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Abstract: Excess free iron is a substrate for the formation of reactive oxygen species (ROS), thereby
augmenting oxidative stress. Oxidative stress is a well-established cause of organ damage in the liver,
the main site of iron storage. Ferroptosis, an iron-dependent mechanism of regulated cell death, has
recently been gaining attention in the development of organ damage and the progression of liver
disease. We therefore summarize the main mechanisms of iron metabolism, its close connection to
oxidative stress and ferroptosis, and its particular relevance to disease mechanisms in metabolic-
dysfunction-associated fatty liver disease and potential targets for therapy from a clinical perspective.
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1. Introduction

Iron (Ferrum, Fe) is a metal with essential functions in cell metabolism and the physi-
ology of the human body. These functions mostly implicate the biosynthesis of heme for
proteins like hemoglobin for oxygen transport, cytochromes for redox catalysis, or iron–
sulfur clusters for mitochondrial respiration. Both iron deficiency and iron overload may
have detrimental consequences for health [1]. Due to this vital importance, iron metabolism
is tightly regulated to cover the demand for hemoglobin biosynthesis, while, at the same
time, avoiding iron toxicity [2,3]. Important particularities of iron homeostasis are its dis-
tinguished mechanisms for the systemic and cellular regulation of iron absorption, traffic,
utilization, and storage on the one hand, but the lack of a distinct elimination mechanism on
the other hand [4]. A tightly balanced iron homeostasis is a physiological necessity, because
unbound free iron is a key contributor of toxic potential as a source of oxidative stress via
the Fenton reaction and its role in ferroptosis, an iron-dependent form of regulated cell
death. In metabolic-associated steatotic liver disease (MASLD), biochemical evidence of
excess iron, as indicated by elevated serum ferritin concentrations, is a common finding in
approximately one third of patients [5,6]. Hence, iron-induced organ damage may have
a role in MASLD disease progression. This article will offer an introduction to the role of
iron in oxidative stress formation and ferroptosis with regard to steatotic liver disease from
a clinical perspective.

1.1. Iron Homeostasis

Duodenal iron uptake and release: Iron is provided by dietary intake in a heme and
non-heme form. Non-heme or inorganic iron, which is derived mainly from plant-based
sources, appears mostly in a ferric (Fe3+) form. For intestinal uptake, Fe3+ has to be reduced
to Fe2+ by a ferric reductase at the apical duodenal membrane named duodenal cytochrome
B (DcytB) in the presence of gastric acid. Fe2+ is transported to the cytoplasm via divalent
metal transporter 1 (DMT1). For release on the basolateral membrane and further systemic
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use (mostly erythropoiesis), Fe2+ is exported by the only iron efflux protein ferroportin
(FPN) [4,7,8]. The other dietary iron source, heme iron, is mostly found in animal food
sources (meat and seafood) in hemoprotein forms like hemoglobin or myoglobin. In
contrast to the absorption of non-heme iron, the uptake of heme iron remains not entirely
understood. Both receptor-mediated endocytosis and membrane transport have been
discussed for cellular uptake, but the detailed mechanisms of heme metabolism and
transport still have to be elucidated [9].

Extracellular transport: After efflux through FPN, Fe2+ is oxidized to Fe3+ by the
ferroxidases hephaestin or ceruloplasmin and loaded to transferrin (Tf). Tf is the major
iron carrier of extracellular space. In the circulation, up to two Fe3+ atoms are bound by Tf
for transport to the body’s tissues. In healthy conditions, transferrin saturation with Fe3+

is about one third of its total capacity, leaving a substantial buffer [4,7,8]. The amount of
extracellular Tf-bound iron accounts for approximately 0.1% (3 mg) of the total body iron
(3–5 g). The fraction of dietary absorbed iron contributes approximately 1–2 mg per day,
compensating for non-specific daily loss through bleeding or cell desquamation; therefore,
iron supply for erythropoiesis (needs of 25–30 mg/d) via circulating Tf is mostly generated
by iron recycled from senescent red blood cells via heme catabolism in macrophages [4].

Cellular iron uptake, intracellular use and storage: At its target site, iron-loaded
Tf binds to ubiquitous transferrin receptor 1 (TfR1). The expression of TfR1 is high in
erythrocyte precursor cells in the bone marrow due to permanent iron demand in erythro-
poesis. The variant Tf receptor 2 (TfR2) is found on hepatocytes and erythoid precursor
cells, where it has a role in iron regulation and may serve as a default iron uptake mech-
anism of low physiological importance. The complex of Tf and TfR1 is internalized by
endocytosis. Within the endosome, Fe3+ is reduced to Fe2+ by metalloreductase STEAP3
(six-transmembrane epithelial antigen of prostate 3). The reduced Fe2+ is exported from
the endosome to the cytosol via DMT1 and may be further utilized or stored while TfR1 is
released back to cell surface [10].

With the endosomal release of Fe2+ to the cytosol, iron enters the so-called labile
iron pool and is used directly for intracellular mechanisms like mitochondrial protein
biosynthesis by incorporation into heme or an iron–sulfate cluster or is stored within the
cell as ferritin. Ferritin is a protein complex of 24 subunits of heavy- and light-chains. The
heavy chains have ferroxidase activity and provide the oxidation of Fe2+ to its non-toxic
Fe3+ forms for storage [4,7,8,11].

Intracellular iron regulation: Intracellular iron regulation is mostly facilitated by iron
regulatory proteins (IRP) and the hypoxia-inducible factor (HIF) system, which regulate
gene translation and transcription, while the most important systemic regulatory mech-
anism is the so-called hepcidin–ferroportin axis. Hepcidin is a protein derived from the
liver, which acts as negative feedback on iron increases in the circulation by the inhibi-
tion of iron release from the enterocytes and macrophages. It binds to FPN and causes
the internalization and degradation of this only export protein, therefore blocking iron
efflux from the cells. Hepcidin expression increases in states of iron overload to prevent
further iron release, as well as in inflammation to reduce bioavailability for iron-dependent
pathogens. This inflammatory mechanism of hepcidin increase is a key mechanism of
anemia in inflammation/chronic disease. The expression of hepcidin is decreased in states
of high iron demand like iron deficiency, anemia, or hypoxia [12,13].

1.2. Iron, Oxidative Stress, and Ferroptosis

Oxidative stress: Redox reactions (oxidation and reduction) are fundamental mecha-
nisms in cell homeostasis. Reactive oxygen species (ROS) are a byproduct of multiple redox
reactions. The term ROS refers to a diversity of molecules, which include non-radicals
(hydrogen peroxide H2O2 or ozone O3, e.g.) as well as free radicals like superoxide anion
radical (O2

•−) and hydroxyl radical (•OH). While oxidative stress generally describes
common and essential reversible oxidative modifications (redox regulation and signaling,
e.g.), it may also refer to an imbalance of oxidants and antioxidants and the possibility
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of molecular and cellular damage by an accumulating toxic burden caused by excessive
oxidative reagents [14].

Iron metabolism and oxidative stress: Iron plays a key role in redox signaling and
oxidative stress by catalyzing the Fenton reaction. The Fenton reaction generates a hydroxyl
anion (•OH) and hydroxide ion (OH−) from hydrogen peroxide (H2O2) via the oxidation
of Fe2+ to Fe3+. In order to avoid toxicity via increasing ROS through the Fenton reaction,
iron is kept safely stored as ferritin in the intracellular space and bound to transferrin in
the extracellular space [15]. An accumulation of excess iron within the cell results in an
increase in the labile iron pool of redox-active Fe2+, which may further contribute to the
formation of reactive free radicals [16]. In the extracellular space, an accumulation of excess
iron leads to an increased fraction of non-transferrin bound iron (NTBI). NTBI can enter
the cell via a ZIP14 transporter and act as a source of ROS [17]. Especially in hepatocytes
and pancreatic acinar cells, ZIP14 (SLC39A14) was identified as the main carrier for NTBI
intake during iron overload [18].

