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ARTICLE INFO ABSTRACT

Keywords: Males show higher incidence and severity than females in hepatic injury and many liver diseases, but the
Antioxidant defense mechanisms are not well understood. Ferroptosis, an iron-mediated lipid peroxidation-dependent death, plays an
FTHI important role in the pathogenesis of liver diseases. We determined whether hepatocyte ferroptosis displays
II:/ISfI: 1 gender difference, accounting for sexual dimorphism in liver diseases. Compared to female hepatocytes, male
Mitochondrial ROS hepatocytes were much more vulnerable to ferroptosis by iron and pharmacological inducers including RSL3 and
Ovariectomy iFSP1. Male but not female hepatocytes exhibited significant increases in mitochondrial Fe?" and mitochondrial

ROS (mtROS) contents. Female hepatocytes showed a lower expression of iron importer transferrin receptor 1
(TfR1) and mitochondrial iron importer mitoferrin 1 (Mfrn1), but a higher expression of iron storage protein
ferritin heavy chain 1 (FTH1). It is well known that TfR1 expression is positively correlated with ferroptosis.
Herein, we showed that silencing FTH1 enhanced while knockdown of Mfrnl decreased ferroptosis in HepG2
cells. Removing female hormones by ovariectomy (OVX) did not dampen but rather enhanced hepatocyte
resistance to ferroptosis. Mechanistically, OVX potentiated the decrease in TfR1 and increase in FTH1 expression.
OVX also increased FSP1 expression in ERK-dependent manner. Elevation in FSP1 suppressed mitochondrial Fe?*
accumulation and mtROS production, constituting a novel mechanism of FSP1-mediated inhibition of ferroptosis.
In conclusion, differences in hepatocellular iron handling between male and female account, at least in part, for
sexual dimorphism in induced ferroptosis of the hepatocytes.

1. Introduction

The liver is the hub of numerous physiological processes including
nutrient metabolism, immune support, cholesterol homeostasis, blood
volume regulation, and the breakdown of xenobiotic compounds [1].
Liver diseases are often inflammatory in nature and may be resulted
from viral infection, drug overdose, overnutrition, and alcohol abuse
[1]. The absolute number of chronic liver disease cases is estimated at

1.5 billion worldwide, including non-alcoholic fatty liver disease
(NAFLD, 59%), hepatitis B (29%), hepatitis C (9%), and alcoholic liver
disease (ALD, 2%) [2]. The above-mentioned factors cause endoplasmic
reticulum stress, oxidative stress, and mitochondrial dysfunction in he-
patic cells particularly the hepatocytes [3-5]. Unresolved stress further
leads to hepatic cell death and liver injury that in turn triggers liver
inflammation, which over time causes liver fibrosis, cirrhosis, and can-
cer [6]. Interestingly, the prevalence and severity of liver diseases

Abbreviations: ALD, alcoholic liver disease; CoQHo, reduced coenzyme Q10; DFO, deferoxamine; DFP, deferiprone; DMT1, divalent metal transporter 1; FAC,
ferric ammonium citrate; FSP1, ferroptosis suppressor protein 1; FTH1, ferritin heavy chain 1; GPX4, glutathione peroxidase 4; IRE, iron-responsive element; MCU,
mitochondrial Ca?* uniporter; Lip-1, liproxstatin-1; mtROS, mitochondrial ROS; NAFLD, non-alcoholic fatty liver disease; NRF2, nuclear factor-erythroid factor 2-
related factor 2; NTBI, non-transferrin-bound iron; OVX, ovariectomy; P-Hepa, primary mouse hepatocytes; PI, propidium iodide; TfR1, transferrin receptor 1; TGF-a,
transforming growth factor o; ZIP14, Zrt- and Irt-like (ZIP) protein 14.
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display gender differences. In general, men have 2-fold likelihood of
dying from chronic liver disease and cirrhosis than women [7,8].
Compared to their counterparts, men are more likely to develop primary
sclerosing cholangitis (2.3:1) [9], advanced stages in hepatitis B and C
[10-12], and hepatocellular carcinoma (3-4:1) [11-13]; whereas,
women more commonly present with autoimmune hepatitis (4:1) [14],
primary biliary cirrhosis (10:1) [15], and severe alcohol- and
drug-induced liver disease (2:1) [16,17]. The pathological mechanisms
underlying the gender differences in liver diseases remain incompletely
understood.

