-NRF2
pathway protects against ferroptosis in hepatocellular carcinoma
cells. Hepatology. 2016;63:173–184.

197 Dixon SJ, Patel D, Welsch M, et al. Pharmacological inhibition of
cystine-glutamate exchange induces endoplasmic reticulum stress
and ferroptosis. Elife. 2014;2014:1–25.

198 Werth EG, Rajbhandari P, Stockwell BR, Brown LM. Time course
of changes in sorafenib-treated hepatocellular carcinoma cells
suggests involvement of phospho-regulated signaling in ferroptosis
induction. Proteomics. 2020;20:1–9.

199 Zheng J, Sato M, Mishima E, Sato H, Proneth B, Conrad M. Sorafenib
fails to trigger ferroptosis across a wide range of cancer cell lines. Cell
Death Dis. 2021;12. https://doi.org/10.1038/s41419-021-03998-w.

200 Kinoshita H, Okabe H, Beppu T, et al. Cystine/glutamic acid
transporter is a novel marker for predicting poor survival in pa-
tients with hepatocellular carcinoma. Oncol Rep. 2013;29:685–689.

201 He Q, Liu M, Huang W, et al. IL-1β-Induced elevation of solute
carrier family 7 member 11 promotes hepatocellular carcinoma
metastasis through up-regulating programmed death ligand 1 and
colony-stimulating factor 1. Hepatology. 2021;74:3174–3193.

202 Zhong H, Xiao M, Zarkovic K, et al. Mitochondrial control of
apoptosis through modulation of cardiolipin oxidation in hepato-
cellular carcinoma: a novel link between oxidative stress and cancer.
Free Radic Biol Med. 2017;102:67–76.

203 Yang M, Wu X, Hu J, et al. COMMD10 inhibits HIF1α/CP loop to
enhance ferroptosis and radiosensitivity by disrupting Cu-Fe bal-
ance in hepatocellular carcinoma. J Hepatol. 2022;76:1138–1150.

204 Chen Q, Zheng W, Guan J, et al. SOCS2-enhanced ubiquitination
of SLC7A11 promotes ferroptosis and radiosensitization in hepa-
tocellular carcinoma. Cell Death Differ. 2023;30:137–151.

205 Cheu JWS, Lee D, Li Q, et al. Ferroptosis suppressor protein 1 inhi-
bition promotes tumor ferroptosis and anti-tumor immune responses
in liver cancer. Cell Mol Gastroenterol Hepatol. 2023;16:133–159.

206 Zhang D, Man D, Lu J, et al. Mitochondrial TSPO promotes he-
patocellular carcinoma progression through ferroptosis inhibition
and immune evasion. Adv Sci. 2023;2206669:1–13.

207 Suzuki S, Venkatesh D, Kanda H, et al. GLS2 is a tumor suppressor
and a regulator of ferroptosis in hepatocellular carcinoma. Cancer
Res. 2022;82:3209–3222.

208 Ridder DA, Urbansky LL, Witzel HR, et al. Transforming growth
factor-β activated kinase 1 (Tak1) is activated in hepatocellular
carcinoma, mediates tumor progression, and predicts unfavorable
outcome. Cancers. 2022;14:1–21.

209 Su W, Gao W, Zhang R, et al. TAK1 deficiency promotes liver
injury and tumorigenesis via ferroptosis and macrophage cGAS-
STING signaling. JHEP Reports. 2023;5:100695.

210 Zhao Y, Li M, Yao X, et al. HCAR1/MCT1 regulates tumor fer-
roptosis through the lactate-mediated AMPK-SCD1 activity and its
therapeutic implications. Cell Rep. 2020;33:108487.

211 Krautbauer S, Meier EM, Rein-Fischboeck L, et al. Ceramide and
polyunsaturated phospholipids are strongly reduced in human
hepatocellular carcinoma. Biochim Biophys Acta Mol Cell Biol Lipids.
2016;1861:1767–1774.

212 Hall Z, Chiarugi D, Charidemou E, et al. Lipid remodeling in he-
patocyte proliferation and hepatocellular carcinoma. Hepatology.
2021;73:1028–1044.

213 Wang Y, Li J, do Vale GD, et al. Repeated trans-arterial treatments
of LDL-DHA nanoparticles induce multiple pathways of tumor cell
death in hepatocellular carcinoma bearing rats. Front Oncol.
2022;12:1–17.

214 Ou W, Mulik RS, Anwar A, McDonald JG, He X, Corbin IR. Low-
density lipoprotein docosahexaenoic acid nanoparticles induce
ferroptotic cell death in hepatocellular carcinoma. Free Radic Biol
Med. 2017;112:597–607.

215 Fernández-Acosta R, Iriarte-Mesa C, Alvarez-Alminaque D, et al.
Novel iron oxide nanoparticles induce ferroptosis in a panel of
cancer cell lines. Molecules. 2022;27:1–13.
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