Original Research Highlight article

Selective autophagy associated with iron overload aggravates
non-alcoholic steatohepatitis via ferroptosis

Koki Honma', Sora Kirihara', Hinako Nakayama', Taketo Fukuoka', Toshiaki Ohara?,
Kazuya Kitamori3, lkumi Sato?, Satoshi Hirohata*, Moe Fujii®>, Shusei Yamamoto'4,
Shang Ran® and Shogo Watanabe*

Department of Medical Technology, Graduate School of Health Sciences, Okayama University, Okayama 700-8558, Japan;
2Department of Pathology and Experimental Medicine, Graduate School of Medicine, Dentistry and Pharmaceutical Science, Okayama
University, Okayama 700-8558, Japan; 3College of Human Life and Environment, Kinjo Gakuin University, Nagoya 463-8521, Japan;
4Academic Field of Health Science, Okayama University, Okayama 700-8558, Japan; SDepartment of Medical Technology, Ehime
Prefectural University of Health Sciences, Ehime 791-2101, Japan; ®HeiLongjiang Provincial Center for disease control and prevention,
Harbin 150030, China

Corresponding author: Shogo Watanabe. Email: watanabe 1224 @ okayama-u.ac.jp

Abstract

Non-alcoholic steatohepatitis (NASH) is a progressive form of non-alcoholic fatty
liver disease (NAFLD) that causes cirrhosis and hepatocellular carcinoma. Iron is an
essential trace element in the body; however, excess iron can cause tissue damage

Impact Statement

Iron overload is frequently observed in non-alco-
holic steatohepatitis (NASH), and the amount of

iron in the liver positively correlates with the histo-
logical severity of NASH. However, the mechanism
of iron overload aggravates NASH remains unclear.
Ferroptosis, a novel form of iron-dependent cell
death, is closely related to autophagy. In this study,
we first demonstrated that iron overload induces
ferroptosis via autophagy and aggravates NASH
using NASH rodent model. In rats in which iron
levels were elevated, selective autophagy (ferritin-
ophagy, lipophagy) and ferroptosis were acceler-
ated and aggravated NASH. This study indicates
that selective autophagy, which contributes to the
homeostasis of the body, may exacerbate NASH
and can lead to the translational research to explore

and dysfunction. Iron overload is often observed in patients with NASH, and the
amount of iron accumulated in the liver positively correlates with the histological
severity of NASH. Ferroptosis, a novel form of iron-dependent cell death, is caused
by the accumulation of lipid peroxidation and oxidative stress and is related to
NASH. In addition, ferroptosis is closely related to autophagy, an intracellular self-
degradation process. Although autophagy has many beneficial effects, it may also be
harmful to the organism, for example, inducing ferroptosis. It is unclear whether iron
overload aggravates NASH via autophagy. The aim of this research is to determine
the mechanism by which iron overload induces ferroptosis via autophagy and
aggravates NASH. Stroke-prone spontaneously hypertensive rats (SHRSP5/Dmcr)
were divided into two groups and fed a high-fat and high-cholesterol (HFC) diet for
eightweeks. Iron dextran was administered to the Fe group in addition to the HFC

diet. Blood analysis, histological staining, calcineurin activity assay, quantitative
reverse transcription polymerase chain reaction (RT-PCR), immunofluorescence
staining, and electron microscopy were performed. The results showed that iron
overload promoted autophagy via nuclear translocation of transcription factor EB
(TFEB) and induced ferritinophagy, which is the autophagic degradation of ferritin. In addition, the HFC diet induced lipophagy, the
autophagic degradation of lipid droplets. The Fe group also exhibited promoted ferroptosis and aggravated hepatic inflammation
and fibrosis. In conclusion, iron overload accelerates ferritinophagy and lipophagy, aggravating NASH pathology via ferroptosis.
These findings indicate the therapeutic potential of inhibiting autophagy and ferroptosis for treating NASH.

new therapeutic strategies for NASH.
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has a worldwide prevalence of approximately 25%.! Non-
alcoholic steatohepatitis (NASH) is a progressive form of
NAFLD that involves fibrosis as well as fatty liver, and
approximately 7-25% of NASH cases progress to cirrhosis
and hepatocellular carcinoma within 10 years.? Most NASH

Introduction

Non-alcoholic fatty liver disease (NAFLD) is a general term
for fatty liver disease caused by factors other than alcohol
and drugs, such as overeating, stress, and smoking and
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patients present with lifestyle-related diseases, including
high blood pressure, lipid disorders, and diabetes, which are
aggravating factors of NASH. However, the pathogenesis of
NASH remains poorly understood, and there is an urgent
need to identify the underlying mechanisms.