Iron is vital for hemoglobin production and cellular metabolism.
However, excess iron is hazardous by causing oxidative damage of
intracellular molecules (DNA/lipid/protein) via the Fenton reaction
[18]. Elevated liver iron loads are often seen in patients with hereditary
hemochromatosis, ALD, and viral hepatitis [19]. A mild-to-moderate
increase of liver iron also occurs in one-third of patients with NAFLD
[20]. Hepatic iron overload promotes the pathogenesis and progression
of liver diseases by inducing liver injury, inflammation, and fibrosis,
ultimately leading to cirrhosis and liver cancer. Ferroptosis, a recently
defined iron-mediated lipid peroxidation-dependent oxidative cell death
[21], plays an important role in the pathogenesis of many liver diseases
including acetaminophen-induced acute liver failure [22,23], hepatic
ischemia-reperfusion injury [24], viral hepatitis [25], and steatohepa-
titis [26]. Ferroptosis is featured by disturbed iron homeostasis and
impaired antioxidant defense [27]. Iron catalyzes the peroxidation of
poly-unsaturated fatty acids, while antioxidant defect or deficit results
in uncontrollable propagation of lipid peroxidation, ultimately leading
to ferroptosis. Glutathione peroxidase 4 (GPX4) and ferroptosis sup-
pressing protein 1 (FSP1), which is formerly known as
apoptosis-inducing factor mitochondria associated protein 2 (AIFM2),
are the two key antioxidant enzymes that protect against ferroptosis [21,
28,29]. GPX4 utilizes glutathione as a cofactor to protect against lipid
peroxidation [21], and FSP1 catalyzes the production of reduced coen-
zyme Q10 (CoQHy) [29,30], which traps lipid peroxyl radicals.

A recent study showed that renal epithelial cell ferroptosis displays
gender difference accounting for sexual dimorphism in kidney injury
[31]. We have recently shown that iron-loaded hepatocytes undergo
ferroptosis because of iron-catalyzed overproduction of mitochondrial
reactive oxygen species (mtROS) [32]. Intriguingly, sexual dimorphism
in iron metabolism has been well noted in humans and in experimental
rodents [33-35]. Hepatocytes, which compromise approximately 80%
of the liver mass, play an important role in systemic iron homeostasis via
the deposition of excessive body iron and production of hepcidin [36], a
master regulator of iron metabolism. We wondered whether the induced
ferroptosis of hepatocytes manifests a sex difference, and whether the
potential differences in iron metabolism are the underlying mechanism.
Hepatocytes primarily take up iron in the form of transferrin-bound iron
via transferrin receptor 1 (TfR1) [37], and uptake non-transferrin-bound
iron (NTBI) via Zrt- and Irt-like (ZIP) protein ZIP14 when iron is in
excess [38]. Divalent metal transporter 1 (DMT1) then transports iron
out of the endosomes for intracellular utilization [39]. A key site of iron
utilization is the mitochondria, which is highly enriched in hepatocytes
to meet the need of metabolism. The mitochondrial iron transport pro-
cess is not fully clear but potentially involves DMT1 [40], mitoferrin 1
and 2 (Mfrn1/2) [41], and mitochondrial Ca®* uniporter (MCU) [42].
Excess iron is then stored in the ferritin complexes in the cytosol to limit
free iron mediated oxidative damage to cellular contents [43].

In this study, by utilizing multiple different inducers of ferroptosis,
we determined whether ferroptosis of the hepatocytes display a gender
difference by using primary hepatocytes from male and female mice as
well as mice with ovariectomy (OVX). We have further analyzed the
expression profiles of genes associated with hepatocellular iron meta-
bolism and antioxidant defense, which protects against ferroptosis, to
identify the underlying mechanisms. We demonstrated sex dimorphism
in the ferroptosis of hepatocytes, which is at least in part due to differ-
ences in hepatocellular iron handling. Intriguingly, ovariectomy did not
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impair but strengthened the resistance of female hepatocytes to fer-
roptosis. Our findings implicate that gender differences in hepatocellu-
lar iron metabolism may be an important factor underlying the
differential pathogenesis of liver diseases between men and women, and
that targeting hepatic iron transport and utilization can be a potential
strategy in liver disease therapy.

2. Materials and methods
2.1. Reagents

The materials and reagents used in the current study are listed in
Supplementary Table 1.

2.2. Animals

Male and female C57BL/6 mice were purchased from the Jackson
Laboratory, and then housed at Emory University animal facility with
temperature and humidity control. All mice were maintained under 12-h
light and 12-h dark (light between 07:00 and 19:00) environment with
water and food ad libitum. Female mice were either sham-operated or
ovariectomized by the dorsal approach under general anesthesia at 8
weeks of age [44], and then sacrificed two weeks later. All animal
procedures were approved by the Institutional Animal Care and Use
Committee of Emory University.

2.3. Hepatocyte culture

Primary mouse hepatocytes (P-Hepa) were isolated from 8 to 10
weeks old male and female mice as previously described [32,45].
Briefly, mouse liver was pre-perfused with Leffert’s buffer (HEPES 10
mM, KCI 3 mM, NaCl 130 mM, NaH;PO4 1 mM, glucose 10 mM, pH 7.4)
containing EGTA, followed by perfusion with Liberase that consists of
collagenase I and II. Dissociated hepatocytes were purified on a Percoll
gradient, and cell viability is determined by staining with 0.02% trypan
blue. Only isolations that have a viability of >90% were used. Male and
female P-Hepa were seeded in collagen-coated 12-well plates at the
density of 2 x 10° cells per well for 3 h in William’s E medium supple-
mented with 5% FBS, 1x P/S, 10 mM HEPES, 1x insulin and 40 ng/ml
dexamethasone. P-Hepa were then cultured overnight in fresh medium
containing 5% FBS, 1x P/S and 10 mM HEPES prior to any treatments.
HepG2 cells, a human hepatoblastoma cell line, were cultured in RPMI
medium that is supplemented with 10% FBS and 1x P/S. AML12 cells are
mouse hepatocytes isolated from a transgenic mouse that expresses
human transforming growth factor a (TGF-a). AML12 cells were
cultured in DMEM/F12 medium supplemented with 10% FBS, 1x P/S, 1x
ITS, and 40 ng/ml dexamethasone. All cells were cultured in a 5% CO»
humidified incubator at 37 °C.

