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Abstract: Ferroptosis is a recently identified iron-dependent form of intracellular lipid peroxide accumulation-mediated cell death.
Different from other types of cell death mechanisms, it exhibits distinct biological and morphological features characterized by the loss
of lipid peroxidase repair activity caused by glutathione peroxidase 4, the presence of redox-active iron, and the oxidation of
phospholipids-containing polyunsaturated fatty acids. In recent years, studies have shown that ferroptosis plays a key role in various
liver diseases such as alcoholic liver injury, non-alcoholic steatohepatitis, liver cirrhosis, and liver cancer. However, the mechanism of
ferroptosis and its regulation on chronic liver disease are controversial among different types of cells in the liver. Herein, we
summarize the current studies on mechanism of ferroptosis in chronic liver disease, aiming to outline the blueprint of ferroptosis as
an effective option for chronic liver disease therapy.
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Introduction

Ferroptosis is a type of programmed cell death caused by iron-dependent lipid peroxidation and overproduction of
reactive oxygen species (ROS).! When a disorder of intracellular iron metabolism increases the level of free iron, the
latter catalyzes the Fenton reaction, which produces ROS that subsequently induces lipid peroxidation and leads to the
accumulation of lipid peroxides.” Above process not only depletes glutathione (GSH) but also reduces the activity of
glutathione peroxidase 4 (GPX4), thereby further preventing lipid peroxide from being metabolized through the GPX4-
catalyzed glutathione reductase reaction. Eventually, this disrupts the integrity of cell membranes, leading to ferroptosis.’
Ferroptosis shows specific characteristics such as the disappearance of mitochondrial cristae or even an increase in the
membrane density of mitochondria without significant changes in nuclear morphology, with these morphological changes
making ferroptosis distinct from other types of cell death.* In terms of biochemical features, ferroptosis is thought to be
characterized by a greater release of polyunsaturated fatty acids (PUFAs), the inhibition of GPX4 activity, the depletion
of GSH, and an accumulation of ROS.’ Briefly, there are two main mechanisms involved in ferroptosis: lipid
peroxidation® and unstable iron and genes associated with iron metabolism’ (Figure 1). GPX4, a major neutralizing
enzyme of peroxisomal phospholipids (PLOOH),? is involved in ferroptosis induced by erastin/RSL3, thus inhibiting
cystine transfer, promoting cell accumulation of more cysteine and promoting GSH production.”'® Meanwhile, under
certain pathological conditions, persistent parenchymal cell injury or even iron overload in the tissues and organs, an
imbalance in iron homeostasis can occur.'" In the presence of excessive Fe2+, lipid peroxidation induces oxidative stress
through the Fenton reaction catalyzed by free Fe2+, and this eventually increases cells’ sensitivity to ferroptosis.'?
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Figure | Schematic illustration of the main mechanisms of ferroptosis.

Notes: The mechanism of ferroptosis is divided into the following parts, namely the transport of cystine (red box), the function of GPX4 (purple box), the transport of iron
ions (green box), and the Fenton reaction (blue box). The first is the transport of cystine, which will be transported into the membrane by cystine/glutamate transferase,
while glutamate will be transported out. After entering the membrane, cystine, first converted to cysteine, will then be with glutamic acid and glycine, forming reduced
glutathione (GSH). GSH forms oxidized glutathione (glutathione disulfide, GSSG) via glutathione peroxidase 4 (GPX4). This process will assist GPX4 in removing the
peroxidation of polyunsaturated fatty acids, which form plasma membrane oxygen radicals. At the same time, trivalent iron ions enter the cell membrane as ferritin through
TFRI and are reduced to divalent iron ions after entering the membrane. Divalent iron ions combine with a series of peroxides to produce the Fenton reaction, which in
turn produces hydroxyl radicals with strong oxidative properties that promote lipid peroxidation and ultimately lead to the development of ferroptosis.

