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Ferroptosis is an iron-dependent form of cell death characterized by intracellular lipid peroxide accumulation and redox
imbalance. Ferroptosis shows specific biological and morphological features when compared to the other cell death
patterns. The loss of lipid peroxide repair activity by glutathione peroxidase 4 (GPX4), the presence of redox-active iron
and the oxidation of polyunsaturated fatty acid (PUFA)-containing phospholipids are considered as distinct fingerprints of
ferroptosis. Several pathways, including amino acid and iron metabolism, ferritinophagy, cell adhesion, p53, Keap1/Nrf2
and phospholipid biosynthesis, can modify susceptibility to ferroptosis. Through the decades, various diseases, including
acute kidney injury; cancer; ischemia-reperfusion injury; and cardiovascular, neurodegenerative and hepatic disorders,
have been associated with ferroptosis. Here, we provide a short overview of the main biological and biochemical
mechanisms of ferroptosis. The contribution of ferroptosis to the spectrum of liver diseases, acute or chronic is also
reported. Finally, we discuss the use of ferroptosis as a therapeutic approach against hepatocellular carcinoma, the most
common form of primary liver cancer.
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| 1. Definition

Ferroptosis is an iron-dependent form of cell death characterized by intracellular lipid peroxide accumulation and redox
imbalance. Ferroptosis shows specific biological and morphological features when compared to the other cell death
patterns.

| 2. Discovery of Ferroptosis

In 2003, a study was conducted to identify new molecules with lethal effects on Ras-mutated cells. Among the 23,550,
different chemical compounds screened, NSC146109, renamed erastin, had a selectively lethal effect on Ras-expressing
cancer cells . In 2008, two other molecules, Ras-selective poisonous small molecules (RSL3-5), were identified, which
kill selectively human foreskin fibroblasts (BJeLR) in a non-apoptotic manner [, Inhibitors specific for RCDs cannot undo
RSL-induced cell death. In contrast, antioxidants (vitamin E) and iron chelators can block and reverse RSL-induced cell
death Bl. Therefore, the term “ferroptosis” refers to an iron-dependent, non-apoptotic cell death characterized by lipid
peroxidation [4].

| 3. Mechanisms of Ferroptosis

Ferroptosis is a sum of many biological pathways, acting simultaneously. In Figure 1, ferroptosis regulatory pathways are
reported. Three main biological axes are roughly:
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Figure 1. This figure summarizes the regulatory core of ferroptosis, approximately divided into three axes. The first axis is
represented in the middle. It includes the GSH/GPX4, sulfur transfer and p53 pathways. The second axis (right part of
theF) consists of the iron metabolism pathway, including IREB2 related to ferritin metabolism, the regulation of ATG5-
ATG7-NCOA4 pathway and the p62-Keapl-Nrf2 regulatory pathway. These elements can influence the concentration of
intracellular iron, mandatory for the development of ferroptosis. On the left, the third axis implies that lipid metabolism p53-
spermidine/spermine N1-acetyltransferase 1 (SAT1)-ALOX15, ACSL4, LPCAT3, etc. impact on fatty acids regulation and
ferroptosis . Finally, mitochondria are also involved, since VDACs (voltage-dependent anion channels) are inhibited by
erastin. In parallel, the independent pathway ferroptosis suppressor protein 1-coenzyme Q10 (FSP-1-CoQ10) acts with
GSH/GPX4 to contrast lipid peroxidation 4.

« glutathione/glutathione peroxidase 4 (GSH/GPX4) pathway, inhibition of system X.~, sulfur transfer pathway, and p53
regulatory axis;