The generation of ROS was identified as part of the pathogenesis in common diseases
like metabolic-associated fatty liver disease or type 2 diabetes, where excess free fatty
acids lead to changes in mitochondrial function, ER stress, or NADPH oxidases with the
potential accumulation of ROS and further disturbances in the lipid metabolism and insulin
signaling [19]. Harmful mechanisms induce lipid and amino acid peroxidation, leading to
further lipid, protein, or DNA damage and, following overwhelmed repair mechanisms,
even to regulated cell death (apoptosis) [16,20]. Thereby, an excessive generation of ROS
may have detrimental effects on many organs, including the liver, heart, kidney, pancreas,
or nervous system [20].

Oxidative stress and ferroptosis: Another newly recognized, non-apoptotic, iron-
dependent form of regulated cell death was described in 2012 and termed ferroptosis [21].
It refers to an iron-dependent accumulation of toxic lipid ROS via lipid peroxidation and a
loss of the lipid repair enzyme glutathione peroxidase 4 (GPX4) due to glutathione shortage
as a result of impaired cystine import [22,23].

Under normal circumstances, cystine is transported into the cell via the antiporter
system Xc− and used for the synthesis of glutathione (GSH). GSH is necessary for the
function and activity of glutathione peroxidase 4 (GPX4) and represents an important
antioxidant mechanism in the cell. GPX4 reduces and neutralizes lipid peroxides, which are
the product of the lipid peroxidation of the polyunsatured fatty acids (PUFA) of membrane
lipids. The accumulation of lipid peroxides and further iron-dependent generation of
ROS are the key characteristics of ferroptosis, though the underlying initiation of lipid
peroxide formation is unclear. There are different mechanisms or categories leading to the
accumulation of lipid peroxides, causing the degradation, inactivation, or inhibition of
GPX4 or the inhibition of cysteine import. Excess lipid peroxides represent an abundant
source for Fenton-like reactions with ferrous or ferric iron, creating toxic lipid ROS and
further leading to ferroptosis [24,25]. In recent research, the mechanism of ferroptosis was
linked to diabetes complications [26], cardiovascular disease [27], organ fibrosis (liver, lung,
heart, and kidney, e.g.) [28,29], and also liver disease [30]. Figure 1 illustrates the impact
of oxidative stress and ferroptosis on the progression of steatotic liver disease at different
stages. Several mechanisms will be discussed in more detail in the following sections.
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Figure 1. Schematic overview of different stages of liver disease influenced by oxidative stress and
ferroptosis. Both mechanisms promote steatosis, inflammation, and fibrosis, indicated by the arrows.
In tumor development, ferroptosis may induce cancer cell death and may therefore serve as an
anticancer strategy (the potential inhibitory influence is indicated with the red cross), representing a
potential target for therapy. Created with BioRender.com.

2. Oxidative Stress and Metabolic-Dysfunction-Associated Steatotic Liver Disease

MASLD and MASH: Steatotic liver disease (SLD) describes a disease spectrum from
simple liver steatosis (macrovesicular steatosis in >5% hepatocytes) to steatohepatitis
(steatosis in combination with inflammation and hepatocellular ballooning). Further disease
progression may lead to liver fibrosis, cirrhosis, and hepatocellular carcinoma. The primary
causes of fatty liver disease are overnutrition and a sedentary lifestyle, while additional
environmental and genetic factors may contribute to disease progression [31]. Since there is
often an underlying metabolic dysfunction associated with it and distinction from alcohol-
related liver disease is difficult, a change in nomenclature to metabolic-associated fatty liver
disease (MAFLD) has been proposed [32]. For the reasons of a more inclusive and broadly
accepted definition and less stigmatizing language, the terminology has recently been
refined to metabolic-dysfunction-associated steatotic liver disease (MASLD), metabolic-
dysfunction-associated steatohepatitis (MASH), and MetALD for those with MASLD in
combination with increased alcohol intake [33].

MASLD and oxidative stress: In the development of MASLD and MASH, oxidative
stress is one contributing factor to insulin resistance, inflammation, lipotoxicity, and stellate
cell activation [34,35]. In insulin resistance, which represents the key mechanism in MASLD,
excess free fatty acids cause an upregulation of mitochondrial citric acid cycle activity,
leading to an increased generation of ROS and lipid peroxidation, causing hepatocellular
damage [36]. In MASLD, different markers of oxidative stress have been identified in
higher levels, as well as antioxidant molecules to counteract the burden of oxidative
stress [37]. Oxidative stress is also an established mechanism in the progression from
MASLD to MASH [38]. Indeed, an NAS score of ≥4 was associated with higher levels of
lipid peroxidation products in a study of 152 patients with steatotic liver disease, suggesting
a clinically relevant contribution of oxidative damage to disease progression [39]. Due
to iron’s pro-oxidizing abilities, iron and iron overload are considered to be important
contributors to the production of ROS and development of MASLD and MASH [40,41].
A greater iron accumulation and aggravated steatohepatitis were found in mice in which
the function of Nrf2 (nuclear factor erythroid 2-related factor 2), which usually serves
antioxidant response mechanisms, was knocked out [42]. Similarly, another model of
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dietary iron-fed mice showed increased levels of lipid peroxidation derivates and an
increased expression of antioxidant genes as a sign for increased hepatic oxidative stress, as
well as a significantly more severe MASH histology [43]. Nevertheless, to our knowledge,
no clinical study has linked the parameters of iron metabolism, oxidative stress, and
MASLD and MASH in vivo so far.

MASLD and ferroptosis: Because ferroptosis is based on iron overload and lipid
peroxidation, it is intriguing to study its causative role in the development of MASLD and
MASH. Elevated serum ferritin levels are found in approximately one third of subjects
with fatty liver disease [44]. The finding of elevated serum ferritin levels and iron excess
in liver biopsies accompanied with metabolic diseases like MASLD, type 2 diabetes, or
obesity was termed dysmetabolic iron overload syndrome (DIOS) in 1997 [45], while
recently, a consensus statement harmonized and standardized the definition as metabolic
hyperferritinemia (MHF) [46]. Yet, the complex underlying mechanisms of MHF have
not been entirely elucidated. However, there is growing evidence of MHF correlating
with increased hepatic iron deposition [6] and disease severity [5,47], while increased
inflammatory activity may further increase serum ferritin concentrations [48]. In MASLD,
different cell death mechanisms like necroptosis, pyroptosis, and ferroptosis contribute
to disease progression [49]. Tsurusaki et al. showed that ferroptosis precedes other types
of cell death, suggesting a potential role of ferroptosis as a trigger in the development
of MASH. Furthermore, they demonstrated that two inhibitors of ferroptosis (Trolox, a
vitamin E analog, and deferiprone, an iron chelator) suppressed inflammation and cell
death, encouraging the potential therapeutic relevance of ferroptosis inhibition [50]. In
line with these findings, ferroptosis and iron accumulation were found in diet-induced
murine MASH [51]. Another mouse model demonstrated that ferroptosis increased the
severity of MASH, while the inhibition of ferroptosis decreased disease severity. Likewise,
the use of an iron chelator (desferoxamine) inhibited the progression of MASH [52]. More
recently, an analysis of a small sample of human liver tissues also indicated that ferroptosis
was activated in MASLD. The study identified different GPX4 isoforms with opposing
effects on ferroptosis in hepatocytes, indicating the complex regulation of ferroptosis [53].
Both ferroptosis inducers and inhibitors provide promising therapeutic opportunities along
the spectrum of MASLD to hepatocellular carcinoma [54]. Nevertheless, the underlying
mechanisms in ferroptosis and their iron-related effects on MASLD progression still have
to be studied in detail [55]. A recent investigation of Zhang et al. described the protective
effects of metformin in MAFLD related to type 2 diabetes mellitus and linked these effects
to the negative regulation of ferroptosis caused by the modulation of a GPX4 pathway [56].
Still, the distinct role of iron metabolism in ferroptosis has to be elucidated, although many
regulatory proteins involved in iron homeostasis, like ferritin heavy and light chains, heme
oxygenase 1 (HO-1), and transferrin, have been identified to modulate ferroptosis [57].
Recent research has also focused on the identification of ferroptosis-related genes to reveal
a better understanding of associated disease mechanisms and for the development of
potential diagnostic and prognostic models. For MASLD, ferroptosis-related genes which
correlated with diagnosis and prognosis, as well as with immune cell infiltration, were
described in two different MASLD subtypes [58].