Chronic liver disease (CLD), such as hepatitis, alcoholic liver disease, and non-alcoholic fatty liver disease, is
a global public health concern, causing considerable morbidity and mortality.'> With more and more attention on basic
research and clinical research, the important regulatory status and regulatory mechanism of ferroptosis in CLD are
gradually revealed.'*'® However, the role of ferroptosis appears to be varied, which may be caused by the different types
and characteristics of cells (Figure 2). Therefore, mechanism involved in ferroptosis needs to be detailed and targeting
ferroptosis in patients with AH may be a potential hepatoprotective strategy. An updated and concise review of the
relevant literature on ferroptosis in CLD caused by different factors is presented here.

Ferroptosis in Viral Hepatitis

Serum ferritin and iron metabolism-related indicators, such as hepcidin, are important indicators to evaluate the severity
of chronic hepatitis B or chronic hepatitis C.'”2° Mitochondrial potential loss and lipid peroxidation were observed in
hepatocytes infected with hepatitis A virus 3C protease,”! while reduction of ferritin was observed in hepatocytes infected
with hepatitis C virus NS5A.** Changes in hepcidin levels in hepatocytes, enterocytes, and macrophages in the presence
and absence of HCV were observed, indicating that iron-assisted innate immune responses facilitated viral spreading.?
As an important process of iron metabolism, transferrin binding was decreased by prevention of TfR recycling.**
Previous experiments have also confirmed that SLC7A11 was inhibited by hepatitis B virus X protein.®> Eltrombopag,
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Figure 2 Ferroptosis in chronic liver diseases.

Note: Ferroptosis has been implicated in a variety of chronic liver diseases, including various etiologies of hepatitis, ischemic liver injury, cirrhosis, and liver cancer.
Abbreviations: HBx, hepatitis B virus X protein; HAV, hepatitis A virus; HCV, hepatitis C virus; ASCL4, achaete-scute family BHLH transcription factor 4; PuFA-PE,
polyunsaturated phosphatidylethanolamines; GSH, glutathione; GSSG, oxidized glutathione disulfide; GPX4, glutathione peroxidase 4; ROS, reactive oxygen species; SIRT3,
sirtuin 3; APAP, acetaminophen; CONA, Concanavalin A; TR, transferrin; FNDC3B, fibronectin type Il domain containing 3B; Slc39al4, solute carrier family 39 member 14;
HO-1, heme oxygenase |; MglG, magnesium isoglycyrrhizinate; HSC, hepatic stellate cell; Rb, retinoblastoma gene; ENOI, alpha-enolase |; CISDI, CDGSH iron sulfur
domain |; Nrf2, nuclear factor erythroid 2-related factor; 2TAM, tumor-associated macrophage cell; PMN-MDSC, pathologically activated neutrophils-termed myeloid-
derived suppressor cell.

recommended as a first-line agent for chronic hepatitis B patients, mediated reactive oxygen species production by iron
chelation, inhibiting the production of IFN-stimulated genes in monocytes in the antiviral response.”® However, the
correlation between viral hepatitis and ferroptosis and the specific treatment strategies related to ferroptosis still remain to

be further explored.

Ferroptosis in Drug-Induced Liver Injury

Fenton reactions and ROS accumulation cause ferroptosis in liver when ferrous iron (Fe2+) accumulates in the body.?’
Prior research generally confirms that drugs may induce ferroptosis by mitochondrial homeostasis and lipid deposition.
rifampicin,*® and

Cyproterone acetate, an antitumor drug, caused liver cirrhosis with iron overload.”® Efavirenz,?

isoniazid®' are found to impair ATP biosynthesis by regulating ferritin or ferroptosis-related genes. High doses of
auranofin can cause liver lipid peroxidation and ferroptosis by inhibiting the activity of thioredoxin reductase.*” In
addition, upregulation of hepatic toxicity, lipid peroxidation, and iron death marker genes happened in the APAP-induced

liver,”® which may be responsible for Obvious increasement in Fe2+.>*

Journal of Inflammation Research 2023:16 https:

383

Dove:


https://www.dovepress.com
https://www.dovepress.com

Zhu et al Dove

Ferroptosis in Alcoholic Fatty Liver Disease

Alcoholic liver disease (ALD) is a complex disease progression caused when alcohol is excessively consumed, and it
includes conditions such as alcoholic cirrhosis, alcoholic liver fibrosis, alcoholic hepatitis, simple steatosis, or even liver
cancer.”> Serum iron and ferritin levels are higher in patients with ALD,***” which may be a hallmark of ALD.*®
Possible mechanisms include ethanol-enhanced reactive oxygen species accumulation and unstable mitochondrial iron

