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I. INTRODUCTION

Ferroptosis and liver disease

Ferroptosis is an oxidative, iron-dependent nonapoptotic, peroxidation-driven form of regulated
cell death that is morphologically, biochemically, and genetically distinct from apoptosis,
necrosis, autophagy, and other types of cell death (Yagoda et al. 2007, Yang and Stockwell 2008,
Dixon et al. 2012, Fatokun et al. 2014). While apoptosis is mediated by pro-death molecules such
as BCL2-associated X protein, ferroptosis is initiated by GSH depletion or GPX4 inactivation
(Dixon et al. 2012, Yang et al. 2014). Poly (ADP ribose) polymerase 1 cleavage, release of
cytochrome ¢ from mitochondria, or cleavage of pro-caspase-3 were not also observed during
ferroptosis (Yagoda et al. 2007, Yang et al. 2014). Moreover, there are distinguishable characters
of mitochondrial morphology during ferroptosis, smaller than normal mitochondria with
condensed mitochondrial membrane densities, reduced or absent mitochondria crista and outer
mitochondrial membrane rupture (Yagoda et al. 2007, Dixon et al. 2012, Xie et al. 2016). In
addition, ferroptosis is characterized by an iron-mediated excessive peroxidation of
polyunsaturated fatty acid (PUFA)-containing phospholipids, exist in mammalian cell
membranes (Dixon et al. 2015). Treatment of iron chelators (deferoxamine) or antioxidants
(vitamine E, ferrostatin-1, or liproxstatin-1) can reverse the lipid peroxidation of ferroptosis
(Dixon et al. 2012, Friedmann Angeli et al. 2014). Although ferroptosis is considered as an
essential mechanism for sustaining cell survival, rendering some cells extremely susceptible to
ferroptotic cell death. Recently, ferroptosis has gained lots of interest, especially in view of the
modulation of genes involved in ferroptosis or introduction of ferroptosis-inducing agents in liver
diseases, such as hepatocellular carcinoma (HCC), liver fibrosis, liver failure and

alcoholic/nonalcoholic fatty liver diseases.

Collection @ chosun



1. The Mechanism of Ferroptosis

Dr. Brent R. Stockwell et al. used the ‘ferroptosis’ to explain cell death caused by the
accumulation of iron-dependent lipid peroxide in 2012. Ferroptosis is induced by inactivating
glutathione peroxidase 4 (GPX4), a major protective mechanism of membranes against
peroxidation damage (Bochkov et al. 2010, Dixon et al. 2012, Dixon and Stockwell 2014). Loss
of GPX4 activity is mediated by direct or indirect mechanism such as depletion of glutathione

(GSH), acting as a crucial cofactor of GPX4 (Dixon et al. 2012, Yang et al. 2014).

Ferroptosis Induction by Inhibition of System X.

System X is a Na'-dependent cysteine-glutamate exchange transporter, which is a disulfide-
linked heterodimer consisted of a heavy-chain subunit (CD98hc, SLC3A2) and a light-chain
subunit (xCT, SLC7A11) (Sato et al. 1999). While it transfers intracellular glutamate to the
extracellular space, system X transports extracellular cysteine into the cell, which is then
changed into cysteine for GSH synthesis. By utilizing GSH as a cofactor, GPX4 acts as a crucial
cellular antioxidant defenses against phospholipid peroxides. Hence, the inhibition of system X
induces GSH depletion and sequentially indirectly inactivates GPX4, leading to accumulation of
toxic lipid ROS and the initiation of ferropotosis (Dixon et al. 2012, Yang et al. 2014). Direct
suppression of GSH synthesis via inhibition of glutamate-cysteine ligase (e.g. buthionine

sulfoximine) can cause ferroptosis (Yang et al. 2014).

Ferroptosis Induction by Direct inhibition of GPX4
GPX4 was originally considered a lipid peroxidation suppressor since it degrades H,O, and
organic H>O» into water or alcohols, and uses GSH as an essential cofactor to activate (Brigelius-

Flohe and Maiorino 2013). (1S, 3R)-RSL (RSL3) is a classical ferroptosis inducer that can
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directly bind to GPX4 and inhibit its activity by covalently targeting selenocysteine in an
irreversible manner, leading to the intracellular accumulation of lipid peroxides and subsequent
ferroptosis (Yang et al. 2014, Yang et al. 2016). In addition to erastin and RSL3, other 12
ferroptosis inducers have been discovered in a large number of screening experiments (Weiwer
et al. 2012, Yang et al. 2012). Eight of these inducers (DPI7, DPI10, DPI12, DPI13, DPI17,
DPI18, DPI19, and RSL3) can directly suppress GPX4 activity. FIN56, a new and specific
ferroptosis inducer, mediates decrease of GPX4 abundance (Shimada et al. 2016). Consistently,
GPX4 deletion generates the rapid accumulation of lipid ROS and induces ferroptotic cell death
(Yang et al. 2012, Friedmann Angeli et al. 2014). Ectopic expression of GPX4 facilitates cell
viability induced by these compounds, but not by other cytotoxic agents, implying that GPX4 is

currently believed to be a specific and robust central controller of ferroptosis (Yang et al. 2012).

2. The Modulator of Ferroptosis

Considering the fact that the initiation of ferroptosis is closely related to iron, ROS, and PUFAs,
a variety of genes and signaling pathways related to metabolism in iron, lipid synthesis, and
oxidative stress have been identified, which potentially modulate the vulnerability to ferroptosis

(Hassannia et al. 2019).

Iron metabolism

It is notable that iron plays an essential role in execution of ferroptosis (Dixon and Stockwell
2014). Iron is an important component for most organisms of cellular processes, such as oxygen
transport, mitochondrial respiration, DNA replication, and cell signaling. Although it exists
abundantly in the environment, its bioavailability is limited since iron ions present as ferric (Fe**)

form, which is insoluble in aqueous solutions at physiological pH. Iron ions can exist both in the

-3 -
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ferric and the ferrous (Fe*") forms, allowing them to function as the transition metal to easily
donate or accept electrons to participate in oxidation-reduction reactions (Andrews and Schmidt
2007, Verbon et al. 2017). However, excess free Fe?” iron (LIP) is present inside a cell leads to
the formation of hydroxyl radicals via the Fenton reaction, which can lead cytotoxicity caused
by damages of DNA, protein, and lipids (Luo et al. 1994). Normally, the intracellular iron
maintains a delicate regulatory system. Extracellular iron can be imported by transferrin (TF)
and its carrier protein transferrin receptor (TFR). Imported iron is stored and transported as the
form of ferritin. Intracellular iron can be exported by ferroportin (FPN) (Hentze et al. 2010).
Increasing LIP by either increased iron import or reduced iron export can increase sensitivity to
oxidative damage and ferroptosis.

Besides the amount of LIPs in cells, other genes related to iron metabolism also affect
ferrroptosis. Nuclear receptor coactivator 4 (NCOA4) is a cargo receptor mediating the transport
of ferritin to autophagosomes for lysosome-dependent degradation and iron release (i.e.
ferritinophagy), which can accumulate large amounts of iron, and NCOA4 inhibition leads to
attenuation of ferroptosis (Hou et al. 2016). Iron-response element binding protein 2 (IREB2)
encodes the master regulator of iron metabolism including TF, TFR1, ferritin (Dixon et al. 2012,
Bogdan et al. 2016). Silencing of IREB2 significantly suppressed erastin-induced ferroptosis.
Excessively increased activity of HMOX1, a mediator of the degradation of heme to ferrous iron,
biliverdin and carbon monoxide, induces increased of LIP and subsequently initiate ferroptosis
(Chang et al. 2018, Hassannia et al. 2019). However, a moderate upregulation of HMOX1 can

protect cells based on its anti-oxidant activity (Suttner and Dennery 1999).

ROS metabolism

ROS, considered as one of the most important indicators of ferroptosis, is a partially reduced
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oxygen molecule including peroxides (H202), superoxide (O2-+), singlet oxygen (102), and free
radicals (HO-, RO+, NO-, and NO2-) generated from various sources. GSH is a pivotal factor for

ferroptosis by maintaining the cellular oxidation-reduction balance. GSH mediates the reduction
of the toxic phospholipid hydroperoxides into nontoxic phospholipid alcohols via GPX4. Hence,
this character enables GPX4 to play a central downstream regulator of ferroptosis (Yang et al.
2014). In presence of ROS, cystathionine-B-synthetase activation promotes methionine-to-
cysteine conversion and GSH synthesis through the transsulfuration pathways, thus protecting
cells from the injury caused by ROS (McBean 2012). Recent research shown that increase of the
transsulfuration related genes in response to the loss of certain tRNA synthases could inhibit

erastin-induced ferroptosis (Hayano et al. 2016).

Lipid metabolism

The mevalonate pathway regulates sensitivity to ferroptosis. A direct metabolite of mevalonate,
isopentenyl-pyrophosphate (Distefano et al.) is important product for cholesterol synthesis,
isopentenylation of selenocysteine tRNA and CoQ10 production (Moosmann and Behl 2004).
Repressing the activity of squalene synthase or squalene monooxygenase, which are downstream
of isopentenyl-pyrophosphate involved in cholesterol synthesis, impedes ferroptosis. Statin-
mediated inhibition of HMG-CoA reductase, upstream of isopentenyl-pyrophosphate synthesis,
promotes ferroptosis (Shimada et al. 2016). Additionally, mevalonate pathway also affects
ferroptosis by regulating the synthesis of selenoprotein, which exists in the active center of GPX4
with selenocysteine. Suppressing of isopentenyl-pyrophosphate production interferes maturation
of selenocysteine tRNA, a specific transporter for the incorporation of selenocysteine into GPX4.
Moreover, suppression of coenzyme Q10 synthesis can induce mitochondrial damage which

enhances ferroptosis.
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The Inducers of Ferroptosis

There are various types of substances that induce ferroptosis, such as erastin, RSL3, sorafenib
and FIN56. Most of ferroptosis inducers were actually discovered before the notion of ferroptosis
was identified. Firstly, erastin has been identified as a new synthetic compound that induce RAS-
mutated tumor cells death in the absence of apoptosis (Dolma et al. 2003). Ras-selective lethal
small molecule (RSL)-3 was later identified as a compound with similar effects to erastin (Yang
and Stockwell 2008). After the ferroptosis was established (Dixon et al. 2012), it was confirmed
that other compounds such as sorafenib and FINO2 induced ferroptosis. Recently, these
substances are classified into several types according to mechanism underlying ferroptosis
induction.