3. Oxidative Stress and Liver Fibrosis

Liver fibrosis: Fibrosis is the result of the excessive production of extracellular matrix,
independent of the underlying cause. Metabolic liver diseases (alcoholic and non-alcoholic)
may initiate this process, as well as other toxic, viral, autoimmune, or genetic etiologies.
Organ damage leads to the release of damage-associated patterns (DAMPs) from apoptosis,
which initiate the key mechanistic step of fibrogenesis, i.e., the activation of quiescent
hepatic stellate cells (HSC) to pro-fibrogenic, collagen-producing myofibroblasts [59].

Liver fibrosis and oxidative stress: ROS from oxidative stress have been identified
as one underlying pathway in liver fibrosis. In the pathogenesis of liver fibrosis, ROS
may initiate the TGF-β (transforming growth factor β) signaling pathway, with further
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activation of SMAD (small mother against decapentaplegic) proteins and the generation
of extracellular matrix, which is considered to be one of the most important pathways in
fibrogenesis [60]. Within this pathway, ROS and various isoforms of NOX (NADPH oxidase)
have been linked to hepatic stellate cell activation [61]. Furthermore, the generation of
ROS is usually blocked by NF-κB, though this represents only one among other important
functions of NF-κB in the regulation of hepatic stellate cells and liver fibrosis [62]. A recent
model of human and mouse HSC even showed that iron accumulation induces fibrosis
in an ROS-dependent manner [63]. Several additional mechanisms of iron accumulation
as a contributing factor in fibrogenesis have been described, like cross-connection with
the TGF-β signaling pathway, iron-related protein–receptor complexes, and further HSC
activation or iron-induced inflammation [64].

Liver fibrosis and ferroptosis: Ferroptosis is also recognized as an underlying mech-
anism for fibrosis [65], since the anti-fibrotic effect of magnesium isoglycyrrhizinate was
linked to the ferroptosis of HSC via an HO-1 dependent mechanism. Many other regulators
of ferroptosis in HSC have been identified so far [66,67]. In transferrin knockout mice
fed with a high iron diet, liver damage caused by iron-induced ferroptosis was increased,
while liver fibrosis was reduced when ferroptosis was blocked. Additionally, liver biopsy
samples of cirrhotic patients with low levels of transferrin had higher iron deposits and
higher levels of lipid peroxidation [68]. Another animal model found that fibroblast growth
factor 21 (FGF21), which is considered to be an important hormone in stress response,
was induced by iron overload and that the activation of FGF21 inhibited ferroptosis in
hepatocytes. Furthermore, the overexpression of FGF21 attenuated liver fibrosis induced
by iron overload, suggesting a suppression of ferroptosis via FGF21 and heme oxygenase
1 [69].

The effect of various compounds on ferroptosis in hepatic stellate cells has been
investigated. For example, sorafenib was identified as an inducer of ferroptosis and
ferroptotic events were involved in the inhibition of HSC activation via sorafenib in vitro.
Additionally, sorafenib-induced ferroptosis attenuated liver fibrosis in a mouse model [70].
Also, derivatives from a Chinese plant (Artemisin) triggered ferroptosis in activated HSC
in vitro and in fibrotic livers in mice [71], while another study showed that an Artemisin
derivative regulated ferroptosis in HSC via a p53-dependent mechanism [72]. Berberine,
another phytopharmaceutical compound, showed anti-fibrotic properties after mediating
HSC ferroptosis [73], as well as curcumol, the main active moiety of curcuma [74]. All
these studies suggest that ferroptosis serves as a clinically relevant mechanism in the
development of liver fibrosis. Although most findings are based on in vitro studies and
experimental design, they may help in designing clinical studies targeting ferroptosis for
developing potential therapies in liver fibrosis.

4. Oxidative Stress and Hepatocellular Carcinoma (HCC)

Hepatocellular carcinoma: The development of HCC is mostly associated with un-
derlying chronic liver disease with an ongoing inflammatory response and fibrous tissue
deposition, and the majority is found in patients with liver cirrhosis of any cause [75]. Ow-
ing to the growing prevalence of obesity and diabetes worldwide, an increasing number of
HCC is found in patients with MASLD and MASH, and up to one third of MASLD-related
liver cancer is found in a pre-cirrhotic stage. Patients with MASLD-associated HCC tend
to be older in age, have a higher BMI, present with metabolic comorbidities like diabetes,
arterial hypertension, or dyslipidemia more often, and are more likely to present with
uninodular lesions with a larger tumor diameter [76,77]. Steatotic liver disease is associated
with an increased risk for the development of HCC even without cirrhosis, with risk factors
of obesity, type 2 diabetes, and genetic variants (PNPLA3, MBOAT7, and TM6SF2, e.g.) [78].

HCC and oxidative stress: Hepatocarcinogenesis is a complex multistep mechanism
of the initiation, promotion, and progression of cellular, molecular, and genetic alterations
in a certain tumor microenvironment, with oxidative stress as an established trigger and
driver [79]. In obesity-related HCC, different ROS-mediated pathways have been associated
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with carcinogenesis. Nrf2, which usually protects against oxidative stress, as mentioned
above, might suppress or promote tumor growth, depending on the state of activation.
Under normal conditions, Nrf2 is bound to KEAP1 (Kelch-like ECH-associated protein 1)
in the cytoplasm. During oxidative stress, the accumulation of ROS leads to the degra-
dation of KEAP1 and Nrf2, allowing the latter to translocate to the nucleus to activate
the transcription of several antioxidant protective genes [80,81]. On the other hand, these
antioxidative mechanisms may also serve to protect tumor cells and therefore provide
oncogenic abilities. Additionally, the activation of Nrf2 in cancer cells leads to a redistri-
bution of glucose and further cell growth [82,83]. Also, the subsequent activation of an
Nrf2/PINK1 (PTEN-induced kinase 1) pathway following a sudden increase in ROS after
incomplete radiofrequency thermal ablation (RFA) resulted in a pro-survival effect in tumor
cells in vitro, explaining a potential mechanism of HCC resistance after RFA [84].

Similarly, NF-κB has pro- and antioxidant properties and opposite functions in car-
cinogenesis, depending on its timing and activation. A signaling pathway via ROS and
NF-κB, activated by mitochondrial ribosome CRIF1 (CR6-interacting factor), was associated
with tumor growth and metastasis in HCC [85]. The overexpression of another protein
for mitochondrial transcription, TFB2M (Mitochondrial transcription factor B2), activated
ROS-Akt-NF-κB signaling and was also linked to HCC cell growth and metastasis [86].
In obesity-related HCC, the initiation of tumor suppressor gene p53 and HIF has also
been linked to tumor development, as well as the BCL2 protein family, with pro- and
antiapoptotic functions or the ROS-mediated inactivation of protein tyrosine phosphatase,
which also plays a key role in insulin resistance [81]. Interestingly, iron also seems to act as
a directly hepatocarcinogenic agent via ROS formation and oxidative stress as well, even
in the absence of fibrosis or cirrhosis [87]. Besides this direct effect, several studies have
identified iron overload as an additional risk factor in the development of HCC in other
underlying liver disease etiologies as well [88]. The association of iron overload and tumor
development has especially been studied in genetic diseases with primary iron overload
like hereditary hemochromatosis. In the vast majority of patients, iron overload arises
from a loss of function mutation in the HFE gene. This results in insufficient production of
hepcidin, the hormone that inhibits cellular iron release through its interaction with the iron
exporter ferroportin, as mentioned above. The loss of hepcidin function results in excess
iron release and uptake, leading to systemic iron overload and potential organ damage.
Interestingly, not every individual with biochemical signs of iron overload develops organ
damage, indicating the importance of antioxidant defense mechanisms and the influence of
other metabolic co-factors in disease progression [89]. Hemochromatosis is associated with
an increased risk for HCC, not just due to liver disease progression to severe fibrosis and
cirrhosis. An increased risk was also found in patients without fibrosis, indicated by low
APRI values (AST to platelet ratio index) but constantly elevated serum ferritin levels [90].