3949 in hepatocyte injury. In addition, alcohol-treated mice were even found to have a significantly lower level of

pools
NADPH, a coenzyme of GSH reductase, in their livers.*! In iron overload, the depletion of GSH, followed by the
subsequent peroxidation of lipids and inflammation are thought to be characteristic of ferroptosis.** Besides, deletion of
hepatocyte-specific FNDC3B, the role of which in ferroptosis was verified by the administration of the ferroptosis
inhibitor ferrostatin-1,** increased liver steatosis induced by alcohol through inhibition of the AMP-activated protein
kinase (AMPK). Taking into account the fact that in ALD, both lipid and iron metabolism are disrupted, ferroptosis is

likely to be involved in its pathogenesis.

Ferroptosis in Metabolism-Related Fatty Liver Disease
Metabolism-related fatty liver disease (MAFLD), previously known as non-alcoholic fatty liver disease (NAFLD), is
a commonly encountered chronic liver disease that encompasses different conditions ranging from simple hepatic
steatosis to non-alcoholic steatohepatitis (NASH) or even cirrhosis.*> A plethora of research work has explored the
role and mechanism of iron metabolism, iron deposition, and ferroptosis in MAFLD, and researchers have reviewed and
discussed this in considerable detail.***® Biopsies confirm poorer long-term outcomes in patients with NAFLD and iron
overload,”” which may be due to elevated insulin resistance, excess hepatic lipid peroxidation, and iron overload
contributing to the progression of liver fibrosis. GPX4-reduced ferroptosis is a crucial trigger for MAFLD progression
to NASH.*® Using sodium selenite as a GPX4 activator attenuated RSL3-induced lipid peroxidation and cell death to
reduce the severity of NASH.*” Pan et al analyzed single nucleotide polymorphism in Chinese patients with MAFLD,
finding that MAFLD susceptibility may be influenced by the rs4434553 polymorphism in TFR2.*°

Moreover, distant organ-liver axis is involved in ferroptosis in MAFLD. Iron is absorbed by duodenal intestinal
epithelial cells and then entered into the blood, bound by transferrin, and arrived liver through hepatic portal circulation.

Liu et al*®

found that bromoacetic acid induced abnormal lipid metabolism. Further investigation using lipidomics and
microbial metabolomics unveiled that gut microbiota metabolite glycochenodeoxycholate activated TFR-ACSL4-
mediated ferroptosis. Mouth-liver axis was getting in on the act. After oral administration with Porphyromonas
gingivalis, amino acid biosynthesis, TCA cycling, and fatty acid and lipid degradation were observed, which are
metabolic pathways associated with ferroptosis.”’

The above findings suggest that ferroptosis inhibition could be specifically targeted in the treatment of MAFLD.

Ferroptosis in Autoimmune Hepatitis

Autoimmune hepatitis (AIH), an inflammatory lesion of the liver, is characterized by hyperglobulinemia, multiple
autoantibodies, and necrotic debris in the portal venous confluence area. It is mainly caused by injury mediated by the
immune system and, in the absence of quick and effective treatment, it increases the risk for developing end-stage liver
disease.>® The morphological features of autoimmune hepatitis are often variable, but the latter is known for its interface
hepatitis on pathological sections as well as the absence of changes typical of other types of liver disease, such as
hypergammaglobulinemia, which is more common in women.>* However, the pathogenesis of autoimmune hepatitis,
especially the specific processes involved in the death of hepatocytes, are yet to be uncovered. Microarray also suggested
the presence of ferroptosis in AIH mice.”* S100-induced autoimmune hepatitis in a mouse model showed that the
knockdown of GPX4 promoted the S100-induced accumulation of the lipid peroxide MDA and Fe2+ in liver tissues,
hence significantly exacerbating ferroptosis in AIH. Fer-1 is one of the most recognized and typical ferroptosis inhibitors
known to reverse S100-induced AIH and subsequent ferroptosis to reduce liver injury.’® Intervention of another typical
inhibitor of ferroptosis such as indoleamine 2,3-dioxygenase 1 (IDO1), an intracellular heme enzyme and immune-related
modulator involved in the production of Fe2+, also attenuates immune-mediated ferroptosis in mice with liver injury.>®
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Studies®” have shown that gene knockout of caveolin-1 significantly promoted the massive accumulation of ROS and
reactive nitrogen species induced by ConA while Fer-1, a ferroptosis inhibitor, could alleviate ConA-induced AIH.>®
Those studies highlight the relevance of ferroptosis to immune-mediated hepatitis, its possible involvement in disease
progression in autoimmune hepatitis as an initiator or intermediate mediator, as well as the potential of targeting
ferroptosis for improving AIH treatment, thereby providing new perspectives for disease treatment.