« iron metabolism with the regulation of autophagy protein 5 and 7 (ATG5-ATG7) and nuclear receptor coactivator 4
(NCOA4) pathway and iron-responsive element-binding protein 2 (IREB2) related to ferritin metabolism, and the p62-
Kelch-like ECH-associated protein 1 (Keapl)-nuclear factor erythroid 2-related factor (Nrf2) regulatory pathways “;

o lipid metabolism pathways as p53, arachidonate lipoxygenase 15 (ALOX15), acyl-CoA synthetase long-chain family
member 4 (ACSL4), lysophosphatidylcholine acyltransferase 3 (LPCAT3) [4],

| 4. Ferroptosis in Liver Diseases

Hepatocytes play a crucial role in humans by helping maintain stable glucose and lipoprotein concentrations in the
plasma. Usually, hepatocytes are quiescent, but a radical change in liver physiology can occur when liver tissue is
exposed to viruses, toxic agents or metabolites in excess. Moreover, hepatocytes are the primary site of the storage of
iron in the body. Clinicians set 13—-15 mg of iron/g of liver tissue as a critical threshold, which is associated with an
increased risk of cirrhosis. 2. The type of liver damage depends on the nature and the severity of the lesion. Different
kinds of RCDs may coexist in the progression of metabolic liver diseases to inflammation, fibrosis and, ultimately, cirrhosis
81 Cirrhosis, a slow process spread over decades, is the most advanced stage of liver fibrosis and is associated with a
higher risk of malignant liver transformation into hepatocellular carcinoma (HCC). Accumulating evidence suggests that
lytic cell death modalities (e.g., necroptosis, pyroptosis and ferroptosis) elicit strong inflammatory responses due to cell
membrane permeabilization and release of cellular components, contributing to the recruitment of immune cells and
activation of hepatic stellate cells [©],

The association between liver damage and both inherited and acquired iron overload is indisputable. Ferroptosis could
determine iron overload because the induction of ferritinophagy induces the active mobilization of cellular iron. In any
case, uncontrolled free iron exerts a toxic effect on the liver, stimulating the advancement of hepatic diseases and leading
to severe collateral effects [,

4.1. Ferroptosis and Drug-Induced Liver Injury

Drug-induced liver injury (DILI) is the predominant cause of acute liver diseases (ALD) in Europe and the USA, with

acetaminophen as the paradigmatic example 8. The exposure of hepatic tissue to acetaminophen leads to the
hepatocyte cell death [LOIL1I1121[13][14][15][16][17][18][19][20][211[22][23]{24](25](26][27](5][28][29][30][31][32][33][34][35](36](37][38][39][40][41][42][43]




(44][45][46][47[48][49][50][51](8(52]  |ts transformation by cytochrome p450 provokes liver-toxicity through its reactive metabolite
NAPQI (N-acetyl-p-benzoquinone imine) 22, NAPQI binds to GSH and leads to severe depletion of GSH in hepatocytes
(521, Yamada's team has recently found that ferroptosis driven by w-6 PUFAs is associated with acetaminophen-induced
ALD B3], Besides, ferrostatin-1, DFO and vitamin E could exert a protective effect on hepatocytes by suppressing lipid
peroxidation and GSH depletion B3, Moreover, it was recently shown using CRISPR-Cas9 that cytochrome P450
oxidoreductase, which is directly implied in the detoxification of xenobiotics by hemoprotein, was necessary for ferroptotic
cell death by upregulating the PUFAs peroxidation 24!,

4.2. Ferroptosis and Ischemia-Reperfusion Injury (IRI)

IRI is the consequence of a temporary reduction of the blood supply followed by revascularization 23, The restoration of
blood supply after ischemia aggravates the pre-existing injury in the liver caused by ischemia. Liver IRI can be induced by
shock (e.g., sepsis and hemorrhage) or after liver surgery. In 2014, Friedmann Angeli et al., hypothesized a protective
effect of liproxstatin-1 against hepatic damage in a mouse model of hepatic injury induced by IRI 22, These data
evidenced that ferroptosis was a mechanism implied in liver IRI, underlying the potential interest to target ferroptosis in the
treatment of IRI (Eigure 2).