HCC and ferroptosis: The induction of cell death is a common anticancer strategy.
Therefore, ferroptosis, as a special form of metabolically induced cell death, is increasingly
recognized as a tumor suppression mechanism [91]. Despite the abovementioned role of
ferroptosis in the development of metabolic liver disease, the mechanism of this unique
kind of regulated cell death also seems to be an attractive therapeutic target, especially in
HCC [92]. Proteins and enzymes that have been involved in the regulation of ferroptosis in
HCC include Nrf2, S1R (Sigma-1 receptor), HSPB1 (heat shock protein beta-1), p53, and
YAP/TAZ (Yes-Associated Protein/Transcriptional Co-Activator With PDZ-Binding Motif),
e.g., mostly influencing resistance to or the negative regulation of ferroptosis [93]. The
identification of inducers or inhibitors of ferroptosis in HCC is still limited to basic research,
and the further translation of these complex associations to clinical scenarios or even to
clinical use is needed [94]. For example, sorafenib is an established inducer of ferroptosis
with anti-cancer properties, but due to heterogenous tumor biology and resistance mech-
anisms, efficacy in HCC treatment is variable [95,96]. Recent investigations have shown
that metformin also induced ferroptosis in HCC and decreased sorafenib resistance via an
ATF4/STAT3 pathway in a cell culture and mouse model [97]. Furthermore, a combination
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of metformin and sorafenib increased tumor suppression through ferroptosis via an Nrf2-
mediated pathway in HCC [98]. Orlistat, an inhibitor of fatty acid synthase, also showed
anticancer effects in combination with sorafenib via ferroptosis [99]. A very interesting
treatment approach for HCC called TAFE (transarterial ferro-embolization therapy) was
recently described by Wang et al., combining ferroptosis-inducing agents with transarterial
chemoembolization in a mouse model. The investigators prepared a Pickering emulsion
of Lipodiol, calcium carbonate nanoparticles, hemin, and lipoxygenase (LHCa-LPE). This
agent could effectively induce ferroptosis and tumor suppression in the cell model. After
transarterial administration, LHCa-LPE also showed better tumor proliferation control and
a more effective tumor inhibitory effect, resulting in a smaller tumor size and better median
survival in a mouse model. This treatment shows promising results, combining the embolic
effect of transarterial tumor treatment with local ferroptosis-inducing properties [100].

5. Conclusions

In conclusion, iron and oxidative stress have essential functions in cell biology and
physiology, but carry a harmful potential, especially in states of overload. There is a
tight connection and interplay between iron and oxidative stress and their influences
on metabolic liver disease and liver fibrosis. Finally, a recently discovered form of iron-
dependent regulated cell death called ferroptosis provides further insights into the patho-
genesis of liver diseases and their progression, and may represent a target in the develop-
ment of antisteatotic, antifibrotic, and anticancer therapies.

Author Contributions: Conceptualization, S.G. and E.A.; writing—original draft preparation, S.G.;
writing—review and editing, E.A., B.W. and C.D. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Financial support from SPAR Austria to C.D. is gratefully acknowledged.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Gozzelino, R.; Arosio, P. Iron Homeostasis in Health and Disease. Int. J. Mol. Sci. 2016, 17, 130. [CrossRef] [PubMed]
2. Muckenthaler, M.U.; Rivella, S.; Hentze, M.W.; Galy, B. A Red Carpet for Iron Metabolism. Cell 2017, 168, 344–361. [CrossRef]
3. Papanikolaou, G.; Pantopoulos, K. Systemic iron homeostasis and erythropoiesis. IUBMB Life 2017, 69, 399–413. [CrossRef]

[PubMed]
4. Katsarou, A.; Pantopoulos, K. Basics and principles of cellular and systemic iron homeostasis. Mol. Asp. Med. 2020, 75, 100866.

[CrossRef] [PubMed]
5. Kowdley, K.V.; Belt, P.; Wilson, L.A.; Yeh, M.M.; Neuschwander-Tetri, B.A.; Chalasani, N.; Sanyal, A.J.; Nelson, J.E.; The NASH

Clinical Research Network. Serum ferritin is an independent predictor of histologic severity and advanced fibrosis in patients
with nonalcoholic fatty liver disease. Hepatology 2012, 55, 77–85. [CrossRef]

6. Wang, Q.; Zhu, M.; Li, H.; Chen, P.; Wang, M.; Gu, L.; Zhang, X.; Chen, L. Hyperferritinemia Correlates to Metabolic Dysregulation
and Steatosis in Chinese Biopsy-Proven Nonalcoholic Fatty Liver Disease Patients. Diabetes Metab. Syndr. Obes. Targets Ther. 2022,
15, 1543–1552. [CrossRef]

7. Dev, S.; Babitt, J.L. Overview of iron metabolism in health and disease: Iron metabolism in health and disease. Hemodial. Int. 2017,
21 (Suppl. S1), S6–S20. [CrossRef]

8. Vogt, A.-C.S.; Arsiwala, T.; Mohsen, M.; Vogel, M.; Manolova, V.; Bachmann, M.F. On Iron Metabolism and Its Regulation. Int. J.
Mol. Sci. 2021, 22, 4591. [CrossRef]

9. Dutt, S.; Hamza, I.; Bartnikas, T.B. Molecular Mechanisms of Iron and Heme Metabolism. Annu. Rev. Nutr. 2022, 42, 311–335.
[CrossRef]

10. Kawabata, H. Transferrin and transferrin receptors update. Free. Radic. Biol. Med. 2019, 133, 46–54. [CrossRef]
11. Plays, M.; Müller, S.; Rodriguez, R. Chemistry and biology of ferritin. Metallomics 2021, 13, mfab021. [CrossRef]

https://doi.org/10.3390/ijms17010130
https://www.ncbi.nlm.nih.gov/pubmed/26805813
https://doi.org/10.1016/j.cell.2016.12.034
https://doi.org/10.1002/iub.1629
https://www.ncbi.nlm.nih.gov/pubmed/28387022
https://doi.org/10.1016/j.mam.2020.100866
https://www.ncbi.nlm.nih.gov/pubmed/32564977
https://doi.org/10.1002/hep.24706
https://doi.org/10.2147/DMSO.S361187
https://doi.org/10.1111/hdi.12542
https://doi.org/10.3390/ijms22094591
https://doi.org/10.1146/annurev-nutr-062320-112625
https://doi.org/10.1016/j.freeradbiomed.2018.06.037
https://doi.org/10.1093/mtomcs/mfab021


Antioxidants 2024, 13, 208 9 of 12

12. Silva, B.; Faustino, P. An overview of molecular basis of iron metabolism regulation and the associated pathologies. Biochim.
Biophys. Acta BBA—Mol. Basis Dis. 2015, 1852, 1347–1359. [CrossRef]

13. Nemeth, E.; Ganz, T. Hepcidin-Ferroportin Interaction Controls Systemic Iron Homeostasis. Int. J. Mol. Sci. 2021, 22, 6493.
[CrossRef]

14. Sies, H.; Berndt, C.; Jones, D.P. Oxidative Stress. Annu. Rev. Biochem. 2017, 86, 715–748. [CrossRef]
15. Galaris, D.; Barbouti, A.; Pantopoulos, K. Iron homeostasis and oxidative stress: An intimate relationship. Biochim. Biophys. Acta

BBA—Mol. Cell Res. 2019, 1866, 118535. [CrossRef]
16. Nakamura, T.; Naguro, I.; Ichijo, H. Iron homeostasis and iron-regulated ROS in cell death, senescence and human diseases.

Biochim. Biophys. Acta BBA—Gen. Subj. 2019, 1863, 1398–1409. [CrossRef]
17. Angoro, B.; Motshakeri, M.; Hemmaway, C.; Svirskis, D.; Sharma, M. Non-transferrin bound iron. Clin. Chim. Acta 2022, 531,

157–167. [CrossRef]
18. Jenkitkasemwong, S.; Wang, C.-Y.; Coffey, R.; Zhang, W.; Chan, A.; Biel, T.; Kim, J.-S.; Hojyo, S.; Fukada, T.; Knutson, M.D.