Iron is an essential trace element in the body; however,
excess iron accumulates in the liver, heart, and endocrine
organs, causing tissue damage and dysfunction. Patients
with NAFLD/NASH have elevated serum iron and ferritin
levels, with approximately one-third of patients showing iron
deposition in the liver, the amount of which positively cor-
relates with the histological severity of NASH.3# The body’s
iron balance is regulated by “hepcidin,” a 25 amino-acid
peptide that inhibits iron uptake in the gut and iron recy-
cling from macrophages, decreasing the plasma iron levels.
Inappropriately low hepcidin synthesis has been reported
in NAFLD/NASH, which could facilitate iron uptake and
predispose patients to iron overload.> In addition, ferropto-
sis is a novel iron-dependent form of cell death caused by
elevated lipid peroxidation and oxidative stress.® Ferroptosis
is characterized by a reduction/loss of mitochondrial cristae
and mitochondrial contraction and differs morphologically,
biochemically, and genetically from the other known forms
of cell death, such as apoptosis and necrosis. Ferroptosis
is closely related to many diseases, including cancer and
neurological diseases, and is also associated with the aggra-
vation of NASH pathology.”® However, the detailed mecha-
nism of iron overload-induced ferroptosis remains unclear.

Autophagy is an essential intracellular self-degradation
mechanism that degrades abnormal proteins and over-abun-
dant or damaged organelles and can be divided into three
categories by the manner of degradation: macroautophagy,
microautophagy, and chaperone-mediated autophagy.®'® In
macroautophagy (hereafter referred to as autophagy), the
degradation targets are ingested by isolation membrane,
termed the autophagosomes. These autophagosomes fuse
with lysosomes to form autolysosomes, whose contents
are degraded by lysosome hydrolytic enzymes. Autophagy
can occur via non-selective or selective pathways for the
removal of specific organelles.!-13 Selective autophagy plays
an important role in intracellular homeostasis; however, it
may also produce degradation products that are harmful to
the organism, for example, inducing ferroptosis.!#1>

In this study, we used a stroke-prone (SP) spontaneously
hypertensive rat model (SHRSP5/Dmcr) to examine the
mechanism by which iron overload induces ferroptosis via
selective autophagy and aggravates NASH.

Materials and methods
Animal models and diets

Male SHRSP5/Dmcr rats (9-week-old) were obtained
from the Disease Model Cooperative Research Association
(Kyoto, Japan). The SHRSP5/Dmcr rats developed NASH
pathology similar to that of human patients when fed a
high-fat and high-cholesterol (HFC) diet.!® The rats were
fed ad libitum with water and an SP diet for the first week
and allowed to acclimatize to the environment. SP and
HFC diets were obtained from Funabashi Farm (Chiba,
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Japan; Supplementary Table 1). The rats were divided into
two groups at 10weeks of age: SHRSP5/Dmcr rats + HFC
diet (Cont group, n=5) and SHRSP5/Dmcr rats + HFC
diet + iron dextran (Fe group, n=5). Iron dextran (Kyoritsu
Seiyaku Co., Ltd., Tokyo, Japan) was administered intraperi-
toneally (100mg/kg) three times a week from 10 to 18 weeks
of age. Food was provided such that there was no signifi-
cant difference in the total food intake. HFC loading for
eight weeks was sufficient to induce NASH. HFC diet load-
ing for sixweeks showed only partial fibrosis in the liver;
however, at eight weeks, fibrosis was observed throughout
the liver.!”” Body weight was measured weekly from 10 to
18 weeks of age.

All the rat experiments were treated in strict accordance
with the recommendations of the standard of Care and
Management of Laboratory Animals and Relief of Pain pub-
lished by the Japanese Ministry of Environment (2006). This
study was approved by the Animal Experiment Committee
of Okayama University (approval no. OKU-2021207).

Blood and organ analysis

At 18weeks of age, the rats were food-deprived overnight,
and blood was drawn from the right carotid artery of all rats
under anesthesia with pentobarbital sodium (48.6mg/kg,
Nacalai Tesque Inc., Kyoto, Japan). The blood samples were
centrifuged at 2500 rpm for 20 min at 4°C, and the sera were
stored at —80°C. Aspartate aminotransferase (AST), alanine
aminotransferase (ALT), free fatty acid (FFA), triglyceride
(TG), iron, total iron-binding capacity (TIBC), and transfer-
rin levels were measured using routine laboratory meth-
ods (SRL Inc., Tokyo, Japan). Transferrin saturation (TSAT),
an index based on both serum iron and its main transport
protein, was calculated using the following formula: TSAT
(%) =serum iron (ng/dL)/TIBC (ug/dL) X 100. Serum fer-
ritin levels were measured using a Rat Ferritin ELISA Kit
(Immunology Consultants Laboratory Inc., Portland, OR,
USA). The liver was excised and weighed, and a portion
was sectioned for histopathological staining. The remaining
portion was frozen and stored at ~80°C for genetic analysis.