First, class I ferroptosis inducers, such as erastin and sorafenib, deplete cysteine in cells by
inhibiting system Xc". Cysteine depletion in the cells inhibit biosynthesis of GSH, which results
in loss of GPX4 activity. Eventually, ferroptosis is caused by the accumulation of lipid
peroxidation.

Class 1II ferroptosis inducers including RSL3 and DPI compounds (7, 10, 12, 13, 17, 18, 19)
act by directly inhibiting GPX4. They inhibit the GPX4 activity by covalently interacting with
the active site in selenocysteine of GPX4 (Yang et al. 2016), which inactivates GPX4
subsequently leading to lipid peroxidation accumulation and cell death.

Class III ferroptosis inducers act by decreasing GPX4 protein abundance and causing depletes
coenzyme Q10 (CoQ10) via squalene synthetase-mevalonate pathway. Coenzyme Q10 is an
endogenous cellular antioxidant and well-known as an essential component in mitochondrial
electron transport chain (Shimada et al. 2016). FIN56 is a representative compound of Class III
ferroptosis inducers.

Class IV ferroptosis inducer act to induces lipid peroxidation and indirectly loss of GPX4
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activity. FINO?2 is the only compound known to date as a class IV ferroptosis inducer. FINO2

both indirectly inhibits GPX4 activity and bypasses GSH depletion to cause iron oxidation,

consequentially causing widely lipid peroxidation (Gaschler et al. 2018).

Table 1. Ferroptosis inducers and its inhibitors

Reagent

Impact on ferroptosis

Target/Function

References

Inducers

Class |

Erastin, Piperazine Erastin
(PE), Imidazole Ketone
Erastin (IKE), Sorafenib

Prevent cysteine import, causes
GSH depletion

System Xc¢

(Dixon ef al., 2012, Sun
et al., 2016, Zhang et
al., 2019, Yang er al.,

2014)

Class 11

RSL3, ML162,
DPI compounds
7,10,12,13,17,18,19

Covalent inhibitor of GPX4 that
causes accumulation of lipid
peroxidation

GPX4

(Yang ef al., 2014)

Class 1I1

FIN56 and CIL56

Depletes CoQ10 via SQS-
mevalonate pathway and causes
decrease in GPX4 protein
abundance

Depletion of GPX4
protein
and CoQ10

(Shimada et al., 2016)

Class IV

FINO2

Induces lipid peroxidation and
loss of GPX4 activity

Induction of Tipid
peroxidation

(Gaschler et al., 2018)

Inhibitors

Class |

Deferoxamine mesylate

Suppress accumulation of iron

(Skouta ef al., 2014)

Class 1T

Ferrostatin-1, vitamin E,
liproxstatin-1, SRS11-9,
SRS16-86

Prevent lipid peroxidation

(Skouta et al., 2014)

3. Ferroptosis in liver diseases

There is accumulative evidence the connection between ferroptosis and the pathogenesis of

diverse liver diseases such as hepatocellular carcinoma (HCC), fibrosis, liver failure and

nonalcoholic/alcoholic steatohepatitis.

Ferroptosis and HCC

HCC is the most frequent type of primary liver cancer and is the second leading cause of cancer-

related mortality worldwide (Knudsen et al. 2014). Despite treatment for advanced HCC

including surgical resection and nonsurgical therapies are of limited effectiveness, the
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mechanisms underlying development and progression of HCC should be identified further
(Llovet et al. 2008). Intriguingly, it has been revealed the versatile ferroptosis inducers exert
cytotoxicity on HCC. Depletion of the intracellular iron by using iron chelator deferoxamine
strikingly preserve HCC cells against the cytotoxic effects of sorafenib (Louandre et al. 2013).
In addition, inhibition of transsulfuration via cystathione [B-synthase suppresses HCC cell
proliferation and significantly reduces in vivo tumor growth. A representative transcription factor
for expression antioxidant gene Nrf2 has an inhibitory role of inducing both HCC survival and
death. Nrf2 protects HCC against ferroptosis upon exposure to erastin, sorafenib, or buthionine
sulfoximine. This was derived from the inhibitory effect of p62 on Nrf2 degradation by Keapl
(Sun et al. 2016). Besides, activation of Nrf2 contributes to sorafenib resistance of HCC by
upregulation of metallothionein-1G and sigma-1 receptor (Sun et al. 2016, Bai et al. 2017). Upon
exposure to sorafenib, the Rb-deficient HCC cells promote the occurrence of ferroptosis,
suggesting that Rb is involved in sorafenib-induced ferroptosis (Louandre et al. 2015). Deletion
of ceruloplasmin stimulates erastin- and RSL3-induced ferroptotic cell death and resulted in the
accumulation of intracellular Fe*" and lipid ROS (Shang et al. 2020). BRCA1-associated protein
1, a nuclear deubiquitinating enzyme to reduce histone 2A ubiquitination on chromatin, represses
SLC7AL11 expression leading to elevated lipid peroxidation and ferroptosis (Zhang et al. 2018).
Moreover, there is an interesting study revealed that two transcription factors, HIC1 and HNF4A
have been identified to differentially and transcriptionally affect ferroptosis-controlling genes;
HIC1 facilitates ferroptosis and HNF4A conversly acts to ferroptosis (Zhang et al. 2019).
Recently, it is demonstrated that erastin treatment increases ferroptosis via changes of the long
non-coding RNA GABPBI1-AS1, which downregulates GABPB1 protein levels through
blocking GABPBI translation, eventually decreases the level of peroxiredoxin-5 peroxidase (Qi

et al. 2019). Based on these observations, induction of ferroptosis has been suggested as an anti-
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cancer therapy target.

Ferroptosis and nonalcoholic steatohepatitis (NASH)

NASH is characterized by lipid accumulation within hepatocytes, death of hepatic cells,
infiltration of inflammatory cells, and fibrosis (Liu et al. 2016). Recent studies have revealed that
a role for ferroptosis during the progression of NASH. There is a report that hepatic ferroptosis
has been shown to act as a trigger at the onset of NASH. Ferroptosis inhibitors, trolox and
deferoxamine treatment alleviated cell death, and infiltration of inflammatory cytokine
production, and the amount of oxygenated phosphatidylethanolamine, which is implicated that
ferroptosis pathway is increased in the liver of choline-deficient, ethionine-supplemented diet-
induced steatohepatitis mice model compared with normal diet-fed mice. A study shown that
hepatic phosphatidylcholine/phosphatidylethanolamine ratios are decreased in NASH patients
consistently support this notion (Tsurusaki et al. 2019). In another study, decreased hepatic
expression of GPX4 is observed in mice liver fed methionine/choline-deficient diet (MCD) with
RSL-3 treatment, indicating that ferroptosis plays a key role in NASH-related lipid peroxidation
and its associated cell death. Conversely, deferoxamine and sodium selenite (a GPX4 activator)
significantly reduced NASH severity and abolished the harmful effects of RSL-3 in MCD-fed

mice (Qi et al. 2020).

Ferroptosis and acute liver failure (ALF)

ALF is a serious disorder caused by various factors such as liver synthesis, detoxification,
excretion and biotransformation. It has been implicated that ferroptosis plays a role in the
development of ALF. Ferroptosis mediates acetaminophen-induced hepatotoxicity (Lorincz et al.

2015). Lipid peroxidation leads to hepatocyte ferroptosis, resulting in acute liver failure.
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Glycirrhizin reduced the level of ferroptosis during ALF, which may depend on the inhibition of

oxidative stress pathway via Nrf2/HO-1/HMGBI1 pathway (Wang et al. 2019).

REDDI1 is known as stress response gene that induced by various cellular stresses, such as
hypoxia, glucocorticoid and DNA damage (Wang et al. 2006, Shoshani, 2002, Ellisen, 2002).
Furthermore, it has been reported that REDD1 negatively regulates mammalian target of
rapamycin (mTOR) through tuberous sclerosis complex (TSC) 1/2. mTORCI1 is well known as
regulator of cell survival and proliferation (Molitoris et al. 2011). Besides, it has been reported
that REDDI1 involved in a variety of roles on cell proliferation, tumor invasion, tumorigenesis
(Molitoris et al. 2011, Chang, 2009, Wang, 2003, Ota, 2014). However, there is a controversial
role of REDDI related to ROS. It has been reported that REDD1 forms a stress-inducing complex
with TXNIP and increases oxidative stress and cell death (Qiao et al. 2015). On the other hand,
it is also reported that REDDI1 protects cells from hypoxia by reducing ROS formation (Horak
etal. 2010).