SLC39A14 Is Required for the Development of Hepatocellular Iron Overload in Murine Models of Hereditary Hemochromatosis.
Cell Metab. 2015, 22, 138–150. [CrossRef] [PubMed]

19. Chen, Z.; Tian, R.; She, Z.; Cai, J.; Li, H. Role of oxidative stress in the pathogenesis of nonalcoholic fatty liver disease. Free Radic.
Biol. Med. 2020, 152, 116–141. [CrossRef] [PubMed]

20. Sousa, L.; Oliveira, M.M.; Pessôa, M.T.C.; Barbosa, L.A. Iron overload: Effects on cellular biochemistry. Clin. Chim. Acta 2020, 504,
180–189. [CrossRef] [PubMed]

21. Dixon, S.J.; Lemberg, K.M.; Lamprecht, M.R.; Skouta, R.; Zaitsev, E.M.; Gleason, C.E.; Patel, D.N.; Bauer, A.J.; Cantley, A.M.; Yang,
W.S.; et al. Ferroptosis: An Iron-Dependent Form of Nonapoptotic Cell Death. Cell 2012, 149, 1060–1072. [CrossRef]

22. Yang, W.S.; Stockwell, B.R. Ferroptosis: Death by Lipid Peroxidation. Trends Cell Biol. 2016, 26, 165–176. [CrossRef] [PubMed]
23. Stockwell, B.R.; Angeli, J.P.F.; Bayir, H.; Bush, A.I.; Conrad, M.; Dixon, S.J.; Fulda, S.; Gascón, S.; Hatzios, S.K.; Kagan, V.E.; et al.

Ferroptosis: A Regulated Cell Death Nexus Linking Metabolism, Redox Biology, and Disease. Cell 2017, 171, 273–285. [CrossRef]
[PubMed]

24. Jiang, X.; Stockwell, B.R.; Conrad, M. Ferroptosis: Mechanisms, biology and role in disease. Nat. Rev. Mol. Cell Biol. 2021, 22,
266–282. [CrossRef]

25. Li, J.; Cao, F.; Yin, H.; Huang, Z.; Lin, Z.; Mao, N.; Sun, B.; Wang, G. Ferroptosis: Past, present and future. Cell Death Dis. 2020, 11,
88. [CrossRef]

26. He, J.; Li, Z.; Xia, P.; Shi, A.; FuChen, X.; Zhang, J.; Yu, P. Ferroptosis and ferritinophagy in diabetes complications. Mol. Metab.
2022, 60, 101470. [CrossRef]

27. Qin, Y.; Qiao, Y.; Wang, D.; Tang, C.; Yan, G. Ferritinophagy and ferroptosis in cardiovascular disease: Mechanisms and potential
applications. Biomed. Pharmacother. 2021, 141, 111872. [CrossRef] [PubMed]

28. Du, X.; Dong, R.; Wu, Y.; Ni, B. Physiological Effects of Ferroptosis on Organ Fibrosis. Oxidative Med. Cell. Longev. 2022, 2022,
5295434. [CrossRef] [PubMed]

29. Huang, X.; Song, Y.; Wei, L.; Guo, J.; Xu, W.; Li, M. The emerging roles of ferroptosis in organ fibrosis and its potential therapeutic
effect. Int. Immunopharmacol. 2023, 116, 109812. [CrossRef] [PubMed]

30. Capelletti, M.M.; Manceau, H.; Puy, H.; Peoc’h, K. Ferroptosis in Liver Diseases: An Overview. Int. J. Mol. Sci. 2020, 21, 4908.
[CrossRef]

31. Powell, E.E.; Wong, V.W.-S.; Rinella, M. Non-alcoholic fatty liver disease. Lancet 2021, 397, 2212–2224. [CrossRef]
32. Eslam, M.; Newsome, P.N.; Sarin, S.K.; Anstee, Q.M.; Targher, G.; Romero-Gomez, M.; Zelber-Sagi, S.; Wong, V.W.-S.; Dufour,

J.-F.; Schattenberg, J.M.; et al. A new definition for metabolic dysfunction-associated fatty liver disease: An international expert
consensus statement. J. Hepatol. 2020, 73, 202–209. [CrossRef] [PubMed]

33. Rinella, M.E.; Lazarus, J.V.; Ratziu, V.; Francque, S.M.; Sanyal, A.J.; Kanwal, F.; Romero, D.; Abdelmalek, M.F.; Anstee, Q.M.; Arab,
J.P.; et al. A multi-society Delphi consensus statement on new fatty liver disease nomenclature. J. Hepatol. 2023, 78, 1966–1986.
[CrossRef] [PubMed]

34. Manne, V.; Handa, P.; Kowdley, K.V. Pathophysiology of Nonalcoholic Fatty Liver Disease/Nonalcoholic Steatohepatitis. Clin.
Liver Dis. 2018, 22, 23–37. [CrossRef]

35. Datz, C.; Müller, E.; Aigner, E. Iron overload and non-alcoholic fatty liver disease. Minerva Endocrinol. 2017, 42, 173–183.
[CrossRef] [PubMed]

36. Nassir, F. NAFLD: Mechanisms, Treatments, and Biomarkers. Biomolecules 2022, 12, 824. [CrossRef]
37. Bessone, F.; Razori, M.V.; Roma, M.G. Molecular pathways of nonalcoholic fatty liver disease development and progression. Cell.

Mol. Life Sci. 2019, 76, 99–128. [CrossRef]
38. Pierantonelli, I.; Svegliati-Baroni, G. Nonalcoholic Fatty Liver Disease: Basic Pathogenetic Mechanisms in the Progression from

NAFLD to NASH. Transplantation 2019, 103, e1–e13. [CrossRef]
39. Martín-Fernández, M.; Arroyo, V.; Carnicero, C.; Sigüenza, R.; Busta, R.; Mora, N.; Antolín, B.; Tamayo, E.; Aspichueta, P.;

Carnicero-Frutos, I.; et al. Role of Oxidative Stress and Lipid Peroxidation in the Pathophysiology of NAFLD. Antioxidants 2022,
11, 2217. [CrossRef]

40. Nelson, J.E.; Klintworth, H.; Kowdley, K.V. Iron Metabolism in Nonalcoholic Fatty Liver Disease. Curr. Gastroenterol. Rep. 2012,
14, 8–16. [CrossRef]

https://doi.org/10.1016/j.bbadis.2015.03.011
https://doi.org/10.3390/ijms22126493
https://doi.org/10.1146/annurev-biochem-061516-045037
https://doi.org/10.1016/j.bbamcr.2019.118535
https://doi.org/10.1016/j.bbagen.2019.06.010
https://doi.org/10.1016/j.cca.2022.04.004
https://doi.org/10.1016/j.cmet.2015.05.002
https://www.ncbi.nlm.nih.gov/pubmed/26028554
https://doi.org/10.1016/j.freeradbiomed.2020.02.025
https://www.ncbi.nlm.nih.gov/pubmed/32156524
https://doi.org/10.1016/j.cca.2019.11.029
https://www.ncbi.nlm.nih.gov/pubmed/31790701
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1016/j.tcb.2015.10.014
https://www.ncbi.nlm.nih.gov/pubmed/26653790
https://doi.org/10.1016/j.cell.2017.09.021
https://www.ncbi.nlm.nih.gov/pubmed/28985560
https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.1038/s41419-020-2298-2
https://doi.org/10.1016/j.molmet.2022.101470
https://doi.org/10.1016/j.biopha.2021.111872
https://www.ncbi.nlm.nih.gov/pubmed/34246187
https://doi.org/10.1155/2022/5295434
https://www.ncbi.nlm.nih.gov/pubmed/36238649
https://doi.org/10.1016/j.intimp.2023.109812
https://www.ncbi.nlm.nih.gov/pubmed/36746022
https://doi.org/10.3390/ijms21144908
https://doi.org/10.1016/S0140-6736(20)32511-3
https://doi.org/10.1016/j.jhep.2020.03.039
https://www.ncbi.nlm.nih.gov/pubmed/32278004
https://doi.org/10.1097/HEP.0000000000000520
https://www.ncbi.nlm.nih.gov/pubmed/37363821
https://doi.org/10.1016/j.cld.2017.08.007
https://doi.org/10.23736/S0391-1977.16.02565-7
https://www.ncbi.nlm.nih.gov/pubmed/27834478
https://doi.org/10.3390/biom12060824
https://doi.org/10.1007/s00018-018-2947-0
https://doi.org/10.1097/TP.0000000000002480
https://doi.org/10.3390/antiox11112217
https://doi.org/10.1007/s11894-011-0234-4


Antioxidants 2024, 13, 208 10 of 12

41. Aigner, E. Dysregulation of iron and copper homeostasis in nonalcoholic fatty liver. World J. Hepatol. 2014, 7, 177–188. [CrossRef]
42. Okada, K.; Warabi, E.; Sugimoto, H.; Horie, M.; Tokushige, K.; Ueda, T.; Harada, N.; Taguchi, K.; Hashimoto, E.; Itoh, K.; et al.