Histopathological analysis of the liver

The livers were fixed in 10% formalin (Kenei Pharmaceutical
Co., Ltd., Osaka, Japan) for 48h, paraffin-embedded, and
sliced into 4pm sections for histological analysis. The sec-
tions were stained with Masson’s trichrome staining to eval-
uate fibrosis and Berlin blue staining for iron detection. The
NAFLD activity score (NAS) was calculated according to the
NASH Clinical Research Network scoring system,!® which
has been adapted to HFC diet—fed rats.’® An NAS value =5
was defined as NASH. Fibrosis was evaluated on a scale of
0-6 using the Ishak stage.?0?! All images were obtained using
the BZ-X700 All-in-One fluorescence microscope (Keyence,
Osaka, Japan).

Calcineurin activity

Calcineurin activity was measured using a Calcineurin
Cellular Activity Assay Kit (Enzo Life Science Inc.,
Farmingdale, NY, USA). Calcineurin activity is specifically
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inhibited by ethylene glycol tetraacetic acid (EGTA).22 The
kit is based on a colorimetric method for measuring cal-
cineurin activity in cellular extracts by the amount of phos-
phate released in the presence/absence of EGTA buffer.
Cryopreserved liver samples (100mg) were homogenized
in 500 uL of lysis buffer containing protease inhibitors. The
samples were then centrifuged (100k Xg, 4°C, 45min), and
the high-speed supernatant (HSS) was collected. Excess
phosphates were removed from the HSS using a chromato-
graphic column, and the supernatant was then used for the
assay. Wells corresponding to the background, total phos-
phatase activity, and EGTA buffer were prepared. RII phos-
phorylated peptide substrate was added to each well and
equilibrated at 30°C for 10min. The extract (5uL, containing
5mg/mL protein) was then added to the wells and incu-
bated at 30°C for 30min. Following incubation, malachite
green reagent, a phosphate indicator, was added to the wells,
and the absorbance was measured at 620 nm. Measurements
were performed on a FlexStation® 3 multimode microplate
reader (Molecular Devices, Sunnyvale, CA, USA). The con-
centration of calcineurin in the samples was calculated based
on a standard curve.

Immunofluorescent staining

Immunofluorescent staining was performed to detect
4-hydroxynonenal (4-HNE, a lipid peroxidation byproduct
and marker of oxidative stress)?*?* and transcription fac-
tor EB (TFEB, an autophagy-promoting factor). Paraffin-
embedded liver samples were sliced into 4um. Following
deparaffinization, antigen retrieval was performed by heat-
ing the sections in antigen activation solution (pH 9.0) at
95°C for 20min. Anti-4 Hydroxynonenal antibody (Abcam
plc., Cambridge, UK) and anti-TFEB antibody (Proteintech
Group Inc., Chicago, IL, USA) were used as primary antibod-
ies. The sections were incubated with anti-4-HNE antibody
overnight at 4°C (colored red using Cyanine 3) and anti-
TFEB antibody at room temperature (20-25°C) for 60 min and
colored green using fluorescein. The nuclei were simultane-
ously stained with 4’,6-diamidino-2-phenylindole (DAPI).
All the processes were performed by Morphotechnology Co.,
Ltd. (Hokkaido, Japan). The images were analyzed using
a BZ-X700 All-in-One fluorescence microscope (Keyence).
Analyses of the 4-HNE immunofluorescent areas were per-
formed using digital image processing software (Image];
National Institute of Health, Bethesda, MD, USA).

Mitochondrial morphology analysis

The morphology of the hepatic mitochondria was observed
using transmission electron microscopy (TEM; H-7650,
Hitachi High-Tech Co., Ltd., Tokyo, Japan). The livers were
cut the size of small pieces and prefixed in glutaraldehyde
(2%) and paraformaldehyde (2%) overnight at 4°C. After
washing with phosphate buffer (pH 7.4, 0.1M), postfixa-
tion was performed with 2% osmium tetroxide (90 min).
Washing with phosphate bulffer, the tissues were dehydrated
and embedded in Spurr, a low-viscosity resin. After thermal
polymerization, the livers were sliced into 80nm ultrathin
sections using an ultramicrotome (Leica EM UC7 type, Leica

Microsystems, Wetzlar, Germany). The sections were dou-
ble-stained with uranium and lead to observe the mitochon-
drial morphology. The mitochondrial cross-sectional areas
were measured from the images, and the mitochondrial sizes
were evaluated.

Quantitative reverse transcription-polymerase
chain reaction analysis

Total RNA was isolated from the liver (30mg) using an
RNeasy Mini Kit (Qiagen, Hilden, Germany). The iso-
lated RNA (1000 ng) was subjected to reverse transcription
(RT) using the PrimeScript™ RT Reagent Kit (Takara Bio
Inc., Shiga, Japan). Quantitative polymerase chain reac-
tion (PCR) analysis was performed using PowerTrack™
SYBR™ Green Master Mix (Thermo Fisher Scientific K.K.,
Tokyo, Japan) and a StepOnePlus Real-Time PCR System
(Thermo Fisher Scientific K.K.). Glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) was used as an internal
standard. Table 1 shows the sequences of the primers used
in the experiments.