Although studies on the association between ferroptosis and liver diseases are being conducted
recently, there is no research on ferroptosis in liver fibrosis, which is mediated by HSCs
activation. Thus, we currently tried to identify the role of ferroptosis in HSCs and establish cell
or animal models of ferroptosis-mediated hepatic fibrosis. Moreover, we demonstrate the role of

REDDI1 as a novel therapeutic target for the ferroptosis-mediated liver fibrosis.
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II. MATERIALS AND METHODS

Materials

Caspase-3, phospho-Smad3, Smad2/3, p-cJUN and c-JUN antibodies were provided by Cell
Signaling Technology (Danvers, MA). Transferrin receptor 1, GPX4 and ferroportin antibodies
were purchase from Abcam (Cambridge, UK). The REDDI1 antibody was acquired from
Proteintech (Chicago, IL, USA). PARP and Smad7 antibodies were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). C11-BODIPY fluorescent dye, goat anti-rabbit and anti-mouse
secondary antibodies were purchased from Invitrogen (Carlsbad, CA, USA). TGF-p1
recombinant protein was supplied from R&D Systems (Minneapolis, MN, USA). Erastin and
RSL3 were purchased from Selleck Chemicals (Houston, TX, USA). Mitogen-activated protein
kinase (MAPK) inhibitors for ERK (PD98059), p38 (SB203580), and JNK (SP600125) were
obtained from Calbiochem (Billerica, MA, USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT), 2',7'-dichlorofluorescein diacetate (DCFH-DA), actinomycin-D
(ActD), Ferrostatin-1 (Fer-1), Deferoxamine (DFO), ZVAD-FMK, Necrostatin-1 (Nec-1), Iron
(IIT) nitrate nonahydrate, Nitrilotriacetic acid disodium salt, Tron dextran and B-actin antibody

were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Cell culture

LX-2 cells (human immortalized HSCs) were provided by Dr. S.L.Friedmann (Mount Sinai
School of Medicine, New York, NY). HSC-T6 cell line was purchased from ATCC (American
Type Culture Collection, Manassas, VA). Cells were grown in Dulbecco’s modified Eagle’s

medium (DMEM) containing 50 units/mL penicillin/streptomycin and 10% fetal bovine serum
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(FBS) at 37C in a humidified 5% CO- atmosphere. Cells were washed twice with ice-cold

phosphate buffered saline (PBS) before sample preparation.

Isolation of Hepatic stellate cells (HSCs)

HSCs were isolated from the liver of 8 weeks old male mice (Oriental Bio, Sungnam, South
Korea) as previously reported (Jin et al. 2013, Kim et al. 2018). The protocols of all animal
experiments were reviewed and approved by the Animal Care and Use Committee of Chosun
University. After intubation in the portal vein, the livers were perfused in situ with Ca**-free
Hank’s balanced saline solution at 37°C for 20 min and then perfused with solution containing
0.05% collagenase and Ca>* for 20 min, at a flow rate of 10 mL/min. The perfused livers were
minced, filtered through 70 pm cell strainer (BD Bioscience), and centrifuged at 50 g for 3 min
to separate the hepatocytes. Primary HSCs were isolated by gradient centrifugation, as previously
reported (Jin et al. 2013, Kim et al. 2018). Isolated primary HSCs and LX-2 cells were cultured
on uncoated dishes. Quiescent HSCs were cultured for 0 day, and activated HSCs were cultured

for 7 days.

MTT assay

To measure cytotoxicity, LX-2 cells were plated at 24-well plates and incubated with Erastin or
RSL3 for 24 h. After treatment, cells were stained with MTT (0.2 mg/mL and incubated for 1 h).
The media were then removed and any formazan crystals produced in the wells were dissolved
with the addition of 300 uL of dimethyl sulfoxide (DMSO). Absorbance at 550 nm was measured
using microplate reader (SpectraMAX, Molecular Device, Sunnyvale, CA). Cell viability was
defined relative to the untreated control [i.e., viability (% control) = 100 x (absorbance of treated

sample) / (absorbance of control)].
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Immunoblot analysis

Total cell lysates were prepared as previously reported (Yuan et al. 2009). The cells were
centrifuged at 3,000 x g for 3 min and allowed to lysis after the addition of lysis buffer (RIPA).
Lysates were centrifuged at 12,000 g for 15 min to obtain supernatant. After protein extraction,
sodium dodecyl sulfate—polyacrylamide gel electrophoresis, and immunoblotting were carried
out, as previously reported (Kim et al. 2015). Signals in nitrocellulose membranes were
visualized by using a chemiluminescence detection system (GE Health care, Chalfont St. Giles,

United Kingdom).

RNA isolation and quantitative real-time PCR (RT-PCR)

Cells were lysed using Trizol reagent (Invitrogen, USA) and total RNA was extracted with
chloroform and isopropanol. To obtain cDNA, total RNA (2 pg) was reverse-transcribed using
an oligo dTis primer. The cDNA was amplified using an Accupower RT premix (Bioneer,
Daejeon, Korea). Real-time PCR was carried out using a SYBR Green Premix (Applied
Biosystems, Foster City, CA) and a Step One Real-time PCR System (Applied Biosystems). The
sequences of the primers were as follows: human PAI-1 5'-CGCCAGAGCAGGACGAA-3'
(forward) and 5'-CATCTGCATCCTGAAGTTCTCA-3' (reverse); human TIMP-1 5'-
GGTGGGTGGATGAGTAATGC-3" (forward), 5-CAGCGGCTGCGGAAAC-3' (reverse);
human Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 5'-
GAAGGTGAAGGTCGGAGTC-3' (forward), 5-GAAGATGGTGATGGGATTTC-3'
(reverse); human REDDI1 5-GAGCCTGGAGAGCTCGGACT-3" (forward) and 5'-

CTGCATCAGGTTGGCACACA-3' (reverse). GAPDH was used as an internal control and

relative levels of specific gene were determined by 22T method. As another method of
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obtaining results, amplified products were resolved by using 2% agarose gel, stained with

ethidium bromide, and visualized by a transilluminator.

Construction of plasmids, transient transfection and reporter gene assay

Luciferase reporter plasmid, phREDD1-2548 and pCMV6-AC-GFP-REDDI1 plasmid were
provided by Dr. Xiao (Armed Forces Radiobiology Research Institute, Bethesda, MD, USA).
The pCDNA3-Flag-Smad3 and SBE-Luc [pGL3-(CAGA)9-MLP-luciferase] were kindly
provided by Prof. H.S. Choi (Chonnam National University, Gwangju, Korea) (Cho et al. 2010).
Serial deletion mutants of human REDD1 promoter and deletion mutant of putative AP-1 binding
site were constructed, as previously reported (Cho et al. 2018). LX-2 cells in 12-well plates were
serum starved for 3 h and transfected with Activator protein-1-Luc, Smad Binding Element
(SBE)-Luc, or serial deletion mutants of human REDD1 promoter using Lipofectamine2000
reagent (Invitrogen) for 3 h. The phREDD1 and c-JUN plasmids were co-transfected in LX-2
cells. Next, cells were incubated in Dulbecco’s modified Eagle’s medium for 12 h. The firefly
and renilla luciferase activities were measured using the dual luciferase assay system (Promega,
Madison, WI, USA). Then, relative luciferase activities were calculated, as previously described

(Shin et al. 2012).

Preparation of recombinant adenovirus

Recombinant adenoviruses expressing REDD1 or LacZ were produced in HEK293A cells,
purified using CsCl,, and resuspended in phosphate-buffered saline (PBS), as previously reported
(Kim et al. 2015). Optical densities at 260 nm were measured to determine recombinant

adenovirus titers.
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Measurement of ROS production

After treatment with RSL3 or TGF-f in LX-2 cells, stained with 10 uM DCFH-DA for 1 h at
37°C. Fluorescence intensity in the cells was also measured using a fluorescence microplate
reader (Gemini, Molecular Devices, Sunnyvale, CA, USA) at excitation/emission wavelengths

of 485 nm/530 nm.

C11-BODIPY fluorescence analysis

After treatment with RSL3 in LX-2 cells, stained with 10 uM C11-BODIPY for 1 h at 37°C.
Cells were then harvested by trypsinization and washed with PBS. The intensity of fluorescence
in the cells was measured using flowcytometry (Beckman-Coulter). C11-BODIPY fluorescence

was determined in channel FITC-A.

Animals

The protocols of all animal experiments were reviewed and approved by the Animal Care and
Use Committee of Chosun University. Male ICR mice (6 weeks old) were purchased from Orient
Bio (Sungnam, Korea) and acclimated for 1 week. Mice (N= 5 per group) were maintained at
25+2°C under a 12 h light/dark cycle and a relative humidity of 50%+5% in filtered pathogen-

free air with food (Purina, Korea) and water available ad /ibitum.
CCls-induced hepatic fibrosis
Adenovirus (1 x 10% pfu) were administered via a tail vein 48 h before CCly injection and then

once every 5 days for 2 weeks. To induce liver fibrosis, CCls (0.5 mg/kg; dissolved in 10% corn

oil) were intraperitoneally injected into the mice with two times a week for 2 weeks.
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Iron dextran-induced hepatic ferroptosis
Mice were subjected to ferroptosis, as previously described (Zhang et al. 2013). To induce
hepatic ferroptosis, Iron dextran (50 mg/kg; dissolved in saline) were intraperitoneally injected

into the mice with once every day for 8-20 weeks.

Blood biochemistry
Plasma alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels were

measured using commercial kits (Asan Pharmaceutical, Seoul, Korea).

TBARS assay
The relative malondialdehyde (MDA) contents in liver homogenates was quantified using the
TBARS assay kit (STA-330; CELL BIOLABS, San Diego, CA, USA) according to the

manufacturer's instructions.

Measurement of GSH content

The GSH contents in cells were quantified using a commercial GSH determination kit
(BIOXYTECH GSH-400, Oxis International, Portland, OR, USA). Cells or liver tissues lysed in
buffer containing 5% metaphosphoric acid to precipitate proteins. After centrifugation at
10,000xg for 15 min, the supernatants were used to measure GSH concentration. Absorbance at

400 nm was measured on a microplate reader (Spectra MAX, Molecular Device).

Measurement of GSH/GSSG ratio
GSH and GSSG ratio was quantified using the glutathione assay kit (703002; Cayman chemical,

Ann Arbor, ML, USA) according to the manufacturer's instructions.
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Histopathology and immunohistochemistry

Samples from ICR mouse hepatic tissues were crossly trimmed based on sagital axis,
individually, and re-fixed in 10% neutral buffered formalin for 24 h. After embedded in paraffin
using automated tissue processor and embedding center, 3-4 um sections were prepared as three
serial sections in each paraffin block using microtome. Representative sections were stained with
hematoxylin and eosin (H&E) for general histopathological profiles, Sirius red (SR) for collagen
fiber, Prussian blue (PB) for iron depositions, or Avidin-biotin- peroxidase complex (ABC)-
based immunohistochemistry against a-smooth muscle actin (a-SMA) for activated hepatic
stellate cells (HSCs). All histomorphometric and immunohistochemical analyses were conducted
using automated digital image analysis software (DMI-300 Image processing; DMI, Daegu,
Korea). Hepatocytes showing any degenerative changes including necrosis, eosinophilic
condensation, acute cellular swelling (ballooning), iron depositions and fatty changes were
regarded as "degenerative hepatocytes" under H&E and PB stain, and hepatic architectural
changes, fibrosis and cirrhosis were evaluated by modified hepatic staging scoring system. In
addition, the cells occupied by over 20% of immunoreactivities were regarded as positive. This

analysis was conducted by a certified histopathologist unaware of sample identities.