Nrf2 inhibits hepatic iron accumulation and counteracts oxidative stress-induced liver injury in nutritional steatohepatitis. J.
Gastroenterol. 2012, 47, 924–935. [CrossRef]

43. Handa, P.; Morgan-Stevenson, V.; Maliken, B.D.; Nelson, J.E.; Washington, S.; Westerman, M.; Yeh, M.M.; Kowdley, K.V. Iron
overload results in hepatic oxidative stress, immune cell activation, and hepatocellular ballooning injury, leading to nonalcoholic
steatohepatitis in genetically obese mice. Am. J. Physiol. Liver Physiol. 2016, 310, G117–G127. [CrossRef]

44. Moris, W.; Verhaegh, P.; Jonkers, D.; van Deursen, C.; Koek, G. Hyperferritinemia in Nonalcoholic Fatty Liver Disease: Iron
Accumulation or Inflammation? Semin. Liver Dis. 2019, 39, 476–482. [CrossRef] [PubMed]

45. Moirand, R.; Mortaji, A.M.; Loréal, O.; Paillard, F.; Brissot, P.; Deugnier, Y. A new syndrome of liver iron overload with normal
transferrin saturation. Lancet 1997, 349, 95–97. [CrossRef] [PubMed]

46. Valenti, L.; Corradini, E.; Adams, L.A.; Aigner, E.; Alqahtani, S.; Arrese, M.; Bardou-Jacquet, E.; Bugianesi, E.; Fernandez-Real,
J.-M.; Girelli, D.; et al. Consensus Statement on the definition and classification of metabolic hyperferritinaemia. Nat. Rev.
Endocrinol. 2023, 19, 299–310. [CrossRef] [PubMed]

47. Buzzetti, E.; Petta, S.; Manuguerra, R.; Luong, T.V.; Cabibi, D.; Corradini, E.; Craxì, A.; Pinzani, M.; Tsochatzis, E.; Pietrangelo, A.
Evaluating the association of serum ferritin and hepatic iron with disease severity in non-alcoholic fatty liver disease. Liver Int.
2019, 39, 1325–1334. [CrossRef]

48. Wang, H.; Sun, R.; Yang, S.; Ma, X.; Yu, C. Association between serum ferritin level and the various stages of non-alcoholic fatty
liver disease: A systematic review. Front. Med. 2022, 9, 934989. [CrossRef] [PubMed]

49. Gautheron, J.; Gores, G.J.; Rodrigues, C.M. Lytic cell death in metabolic liver disease. J. Hepatol. 2020, 73, 394–408. [CrossRef]
[PubMed]

50. Tsurusaki, S.; Tsuchiya, Y.; Koumura, T.; Nakasone, M.; Sakamoto, T.; Matsuoka, M.; Imai, H.; Kok, C.Y.-Y.; Okochi, H.; Nakano,
H.; et al. Hepatic ferroptosis plays an important role as the trigger for initiating inflammation in nonalcoholic steatohepatitis. Cell
Death Dis. 2019, 10, 449. [CrossRef] [PubMed]

51. Li, X.; Wang, T.; Huang, X.; Li, Y.; Sun, T.; Zang, S.; Guan, K.; Xiong, Y.; Liu, J.; Yuan, H. Targeting ferroptosis alleviates
methionine-choline deficient (MCD)-diet induced NASH by suppressing liver lipotoxicity. Liver Int. 2020, 40, 1378–1394.
[CrossRef]

52. Qi, J.; Kim, J.-W.; Zhou, Z.; Lim, C.-W.; 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. [CrossRef]

53. Tong, J.; Li, D.; Meng, H.; Sun, D.; Lan, X.; Ni, M.; Ma, J.; Zeng, F.; Sun, S.; Fu, J.; et al. Targeting a novel inducible GPX4
alternative isoform to alleviate ferroptosis and treat metabolic-associated fatty liver disease. Acta Pharm. Sin. B 2022, 12, 3650–3666.
[CrossRef] [PubMed]

54. Lu, Y.; Hu, J.; Chen, L.; Li, S.; Yuan, M.; Tian, X.; Cao, P.; Qiu, Z. Ferroptosis as an emerging therapeutic target in liver diseases.
Front. Pharmacol. 2023, 14, 1196287. [CrossRef] [PubMed]

55. Feng, G.; Byrne, C.D.; Targher, G.; Wang, F.; Zheng, M. Ferroptosis and metabolic dysfunction-associated fatty liver disease: Is
there a link? Liver Int. 2022, 42, 1496–1502. [CrossRef] [PubMed]

56. Zhang, T.; Wang, M.-Y.; Wang, G.-D.; Lv, Q.-Y.; Huang, Y.-Q.; Zhang, P.; Wang, W.; Zhang, Y.; Bai, Y.-P.; Guo, L.-Q. Metformin
improves nonalcoholic fatty liver disease in db/db mice by inhibiting ferroptosis. Eur. J. Pharmacol. 2024, 966, 176341. [CrossRef]

57. Chen, X.; Yu, C.; Kang, R.; Tang, D. Iron Metabolism in Ferroptosis. Front. Cell Dev. Biol. 2020, 8, 590226. [CrossRef] [PubMed]
58. Lian, X.; Tang, X. Use of a ferroptosis-related gene signature to construct diagnostic and prognostic models for assessing immune

infiltration in metabolic dysfunction-associated fatty liver disease. Front. Cell Dev. Biol. 2023, 11, 1199846. [CrossRef] [PubMed]
59. Roehlen, N.; Crouchet, E.; Baumert, T.F. Liver Fibrosis: Mechanistic Concepts and Therapeutic Perspectives. Cells 2020, 9, 875.

[CrossRef]
60. Dewidar, B.; Meyer, C.; Dooley, S.; Meindl-Beinker, N. TGF-β in Hepatic Stellate Cell Activation and Liver Fibrogenesis—Updated

2019. Cells 2019, 8, 1419. [CrossRef]
61. Liang, S.; Kisseleva, T.; Brenner, D.A. The Role of NADPH Oxidases (NOXs) in Liver Fibrosis and the Activation of Myofibroblasts.

Front. Physiol. 2016, 7, 17. [CrossRef]
62. Luedde, T.; Schwabe, R.F. NF-κB in the liver—Linking injury, fibrosis and hepatocellular carcinoma. Nat. Rev. Gastroenterol.

Hepatol. 2011, 8, 108–118. [CrossRef]
63. Gao, H.; Jin, Z.; Bandyopadhyay, G.; Wang, G.; Zhang, D.; Rocha, K.C.E.; Liu, X.; Zhao, H.; Kisseleva, T.; Brenner, D.A.; et al.

Aberrant iron distribution via hepatocyte-stellate cell axis drives liver lipogenesis and fibrosis. Cell Metab. 2022, 34, 1201–1213.e5.
[CrossRef]

64. Mehta, K.J.; Farnaud, S.J.; Sharp, P.A. Iron and liver fibrosis: Mechanistic and clinical aspects. World J. Gastroenterol. 2019, 25,
521–538. [CrossRef] [PubMed]

65. Pan, Q.; Luo, Y.; Xia, Q.; He, K. Ferroptosis and Liver Fibrosis. Int. J. Med. Sci. 2021, 18, 3361–3366. [CrossRef] [PubMed]
66. Zhang, Z.; Guo, M.; Li, Y.; Shen, M.; Kong, D.; Shao, J.; Ding, H.; Tan, S.; Chen, A.; Zhang, F.; et al. RNA-binding protein