Statistical analysis

Relevant data are expressed as mean value = standard error
of mean (SEM). Statistical analysis was performed using
the Mann-Whitney U-test. Statistical significance was set
at P<0.05.

Results
Physiological data

The total food intake by the two groups was maintained at
almost the same level (Figure 1(A)). Significant weight loss
was observed in the Fe group compared to that in the Cont
group after 15weeks of age (Figure 1(B)).

Histological analysis of the liver and biochemical
data

Macroscopic analysis revealed marked differences in the
liver between the Cont and Fe groups. The liver in the Fe
group was yellow-brown and enlarged (Figure 2(A)). In
addition, weight of the liver was significantly higher in the
Fe group than in the Cont group (Figure 2(D)). Masson’s
trichrome staining revealed numerous black deposits of iron
accumulation and expansion of the fibrotic areas in the Fe
group (Figure 2(B) and (C)). The mean serum AST and ALT
levels increased in the Fe group, although the differences
were not statistically significant (Table 2). NAS showed no
significant differences in steatosis grade or hepatocyte bal-
looning; however, lobular inflammation was significantly
increased in the Fe group (Figure 2(E to G)). The NAS scores
were >5 points in both groups, indicating NASH but not
a significant difference (Figure 2(H), P=0.063). The Ishak
fibrosis stage was significantly higher in the Fe group than
in the Cont group (Figure 2(I)). The serum FFA level in the
Fe group was significantly increased than that in the Cont
group. The TG levels were almost the same in both groups
(Table 2).
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Table 1. Primer sequences used in mRNA quantitation by reverse transcription-polymerase chain reaction.

Gene name Primer GenBank accession number

: 5-TCCATGCACGAATTCGCAGC-3’ NM_001039849
: 5-TCGTAAACCACACTCGGCGT-3'

: 5-GAGAAGTACCACGAGGCGCT-3' NM_017051

: 5-GCGGCAATCTGTAAGCGACC-3'

: 5-TGGGCCACTGCTGTTCGTAA-3’ NM_031010

: 5'-CCAGTTGCCCCACCTGTACA-3'

: 5-GCTGATGACTGCCCAACTC-3' NM_080591

: 5-CGGGATGAACTCTCTCCTCA-3'

: 5'-CAGATCTCTCTTCCTCCACCACTAT-3' NM_031530

: 5-CAGGCAGCAACTGTGAACAAC-3'

: 5'-~ACTGAACTTCGGGGTGATTG-3’ NM_012675
:5-GCTTGGTGGTTTGCTACGAC-3'

: 5-ATCACGATGCGCCTCCTCTC-3' NM_017068

: 5-AAGCTTGCAGGTGAATGCCC-3'

Transient receptor potential cation channel, mucolipin : 5-CGCTCGCTGTCCATGGTTTC-3' NM_001105903

Glutathione peroxidase 4 (GPX4) F
R
F
R
F
R
F
R
F
R
F
R
F
R
F

subfamily, member 1 (TRPML1) R: 5-TAACAGCCACCCTCCATGCC-3'
F
R
F
R
F
R
F
R
F
R
F
R
F
R
F

Superoxide dismutase 2 (SOD2)
Arachidonate 15-lipoxygenase (ALOX15)
Cyclooxygenase 2 (COX2)

Monocyte chemotactic protein 1 (MCP1)
Tumor necrosis factor-o. (TNF-o)

Lysosome-associated membrane protein 2 (LAMP2)

CLN3 lysosomal/endosomal transmembrane protein, : 5'-CGTTGATCCCACCTGTCCCA-3' NM_001006971
battenin (CLN3) : 5-GCTGGCCAAAACCACTCCAC-3'
Unc-51 like autophagy activating kinase 1 (ULKT) : 5-TGGAGCAAGAGCACACGGAA-3’ NM_001108341
:5-TGGTCCGTGAGAGTGTGCTG-3'
: 5'-GGAGTGCACCGCCAAAAGAG-3' NM_001401542
: 5-CATCTGCACCCCGAAACGTG-3'
: 5-CGCGACCGGGAGAGGTTTAT-3' NM_001107258
: 5'-CTGATCCAAGGGCCCGTGAT-3'
: 5-AGCTGCATTAGTCGCCACCT-3' NM_001034008
5 - TTTGGGGTGAGCCAGTCCTG-3'
: 5-ACAGCAGGCCAGGAACGATT-3' NM_017359
: 5-~AGTCCGCAAGCAGTCACAGA-3'
: 5-GAAGAGCTCATCCCGCTGGT-3' NM_013199
: 5-GACGGCAAGAATGAGGCTGC-3'
: 5-TCAAGAAGGTGGTGAAGCAG-3' NM_017008
R: 5-AGGTGGAAGAATGGGAGTTG-3'

UV radiation resistance—associated gene (UVRAG)
Autophagy-related gene 14 (ATG174)

Nuclear receptor co-activator 4 (NCOA4)

Member of the RAS oncogene family (Rab10)
Dynamin 2 (DNM2)

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)

F: forward; R: reverse.
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Figure 1. Physiological data. (A) Total food intake from 10 to 18 weeks of age. (B) Body weight changes from 10 to 18 weeks of age. All data are shown as the mean
value * SE; n=5 in both groups.SE: standard error.
*P < 0.05 vs Cont group.