Statistical analysis.

One-way analysis of variance (ANOVA) was used to assess statistical significance of differences
among treatment groups. For each statistically significant effect of treatment, the Newman—Keuls
test was used for comparisons between multiple group means. The data were expressed as means

+ S.E.
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IHI. RESULTS

Part I: The effect of ferroptosis in hepatic stellate cell activation

1. The effects of ferroptosis-inducers in hepatic stellate cells

First, we measured cell viability to investigate whether ferroptosis occurs in hepatic stellate
cells (HSC). Cell viability was reduced by erastin or RSL3 in LX-2 cells. In another hepatic
stellate cell lines, HSC-T6, the cell viability was also decreased by treatment with RSL3 (Fig.
1A). Erastin and RSL3 are well known as ferroptosis inducers. RSL3-induced cytotoxicity
was significantly restored by deferoxamine (iron chealator) or ferrostatin-1 (ferroptosis
inhibitor) in LX-2 cells. In HSC-T6 and in primary hepatic stellate cell isolated from mice,
cell viability was also restored by ferrostatin-1 treatment (Fig. 1B). In contrast, other forms
of cell death inhibitors such as, ZVAD-FMK (an apoptosis inhibitor), necrostatin-1 (Nec-1,
a necroptosis inhibitor), and chloroquine (autophagy inhibitor) failed to restore cell viability
following RSL3 treatment (Fig. 1C). Moreover, protein levels of cleaved PARP and caspase-
3, known as apoptosis markers, were not changed by RSL3 treatments (Fig. 1D). These
results indicate that cell death induced by ferroptosis inducers in HSCs is dependent on

ferroptosis.
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Figure 1. Induction of ferroptotic cell death in hepatic stellate cells (HSCs)

(A) Induction of cell death by ferroptosis-inducing compounds in hepatic stellate cells. LX-2
cells were treated with erastin or RSL3 for 24 h. Cell viabilities were assessed using an MTT
assay. Data represent means = S.E. of three replicates; significant as compared with vehicle
treated control cells, **p<0.01 (B) The Effects of ferroptosis inhibitors on cell death induced by
RSL3. Cells were treated with 100 uM of deferoxamine or 1 pM ferrostatin-1 with or without
RSL3. Cell viabilities were assessed using an MTT assay. Data represent means + S.E. of three
replicates; significant as compared with vehicle treated control cells, **p<0.01, significant as
compared with RSL3 treated control cells, ##p<0.01 (C) LX-2 cells were treated with RSL3 (0.1
uM) with or without the indicated inhibitors for 24 h. Cell viabilities were assessed using an
MTT assay. Data represent means + S.E. of three replicates; significant as compared with vehicle
treated control cells, **p<0.01, significant as compared with RSL3 treated control cells,
##p<0.01 (D) Immunoblot of PARP, caspase3 and their cleaved forms in LX-2 cell from lysates

treated with RSL3 (0.1 pM).
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2. Identification of ferroptosis marker in HSCs

To verify that RSL3 has effects on human hepatic stellate cell line, we measured GPX4
protein level in LX-2 cells (Fig. 2A). GPX4 expression was reduced by RSL3 treatment.
GPX4 reduction is a representative marker of ferroptosis. But, GPX1 expression was not
significant. GPX1 is one of the GPX family, consisting of eight members. GPX1 is widely
expressed in various tissues and protects cells against oxidative stress (Brigelius-Flohe and
Maiorino 2013). In particular, GPX1 protects hemoglobin of erythrocytes from oxidative
degradation or plays a crucial role of the arachidonic acid metabolism in platelets
(Sutherland et al. 2001). However, GPX4 is known to play a more critical role than other
GPX family members in ferroptosis (Yu et al. 2017). We next treated LX-2 cells with various
time course of RSL3 to assess changes in the GSH/GSSG ratio. As a result, the GSH/GSSG
ratio was decreased after treatment with RSL3 for 24 h (Fig. 2B). Dysfunction of
intracellular antioxidant systems, such as GPX4 inactivation and GSH depletion, can affect
ROS production. So, we measured intracellular ROS production using DCFH-DA
fluorescence dye. Treatment of RSL3 for 3 to 6 h in LX-2 cells significantly increased ROS
levels (Fig. 2C). Furthermore, RSL3 promoted the production of lipid ROS, one of the
representative ferroptosis markers in LX-2 cells (Fig. 2D). To investigate the effect of RSL3
to iron metabolism in HSC, we measured the expression of iron transport related proteins
transferrin receptor-1 (TfR-1) and ferroportin using immunoblotting. RSL3 treatment
reciprocally regulates TfR-1 and ferroportin expression (Fig. 2E). To establish our finding
that occuring ferroptosis in hepatic stellate cells, GPX4 expression was examined in murine
primary hepatic stellate cells. When GPX4 expression was reduced, the HSC activation

marker plasminogen activator inhibitor-1 (PAI-1) was increased by RSL3 or Fe-NTA
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treatment. These results indicate that ferroptosis in HSCs can affect the hepatic stellate cell

activation.
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Figure 2. Characterization of ferroptosis in HSCs

(A) Protein levels of GPX4 or GPX1 in RSL3 (0.1 uM) treated LX-2 cells were measured by
immunoblotting. (B) GSH/GSSG ratio was measured in lysates of LX-2 cells treated with RSL3
for various time course. Data represent means = S.E. of three replicates; significant as compared
with vehicle treated control cells, *p<0.05 (C) Cells were treated with RSL3 for 1-6 h. Then, we
measured fluorescence intensities using DCFH-DA. Data represent means £ S.E. of three
replicates; significant as compared with vehicle treated control cells, **p<0.01 (D) Lipid
peroxidation by RSL3 in LX-2 cells. Fluorescence intensities of C11-bodipy were estimated after
treatment with RSL3 (0.1 uM). (E) The effects of RSL3 on iron transport-related gene expression.
Cells were treated with RSL3 in various time course. Protein levels were measured by
immunoblotting. (F) Protein levels of GPX4 or PAI-1 in primary HSCs. After isolation of
primary HSCs (day 0), the cells were treated with RSL3 (0.1 puM) or Fe-NTA (50 puM).
Expression of the HSC activation marker PAI-1 and ferroptosis marker GPX4 was determined

by immunoblot analysis.
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3. Ferroptosis-inducers contribute to HSC activation

To investigate whether ferroptosis-inducers contribute to fibrogenic gene expression, we
treated RSL3 or Fe-NTA in LX-2 cells. RSL3 or Fe-NTA treatment in LX-2 cells increased
the expression of PAI-1 protein expression (Fig. 3A). In HSCs, PAI-1 plays a crucial role in
the synthesis and secretion of ECM proteins (Knittel et al. 1996). Therefore, PAI-1 is
considered a representative HSC activation marker. Next, we observed that tissue inhibitor
of metalloproteinases-1 (TIMP-1) or PAI-1 mRNA expression was affected by RSL3. PAI-
1 or TIMP-1 mRNA level was increased by RSL3 treatment for 1-3 h (Fig. 3B). It is known
that upregulation of TIMP-1 indirectly promotes ECM accumulation (Arpino et al. 2015).
Treatment with ferrostatin-1, a specific inhibitor of ferroptosis, completely inhibited the
increase in PAI-1 levels induced by RSL3 (Fig. 3C). These data suggest that ferroptosis can

contribute to HSC activation.
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Figure 3. HSC activation by ferroptosis-inducing compounds

(A) Cells were treated with RSL3 or Fe-NTA for 1-12 h. Then, PAI-1 protein level was
determined by immunoblotting. (B) Real-time PCR analysis. Cells were treated with RSL3 for
1-12 h. PAI-1 or TIMP-1 mRNA levels were normalized as using GAPDH. Data represent means
+ S.E. of three replicates; significant as compared with vehicle treated control cells, *p<0.05,
**p<0.01 (C) LX-2 cells were exposed to RSL3 (0.1 uM) or Fe-NTA (50 uM) for 6 h after

pretreatment with ferrostatin-1 for 30 min. PAI-1 protein level was measured by immunoblotting.
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4. AP-1-dependent HSC activation by ferroptosis inducers

Activator protein 1 (AP-1) is a transcription factors consisting of Jun, Fos or Activating
Tanscription Factor (ATF) protein (Gangnuss et al. 2004). In addition, it has been reported
that AP-1 is a major redox-sensitive transcription factor (Korashy and El-Kadi 2008) and
regulate genes involved in TIMP and ECM remodeling (Li et al. 2008). Based on Fig. 2C
and 3B, we speculated that AP-1 could involve in HSC activation by RSL3. Therefore, we
measured AP-1 luciferase activity to determine the signaling pathway involved the HSC
activation by RSL3. Treatment with RSL3 elevated AP-1 luciferase activity in a dose-
dependent manner (Fig. 4A). Next, we treated LX-2 cells with various time course of RSL3
to assess the c-JUN phosphorylation, which is major component of AP-1. An immunoblot
results showed that phosphorylation of c-JUN was increased by RSL3 (Fig. 4B).
Phosphorylated-c-JUN increased by RSL3 or Fe-NTA was completely abolished by
treatment with the ferroptosis inhibitor ferrostatin-1 (Fig. 4C and 4D). However, Smad
pathway, the major signaling in HSC activation, has not been affected by RSL3 or Fe-NTA.
Result for investigating Smad phosphorylation by RSL3 in LX-2 cells, both Smad2 or
Smad3 phosphorylation has not changed (Fig. 4E). Then, we also measured Smad-binding
element (SBE)-dependent luciferase activity. In agreement with immunoblotting data, SBE
luciferase activity was not increased by RSL3 treatment (Fig. 4F). These data indicate that
ferroptosis-inducers contribute to HSC activation via AP-1-dependent pathway, not Smad

signaling pathway.
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Figure 4. AP-1-dependent ferroptosis in HSCs