ZFP36/TTP protects against ferroptosis by regulating autophagy signaling pathway in hepatic stellate cells. Autophagy 2020, 16,
1482–1505. [CrossRef]

https://doi.org/10.4254/wjh.v7.i2.177
https://doi.org/10.1007/s00535-012-0552-9
https://doi.org/10.1152/ajpgi.00246.2015
https://doi.org/10.1055/s-0039-1693114
https://www.ncbi.nlm.nih.gov/pubmed/31330553
https://doi.org/10.1016/S0140-6736(96)06034-5
https://www.ncbi.nlm.nih.gov/pubmed/8996422
https://doi.org/10.1038/s41574-023-00807-6
https://www.ncbi.nlm.nih.gov/pubmed/36805052
https://doi.org/10.1111/liv.14096
https://doi.org/10.3389/fmed.2022.934989
https://www.ncbi.nlm.nih.gov/pubmed/35991666
https://doi.org/10.1016/j.jhep.2020.04.001
https://www.ncbi.nlm.nih.gov/pubmed/32298766
https://doi.org/10.1038/s41419-019-1678-y
https://www.ncbi.nlm.nih.gov/pubmed/31209199
https://doi.org/10.1111/liv.14428
https://doi.org/10.1016/j.ajpath.2019.09.011
https://doi.org/10.1016/j.apsb.2022.02.003
https://www.ncbi.nlm.nih.gov/pubmed/36176906
https://doi.org/10.3389/fphar.2023.1196287
https://www.ncbi.nlm.nih.gov/pubmed/37256232
https://doi.org/10.1111/liv.15163
https://www.ncbi.nlm.nih.gov/pubmed/35007392
https://doi.org/10.1016/j.ejphar.2024.176341
https://doi.org/10.3389/fcell.2020.590226
https://www.ncbi.nlm.nih.gov/pubmed/33117818
https://doi.org/10.3389/fcell.2023.1199846
https://www.ncbi.nlm.nih.gov/pubmed/37928903
https://doi.org/10.3390/cells9040875
https://doi.org/10.3390/cells8111419
https://doi.org/10.3389/fphys.2016.00017
https://doi.org/10.1038/nrgastro.2010.213
https://doi.org/10.1016/j.cmet.2022.07.006
https://doi.org/10.3748/wjg.v25.i5.521
https://www.ncbi.nlm.nih.gov/pubmed/30774269
https://doi.org/10.7150/ijms.62903
https://www.ncbi.nlm.nih.gov/pubmed/34522161
https://doi.org/10.1080/15548627.2019.1687985


Antioxidants 2024, 13, 208 11 of 12

67. Zhang, Z.; Yao, Z.; Wang, L.; Ding, H.; Shao, J.; Chen, A.; Zhang, F.; Zheng, S. Activation of ferritinophagy is required for the
RNA-binding protein ELAVL1/HuR to regulate ferroptosis in hepatic stellate cells. Autophagy 2018, 14, 2083–2103. [CrossRef]
[PubMed]

68. Yu, Y.; Jiang, L.; Wang, H.; Shen, Z.; Cheng, Q.; Zhang, P.; Wang, J.; Wu, Q.; Fang, X.; Duan, L.; et al. Hepatic transferrin plays a
role in systemic iron homeostasis and liver ferroptosis. Blood 2020, 136, 726–739. [CrossRef]

69. Wu, A.; Feng, B.; Yu, J.; Yan, L.; Che, L.; Zhuo, Y.; Luo, Y.; Yu, B.; Wu, D.; Chen, D. Fibroblast growth factor 21 attenuates iron
overload-induced liver injury and fibrosis by inhibiting ferroptosis. Redox Biol. 2021, 46, 102131. [CrossRef]

70. Yuan, S.; Wei, C.; Liu, G.; Zhang, L.; Li, J.; Li, L.; Cai, S.; Fang, L. Sorafenib attenuates liver fibrosis by triggering hepatic stellate
cell ferroptosis via HIF-1α/SLC7A11 pathway. Cell Prolif. 2022, 55, e13158. [CrossRef]

71. Kong, Z.; Liu, R.; Cheng, Y. Artesunate alleviates liver fibrosis by regulating ferroptosis signaling pathway. Biomed. Pharmacother.
2019, 109, 2043–2053. [CrossRef]

72. Wang, L.; Zhang, Z.; Li, M.; Wang, F.; Jia, Y.; Zhang, F.; Shao, J.; Chen, A.; Zheng, S. P53-dependent induction of ferroptosis is
required for artemether to alleviate carbon tetrachloride-induced liver fibrosis and hepatic stellate cell activation. IUBMB Life
2019, 71, 45–56. [CrossRef]

73. Yi, J.; Wu, S.; Tan, S.; Qin, Y.; Wang, X.; Jiang, J.; Liu, H.; Wu, B. Berberine alleviates liver fibrosis through inducing ferrous redox
to activate ROS-mediated hepatic stellate cells ferroptosis. Cell Death Discov. 2021, 7, 374. [CrossRef]

74. Zheng, Y.; Zheng, Y.; Zhao, T.; Zhao, T.; Wang, J.; Wang, J.; Jiang, R.; Jiang, R.; Huang, J.; Huang, J.; et al. Curcumol alleviates liver
fibrosis through inducing autophagy and ferroptosis in hepatic stellate cells. FASEB J. 2022, 36, e22665. [CrossRef] [PubMed]

75. Vogel, A.; Meyer, T.; Sapisochin, G.; Salem, R.; Saborowski, A. Hepatocellular carcinoma. Lancet 2022, 400, 1345–1362. [CrossRef]
[PubMed]

76. Llovet, J.M.; Kelley, R.K.; Villanueva, A.; Singal, A.G.; Pikarsky, E.; Roayaie, S.; Lencioni, R.; Koike, K.; Zucman-Rossi, J.; Finn, R.S.
Hepatocellular carcinoma. Nat. Rev. Dis. Primers 2021, 7, 6. [CrossRef] [PubMed]

77. Tan, D.J.H.; Ng, C.H.; Lin, S.Y.; Pan, X.H.; Tay, P.; Lim, W.H.; Teng, M.; Syn, N.; Lim, G.; Yong, J.N.; et al. Clinical characteristics,
surveillance, treatment allocation, and outcomes of non-alcoholic fatty liver disease-related hepatocellular carcinoma: A systematic
review and meta-analysis. Lancet Oncol. 2022, 23, 521–530. [CrossRef] [PubMed]

78. Loomba, R.; Friedman, S.L.; Shulman, G.I. Mechanisms and disease consequences of nonalcoholic fatty liver disease. Cell 2021,
184, 2537–2564. [CrossRef] [PubMed]

79. Alarcón-Sánchez, B.R.; Pérez-Carreón, J.I.; Villa-Treviño, S.; Arellanes-Robledo, J. Molecular alterations that precede the establish-
ment of the hallmarks of cancer: An approach on the prevention of hepatocarcinogenesis. Biochem. Pharmacol. 2021, 194, 114818.
[CrossRef] [PubMed]

80. Zhou, J.; Zheng, Q.; Chen, Z. The Nrf2 Pathway in Liver Diseases. Front. Cell Dev. Biol. 2022, 10, 826204. [CrossRef] [PubMed]
81. Brahma, M.K.; Gilglioni, E.H.; Zhou, L.; Trépo, E.; Chen, P.; Gurzov, E.N. Oxidative stress in obesity-associated hepatocellular

carcinoma: Sources, signaling and therapeutic challenges. Oncogene 2021, 40, 5155–5167. [CrossRef]
82. Ngo, H.K.C.; Kim, D.-H.; Cha, Y.-N.; Na, H.-K.; Surh, Y.-J. Nrf2 Mutagenic Activation Drives Hepatocarcinogenesis. Cancer Res

2017, 77, 4797–4808. [CrossRef]
83. Kitamura, H.; Motohashi, H. NRF2 addiction in cancer cells. Cancer Sci. 2018, 109, 900–911. [CrossRef]
84. Peng, C.; Li, X.; Ao, F.; Li, T.; Guo, J.; Liu, J.; Zhang, X.; Gu, J.; Mao, J.; Zhou, B. Mitochondrial ROS driven by NOX4

upregulation promotes hepatocellular carcinoma cell survival after incomplete radiofrequency ablation by inducing of mitophagy
via Nrf2/PINK1. J. Transl. Med. 2023, 21, 218. [CrossRef] [PubMed]

85. Chang, H.; Li, J.; Qu, K.; Wan, Y.; Liu, S.; Zheng, W.; Zhang, Z.; Liu, C. CRIF1 overexpression facilitates tumor growth and
metastasis through inducing ROS/NFκB pathway in hepatocellular carcinoma. Cell Death Dis. 2020, 11, 332. [CrossRef] [PubMed]