2.4. Lentivirus infection

Plasmid constructs pLKO.1/shMfrnl (TRCN0000044010) and
pLKO.1/shFTH1 (TRCN0000029432) were purchased from Sigma-
Aldrich, and V5-tagged FSP1 (V5-FSP1) in the pLX304 backbone was
purchased from DNASU plasmid repository. Lentiviral particles were
prepared in 293T cells as previously described [46], and then utilized for
infection of HepG2 cells in the presence of 5 pug/ml polybrene. Stable
expression of shMfrnl, shFTH1 or the scrambled control shRNA was
selected for three passages with 5 pg/ml puromycin, and stable
expression of V5-FSP1 was selected with 5 pg/ml blasticidin. Selection
antibiotics were excluded when cells were seeded for experiments.

2.5. Immunohistochemistry

The de-identified human liver samples of cancer patients, including
five men and four women, were obtained under a protocol approved by
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the Institutional Review Boards at both St. Jude Children’s Research
Hospital and The University of Tennessee Health Science Center. The
basic information of the involved subjects is shown in Supplementary
Table 2. Formalin-fixed paraffin-embedded sections (4 pm) of liver
sections were prepared and subject to standard immunohistochemistry
with anti-Mfrnl antibody at 1:250 dilution. Images were obtained to
show the expression of Mfrnl in normal-looking area of the liver.

2.6. Quantitative RT-PCR analysis

Total RNA was extracted from mouse livers and cultured cells with
the RNeasy Mini Kit. Three pg of total RNA was used for first strand
cDNA synthesis using the High-Capacity cDNA Reverse Transcription Kit
according to the manufacturer’s instruction. Quantitative PCR was
performed with Power SRBR Green PCR Master Mix on QuantStudio 3
real-time PCR system. PCR primer sequences are listed in Supplemen-
tary Table 3.

2.7. Western blot analysis

Male and female mouse livers were homogenized in 1 x lysis buffer
containing 20 mM Tris-HCI (pH 7.5), 150 mM NacCl, 1 mM B-glycer-
ophosphate, 2.5 mM sodium pyrophosphate, 1 mM Nay-EDTA, 1 mM
EGTA, 1 mM Na3VOus, 1 pg/ml leupeptin, 1% Triton X-100, and prote-
ase/phosphatase inhibitors [32]. Cultured cells were lysed in the same
lysis buffer. The crude lysates were then sonicated for 2 x 15 s and spun
at 14,000 g for 15 min. The protein concentration of the resulted su-
pernatant was determined by Bicinchoninic Acid Protein Assay. Protein
lysates were boiled at 95 °C for 10 min in 1 x Laemmli buffer, separated
on SDS-PAGE gel, and transferred to nitrocellulose membrane for
Western blotting with the corresponding antibodies listed in Supple-
mentary Table 1. Densitometric analysis was performed by using the
ImageJ software.

2.8. Propidium iodide (PI) staining

Staining of live cells with PI was as previously described [32].
Briefly, treated hepatocytes were incubated for 30 min with 2 pg/ml PI
in the culture medium. Cells were washed with PBS, followed by fluo-
rescent imaging by the Olympus IX83 imaging system. The numbers of
PI T cells and total numbers of cells per field were counted, from which
the percentage of PI" cell death was calculated. Please note that many
P-Hepa have two nuclei, and thus one necrotic cell may show two red
puncta from the PI staining.

2.9. Detection of mitochondrial ROS (mtROS) and Fet contents

P-Hepa and HepG2 cells grown on 4-well Lab-Tek II chambered
coverglass were incubated with 5 pM Mito-FerroGreen and/or 5 pM
MitoSOX in culture medium for the detection of mitochondrial Fe?** and
mtROS, respectively. Thirty minutes after incubation, cells were washed
two times with HBSS buffer and subject to confocal imaging using the
Olympus FV1000 microscope. Fluorescence intensity was quantified
using the ImageJ software, and the relative changes in percentage are
presented.

2.10. Lipid peroxidation assay

Cultured hepatocytes were incubated for 30 min with 2 pM BOD-
IPY® 581/591C11 (Image-iT Lipid Peroxidation Kit). After washing
with PBS, cells were imaged at the emission of ~590 nm (red) and ~510
nm (green). A shift from red to green fluorescence signal suggests lipid
oxidation.
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2.11. Statistical analysis

Data were analyzed with the GraphPad Prism software (GraphPad
Software, La Jolla, CA, USA) and are presented as mean + SEM. Statis-
tical significance was determined by unpaired t-test, with a value of P <
0.05 was considered significant.