(A) AP-1-luciferase activity was determined in the lysates of LX-2 cells treated with RSL3 for
12 h. Data represent means = S.E. of three replicates; significant as compared with vehicle treated
control cells, *p<0.05, **p<0.01 (B) Immunoblot analysis for phosphorylated c-JUN was carried
out in cells treated with RSL3 (0.1 uM) for 0.5-6 h. (C) Cells were exposed to RSL3 (0.1 uM)
for 6h after pretreatment with ferroptstatin-1 (1 pM) for 30 min. Then, phosphorylated c-JUN
protein level was measured immunoblotting. (D) LX-2 cells were pretreated as described in (C)
and treated with Fe-NTA (50 uM) for 6 h. Protein level of phosphorylated c-JUN was determined
by immunoblotting. (E) LX-2 cells were treated with 0.1 pM of RSL3 in various time course.
And the phosphorylation levels of Smad2 or Smad3 were analyzed. (F) Smad transactivation was
measured in LX-2 cells transfected with the SBE luciferase construct and exposed to RSL3 for
12 h. TGF-p treated cells were used as positive control. Data represent means = S.E. of three

replicates; significant as compared with vehicle treated control cells, **p<0.01
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5. Activation of the HSC induces ferroptosis

First, we investigated the GPX4 expression in primary hepatic stellate cells. GPX4 protein
level was decreased in activated HSC (Fig. 5A). Then, we treated TGF- in LX-2 cells with
various time course. GPX4 protein levels were decreased after TGF-f treatment for 12 h or
24 h (Fig. 5B). Treatment of ferrostatin abolished the reduced GPX4 expression by TGF-3
(Fig. 5C). Next, we measured reactive oxygen species (ROS) production in LX-2 cells after
TGF-p treatment using DCFH-DA. It has been well established that ROS generation in HSCs
is critical for liver fibrosis progression (Parola and Robino 2001). In addition, elevated ROS
levels are commonly detected in liver fibrosis model (Svegliati Baroni et al. 1998). ROS also
plays an important role in the ferroptosis occurrence (Xie et al. 2016). ROS production was
significantly increased for 6-12 h in LX-2 cells by TGF-p treatment (Fig. 5D). These results

suggest that ferroptotic conditions may occur during HSC activation by TGF-p treatment.
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Figure 5. TGF-p activates HSC by inducing ferroptotic condition

(A) Immunoblotting on quiescent or activated primary HSCs. After primary HSCs isolated from
mice (day 0), the cells were incubated for 7 days, and the cell lysates were used to
immunoblotting. (B) Immunoblot analyses for GPX4 were carried out in cells treated with TGF-
B (1 pg/ml) for 1-24 h. (C) ROS production by TGF-f in LX-2 cells. Intracellular fluorescence
intensities of DCFH-DA were estimated after treatment with TGF-$ (1 pg/ml) for 3-12 h. Data
represent means = S.E. of three replicates; significant as compared with vehicle treated control

cells, *p<0.05, **p<0.01
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6. Iron dextran-induced liver injury

Previous reports showed that chronic administration of iron-dextran induced hepatic injury
(Zhang et al. 2013). To explore whether iron dextran administration promoted liver fibrosis,
we intraperitoneally injected iron dextran to mice for 8-20 weeks at a dose of 50 mg/kg daily.
First, we performed blood biochemistry analysis. ALT and AST levels, serum markers
commonly used for liver damage, and they were significantly increased in all iron-dextran
treated groups (Fig. 6A). In hematoxylin and eosin (H&E) staining for general
histopathology, pathological changes such as focal hepatocellular necrosis, acute cellular
swelling (ballooning), eosinophilic condensation, deposit of lipid droplets (fatty changes)
and inflammatory cell infiltrations were observed form 8 weeks after iron-dextran
administration (Fig. 6B). These results indicate that iron dextran administration induced

obvious liver injury.
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Figure 6. Iron dextran-induced liver damage

(A) ALT and AST activities in iron dextran-induced mice serum (N = 3 or 5). All values are
determined using commercial kits. Results are presented as mean = S.E significant as compared
with each vehicle treated control group, **p < 0.01, *p < 0.01, ¥p < 0.01, p < 0.01 (B)
Representative histological sections of the liver. Samples were stained with H&E for general
histological observations (Scale bars indicate 120 um). CV, central vein; PT, portal triad;

BD, bile duct.
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7. Iron dextran-induced hepatic ferroptosis

Next, we examined ferroptosis in a mouse model of chronic iron overload-induced hepatic
fibrosis. Iron accumulation is one of the major features of ferroptosis (Dixon and Stockwell
2014). First, we measured MDA, the final product of lipid peroxidation, using TBARS assay.
MDA levels were significantly increased in iron dextran-treated mice (Fig. 7A). Next, we
investigated the GSH depletion in mice liver homogenates. Decrease of GSH was observed
in the mice liver administered iron dextran for 8 to 12 weeks. However, GSH levels in iron
dextran-treated mice liver for 16-20 weeks were unexpectedly increased (Fig. 7B).
Furthermore, we assessed protein marker of ferroptosis in mouse liver. GPX4 protein levels
were decreased in 12 weeks treated group, while it increased in 20 weeks treated group (Fig.
7C). Next, iron accumulation region was confirmed using Prussian blue staining. Iron
accumulation increased markedly as the administration period was prolonged (Fig. 7D).

These results suggest that iron overload induced ferroptosis in liver.
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Figure 7. Iron overload in the liver induces ferroptosis

(A) Lipid peroxidation was measured by TBARS assay in liver homogenates. Results are
presented as mean + S.E. significant as compared with vehicle control, **p < 0.01, “p < 0.01;
significant as compared with each vehicle treated group. (B) GSH contents was measured using
commercial kits in liver homogenates. Results are presented as mean + S.E. significant as
compared with vehicle control, **p < 0.01, *p < 0.01, 3p < 0.01, “p < 0.01; significant as
compared with each vehicle treated group. (C) GPX4 expression by treatment of iron dextran for
12 or 20 weeks in mouse liver. Protein levels were evaluated by immunoblot analysis. (D)

Prussian blue staining in liver tissues treated with iron dextran (Scale bars=120 um).
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8. Iron dextran-induced liver fibrosis

To investigate whether iron dextran administration induces liver fibrosis, we assessed
protein marker of fibrosis in mouse liver. Expression of fibrosis markers, a-SMA and PAI-
1, were increased in both 12- or 20-weeks treatment groups (Fig. 8A). Moreover, collagen
fiber deposition was confirmed using Sirius Red staining. Collagen accumulation was
markedly increased as the administration period was prolonged (Fig. 8B).
Immunohistochemistry presented that the numbers of a-SMA (activated HSCs marker)-
positive cells were significantly increased in hepatic tissue from mice injected with iron
dextran (Fig. 8C). More than 30% of the collagen fiber occupied area and mean over 100 of
a-SMA positive cell numbers were observed from 20 weeks after iron dextran injection.

These findings suggest that iron overload-induced ferroptosis contributes to hepatic fibrosis.

- 40 -

Collection @ chosun



A)

-SMA s — -— —

PAI-1 m=— — — -_—

B-actin s— — — —— —
Vehicle Iron dextran

B)

Vehicle

Iron dextran

-SMA == — - - - -

PAL-1 m— | P -q-

12 wks

[B-actin e — o — ._B '

Vehicle Iron dextran

Sirius red

C)

Vehicle

Iron dextran

(*ICollection @ chosun

a-SMA

4] -

20 wks



Figure 8. Liver fibrosis induced by chronic iron overload

(A) Immunoblot analysis for a-SMA and PAI-1 was carried out in mouse liver homogenates
induced for 12 or 20 weeks with iron dextran. (B) Representative histological sections of the
liver. Samples were stained Sirius Red (C) Immunohistochemical staining of a-SMA in liver

from mice injected with iron dextran (Scale bars=120 pm).
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Table 2. Histomorphometrical analysis of hepatic tissues, taken from vehicle or iron

dextran-treated mice

Index General histomorphometry Mean a-SMA
Hepatic Staging. Percentages of DE hepatocytes Inflammatory Collagen fiber Iron deposition immunoreactive
Scores DE regions (cells/ 1000 cells infiltrated occupied regions  occupied regions cell numbers
Group (Max = 10)* (%/mm’) hepatocytes) (cells/mm’) (%/mm’) (Y%/mm’) (cells/mm’)
Sampled at 8 weeks afier treatment
Vehicle 0.20+£0.42 2.44+1.88 19.00=16.93 22.20=10.93 1.54£0.72 0.0020.007
Iron dextran 1.70+0.48" 70.25+11.72° 676.60=120.89" 185.40+59.28" 5.73£1.27° 18.92+11.71°
Sampled at 12 weeks after treatment
Vehicle 0.30+0.48 2.5342.97 21.00=24.72 48.20+19.03 1.89=1.08 0.000.00
Iron dextran 2.20+0.92* 76.75+11.72° 747.00=114.54" 208.20+54.19° 8.54+4.55" 35.59+12.08"
Sampled at 16 weeks after treatment
Vehicle 0.30+0.48 4.05+3.53 36.20+32.17 48.80+18.21 2.05+141 0.00+0.00 8.00+4.71
Iron dextran 3.00£0.82° 79.78+11.80° 777.60=117.36* 668.00+199.45° 15.39£8.02° 45.80+12.20° 80.80420.98*
Sampled at 20 weeks after treatment
Vehicle 0.40+0.52 4.44+4.17 36.90+£39.33 42.60+20.48 2.16=0.89 0.00+0.00 10.6046.19
Iron dextran 4.20+0.63" 85.204:10.08° 828.60=107.91°  816.70+181.57" 35.49<10.52° 60.19+13.97" 140.40+37.32°