86. Geng, X.; Geng, Z.; Li, H.; Zhang, Y.; Li, J.; Chang, H. Over-expression of TFB2M facilitates cell growth and metastasis via
activating ROS-Akt-NF-κB signalling in hepatocellular carcinoma. Liver Int. 2020, 40, 1756–1769. [CrossRef] [PubMed]

87. Asare, G.A.; Mossanda, K.S.; Kew, M.C.; Paterson, A.C.; Kahler-Venter, C.P.; Siziba, K. Hepatocellular carcinoma caused by iron
overload: A possible mechanism of direct hepatocarcinogenicity. Toxicology 2006, 219, 41–52. [CrossRef] [PubMed]

88. Paganoni, R.; Lechel, A.; Spasic, M.V. Iron at the Interface of Hepatocellular Carcinoma. Int. J. Mol. Sci. 2021, 22, 4097. [CrossRef]
[PubMed]

89. Adams, P.C.; Jeffrey, G.; Ryan, J. Haemochromatosis. Lancet 2023, 401, 1811–1821. [CrossRef] [PubMed]
90. Natarajan, Y.; Patel, P.; Chu, J.; Yu, X.; Hernaez, R.; El-Serag, H.; Kanwal, F. Risk of Hepatocellular Carcinoma in Patients with

Various HFE Genotypes. Dig. Dis. Sci. 2023, 68, 312–322. [CrossRef] [PubMed]
91. Lei, G.; Zhuang, L.; Gan, B. Targeting ferroptosis as a vulnerability in cancer. Nat. Rev. Cancer 2022, 22, 381–396. [CrossRef]
92. Bekric, D.; Ocker, M.; Mayr, C.; Stintzing, S.; Ritter, M.; Kiesslich, T.; Neureiter, D. Ferroptosis in Hepatocellular Carcinoma:

Mechanisms, Drug Targets and Approaches to Clinical Translation. Cancers 2022, 14, 1826. [CrossRef]
93. Pan, F.; Lin, X.; Hao, L.; Wang, T.; Song, H.; Wang, R. The Critical Role of Ferroptosis in Hepatocellular Carcinoma. Front. Cell Dev.

Biol. 2022, 10, 882571. [CrossRef]
94. Huang, Z.; Xia, H.; Cui, Y.; Yam, J.W.P.; Xu, Y. Ferroptosis: From Basic Research to Clinical Therapeutics in Hepatocellular

Carcinoma. J. Clin. Transl. Hepatol. 2023, 11, 207–218. [CrossRef]
95. Louandre, C.; Ezzoukhry, Z.; Godin, C.; Barbare, J.; Mazière, J.; Chauffert, B.; Galmiche, A. Iron-dependent cell death of

hepatocellular carcinoma cells exposed to sorafenib. Int. J. Cancer 2013, 133, 1732–1742. [CrossRef]

https://doi.org/10.1080/15548627.2018.1503146
https://www.ncbi.nlm.nih.gov/pubmed/30081711
https://doi.org/10.1182/blood.2019002907
https://doi.org/10.1016/j.redox.2021.102131
https://doi.org/10.1111/cpr.13158
https://doi.org/10.1016/j.biopha.2018.11.030
https://doi.org/10.1002/iub.1895
https://doi.org/10.1038/s41420-021-00768-7
https://doi.org/10.1096/fj.202200933RR
https://www.ncbi.nlm.nih.gov/pubmed/36398583
https://doi.org/10.1016/S0140-6736(22)01200-4
https://www.ncbi.nlm.nih.gov/pubmed/36084663
https://doi.org/10.1038/s41572-020-00240-3
https://www.ncbi.nlm.nih.gov/pubmed/33479224
https://doi.org/10.1016/S1470-2045(22)00078-X
https://www.ncbi.nlm.nih.gov/pubmed/35255263
https://doi.org/10.1016/j.cell.2021.04.015
https://www.ncbi.nlm.nih.gov/pubmed/33989548
https://doi.org/10.1016/j.bcp.2021.114818
https://www.ncbi.nlm.nih.gov/pubmed/34757033
https://doi.org/10.3389/fcell.2022.826204
https://www.ncbi.nlm.nih.gov/pubmed/35223849
https://doi.org/10.1038/s41388-021-01950-y
https://doi.org/10.1158/0008-5472.CAN-16-3538
https://doi.org/10.1111/cas.13537
https://doi.org/10.1186/s12967-023-04067-w
https://www.ncbi.nlm.nih.gov/pubmed/36964576
https://doi.org/10.1038/s41419-020-2528-7
https://www.ncbi.nlm.nih.gov/pubmed/32382077
https://doi.org/10.1111/liv.14440
https://www.ncbi.nlm.nih.gov/pubmed/32174027
https://doi.org/10.1016/j.tox.2005.11.006
https://www.ncbi.nlm.nih.gov/pubmed/16337327
https://doi.org/10.3390/ijms22084097
https://www.ncbi.nlm.nih.gov/pubmed/33921027
https://doi.org/10.1016/S0140-6736(23)00287-8
https://www.ncbi.nlm.nih.gov/pubmed/37121243
https://doi.org/10.1007/s10620-022-07602-9
https://www.ncbi.nlm.nih.gov/pubmed/35790703
https://doi.org/10.1038/s41568-022-00459-0
https://doi.org/10.3390/cancers14071826
https://doi.org/10.3389/fcell.2022.882571
https://doi.org/10.14218/JCTH.2022.00255
https://doi.org/10.1002/ijc.28159


Antioxidants 2024, 13, 208 12 of 12

96. Li, Q.; Chen, K.; Zhang, T.; Jiang, D.; Chen, L.; Jiang, J.; Zhang, C.; Li, S. Understanding sorafenib-induced ferroptosis and
resistance mechanisms: Implications for cancer therapy. Eur. J. Pharmacol. 2023, 955, 175913. [CrossRef] [PubMed]

97. Hu, Z.; Zhao, Y.; Li, L.; Jiang, J.; Li, W.; Mang, Y.; Gao, Y.; Dong, Y.; Zhu, J.; Yang, C.; et al. Metformin promotes ferroptosis
and sensitivity to sorafenib in hepatocellular carcinoma cells via ATF4/STAT3. Mol. Biol. Rep. 2023, 50, 6399–6413. [CrossRef]
[PubMed]

98. Tang, K.; Chen, Q.; Liu, Y.; Wang, L.; Lu, W. Combination of Metformin and Sorafenib Induces Ferroptosis of Hepatocellular
Carcinoma Through p62-Keap1-Nrf2 Pathway. J. Cancer 2022, 13, 3234–3243. [CrossRef]

99. Li, Y.; Yang, W.; Zheng, Y.; Dai, W.; Ji, J.; Wu, L.; Cheng, Z.; Zhang, J.; Li, J.; Xu, X.; et al. Targeting fatty acid synthase modulates
sensitivity of hepatocellular carcinoma to sorafenib via ferroptosis. J. Exp. Clin. Cancer Res. 2023, 42, 6. [CrossRef] [PubMed]

100. Wang, C.; Zhang, L.; Yang, Z.; Zhao, D.; Deng, Z.; Xu, J.; Wu, Y.; Hao, Y.; Dong, Z.; Feng, L.; et al. Self-fueling ferroptosis-inducing
microreactors based on pH-responsive Lipiodol Pickering emulsions enable transarterial ferro-embolization therapy. Natl. Sci.
Rev. 2024, 11, nwad257. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.ejphar.2023.175913
https://www.ncbi.nlm.nih.gov/pubmed/37460053
https://doi.org/10.1007/s11033-023-08492-4
https://www.ncbi.nlm.nih.gov/pubmed/37326750
https://doi.org/10.7150/jca.76618
https://doi.org/10.1186/s13046-022-02567-z
https://www.ncbi.nlm.nih.gov/pubmed/36604718
https://doi.org/10.1093/nsr/nwad257

	Introduction 
	Iron Homeostasis 
	Iron, Oxidative Stress, and Ferroptosis 

	Oxidative Stress and Metabolic-Dysfunction-Associated Steatotic Liver Disease 
	Oxidative Stress and Liver Fibrosis 
	Oxidative Stress and Hepatocellular Carcinoma (HCC) 
	Conclusions 
	References