Iron metabolism the Cont group (Table 2 and Figure 3(A)). TSAT, an iron content
The serum levels of iron, ferritin, and TIBC were significantly index, was significantly higher in the. F? group than that in the
higher in the Fe group than those in the Cont group, whereas ~ Cont group (Table 2). Berlin blue staining revealed numerous
transferrin was significantly lower in the Fe group than thatin  iron deposits in the liver in the Fe group (Figure 3(B) and (C)).
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Figure 2. Histological analysis of the liver. (A) Macroscopic finding in the liver. (B) and (C) Masson trichrome staining of hepatic fibrosis (B: scale bar=400pm, C:
scale bar=100um). (D) Liver weight corrected by tibia length. (E) Steatosis grade. (F) Hepatocyte ballooning. (G) Lobular inflammation. (H) NAS score. (I) The Ishak

fibrosis stage. All data are shown as the mean value = SE; n=5 in both groups.

NAS: NAFLD activity score; NAFLD: non-alcoholic fatty liver disease; SE: standard error.

*P < 0.05 vs Cont group.

Table 2. The results of biochemical analysis in serum at 18 weeks of age.

Parameters Cont Fe Normal range?
AST (IU/L) 204.8+7.7 221.8+26.1 98.2+6.7
ALT (IU/L) 131.2x7.7 145.2+12.7 50.1£4.3
FFA (LEQ/L) 440.4 +50.8 829 + 83.5* 421.3+x429
TG (mg/dL) 6.2*x1.9 58*1.8 52*x14
Iron (pg/dL) 87.6+5.8 823.6+111.2* 81.6+7.1
TIBC (pg/dL) 510.6+11.4 860.4+132.1* 500.1 +12.8
Transferrin (mg/dL) 139.2+2.1 123.4 +2.0* 143.6 £5.2
TSAT (rate) 17.1+0.8 96.6 =2.1* 16.3+£0.9

AST: aspartate aminotransferase; ALT: alanine aminotransferase; FFA: free fatty acid; TG: triglyceride; TIBC: total iron—binding capacity; TSAT: transferrin saturation;

TSAT (%) =iron (ug/dL)/TIBC (pg/dL) X 100.
All data are shown as mean value = standard error (SEM); n=5 in both groups.

aBiochemical data for SHRSP5/Dmcr rats fed a normal (SP) diet for eightweeks are shown for reference in the normal range.

*P <0.05 vs Control group.

Hepatic calcineurin activity and
immunofluorescence staining of TFEB

Calcineurin activity in the liver was significantly higher
in the Fe group than in the Cont group (Figure 4(A)).
Immunofluorescence staining of TFEB revealed marked dif-
ferences between the Cont and Fe groups. TFEB was con-
fined to the cytoplasm and undetectable in the nucleus in
the Cont group. In contrast, most of the TFEB in the Fe group
was detectable in the nucleus (Figure 4(B)).

Oxidative stress and inflammation markers

The mRNA expression of the antioxidative response enzymes
glutathione peroxidase 4 (GPX4) and superoxide dismutase
2 (S0D2) was significantly downregulated in the Fe group
compared to that in the Cont group (Figure 5(A)). In contrast,
the mRNA expression of the oxidative response enzymes
arachidonate 15-lipoxygenase (ALOX15) and cyclooxy-
genase 2 (COX2) was significantly upregulated in the Fe
group (Figure 5(B)). In addition, the inflammatory markers,
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Cont

Figure 3. Iron metabolism. (A) The serum ferritin levels. (B) and (C) Berlin blue staining in the liver (B: scale bar=400pm, C: scale bar=100pm). All data are shown

as the mean value + SE; n=5 in both groups.
SE: standard error.
*P <0.05 vs Cont group.
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Figure 4. Calcineurin activity and immunofluorescence staining of TFEB in the liver. (A) Hepatic calcineurin activity. (B) The nuclear translocation expression levels of
TFEB (scale bar=50pum). All data are shown as the mean value += SE; n=5 in both groups.

TFEB: transcription factor EB; SE: standard error.
*P<0.05 vs Cont group.

monocyte chemotactic protein 1 (MCP1) and tumor necrosis
factor-o. (TNF-0.), were significantly upregulated in the Fe
group (Figure 5(C)).