Values are expressed as mean + SD of 10 histological fields

* Details of hepatic staging scores

No fibrosis

Fibrous expansion of some portal areas, with or without short fibrous septa
Fibrous expansion of most portal areas, with or without short fibrous septa
Fibrous expansion of most portal areas with occasional P-P bridging

Fibrous expansion of portal areas with marked bridging P-P as well as P-C
Marked bridging (P-P and/or P-C) with occasional nodules (incomplete cirrhosis)
Cirrhosis, probable or definite

DN R W — O

P-P = Portal to portal

P-C = Portal to central

Possible maximum total scores = 6

Modified from the method described by Ishak et al. 1995
+ Not detected

DE = Degenerative; SMA = Smooth muscle actin

2p<0.01 as compared with vehicle treated mouse hepatic tissues, sampled at equal treatment periods

by MW test
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Part II: The role of REDDI1 in liver fibrosis

1. REDDI1 repression in fibrotic liver

In the pathogenesis of liver fibrosis, oxidative stress plays a pivotal role (Paik et al. 2014).
Several studies previously demonstrated that antioxidant gene expressions are inversely related
to liver fibrosis progression (Whalen et al. 1999). In addition, we recently reported that REDD1
could protect oxidative stress-mediated hepatocyte injury (Cho et al. 2018). Therefore, we first
investigated the expression of REDDI in ferroptosis-mediated liver fibrosis model by iron
overload. The results obtained showed REDD1 expression was decreased in all iron dextran-
treated groups (Fig. 9A). Based on these results, we hypothesized that REDD1 gene may affects

the liver fibrosis progression.
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Figure 9. Inhibition of REDD1 in fibrotic liver

(A) REDDI1 expression in mouse liver induced by iron dextran for 8-20 weeks. Protein levels

were evaluated by immunoblot analysis.
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2. Induction of REDD1 in activated HSCs

Initially, we examined the REDDI1 expression in LX-2 cells. REDDI1 protein levels were
increased by TGF-p treatment and peaked at 3 h (Fig. 10A). Then, we treated LX-2 cell with
various concentration of TGF-B. Likewise, an increased REDD1 protein levels were observed
(Fig. 10B). To determine whether induction of REDD1 by TGF-f3 was transcriptional regulation,
we performed RT-PCR analysis. we observed that REDD1 mRNA levels were increased by
TGF-p treatment (Fig. 10C). And this increase was completely inhibited by RNA polymerase
inhibitor, actinomycin-D (ActD) pretreatment (Fig. 10D). In addition, we measured the luciferase
activity of human REDDI1 promoter. TGF-f treatment significantly increased the REDDI
luciferase activity (Fig. 10E). Next, we investigated whether REDD1 gene expression was altered
during activation of primary cultured murine HSCs. In activated HSCs, REDD1 protein levels
were markedly increased in parallel with a-SMA protein levels, which is HSCs activation marker

(Fig. 10F). These results suggest that TGF-f transcriptionally regulates REDD1 gene expression.
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Figure 10. Upregulation of REDD1 during HSC activation

(A) LX-2 cells were treated with TGF-B (1 ng/mL) for 1-12 h. REDD1 or PAI-1 protein levels
were measured by immunoblotting. (B) REDD1 or PAI-1 expression was determined in LX-2
cells treated with indicated concentration of TGF-§ for 6 h. (C) Cells were treated with 1 ng/mL
TGF-B for 1-12 h. Then, REDD1 mRNA levels were determined by RT-PCR analysis. (D) The
cells were treated with 5 pg/mL of ActD in the presence or absence of TGF-f. REDD1 mRNA
level was detected after TGF- treatment for 3 h. (E) REDDI luciferase activity was measured in
the lysates of LX-2 cells treated with TGF-B for 12 h. Data represent means £ S.E. of three
replicates; significant as compared with vehicle treated control cells, **p<0.01 (F) REDD1
expression in primary HSCs. After primary HSCs isolation from mice (day 0), cells were cultured

for 7 days, and the cell lysates were subjected to immunoblotting.
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3. AP-1 dependent REDD1 induction by TGF-

TGF-p signals were mainly through the Smad pathway, and activated Smad proteins regulate
cellular functions by involving in the expression of various genes (Massague 2012). So, we
explored the role of Smad in TGF-B-mediated REDD1 induction. LX-2 cells were transfected
with a plasmid expressing Smad3. But, Smad3 overexpression did not affect the REDD1
expression (Fig. 11A). Also, similar results were observed in the REDD1 reporter gene analysis.
We co-transfected cells with Smad3 and REDD1 luciferase reporter gene. Consistently, REDD1
luciferase activity was not changed by Smad3 transfection (Fig. 11B). It was well known that
TGF-B contributes to ROS or RNS in injured liver (Parola and Robino 2001). In addition, ROS
activates HSC by acting as an intracellular signaling mediator of the pro-fibrogenic effect of
TGF-B (Poli 2000). Previously, we reported that ROS-mediated REDD1 induction is dependent
on AP-1 activation (Cho et al. 2018). Therefore, we first confirmed that REDD1 expression was
increased by c-JUN overexpression (Fig. 11C). In agreement with previous our report, REDD1
luciferase activity was also increased by c-JUN overexpression (Fig. 11D). To investigate the
effect of TGF-P on c-JUN activation, we treated LX-2 cells with TGF-p in various time-courses.
Phosphorylation of c-JUN was increased by TGF-p treatment (Fig. 11E). AP-1 luciferase activity
was also increased by TGF-B (Fig. 11F). These results suggest that TGF-p-mediated REDD1
induction is dependent on AP-1, but not Smad. TGF-P signaling can activate not only Smad but
also other molecules including MAPK (Gui et al. 2012). To determine the role of MAPKs in
REDD1 induction by TGF-p, we pretreated cells with MAPKSs inhibitors. We found that REDD1

induction was completely inhibited by the p38 inhibitor (Fig. 11G).
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Figure 11. AP-1-dependent REDD1 induction in HSCs

(A) Cells were transfected with a plasmid DNA expressing Smad3 for 24 h. Then, the protein
levels of REDD1 and Smad2/3 in cells were evaluated by immunoblotting. (B) Cells were co-
transfected with plasmid DNA that expresses Smad3 and REDD1 promoter containing reporter
gene. Data represent means + S.E. of three replicates; significant as compared with MOCK
transfected cells, N.S., not significant. (C) LX-2 cells were transfected with a c-JUN expression
construct. REDD1 or c-JUN protein levels were determined by immunoblotting (D) LX-2 cells
were transfected with plasmids expressing c-JUN and REDD1 luciferase reporter gene. Then,
reporter assay was carried out in the lysates of cells. Data represent means + S.E. of three
replicates; significant as compared with vehicle treated control cells, **p<0.01 (E) The effect of
TGF-B treatment on c-JUN phosphorylation. LX-2 cells were treated with 1 ng/mL TGF-p. c-
JUN phosphorylation level in the cell lysates were measured by immunoblotting. Data represent
means + S.E. of three replicates; significant as compared with vehicle treated control cells,
**p<0.01 (F) AP-1 luciferase activity was measured from the lysates of LX-2 cells exposed to
TGF-B. (G) Cells were exposed to TGF- (1 ng/mL) for 6 h after pretreatment with mitogen-
activated protein kinase (MAPK) inhibitors. REDDI1 protein levels were measured by

immunoblotting.
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4. Role of putative AP-1 binding site in TGF-p-mediated REDD1 induction
REDD1 induction

As previously described (Cho et al. 2018), we found 20 putative AP-1 binding sites in human
REDDI1 promoter. Then, we constructed human REDD1 promoter which sequentially deleted
AP-1 binding site. To determine the essential binding site of AP-1 by TGF-B, we measured the
luciferase activities with TGF-P treatment in each serially deleted promoter. The luciferase
activity of phREDD1-2548 in LX-2 cells was significantly increased by TGF-B treatment.
phREDDI1-1271 or -716 luciferase activities were also significantly increased. However,
luciferase activity increase by TGF-f3 was completely abolished in phREDD1-587 transfected
cells (Fig. 12A). In our previous study, it was found that one AP-1 binding site was present at -
716 to -589 bp of the human REDDI1 promoter (Cho et al. 2018). We deleted the only AP-1
binding site left in phREDD1-716, and conducted reporter gene assay. Specific deletion of AP-
1 binding site in phREDD1-716 was abolished the luciferase activity that increased by TGF-3
treatment in phREDD1-716 promoter (Fig. 12B). These results indicated that AP-1 plays an

essential role in REDDI1 induction by TGF-p.
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Figure 12. The key site of AP-1 binding in TGF-p-mediated REDD1 induction

(A) Schematic illustration of phREDDI1 plasmids. Arrows indicate putative AP-1 binding sites
in human REDD1 promoter (left). Cells were transfected with sequentially deleted phREDD1
plasmids for 24 h. Then, reporter gene assay was performed in the lysates of cells exposed to
TGF-B (right). (B) LX-2 cells were transfected with phREDD1-716-AAP-1 plasmid. The
phREDD1-716-AAP-1 is a promoter which proximal AP-1 binding site is deleted in phREDDI1-
716. After transfection, cells were treated with TGF-p (1 ng/ml) for 12 h. Then, reporter gene

assay was performed in cell lysates.
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5. The role of REDD1 in TGF-p-dependent Smad activation