3. Results

3.1. Male hepatocytes are more susceptible to ferroptosis induction than
female hepatocytes

We have recently shown that iron induces positive staining for PI in
cultured P-Hepa, and this PI positivity was abolished by ferrostatin-1, a
lipid ROS scavenger and inhibitor of ferroptosis, but not by Z-VAD-FMK
(an inhibitor of apoptosis) or necrostatin-1 (an inhibitor of necroptosis),
thereby indicating that acute iron loading induces ferroptotic death of P-
Hepa [32]. By continuing using this primary culture model and PI
staining, the vulnerability of male and female hepatocytes to ferric
ammonium citrate (FAC) induced ferroptosis was assessed. We observed
that treatment by 100 pM FAC for 24 h led to a markedly higher rate of
ferroptosis in male hepatocytes than in female hepatocytes as indicated
by the percentage of PI" cells (32.3 & 1.5 vs 6.4 + 0.6) (Fig. 1A). The
difference was further confirmed by treating male and female hepato-
cytes with a lower (20 pM) and higher (200 uM) concentration of FAC
for a shortened duration (4 h). In response to the lower concentration of
FAC, 7.4% of male hepatocytes underwent ferroptosis whereas only
0.7% female cells were PI positive (Fig. 1B). Much higher numbers
(30.5%) of male hepatocytes died from the treatment of 200 pM FAC,
but there remained only 0.9% female hepatocytes positive for PI
(Fig. 1B). These data demonstrate that, compared to female, male he-
patocytes are much more sensitive to iron excess induced ferroptosis, at
least in the cell culture model.

Multiple ferroptosis inducers including RSL3 [47], ferroptosis
inducer-56 (FN56) [48], and iFSP1 [49], have been used in studying
ferroptosis induction of many cell species. It was shown that RSL3
directly inactivates GPX4, while FIN56 induces autophagy-dependent
degradation of GPX4 [48]. Unlike RSL3 and FIN56, iFSP1 is a potent
inhibitor of FSP1, which inhibits ferroptosis by catalyzing the produc-
tion of antioxidant CoQHy [49]. We first determined dose-dependent
effects of RSL3, FIN56 and iFSP1 on hepatocyte death by PI staining
(Fig. S1). The roles of RSL3, FIN56 and iFSP1 as ferroptosis inducers
were confirmed by the inhibitor effects of iron chelators deferoxamine
(DFO) and deferiprone (DFP), and liproxstatin-1 (Lip-1), a potent lipid
ROS scavenger (Fig. S2). DFO and DFP differ in that DFO is hydrophilic
and present mostly in the endosomes and cytosol, but DFP is hydro-
phobic and therefore chelates iron in the mitochondria as well [50]. We
then determined whether male and female hepatocytes respond differ-
ently to pharmacological ferroptosis inducers. A higher concentration of
the drugs from the tested range was selected to highlight the potential
gender difference. RSL3, FIN56 and iFSP1 all induced higher rates of
ferroptosis in male than female hepatocytes, although the difference was
smaller with FIN56 treatment (Fig. 1C). The gender differences in the
magnitude of ferroptosis in responses to RSL3 and FIN56 may be
explained by their different mechanisms of action. RSL3 induces over-
whelming mtROS production and impaired mitochondrial membrane
potential [51], while FIN56 does not perturb mitochondrial integrity
[48]. Intriguingly, we observed that RSL3 and iFSP1 induced marked
increases in mitochondrial Fe’" content and mtROS production in
HepG2 cells, a hepatoblastoma cell line (Fig. S3). This finding led us
suspect whether mitochondrial iron status and mtROS production are
different between male and female hepatocytes in response to FAC and
pharmacological inducers. Indeed, in response to FAC treatment, male
hepatocytes exhibited a strong increase in the abundance of mitochon-
drial Fe?* and mtROS, but corresponding changes were modest in fe-
male (Fig. 2A). A similar difference was seen between male and female
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Fig. 1. Differential vulnerability of male and female hepatocytes to ferroptosis. (A) Primary cultured mouse hepatocytes (P-Hepa) of male and female were
treated with 100 pM FAC for 24 h and then stained for propidium iodide (PI). (B) P-Hepa were treated with 20 or 200 uM FAC for 4 h, followed by PI staining. (C) P-
Hepa were treated with 100 nM RSL3 for 4 h, 2 pM FIN56 or 10 pM iFSP1 for 24 h prior to PI staining. The percentages of PI* cells over the total number of cells were
quantified and are shown next to the representative images. Data are mean + SEM (n = 15 fields of 3 independent experiments for A, and 9 fields for B and C). *, P <
0.01 compared to the corresponding treatment conditions in male. Bars, 200 pm.
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hepatocytes in response to RSL3 and iFSP1, but FIN56 failed to induce a
significant increase in mitochondrial iron or mtROS content in either sex
(Fig. 2B). These findings demonstrate that male hepatocytes are more
susceptible to ferroptosis induction, and the vulnerability of male he-
patocytes to ferroptosis is likely associated with mitochondrial iron
status and the capacity of mtROS production.