Expression of genes related to lysosome
membrane and autophagy

In the liver, the mRNA expression of lysosome-related
genes, including lysosome-associated membrane protein
2 (LAMP2), transient receptor potential cation channel,
mucolipin subfamily, member 1 (TRPMLI), and CLN3
lysosomal/endosomal transmembrane protein, battenin
(CLN3), was significantly upregulated in the Fe group
compared to those in the Cont group (Figure 6(A)). The
mRNA expression of autophagy-related genes, includ-
ing unc-51 like autophagy activating kinase 1 (ULK1),

UV radiation resistance—associated gene (UVRAG), and
autophagy-related gene 14 (ATG14), was upregulated in
the Fe group (Figure 6(B)). In addition, the mRNA expres-
sion of nuclear receptor co-activator 4 (NCOA4), a ferritin-
ophagy cargo receptor, and members of the RAS oncogene
family (Rab10) and dynamin 2 (DNM2), lipophagy cargo
receptors, was also upregulated in the Fe group (Figure
6(C) and (D)).

Ferroptosis analysis

Immunofluorescence staining showed that the 4-HNE level
markedly increased in the Fe group compared to that in the
Cont group (Figure 7(A)). Quantitative analysis using Image]J
also showed that the fluorescent area was significantly
higher in the Fe group than in the Cont group (Figure 7(B)).
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Figure 5. Quantitative RT-PCR analysis of oxidative stress- and inflammation-
related genes in the liver. (A) mRNA levels of antioxidative response enzymes
GPX4 and SOD2. (B) mRNA levels of oxidative response enzymes ALOX15 and
COX2. (C) mRNA levels of inflammation markers MCP1 and TNF-a. GAPDH
was used as the internal standard for (A) to (C). All data are shown as the mean
value = SE; n=5 in both groups.

GPX4: glutathione peroxidase 4; SOD2: superoxide dismutase 2; ALOX15:
arachidonate 15-lipoxygenase; COX2: cyclooxygenase 2; MCP1: monocyte
chemotactic protein 1; TNF-a: tumor necrosis factor-o; GAPDH: glyceraldehyde
3-phosphate dehydrogenase; SE: standard error.

*P<0.05 vs Cont group.

Transmission electron microscopy (TEM) revealed significant
mitochondrial contraction in the Fe group compared to that
in the Cont group (Figure 7(C) and (D)).

Discussion

NASH has a worldwide prevalence of approximately 12%,
and its progression to cirrhosis and hepatocellular carcinoma
represents a serious health concern.”> However, the mecha-
nism of disease progression and exacerbating factors remain
unclear. In this study, we focused on iron overload in NASH
pathology. Iron is an essential trace element for almost all liv-
ing organisms. However, iron overload results in increased
reactive oxygen species (ROS) production, which causes
cell dysfunction or death, tissue damage, and disease.?¢?”
In addition, iron overload induces ferroptosis, an iron-
dependent novel form of cell death and is associated with
the progression of NASH pathology.®® Recent studies have
shown that ferroptosis is closely related to autophagy, espe-
cially ferritinophagy and lipophagy, two types of selective
autophagy.'*15> Autophagy is a self-degradative intracellular
process that degrades abnormal proteins and over-abundant
or damaged organelles. During autophagy, cellular compo-
nents are ingested into double-membrane vesicles, known as
autophagosomes, and degraded by lysosomes. Autophagy

occurs via non-selective or selective pathways. The selec-
tive pathway (selective autophagy) mediates the recycling
of specific organelles, such as mitochondria, nuclei, lys-
osomes, lipid droplets (LDs), and ferritin. Based on the target
of degradation, selective autophagy is classified as follows:
mitophagy (mitochondria), nucleophagy (nuclei), lysophagy
(lysosome), lipophagy (LDs), and ferritinophagy (ferritin).?
The activation of autophagy is critical for cell survival and
tissue homeostasis; however, the degradation products of
autophagy may have adverse effects.#1> Ferritinophagy and
lipophagy are examples of selective autophagy that induce
ferroptosis.

In this study, the Cont and Fe groups with NAS scores
>5 were defined as NASH. The NAS scores were not sig-
nificantly different between the two groups; however, lobu-
lar inflammation and Ishak fibrosis stage were significantly
higher in the Fe group than those in the Cont group. In addi-
tion, the Fe group presented with iron overload; increased
accumulation of iron in the liver; elevated serum iron, fer-
ritin, TIBC, and TSAT levels; and decreased transferrin levels
(Figure 2(B) and (C) and Figure 3(A to C) and Table 2). As
the total food intake was regulated such that it was equal
in the two groups (Figure 1(A)), these results suggest that
iron overload aggravated NASH. The relationship between
selective autophagy and ferroptosis in the process of NASH
exacerbation caused by iron overload is presented in the
schematic model in Figure 8.