Figure 2. Etiologic factors and the central role of oxidative stress in the development of hepatic diseases. Several factors
(e.g., HBV/HCV infection, inadequate alcohol or drug consumption, metabolic or genetic diseases, and I-R injury (1)) may
trigger CLD or ALD (2) in the liver, promoting iron accumulation. This supports pro-oxidative state triggering protein and
DNA damage and lipid peroxidation (3). The instauration of hepatocyte oxidative stress conditions results in inflammation
(4-5), which favors liver fibrosis (6) and cirrhosis (7), and it may lead to hepatocellular carcinoma (8). Numbers (1-8) were
added to indicate the path to follow in reading the image. HSC, hematopoietic stem cells; TGFf, transforming growth
factor-beta.

4.3. Chronic Liver Diseases (CLD)

CLD are the consequence of constant exposure of the liver to agents as alcohol, chronic infection such as HBV/HVC or
altered intermediary metabolism [2/LQIL1I12][13][14][15][16][17][18][19][20](21][22][23][24](25](26](27](5][28][29](30][311[32][33](34](35](36](37][38][39]

(40]41][42][43][44][45][46][47][48][49][S015L1(8152] These conditions induce chronic liver scarring and fibrosis, combined with an

increased cell turnover rate.

CLD and iron metabolism are tightly interconnected. Chronic HVC infection favors the accumulation of iron,
downregulating hepatic hepcidin and upregulating duodenal ferroportin-1. Progressive iron overload correlates with the
worsening of liver damage.

An iron-centered hypothesis has also been proposed in the pathogenesis of the non-alcoholic liver disease (NAFLD) &Y.,
NAFLD spans from simple hepatic steatosis to non-alcoholic steatohepatitis (NASH), and it is associated with obesity and
metabolic syndrome 29, Steatosis can progress to an inflammatory state known as non-alcoholic steatohepatitis (NASH)
and degenerate to fibrosis. This progression correlates with an increase in lipid peroxidation, stemming from the
simultaneous presence of fatty acids and a high concentration of iron in hepatocytes 28l Lipotoxicity, oxidative stress,
organelle dysfunction and inflammatory response exacerbate ballooning and increase hepatocyte cell death 2. The role
of ferroptosis in NAFLD and NASH has not been clarified yet, but MDA and 4-HNE have been used as oxidative stress
markers in NASH patients 8. Besides, the hepatic PC/PE ratio is low in NASH patients. Vitamin E suppresses lipid
peroxidation and reduces serum transaminases in NASH patients 29, Conversely, iron overload aggravates NASH 6361,
Ferroptosis is the first hit event that triggers steatohepatitis and precedes other RCDs. 82, Ferroptosis inhibitors, as Trolox
and deferiprone, suppress cell death and inflammation at the onset of NASH in the choline-deficient, ethionine-
supplemented (CDE) diet model. In alcohol liver disease, after ethanol administration, adipose-specific lipin-1
overexpression accelerates iron accumulation, causes lipid peroxidation, reduces GSH and GAPDH and promotes
ferroptotic liver damage in mice 2, Lipin-1 is an Mg2*-dependent phosphatidic acid phosphohydrolase, implicated in the
formation of diacylglycerol during the synthesis of phospholipids and triglycerides.

Regarding hereditary hemochromatosis, inherited mutations in the HFE gene lead to massive accumulation of iron in the
liver and chronic tissue damage that may progress to hepatocellular carcinoma. In 2017, Wang’s team induced ferroptosis
in the liver by administering ferric citrate to —SCL7A11 KO mice lacking xCT of system X.~ 4. Indeed, —SCL7A11 KO
facilitates iron overload-induced ferroptosis due to impaired cystine uptake and increased ROS production. Ferrostatin-1
reversed the iron-overload damage 64!,

In addition, the rupture of the gene encoding Nrf2 stimulates the onset of liver fibrosis in Hfe”~ by an increased
susceptibility to oxidative stress 65,