Ferroptosis in Hepatic Ischemia-Reperfusion Injury

Hepatic ischemia-reperfusion injury (HIRI) is the result of temporary decrease in tissue blood supply due to vascular
reconstruction.”® In 2014, Angeli et al®® proved that ferroptosis was a mechanism included in HIRI. Yamada et al®'
analyzed clinical data from pediatric liver transplantation patients and found that iron overload was closely associated
with poor prognosis, suggesting the potential effect of ferroptosis in HIRI. Further investigations suggested that nuclear
factor erythroid 2-related factor 2 (Nrf2)®* and heme oxygenase 1(HO-1)** were involved in. In addition, the HECT

domain-containing ubiquitin E3 ligase was identified as a negative modulator through TfR in HIRL.®*

High-iron diet in
HIRI intensified macrophage extracellular trap (MET)® and iron overload were alleviated after inhibiting METs.
Tanshinone, functioning as a coenzyme of NAD(P)H: Quinone oxidoreductase 1 also detoxified lipid peroxy radicals
and inhibited ferroptosis in HIRL® In liver surgery, the resection of liver lesions requires the blockage of liver blood
flow, resulting in different degrees of IRI. The in-depth study of ferroptosis is of great significance for the diagnosis and

treatment of IRI.

Ferroptosis in Liver Cirrhosis

For liver cirrhosis treatment, whether ferroptosis is to be inhibited or promoted is in dispute. Gao et al®’

found that liver
cells secreted iron through external vesicles leading to intracellular iron deficiency, and iron overload existed in hepatic
stellate cells (HSC). After iron accumulation, HSC fibrogenic activated as a result of the overproduction of ROS. Yu

et al®®

also detected accumulation of non-transferrin binding iron in the liver and pathological features of hepatic fibrosis
in liver Trf knockout mice. In this regard, possibility of inhibiting ferroptosis for hepatic fibrosis was put forward.

A key characteristic of liver cirrhosis is the excessive deposition of extracellular matrix (ECM) due to the activation
of hepatic stellate cell (HSC).*” There was evidence that some drugs could alleviate cirrhosis by promoting HSC
ferroptosis. Sorafenib and erastin could promote the expression of autophagy-related gene 16L1 protein, induce the
binding of nuclear receptor coactivator 4 to ferritin heavy chain 1, target the degradation of ferritin, and excessive release
of iron ions in activated HSC.”® Heme oxygenase 1-induced iron death of HSC is required for magnesium isoglycyr-
rhizinate to improve liver fibrosis.”' Wogonoside’? and Artemether’® could eventually induce ferroptosis in HSC through

P53 pathway.

Ferroptosis in Hepatocellular Carcinoma (HCC)
During tumorigenesis, ferroptosis plays a dual role in promoting and inhibiting tumor,”* which is dependent on the
release of damage-associated molecular patterns in the tumor microenvironment and activation of immune responses
triggered by iron death injury.