Next, we investigated the role of REDD1 on Smad phosphorylation and fibrogenic gene
expression by TGF-B. PAI-1 expression was increased by TGF-f treatment in Ad-LacZ infected
LX-2 cells, but this effect was diminished in Ad-REDD1 infected cells (Fig. 13A). To elucidate
the correlation between REDD1 and TGF-f signaling, we examined the role of REDD1 on Smad
phosphorylation. Treatment of LX-2 cells with TGF-f increased phosphorylation of Smad3.
However, REDDI1 overexpression using Adenovirus infection inhibited the Smad3
phosphorylation (Fig. 13B). Furthermore, REDD1 overexpression increased Smad7 expression
(an inhibitory factor) (Fig. 13C). These results indicate that REDDI1 has an anti-fibrotic effect by
inhibiting TGF-B-mediated Smad3 phosphorylation and increasing Smad7 expression. To
explain the anti-fibrotic effect of REDDI1, we investigated several molecules that might be
involved. Recently, it has been reported that liver fibrosis can be ameliorated through mTOR
inhibition by increasing AMPK activity (Wu et al. 2016). In addition, REDD1 is well known to
suppress mammalian target of rapamycin (mTOR) by inhibiting tuberous sclerosis complex
(TSC) 1/2 (Brugarolas et al. 2004). Thus, we transfected cells with the dominant-negative mutant
form of AMPK (DN-AMPK). But, the inhibitory effect of REDD1 on the fibrogenic gene
expression was not affected (Fig. 13D). TGF-B, a profibrotic cytokine, activates mammalian
target of rapamycin complex-1 (mTORC1) (Rozen-Zvi et al. 2013). P70S6K, the downstream
signal transduction molecule of mTORCI, is essential for cell differentiation and growth as a
key regulator of protein synthesis (Brown et al. 1994). Thus, p70s6K may affects HSC activation
or fibrogenic gene induction. We transfected cells with constitutively active mutant form of
p70s6K (CA-S6K) and measured since REDDI1 is a negative regulator of mTORC1. However,

it did not affect the inhibitory effect of REDDI1 (Fig. 13E).
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Figure 13. Inhibition of Smad signaling by REDD1

(A) LX-2 cells were infected with adenovirus expressing MOCK or REDDI. Then, TGF-$ (1
ng/ml) were treated for 3 h. PAI-1 or REDD1 protein levels were determined by immunoblotting.
(B) After overexpression of REDDI1 using adenovirus, cells were treated with TGF-f for 30 m.
Phosphorylation of Smad3 was measured by immunoblot analysis. (C) LX-2 cells were infected
as described in (A) and treated with TGF-f (1 ng/mL) for 3 h. Smad7 protein level was
determined by immunoblotting. (D) The role of AMPK in REDD1-mediated PAI-1 inhibition.
LX-2 cells were infected with adenovirus expressing MOCK or REDDI1. Then, we transfected
cells with DN-AMPK and treated with TGF-B for 6 h. Protein levels were determined by
immunoblotting. (E) The role of CA-S6K in REDD1-mediated PAI-1 inhibition. LX-2 cells were
infected with adenovirus expressing MOCK or REDDI1. Then, we transfected cells with CA-S6K

and treated with TGF-p for 6 h. Protein levels were assessed by immunoblotting.
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6. Protective effect of REDD1 against CCls-induced liver injury

To examine the effect of REDD1 on liver injury, we infected mice with a recombinant adenovirus
expressing LacZ (Ad-LacZ) or REDD1 (Ad-REDDI1). Adenovirus infection causes expression
of exogenous gene especially in the liver (Fig. 14A). 48 h after viral infection, CCls was
intraperitoneally administered twice a week for 2 weeks. CCls administration is the most
commonly used method to induce liver fibrosis. Blood biochemical analysis showed that serum
alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels were significantly
increased by CCly administration in mice. However, infection with adenovirus expressing
REDDI1 significantly inhibited the elevation of serum ALT and AST (Fig. 14A). Next, we
conducted histopathological staining to investigate the extent of liver damage. In hematoxylin
and eosin (H&E)-stained liver tissues, vehicle-treated Ad-LacZ or REDD1 mice were not
observed any pathological changes. However, CCls treatment increased focal hepatocellular
necrosis, acute cellular swelling (ballooning), eosinophilic condensation, deposit of lipid droplets
(fatty changes), and inflammatory cell infiltrations in Ad-LacZ-infected mice. On the other hand,
Ad-REDDI injected mice were significantly inhibited CCls-induced liver injury (Fig. 14B). CCls
treatments increased collagen deposition in Ad-LacZ-infected mice, and these effects were
alleviated in Ad-REDD1-injected mice (Fig. 14C). Moreover, the number of a-SMA (HSC
activation marker)-positive cells increased by CCls was reduced by Ad-REDD1 administration
(Fig. 14D).

Next, we measured GSH contents in CCly- or vehicle-treated mice liver tissues. GSH level
was reduced by CCls in Ad-LacZ infected mice. However, the decreased GSH contents was
significantly restored by Ad-REDDI1 (Fig. 15A). In addition, we examined the formation of
malondialdehyde (MDA), the final product of lipid peroxidation. Treatment of CCls was

increased the MDA contents in Ad-LacZ-injected mice, but this effect was markedly inhibited
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by Ad-REDD1 administration. (Fig. 15B). We next assessed fibrosis marker in the liver by
immunoblotting. The fibrosis markers, such as a-SMA, PAI-1 or collagen were increased by

CCly treatment in Ad-LacZ-injected mice (Fig. 15C). These findings suggest that REDD1

protects against liver fibrosis induced by CCls.
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Figure 14. Inhibition of CCls-induced liver fibrosis by Ad-REDD1

(A) CCls administration schedule to induce liver fibrosis (upper). REDD1 expression was
confirmed in liver homogenates infected with adenovirus LacZ (Ad-LacZ) or REDDI1 (Ad-
REDD1) (lower left). ALT and AST activities were measured by commercial kits. Data represent
means + S.E. of five replicates (significant compared with vehicle-treated Ad-LacZ mice,
*%p<(.01; significant compared with CCls-treated Ad-LacZ mice, *p<0.01) (lower right) (B and
C) Representative histological image of the liver. Samples were stained with Hematoxylin and
eosin (H&E) or Sirius Red (scale bar = 120 pm) (D) a-SMA immunohistochemistry in liver
tissues of mice injected with vehicle or CCly (scale bar = 120 um). CV, central vein; PT, portal

triad; BD, bile duct.
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Table 3. Histomorphometrical analysis of hepatic tissues, taken form vehicle or

CCl-treated mice

Groups Ad-LacZ Ad-REDDI

Index (Unit) Vehicle CCl4 Vehicle CCl4
Hepatic Staging Scores (Max = 6)* 0.25+0.46 4.13+0.83" 0.25+0.46" 2.00+0.93™
DE regions (%/mm®) 3.0242.69 64.00412.05° 3.04+2.46° 29.29+11.19%"
DE hepatocytes (cells/1000 hepatocytes)” 26.00£25 41 589.004126.57° 26.75£24.07° 232.25£86,89%
Inflammatory cells (cells/1000 hepatocytes) 21.75£1517 414.50+109.30" 21.00£12.51° 167.00+74.91%
SR stained collagen occupied regions (%/mm®) 1.27+0.93 29.78+10.30° 1.25+0.99° 12.18+6.32%"
Mean a-SMA immunoreactive cell numbers 12.75+8.55 225.75+109.56° 12.25+8.91° 642522 81%"

Values are expressed as mean £ SD of 8§ histological fields

CCly = Carbon tetrachloride; Ad-LacZ = Recombinant adenovirus particles (1 x 108 pfu)
expressing LacZ; REDD1 = The protein regulated in development and DNA damage
responsesl; Ad-REDD1 = Recombinant adenovirus particles (1 x 10® pfu) expressing REDD1;
DE = Degenerative; SD = Standard deviation; H&E = Hematoxylin and eosin; SR = Sirius red,;
LSD = Least-significant differences multi-comparison; MW = Mann-Whitney U

CCls was intraperitoneal injection, two times/week for two weeks, at dose level of 0.5 mg/kg
Test articles were intravenously treated via a tail vein 48 h prior to CCly treatment

* Details of Hepatic Staging Scores

No fibrosis

Fibrous expansion of some portal areas, with or without short fibrous septa
Fibrous expansion of most portal areas, with or without short fibrous septa
Fibrous expansion of most portal areas with occasional P-P bridging

Fibrous expansion of portal areas with marked bridging P-P as well as P-C
Marked bridging (P-P and/or P-C) with occasional nodules (incomplete cirrhosis)
Cirrhosis, probable or definite

(= L B T L =]

P-P = Portal to portal

P-C = Portal to central

Possible maximum total scores = 6

Modified from the method described by Ishak et al. 1995

1 Hepatocytes showing any degenerative changes including acute cellular swelling

(ballooning), focal necrosis, eosinophilic condensation, and lipid droplet accumulations (fatty

changes) were regarded as "Degenerative hepatocytes" under H&E stain

- 63 -

Collection @ chosun



2 p<0.01 as compared to those of Ad-LacZ control by LSD test

® p<0.01 as compared to those of Ad-LacZ CCl4 by LSD test

¢ p<0.01 as compared to those of Ad-REDD]1 control by LSD test
4p<0.01 as compared to those of Ad-LacZ control by MW test

¢ p<0.01 as compared to those of Ad-LacZ CCl4 by MW test

fp<0.01 as compared to those of Ad-REDD1 control by MW test
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Figure 15. Inhibition of CCls induced fibrotic liver damage by Ad-REDD1

(A) GSH contents were measured in mice liver homogenates. Data represent means + S.E. of
five replicates (significant compared with vehicle-treated Ad-LacZ mice, **p<0.01; significant
compared with CCls-treated Ad-LacZ mice, ##p<0.01) (B) MDA quantitation by TBARS assay
in liver homogenates. Data represent the mean + S.E. of five replicates; significant compared
with vehicle-treated Ad-LacZ mice, **p<0.01; significant compared with CCl4-treated Ad-LacZ
mice, ##p<0.01 (C) Fibrosis marker protein, such as a-SMA, PAI-1 and collagen, levels were

assessed by immunoblotting.
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Figure 16. Role of REDDI1 in ferroptosis-mediated liver fibrosis

Schematic diagram illustrating the mechanism by which REDD1 inhibited ferroptosis-mediated

liver fibrosis.
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IV. DISCUSSION

In the current study, we determined whether ferroptosis affects HSC activation and further
investigated the role of REDD1 induction in HSC activation. Here, we found the following: (1)
ferroptosis contributes to HSC activation; (2) Ferroptosis induced by chronic iron deposition
causes liver fibrosis in vivo; (3) REDD1 expression is upregulated during HSC activation and (4)
Elevated REDD1 has anti-fibrotic effect in liver. To the best of our knowledge, this is the first
report of the role of REDDI1 in ferroptosis-mediated liver fibrosis.