4.4. Hepatocellular Carcinoma (HCC)

HCC is the most frequent liver cancer, and it is the second leading cause of cancer-related death worldwide in men €€,
HCC is usually diagnosed late. Sorafenib, a multikinase inhibitor, was the first drug used for the treatment of advanced
HCC. Louandre et al., evidenced that sorafenib induces ferroptosis 47 Since then, sorafenib has been classified as a
ferroptosis inducer 21, Sorafenib exerts its anticancer activity by inducing apoptosis and inhibiting proliferation as well as
angiogenesis. It is a weak apoptosis inducer compared to other chemicals, but it produces ferroptosis. Sorafenib-induced
ferroptosis can be reversed using either ferrostatin-1 or shRNA. Mechanistically, sorafenib acts as erastin inhibiting
SCL7A11, blocking the import of oxidized cysteine into the cell. Many studies have been done to characterize the
relationship between sorafenib and cellular pathways. The retinoblastoma protein (Rb) inhibits sorafenib-induced
ferroptosis in HCC cells (€8], Therefore, the Rb status of individual HCC patients is an important prognostic marker during
treatment with sorafenib.

The p62-Keapl-Nrf2 pathway also plays a central role in the prevention of HCC by acting against sorafenib-induced
ferroptosis by upregulating genes (notably —HO-1 and FTH1) involved in iron and ROS metabolism 3. These genes act
as antioxidants, enhancing the resistance to ferroptosis. Another protein involved in sorafenib resistance is the
metallothionein-1G (MT-1G), a critical negative regulator of ferroptosis. Its expression is induced by sorafenib and other
kinase inhibitors (e.g., erlotinib and gefitinib) €7, The upregulation of MT-1G contributes to sorafenib resistance. Besides,
CISD1 negatively regulates ferroptosis, and it is upregulated in an iron-dependent manner in human HCC cells. Finally, a
recent study showed that a variant present in Africans and the Afro-American population in the tumor suppressor p53
(p.Pro47Ser) downregulates ferroptosis in HCC (82,

Interestingly, Ou et al., reported that low-density lipoprotein-docosahexaenoic acid (LDL-DHA) nanoparticles selectively
kill human and rat hepatoma cell lines in vitro and reduce the growth of liver cancer in rat 9. LDL-DHA exacerbates lipid
peroxidation and determines the depletion of GSH and inactivation of GPX4 before cell death. DHA is responsible for the
direct degradation of GPX4, while the entire nanoparticle decreases the concentration of intracellular GSH by reducing
redox couples GSH/GSSG and NADPH/NADP+ and removing GSH-aldehyde adducts £€. In 2017, Bai et al., identified
haloperidol as a potential pharmacological modulator. Haloperidol, which is antipsychotic medication and a sigma receptor
1 antagonist, was able to promote erastin- and sorafenib-induced cell death at a relatively low dose 9, indicating that
haloperidol may benefit HCC patients treated with sorafenib by reducing the dosage or potentiating its effectiveness €€,
After the administration of haloperidol, the distinct traits (iron accumulation, lipid peroxidation and GSH depletion) of
ferroptosis were reported; at the same time, haloperidol influenced ferroptosis-related targets (Nrf2, HO-1 and GPX4) £,
These results provide a novel pharmacological strategy for HCC therapy.

5. Conclusion and Perspectives

Nowadays, the idea of ferroptosis-inducing therapy is becoming consistent in the field of cancer treatments. Sorafenib is
now the gold standard as a ferroptosis inducer. Moreover, new pharmacological formulations are becoming available for
erastin and RSL3. Efforts have been undertaken to render erastin more suitable for in vivo applications, such as erastin-
loaded exosomes, to target triple-negative breast cancer 1. New studies focused on the molecular basis of ferroptosis
could help in deciphering the existing connections between the single components of the metabolic pathway. Above all,
this could also lead to the identification of new molecular markers for ferroptosis, which are still missing. These markers
could also lead to a faster diagnosis in the field of oncology. In this context, ferroptosis may represent the cornerstone for
the development of alternative curative approaches. In summary, new projects dedicated to fundamental research should
be encouraged to obtain the full picture of intracellular interactions after ferroptosis induction. Another field of interest is to
define the connections between ferroptosis and other cell deaths to identify their co-operation and modulation in cells and
tissues. New frontiers are opening, which will put ferroptosis under the spotlight of future translational medicine.
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