Targeted induction of ferroptosis in HCC cells is a treatment for liver cancer. The first type of drug used to treat

advanced hepatocellular carcinoma is usually the multikinase inhibitor Sorafenib, with Louandre et al”

demonstrating
that the drug could induce ferroptosis. Since then, the role of ferroptosis in the occurrence and development of HCC has
attracted the attention of scholars. The p62-Keapl-NRF2 antioxidant signaling pathway is a key negative regulator
involved in the transcriptional activation of ROS and iron-death related genes in HCC cells.”® The results showed that
p62-mediated Keapl degradation led to the activation of Nrf2, and Nrf2 regulatory genes NQO1, HO-1 and FTHI1 are
inhibited. Jiang et al’’ reported that p53 can inhibit the transcription of SLC7A11 and enhanced ferroptosis through the
p53 reaction element at 5° end. Louandre et al’® confirmed that the expression level of Rb was significantly decreased in
HCC cells after being treated with sorafenib. Sorafenib could induce ferroptosis by producing mitochondrial ROS, while
the inactivation of Rb will increase mitochondrial ROS and enhance oxidative stress. Yuan et al’® treated HepG2 and

Hep3B with Alastin, a classical iron death inducer, and found that it could promote the expression of CDGSH iron sulfur
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domain 1 (CISDI1) in an iron-dependent manner. In contrast, the treatment of HCC cells with pioglitazone, an iron-sulfur
cluster stabilizer of CISD1, showed that pioglitazone inhibited mitochondrial iron uptake and lipid peroxidation. Alpha-
enolase 1 (ENOI) acts as an RNA-binding protein to degrade mRNA, indicating that ENO1 binds and degrades the
mRNA of iron regulatory protein 1 gene, thereby regulating the metabolic homeostasis of iron in cells. These results
gradually shed light on the mechanism of ferroptosis in liver cancer. The research and development of ferroptosis
inducers for tumor targeted therapy, such as arginine-modified vesicular manganese silicate nanobubbles’® and nano-
bubble-based oxygen-boosted sonodynamic therapy,®® can cause tumor cell death by targeting different ferroptosis-
related pathways, which is expected to open up a new picture of precision therapy.

Tumor microenvironment is involved in the process of tumor ferroptosis. The work of Zhao et al®' further revealed the
regulatory role of oncometabolite lactate in the tumor microenvironment in the process of ferroptosis in tumor cells. It was
confirmed that lactic acid can induce monounsaturated fatty acid formation, which can help HCC cells resist lipid
peroxidation induced by oxidative stress. Innate immune cells, including macrophages and neutrophils, are the main
components of the tumor microenvironment and promote the dysregulation of iron metabolism in tumor cells.** On the
other hand, ferroptosis of immune cells promotes tumor development. The latest study conducted by Kim et al*> showed that
ferroptosis of pathologically activated neutrophils-termed myeloid-derived suppressor cells (PMN-MDSC) in immunologi-
cally normal hosts promoted tumor growth by limiting anti-tumor immunity and inducing ferritin hypertrophy promoted
tumor growth. Ferritin deposition is a unique immunosuppressant mechanism of PMN-MDSCs in the tumor microenviron-
ment, which can be regulated by targeted drugs to limit tumor development. APOCI inhibits the development of HCC cancer
cells by reversing the M2 phenotype to the M1 phenotype via the iron death pathway of tumor-associated macrophage cells.

Conclusion and Future Research Perspectives

As one of the main organs responsible for iron processing, liver is the first to suffer once iron homeostasis is disrupted.
As studies on the mechanism of ferroptosis in the pathogenesis of CLD gradually emerged, diagnosis and treatment
strategies of CLD based on ferroptosis are on the agenda.

Ferroptosis is a threat to the survival of any cell, including hepatocytes, stellate cells, Kupffer cells, and cancer cells.
However, various properties and roles of different cells in CLD make the clinical feasibility of treating CLD by inhibiting
ferroptosis become questionable. Targeted inhibition of ferroptosis was reported to be important for preventing lipid
peroxidation-mediated liver injury, inflammatory infiltration, and immune disorders in the development of these diseases,
while resistance to targeted therapy needs to be reversed by inducing ferroptosis. There are still many problems worth
discussing. What role ferroptosis plays in the evolution from hepatitis to cirrhosis or HCC is still required for further basic
and clinical research breakthrough. In addition, how iron transport between intracellular and extracellular compartments
affects liver status remains mysterious, due to the constant variation of iron between reduced and oxidized forms.

In conclusion, with the ongoing development of new projects dedicated to basic research on ferroptosis, a full picture
of intracellular interactions after ferroptosis is expected, and the development of new diagnostic system and therapeutic
strategies based on ferroptosis will become a hot spot of liver disease research in the future.
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