Ferroptosis was first described as iron-dependent cell death, and not depend on other metals
(Dixon et al. 2012). Ferroptosis is also due to occurrence of lethal lipid peroxidation (Stockwell
et al. 2017). It is also genetically distinct from other form of cell death, such as apoptosis,
necroptosis, and autophagy (Dixon et al. 2012). Iron overload contributes to human pathologies
in various tissues including the liver (Bogdan et al. 2016). It has been reported that ferroptosis
occured in the liver of high iron diet feeding mice and knockout mice that develop-iron overload
(Wang et al. 2017). It has also been demonstrated that ferroptosis was induced in liver injury
models such as acetaminophen overdose intake (Lorincz et al. 2015) and ischemia/reperfusion
(Friedmann Angeli et al. 2014). In addition, we recently reported that ferroptosis occured in mice
liver administered with phenylhydrazine (PHZ), a well-established iron overload inducing model
(Comporti et al. 1996, Park, 2019). These findings suggest that ferroptosis induced by iron
deposition causes liver injury.

Recently, we suggested Sestrin2 as a therapeutic target for ferroptosis-mediated parenchymal
hepatocyte damage (Park et al. 2019). However, the role of ferroptosis in non-parenchymal liver

cells is not examined yet. In this study, we first identified the effects of ferroptosis-inducers in
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HSC:s. Ferroptosis inducers such as RSL3 or erastin caused cell death in HSC, and cell viabilities
were specifically recovered by ferrostatin or DFO (Fig. 1B). In addition, we observed the changes
of ferroptosis markers, such as GPX4 expression, GSH contents, lipid ROS and iron transport
genes (Fig. 2). These results suggest that ferroptosis occurs in HSCs as well as hepatocytes.
Stimulation of HSCs with ferroptosis inducers such as, RSL3 and Fe-NTA also increased PAI-
1, an HSC activation marker (Fig. 2F and 3A). However, increased PAI-1 was inhibited by
ferrostatin-1 treatment, which indicates that ferroptosis contribute to HSC activation (Fig. 3C).

Signaling pathways by typical HSC activation stimuli are divided into canonical and non-
canonical pathway (Derynck and Zhang 2003). Previously, we reported that inhibition of c-JUN-
dependent AP-1 activation was associated with anti-fibrotic effects in HSCs (Kim et al. 2020).
In addition, AP-1 was increased in activated HSCs and regulates ECM remodeling-related genes
(Li et al. 2008). Therefore, we initially observed the effect of RSL3 on AP-1 activation.
Phosphorylation of c-JUN and AP-1 luciferase activity was increased in HSCs by TGF-f (Fig.
4A and B). Also, c-JUN phosphorylation was inhibited by treatment of ferrostatin-1 (Fig. 4C and
D). However, phosphorylation of Smad2 or Smad3 were not affected. In the signaling pathway
of TGF-B, the most well-studied profibrotic cytokines, the Smad activation is well known as a
key mediator (Inagaki and Okazaki 2007). These results indicate that the AP-1 signaling pathway
is crucial for RSL3-mediated HSC activation.

Based on the results obtained so far, we determined the effect of ferroptosis on HSC activation.
Ferroptosis inducers contributed to HSC activation by causing cell damage through GSH
depletion, GPX4 inhibition, and increased production of ROS and lipid ROS. However, to clarify
the correlation between HSC activation and ferroptosis, we conducted experiments whether
ferroptosis occurs during HSC activation. We first confirmed that GPX4 protein was down-

regulated in activated HSCs (Fig. 5A). In addition, decreased GPX4 expression and increased
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ROS production were observed by TGF-p treatment (Fig. 5B and D). The decreased GPX4
expression was restored by ferrostatin treatment (Fig. 5C). These results indicate that ferroptotic
condition is driven during HSC activation.

There is no animal model for the ferroptosis-mediated liver fibrosis. Thus, we have tried to
establish animal model mimic ferroptosis-mediated liver fibrosis. Long-term treatment with iron
dextran results in excess iron accumulation in liver, resulting in liver damage (Zhang et al. 2013).
Therefore iron dextran-induced liver injury in mice was adopted to support our in vitro findings
that ferroptosis contribute to HSC activation. Mouse serum ALT and AST levels were
significantly increased by iron dextran administration. In addition, histological data showed that
focal hepatocellular necrosis, acute cellular swelling (ballooning), eosinophilic condensation and
inflammatory cell infiltrations were increased in the iron dextran-administered group (Fig. 6).
Changes in ferroptosis markers, such as lipid peroxidation, GSH depletion, GPX4 expression
and iron accumulation were observed in iron dextran administered mouse liver (Fig. 7).
Furthermore, increases o-SMA and PAI-1, known as HSC activation markers, were observed
through immunoblotting and IHC staining. Collagen accumulation was also observed using
Sirius Red staining (Fig. 8). Although the results obtained from ferroptosis animal models
provide evidence that ferroptosis contribute to progression of liver fibrosis, this study has
limitation. GSH depletion and GPX4 inhibition were observed in mice treated with iron dextran
for 8-12 weeks, but increased inversely in mice treated for 16-20 weeks. Moreover, in a condition
of the current histopathological analysis, obvious hepatic fibrosis was demonstrated from 20
weeks after iron dextran injection. This phenomenon may be due to a compensatory response for
survival against chronic damage caused by prolonged administration of iron dextran. More
specific mechanism study should be required for resolving this limitation. Our results may

provide the assistance in understanding the pathophysiological role of ferroptosis in the liver.
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We previously reported that REDD1 antagonized oxidative stress-mediated hepatocyte injury.
Here, we found that REDDI is upregulated in activated HSCs and TGF- treated LX-2 cells.
REDDI1 expression is mainly regulated by AP-1 and inhibited fibrogenesis in HSC and mouse
liver. These findings suggest that REDD1 induction in HSCs ameliorates liver fibrosis. In our
recent study showed that induction of REDD1 prevents ROS generation and cell death in
hepatocytes (Cho et al. 2018). However, the pathophysiological role and regulatory mechanism
of REDDI in hepatic stellate cells, including hepatocytes, has not been investigated and further
studies are necessary to reveal this.

In our results, TGF-B-mediated REDDI1 induction is transcriptionally regulated and that c-
JUN is an essential molecule for TGF-f dependent REDD1 gene expression. TGF-f is produced
by exogenous ROS in HSC and vice versa (Urtasun et al. 2008). Oxidative stress leads to ROS-
mediated cell damage (Emerit and Michelson 1982). In HSCs, ROS is major cause of activation,
which crucial for fibrotic response following liver injury (Poli 2000). We previously reported
that REDD1-dependent protective effect against oxidative stress is mediated through AP-1 (Cho
et al. 2018). In addition, AP-1 is well known as major redox sensitive transcription factors
(Korashy and E1-Kadi 2008). So, we confirmed that c-JUN phosphorylation and AP-1 luciferase
activity was increased by TGF-f treatment (Fig. 11E and F). Moreover, we observed that REDD1
protein level and luciferase activity were increased by c-JUN expressing plasmid transfection
(Fig. 11C and D). However, REDD1 expression was not altered by Smad3 expressing plasmid
transfection in LX-2 cells. (Fig. 11A and B). TGF-f signals through receptors, composed of type
I and II heterodimers and initiate downstream signaling via phosphorylation of Smad proteins
(Massague 2012).

TGF-B dominantly signals through Smad, but it can also affect via Smad-independent

pathways, such as MAPK (Zhang 2009). Our results obtained from using chemical inhibitors of
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MAPK showed REDD1 induction by TGF-f was antagonized by p38 specific chemical inhibitor
(Fig. 11G). These results indicate that TGF-f-dependent p38 MAPK phosphorylation contributes
to the induction of REDD1 in HSCs.

To reveal the specific AP-1 binding region by TGF-f in human REDD1 promoter, reporter
gene analysis was performed using serially deleted REDD1 promoter constructs as previously
described (Cho et al. 2018) (Fig. 12A). Then, we found the sequence deletion between —716 to
—587 bp significantly inhibited transactivation of REDD1 by TGF- (Fig. 12B). These results
suggest that putative AP-1 binding region from —716 to —587 bp of human REDD1 promoter is
critical region to transactivate REDDI.

To determine the functional role of REDD1, we assessed the effect of REDDI1 on TGF-f-
mediated fibrogenic gene induction and Smad activation. As a result, REDD1 overexpression
attenuated Smad3 phosphorylation and PAI-1 expression (Fig. 13A and B). In addition, reduction
of Smad3 activity by overexpression of REDD1 was accompanied by increased Smad7
expression (inhibitory factor) (Fig. 13C). To investigate the concise mechanisms mediating the
anti-fibrotic effect of REDD1, we evaluated using mutant form of AMPK or S6K. AMPK and
S6K have been reported to involved in mTOR complex-mediated fibrogenic gene expression
(Yang et al. 2018, Jiang, 2017). Albeit abolished AMPK activity or continuously induced activity
of S6K did not affect inhibitory effect of REDD1 (Fig. 13D and E). Identification of unrevealed
factors that mediate the inhibitory effect of REDD1 should be studied through further study.

The results obtained from ferroptosis-mediated fibrosis animal model suggest that induction
of REDD1 can be a promising strategy of treating or preventing liver fibrosis. However, we could
not exclude the possibility that protective effect of Ad-REDD1 was probably due to the combined
effects of hepatocytes and HSCs, because the adenovirus is not HSC-specific delivery system.

Thus, we are now developed HSCs specific gene delivery system and demonstrate role of
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REDDI1 in hepatic fibrosis animal models.
Collectively, our results provide insight into the ferroptosis-mediated fibrogenesis in liver and
can be of assistance in understanding the pathophysiological role of REDD1 gene in liver fibrosis

(Fig. 16).
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