Iron overload causes ROS generation and increases the
uptake of intracellular calcium ions.?” The increase in cal-
cium ions activates calcineurin, a protein phosphatase.303!
Activation of calcineurin results in the dephosphoryla-
tion of TFEB (an autophagy-promoting factor) in the cyto-
sol and its subsequent translocation into the nucleus.3?
Nuclear TFEB upregulates the expression of lysosome-
and autophagy-related genes by binding to Coordinated
Lysosomal Expression and Regulation (CLEAR) sequences,
which are common in many lysosome-related genes in
hepatic cells.3>-%5 As shown in Figure 5(A) and (B), oxidative
stress was upregulated following iron overload. In addi-
tion, calcineurin activity increased, and TFEB migrated into
the nucleus in the Fe group, which is consistent with the
results of previous studies. The mRNA expression of lyso-
some- (LAMP2, TRPML1, and CLN3) and autophagy-related
(ULK1, UVRAG, and ATG14) genes was significantly upreg-
ulated in the Fe group compared to that in the Cont group
(Figure 6(A) and ((B)), suggesting that nuclear translocation
of TFEB promoted autophagy.

In the alternate pathway, iron overload increases ferritin,
a protein that stores excessive iron as a non-toxic complex.
The ferritin complex plays an important role in maintain-
ing iron homeostasis via degradation to produce Fe?*
during iron overload as well as during iron deficiency.3637
The degradation of ferritin by autophagy is known as fer-
ritinophagy, a type of selective autophagy. NCOA4 plays
an important role in iron homeostasis by regulating ferritin
storage/release and is a selective cargo receptor that medi-
ates ferritinophagy. The serum ferritin levels in the Fe group
were higher than those in the Cont group (Figure 3(A)). In
addition, the mRNA expression of NCOA4 was significantly
upregulated in the Fe group compared with that in the
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Figure 6. Quantitative RT-PCR analysis of lysosome and autophagy-related genes in the liver. (A) mRNA levels of lysosome-related genes LAMP2, TRPML1,
and CLN3. (B) mRNA levels of autophagy-related genes ULK1, UVRAG, and ATG14. (C) mRNA levels of ferritinophagy cargo receptor NCOA4. (D) mRNA levels
of lipophagy cargo receptors Rab70 and DNM2. GAPDH was used as the internal standard for (A) to (D). All data are shown as the mean value = SE; n=5 in both

groups.

RT-PCR: quantitative reverse transcription polymerase chain reaction; LAMP2: lysosome-associated membrane protein 2; TRPML1: transient receptor potential
cation channel, mucolipin subfamily, member 1; CLN3: CLN3 lysosomal/endosomal transmembrane protein, battenin; ULK1: unc-51 like autophagy activating kinase
1; UVRAG: UV radiation resistance—associated gene; ATG14: autophagy-related gene 14; NCOA4, nuclear receptor co-activator 4; Rab10: member of the RAS
oncogene family; DNM2: dynamin 2; GAPDH: glyceraldehyde 3-phosphate dehydrogenase; SE: standard error.

*P <0.05 vs Cont group.

Cont group, suggesting that iron overload promoted fer-
ritinophagy. Fratta Pasini et al.3® demonstrated that excess
ferritin is degraded by NCOA4-mediated ferritinophagy,
which is consistent with our experimental results. Moreover,
itis suggested that ferritinophagy was also accelerated by an
autophagy mechanism via the nuclear translocation of TFEB.

We previously reported that SHRSP5/Dmcr rats fed an
HEFC diet accumulate LDs (TG) in hepatic cells.3*4° Excess
TG in the hepatic cells is degraded by the lipase pathway
and also by lipophagy.*' Lipophagy is selective autophagy
mechanism that specifically degrades LDs and plays an
essential role in LD homeostasis. The mRNA expression of
Rab10 and DNM2, selective cargo receptors that mediate
lipophagy,* was significantly upregulated in the Fe group
compared to that in the Cont group (Figure 6(D)), suggest-
ing that TFEB accelerates lipophagy during iron overload.
These results suggest that iron overload elevates both fer-
ritinophagy and lipophagy.