3.2. Differential expression in iron metabolism genes between male and
female hepatocytes

We then interrogated whether hepatocellular iron metabolism is
different between male and female hepatocytes. These hepatocellular
iron metabolism related genes include TfR1 and ZIP14, ferritin heavy
chain 1 (FTH1), and DMT1( =+ iron-responsive element, IRE), Mfrnl/2
and MCU. The expression of GPX4 and FSP1 was also determined given
their critical roles in protecting against ferroptosis. We found that TfR1
and Mfrnl transcript levels were significantly lower in female than in
male livers, whereas the expression of DMT1(-IRE) and MCU was higher
in female (Fig. 3A). There was not a sex difference in the mRNA
expression of GPX4 or FSP1. At the protein level, TfR1 expression was
consistently lower in female livers, but FTH1 expression was signifi-
cantly higher in female (Fig. 3B). Again, we did not see a difference in
the protein expression of GPX4 between male and female. The expres-
sion of nuclear factor E2-related factor 2 (NRF2), a key transcription
factor that drives the antioxidant protection pathways, was also
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determined but showed no significant difference. The protein expression
of Mfrnl and FSP1 was not determined as we couldn’t obtain reliable
antibodies against mouse Mfrnl or FSP1 protein.

Consistent with findings in the liver, the transcript levels of TfR1 and
Mfrnl were significantly lower in female hepatocytes in in vitro
(Fig. 3C). A lower TfR1 and higher FTH1 protein level was also found in
female P-Hepa (Fig. 3D and E). FAC induced reduction in TfR1 expres-
sion was not significantly different between male and female at any of
the examined time points. In contrast, FAC-induced increases in FTH1
expression were significantly smaller in female hepatocytes (Fig. 3E).
The induction of NRF2 was also less robust in female, and GPX4 in-
duction was only seen in male hepatocytes (Fig. 3E). We have validated
an anti-human Mfrn1 antibody by using exogenously expressed human
Mfrnl and utilized this antibody to compare Mfrn1 expression in human
livers. Consistent with Mfrnl mRNA expression in mice, Mfrnl expres-
sion in women’s liver was dramatically lower than that in men (Fig. 3F).
This difference of Mfrnl expression between men and women was
consistently seen in all the currently analyzed human liver samples
(Fig. S4). These results demonstrate that male and female hepatocytes
manifest significant differences in baseline expression of iron meta-
bolism genes including TfR1, FTH1 and Mfrnl, but not antioxidant
genes including GPX4, FSP1 and NRF2. Differential induction of GPX4
and NRF2 in response to FAC treatment more likely indicates different
levels of oxidative damage caused to male and female hepatocytes.
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protein expression of the determined genes in P-Hepa treated by 100 pM FAC for the indicated times. (F) Representative images showing Mfrnl expression in the
livers of male and female human subjects. Data are mean + SEM (n = 3 for A, B, D and E; n = 6 for C). *, P < 0.01; and **, P < 0.05. n.s., not significant. Bar, 100 pm.
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3.3. FTHI1 and Mfrn1 regulate the sensitivity of hepatocytes to ferroptosis expression but led to a 54% increase in GPX4 expression (Fig. 4B).
Compared to the control cells, HepG2 cells with the KD of FTH1
The above data suggest a lower expression of TfR1 and Mfrn1 but a displayed a significantly increased mtROS production, but deficiency in
higher expression of FTH1 probably accounts, at least in part, for the Mfrnl did not change mtROS content at the baseline (Fig. 4C). The
lower vulnerability of female hepatocytes to ferroptosis. It was well increased mtROS content in FTH1-KD cells was in line with elevated
documented that TfR1 expression level is positively correlated with the mitochondrial Fe? content in resting condition (Fig. 4D). The increase
likelihood of developing ferroptosis [52]. In contrast, the role and in baseline mitochondrial iron is intriguing as Mfrnl expression was
mechanism of FTH1 (a major iron storage protein) and Mfrnl (a mito- 19% lower in FTH1-KD cells (Fig. 4A). It could be a result of accumu-
chondrial iron importer) in the regulation of ferroptosis are less clear. lative mitochondrial iron import due to the lack of FTH1 which retains
Herein, we determined whether manipulating the expression of Mfrn1 iron in the cytosol. Indeed, by staining with FerroOrange, a turn-on
and FTH1 modulates hepatocyte’s sensitivity to ferroptosis by using probe that recognizes intracellular Fe?*, we could see a significantly

HepG2 cells. To this end, HepG2 cells with the knockdown (KD) of FTH1 higher labile Fe>™ content in FTH1-KD cells than the control cells
or Mfrn1 were generated. The acquired HepG2 cell stains displayed 91% (Fig. S5). Moreover, FTH1-deficient HepG2 cells were highly sensitive to
reduction of FTH1 expression (Fig. 4A) and a 51% decrease in Mfrnl FAC-induced ferroptosis, while Mfrnl deficiency caused a slight but
(Fig. 4B). We have also determined the effects of FTH1 or Mfrnl defi- significant decrease in FAC-dependent ferroptosis (Fig. 4D). Deficiency
ciency on the expression of other iron metabolism genes as well as GPX4 in FTH1 also sensitized HepG2 cells to RSL3-induced ferroptosis
and FSP1. Surprisingly, KD of FTH1 did not significantly alter the (Fig. 4E), consistent with the significantly increased lipid peroxidation
expression of TfR1, indicating that deficiency in an iron storage protein (Fig. 4F). We also determined the effect of Mfrnl deficiency on RSL3-

did not lead to cytosolic accumulation of labile iron, which would mediated ferroptosis but did not find a significant difference from the
otherwise have led to TfR1 reduction to stop continuous iron import into control cells (data not shown). An explanation for that Mfrnl-deficient
the cells. Mfrnl expression was slight decreased by KD of FTH1. There cells were relative resistant to FAC, but not to RSL3, could be due to
was not a significant change in the expression of GPX4, but a 37% in- their differential effects on mitochondrial iron state and/or mtROS
crease in FSP1 was observed (Fig. 4A). In contrast to the effects by KD of production. Collectively, our current findings demonstrate that hepa-
FTH1, silencing Mfrnl significantly decreased TfR1 and FTH1 expres- tocytes with abundant ferritin are more protected from ferroptosis by
sion by 56% and 73%, respectively. KD of Mfrnl did not alter FSP1 different inducers, while low in Mfrnl expression does not warrant a
A N A B S 0N N N c
&L IR & &F
,,‘4?0 f $(‘§g“ ‘$ § § é{o shScrbl shFTH1 shMfrn1 z 400
FTH1 /mm  —20 ox2%* Min1 | e —37 a9 +4* E 300
Emm— e E
Mfrn1 :- -7‘37 s1+2% FTH g~ —20 2743 * >< § 200
TAR1 | e 100 ooy g TIR1 | e —100 4413* % B i
L = =
GPxX4 == w20 40333 GPXa ’-— -0 ie* > g
] *
FSP1 == amm ., 13716 Fsbj'1 — - 12%7 LS
B-actin | e —_37 B-actin ‘.... .
*
D E shScrbl shFTH1 shMfrn1
50
2 Cont v
7]
3 g 40 :
8 £ g
e ;g' T z 30
2 S 2
- ke £
. [l
E € 5 & s 10
= & k3
@ & 9‘\(‘ 5 0
s STt
shScrbl shFTH1 shMfrn1
F RSL3 * G RSL3
shScrbl shFTH1 100 shScrbI shFTH1

@
3

g <

= o

- » 60 N

B H 3z

o x

+ 40 ?

a s

20 z

> 3

8

> N 3

3 & & [}
& F

Fig. 4. FTH1 and Mfrn1 regulate the sensitivity of hepatocyte to ferroptosis. The effects of the knockdown of FTH1 (shFTH1, A) and Mfrnl (shMfrnl, B) on the
protein expression of genes associated with iron metabolism and antioxidant defense by comparing to the scrambled control (shScrbl) in HepG2 cells. The relative
changes are shown as mean + SEM (n = 3). (C) Staining for baseline mtROS with MitoSOX in HepG2/shFTH1, HepG2/shMfrn1l and control shScrbl cells. (D) Staining
of baseline mitochondrial Fe?* content with Mito-FerroGreen (MFG) in HepG2/shFTH1 versus shScrbl cells. The fluorescence intensity of MitoSOX (C) and MFG (D)
staining was quantified and is presented as mean + SEM (n = 30 cells of 3 independent experiments). (E) HepG2 cells with the knockdown of FTH1, Mfrnl or the
scrambled control were treated with 100 pM FAC for 24 h, and ferroptotic cells was stained by PI. (F) HepG2/shFTH1 and control shScrbl cells were treated with 100
nM RSL3 for 4 h, followed by PI staining. The percentages of PI"* cells (E and F) were quantified, and the data shown are mean + SEM (n = 9 fields of 3 independent
experiments). (G) Lipid peroxidation was determined by staining with BODIPY C11 in RSL3 treated shFTH1 and control cells, with the green fluorescence denoting
lipid oxidation. *, P < 0.01. Bars, 50 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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better resistance against ferroptosis but depends on the context.

3.4. OVX enhances the defense of female hepatocytes against ferroptosis

Much of the protective nature in female attributes to female
hormone-mediated signaling. We wondered whether this is true for the
lower vulnerability of female hepatocytes to ferroptosis. To this end,
OVX mice were generated, and OVX hepatocytes were prepared to be
compared those of sham-female and male mice. Consistent with our
earlier data, female hepatocytes were less susceptible to FAC-induced
ferroptosis than male cells (Fig. 5A). Yet, to our surprise, OVX hepato-
cytes displayed increased resistance to FAC-induced ferroptosis
compared to the sham-female control. Hepatocytes are an important site
of the metabolism of macronutrients including glucose, sucrose, fatty
acids, and amino acids [53]. Cellular metabolism of these nutrients in-
volves the mitochondria, which plays a crucial role in ferroptosis. We
showed that addition of glucose, fructose, palmitic acid (the most
common long-chain fatty acid) or amino acids in the culture medium
along with FAC all resulted in massive increase in the number of PI" cells
than FAC alone (Fig. 5B). Hepatocyte death induced by the above
combinations was ferroptosis because pretreatment with DFO and Lip-1
both significantly reduced the numbers of PI" cells (Fig. S6). Impor-
tantly, the numbers of PI" cells were significantly fewer for all

A

Redox Biology 67 (2023) 102892

conditions in sham-female hepatocytes and even less in OVX hepato-
cytes (Fig. 5B). We confirmed whether the different rates of PIt cell
death among male, sham-female, and OVX hepatocytes are associated
with different levels of lipid peroxidation, a hallmark feature of fer-
roptosis. The FAC and palmitic acid cotreatment condition was selected
because prominent differences in the rate of ferroptosis were seen
among male, female and OVX hepatocytes. As expected, the
co-treatment led to the highest level of lipid oxidation in male hepato-
cytes and least in OVX hepatocytes (Fig. 5C). These findings demonstrate
that removal of female hormones enhances the resistance of female
hepatocytes to ferroptosis.