Ferroptosis, an iron-dependent form of cell death, is
caused by the accumulation of lipid hydroperoxides that
promote the oxidation of membrane lipids and damage
the lipid bilayer of the cell membrane.® Excessive oxidative
stress and lipid peroxidation promote ferroptosis.*>4® The
morphological characteristics of ferroptosis include mito-
chondrial contraction, increased membrane density, and
decreased mitochondrial cristae.® In this study, the Fe group
showed increased accumulation of 4-HNE and contraction
of mitochondria compared to the Cont group. In addition,
the mRINA expression of GPX4, an indicator of ferroptosis,
was lower in the Fe group than in the Cont group, sug-
gesting that iron overload enhanced ferroptosis in hepatic
cells. In recent years, the relationship between ferroptosis
and selective autophagy, including ferritinophagy and
lipophagy, has been reported.!*!> Ferritinophagy is a path-
way that degrades ferritin to produce Fe?*, which is used
in the mitochondria for ATP production. However, excess
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Figure 7. Immunofluorescence staining of 4-HNE and TEM images in the liver. (A) Deposition levels of 4-HNE in the liver (scale bar=50pm). (B) 4-HNE deposition
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the liver. A total of 20 mitochondria per group were examined. All data are shown as the mean value = SE; n=5 in both groups.4-HNE: 4-hydroxynonenal; TEM:
transmission electron microscopy; SE: standard error.

*P<0.05 vs Cont group.
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Fe?* catalyzes the Fenton reaction, which reduces hydrogen — reported previously, this pathway occurs not only during
peroxide to produce hydroxyl radicals, a type of ROS. As iron deficiency but also during iron overload.? Increased
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levels of hydroxyl radicals generate oxidative stress and
promote ferroptosis. Several studies have reported that
ferritinophagy induces ferroptosis.#”# In this study, fer-
ritinophagy was promoted in the Fe group compared to
the Cont group, suggesting that ferroptosis was accelerated
by ferritinophagy. LDs are degraded during lipophagy to
produce FFAs.#® FFAs are non-esterified fatty acids (FAs)
transported throughout the body via blood circulation for
use as an energy source in various tissues in the body. FAs
are classified according to the number of double bonds as
follows: no double bonds =saturated fatty acids, one dou-
ble bond =monounsaturated fatty acids, and two or more
double bonds =polyunsaturated fatty acids (PUFAs). PUFAs
are unstable because they contain many unsaturated dou-
ble bonds and are readily oxidized to lipid peroxidation by
ROS. The accumulation of lipid peroxidation, produced by
the oxidation of PUFA, in cell membranes promotes fer-
roptosis.?’ Bai et al.!® reported that lipophagy promotes fer-
roptosis. Consistent with these reports, FFA and ROS were
upregulated in the Fe group compared to that in the Cont
group (Table 2 and Figure 5(A) and ((B)), suggesting that
lipophagy promotes ferroptosis.

Focusing on hepatic stellate cells (HSCs) and mac-
rophages, it is unclear whether excess iron directly activates
HSCs and macrophages. Mehta et al. evaluated the effects
of excess iron on fibrogenesis and transforming growth fac-
tor (TGF)-beta signaling in mouse HSCs. As a result, HSCs
expressed the iron uptake protein transferrin receptor 1 and
the iron transport protein ferroportin, and iron activated
the TGF-beta pathway and collagen secretion in HSCs. Iron
chelators (deferrioxamine (DFO)) can inhibit these activities.
Therefore, HSCs express iron transport proteins, and excess
iron may directly activate HSCs via the TGF-beta pathway.5!
In addition, iron determines the fate and function of M1 mac-
rophages, especially during cell development and differen-
tiation.? Iron overload increases M1 marker levels such as
interleukin (IL)-6, TNF-a, and IL-1 and decreases M2 mark-
ers such as transglutaminase 2 (TGM2), that is, promotes
polarization toward M1 macrophages.

A limitation of this study is that we only demonstrated an
association between the exacerbated NASH phenotype and
altered autophagy and ferroptosis but not a causal relation-
ship for the role of increased ferroptosis in exacerbating the
NASH phenotype. However, evidence suggests that ferropto-
sis mediates iron overload in the NASH phenotype.>* Various
inhibitors of the ferroptosis pathway, such as rosiglitazone,
vitamin E, Fer-1, Lip-1, and DFO, may exert protective effects
against NASH in both in vitro and in vivo experiments. In par-
ticular, chelating agents such as DFO or deferiprone, which
are used to remove excess iron from the body, are inhibitors of
the ferritinophagy—ferroptosis pathway. In fact, deferiprone
inhibited necrotic cell death, inflammatory cell infiltration,
and inflammatory cytokine expression in an NASH animal
model.® Therefore, inhibition of the ferritinophagy—ferropto-
sis pathway may have protective effects against NASH with
iron overload in in vitro or in vivo experiments. In addition, it
is unknown whether hepatocyte-derived factors correspond-
ing to iron overload can stimulate macrophage activation.
However, to the best of our knowledge, high mobility group
box 1 (HMGB1) released by cells undergoing ferroptosis may
be one factor that activates phagocytosis and the mobilization
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of macrophages. Ferroptotic cells that release HMGB1 induce
inflammation and macrophage recruitment by activating
molecular inflammatory pathways.>

Thus, our results suggest that ferritinophagy and
lipophagy synergize to promote ferroptosis. In conclusion,
NASH is aggravated by ferroptosis, which is enhanced
by ferritinophagy and lipophagy under conditions of iron
overload.
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