3.5. Elevated FTH1 and FSP1 expression enhances the resistance of OVX
hepatocytes to ferroptosis

To understand the mechanisms by which OVX potentiates hepato-
cyte resistance to ferroptosis, we first compared the expression of iron
metabolism and antioxidant defense related genes in OVX and sham
female hepatocytes. Interestingly, TfR1 mRNA expression further
decreased by 37%, but FSP1 expression was increased by 100%, in OVX
hepatocytes compared to the sham-female control (Fig. 6A). No signif-
icant changes were observed in the expression of other iron transporters
and GPX4. Protein analysis further confirmed a reduction in TfR1
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expression by 56% and an increase in FTH1 by 117% in OVX hepato-
cytes at the baseline (Fig. 6B). Following 6-h FAC treatment, the
reduction of TfR1 expression was not significant between sham and OVX
hepatocytes (Fig. 6C). In contrast, FTH1 expression was induced by
201% in sham hepatocytes and only by 67% in OVX hepatocytes
(Fig. 6C). The lack of a difference in the reduction of TfR1, but in the
induction of FTH1, mimics that between male and female hepatocytes in
response to FAC (Fig. 3E).

Apart from the roles of TfR1 and FTH1, increased FSP1 expression
can add another layer of protection. Indeed, inhibition of FSP1 with
iFSP1 sensitized OVX hepatocytes to FAC-induced ferroptosis (Fig. 7A).
To further determine the role and mechanism of elevated FSP1 expres-
sion in protecting hepatocytes, we generated HepG2 cells the expression
of exogenous V5-tagged human FSP1 (V5-FSP1) (Fig. 7B). Compared to
the control, HepG2/V5-FSP1 cells displayed significantly decreased
expression of TfR1 and FTH1 by 72% and 41%, respectively. Mfrnl
expression was decreased by 33%. In response to FAC treatment, 4.8%
backbone transduced control cells underwent ferroptosis. Strikingly,
overexpression of FSP1 completely blocked FAC induced ferroptosis
with only 0.3% cells positive for PI staining (Fig. 7C). HepG2/V5-FSP1
cells were also strongly resistant to RSL3 induced ferroptosis (Fig. 7D).
We showed in the above that RSL3 increased mitochondrial Fe* loading
and mtROS production. Intriguingly, FSP1 overexpression reduced the
baseline and abolished RSL3 induced mtROS production and mito-
chondrial Fe?t accumulation (Fig. 7E). The mechanism by which FSP1
suppresses mitochondrial iron loading is unknown, but it could be
partially due to the lower expression of TfR1 and Mfrnl (Fig. 7B). Our
findings thus suggest that elevation in FSP1 expression inhibits hepa-
tocyte ferroptosis through a previously unappreciated mechanism by
preventing labile iron overload in the mitochondria.

3.6. OVX induced hyperactivation of ERK protects hepatocytes against
ferroptosis

A plethora of cellular signaling regulates cell survival including
MAPK (ERK1/2 and p38 MAPK) and Akt mediated signaling [54,55]. We
identified that FAC treatment for 4 h resulted in a significant increase in
the phosphorylation of ERK1/2 and Akt in the more responsive male
hepatocytes. The increase in phospho-ERK1/2 was mitigated or
completed blocked by MAP kinase kinase (MEK) inhibitor U0126, cal-
cium blocker BAPTA-AM, and lipid radical scavenger liproxstatin-1
(Lip-1). The upregulation of phospho-Akt was only prevented by Lip-1
(Fig. S7A). It is suspected that iron-induced activation of ERK and Akt
is a feedback protective mechanism against lipid peroxidation-mediated
cellular damage. Indeed, inhibition of ERK or Akt prior to FAC treatment
exacerbated FAC-induced ferroptosis as indicated by the significantly
increased numbers of PI" cells (Fig. S7B).

It was previously shown that OVX increases the phosphorylation/
activity of p38 MAPK in rat cardiomyocytes [56]. We wondered whether
OVX induces the phosphorylation of ERK and Akt in hepatocytes.
Intriguingly, the baseline phospho-ERK1/2 level was markedly higher in
OVX hepatocytes than the sham control. Phospho-Akt was only slightly
increased in OVX hepatocytes (Fig. 8A). The potential roles of ERK and
Akt in mediating the resistance of OVX hepatocytes to iron-induced
ferroptosis was assessed by using PD0325901, a MEK inhibitor that
blocks ERK activation, and MK2206, a selective Akt inhibitor. We
showed that inhibition of ERK and Akt both increased the susceptibility
of OVX hepatocytes to FAC-induced ferroptosis (Fig. 8B). AML12 cells
are transgenic mouse hepatocytes the overexpression of TGF-a, which is
a potent agonist of ERK signaling [57]. We have previously shown that,
compared to P-Hepa and HepG2 cells, AML12 cells are resistant to
FAC-induced ferroptosis [32]. Indeed, phosphorylation of ERK1/2 was
much stronger in AML12 cells relative to P-Hepa (Fig. 8C), and
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inhibition of ERK by PD0325901 sensitized AML12 cells to FAC-induced
ferroptosis (Fig. 8D). A recent study showed that MAPK potentially
upregulates FSP1 expression in KRAS-mutant cancer cells [58]. By using
the AML12 cell model we could show that inhibition of ERK significantly
reduced the mRNA expression of FSP1 (Fig. 8E). The subcellular local-
ization of V5-FSP1 in HepG2 cells did not seem significantly altered by
the inhibition of ERK (Fig. S8). These results suggest that OVX induces
the hyperactivation of ERK, which contributes to increased defense of
OVX hepatocytes against ferroptosis in part through upregulation of
FSP1.

4. Discussion

Ferroptosis, an iron-catalyzed lipid peroxidation-dependent oxida-
tive death, has been increasingly recognized as an important mechanism
in the pathogenesis and progression of many diseases including the liver
diseases [59,601, which display sexual dimorphism. Our study for the
first time showed that male and female hepatocytes manifest differential
vulnerability to ferroptosis induction by various inducers including
excess iron and pharmacological drugs. A lower susceptibility of female
hepatocytes to ferroptosis is in part due to the higher expression of FTH1
and lower expression of TfR1 and Mfrnl at the baseline (Fig. 9). The
resistance of female hepatocytes to ferroptosis is not attributable to fe-
male hormone mediated signaling as hepatocytes derived from OVX
mice displayed increased resistance to ferroptosis. Elevation in ferrop-
tosis resistance of the OVX hepatocyte attributes to multiple mecha-
nisms including decreased TfR1 expression, upregulated expression of
FTH1 and FSP1, and hyperactivated ERK signaling (Fig. 9). Collectively,
our work indicated a positive correlation between mitochondrial iron

accumulation, mtROS production and the magnitude of ferroptosis in
hepatocytes. Mitochondrial iron-mtROS mediated damage of the mito-
chondria is probably an important driving force in lipid
peroxidation-dependent ferroptosis. However, the precise mechanisms
remain to be elucidated in future studies.

Hepatocytes in stressed conditions can undergo different types of
death including apoptosis, necrosis, and ferroptosis [61]. Sex differences
in hepatic death have previously been demonstrated. It was shown that
female mouse hepatocytes are more susceptible to ethanol-induced
apoptosis than male hepatocytes [62]. In contrast, Gupta et al. showed
that herbicide diquat induces a higher rate of hepatic necrosis and more
severe liver damage in male rats [63]. Acetaminophen overdose induced
acute liver injury is more severe in male mice [64], but the type of he-
patic death is unclear. Earlier reports showed that acetaminophen
overdose induces necrosis of the hepatocytes [65], while multiple recent
studies have identified that acetaminophen causes hepatic ferroptosis
[23,66]. Our current study by using in vitro model demonstrated that
male hepatocytes are more susceptible to ferroptosis than female he-
patocytes. Our finding is consistent with a recent report that renal
proximal tubular epithelial cells of male mice are more vulnerable to
ferroptosis by utilizing the GPX4 knockout mouse model [31]. That
study showed that differential NRF2 expression is the underlying cause
of the gender difference in renal epithelial ferroptosis. Our work failed to
identify NRF2 as a candidate mechanism for the sexual dimorphism in
hepatocyte ferroptosis. Instead, we showed that gender difference in
hepatocyte ferroptosis by excess iron, RSL3 and iFSP1 is associated with
distinct mitochondrial iron metabolism and mtROS production, at least
in mice. Previous evidence showed that RSL3 induces ferroptosis by
inactivating GPX4 [47], and iFSP1 acts by inhibiting FSP1-mediated
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Fig. 9. A schematic model demonstrating the differential susceptibility of
male, female and OVX hepatocytes to induced ferroptosis. The contents
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activity (ERK) of proteins that determine the sensitivity of hepatocytes to fer-
roptosis inducers including iron excess, RSL3, and iFSP1. The listed factors
regulate the vulnerability to ferroptosis in part through modulation of mtFe
content, mtROS production and the magnitude of LP. mtFe, mitochondrial Fe*;
and LP, lipid peroxidation.

production of CoQHj; [49]. To the best of our knowledge, our study for
the first time identified that RSL3 and iFSP1 induced ferroptosis is also in
part through the induction of mitochondrial iron overload.

The molecular mechanisms underlying differential mitochondrial
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iron metabolism between male and female hepatocytes are multifold.
We identified differential expression of TfR1, FTH1, and Mfrnl in the
hepatocytes of male and female mice and/or humans. TfR1 is a ubiq-
uitous iron transporter that takes up transferrin-bound iron from the
circulation or other external sources. It is conceivable that a higher basal
level of TfR1 leads to a more robust intracellular iron loading than cells
that bear less TfR1. However, we failed to find a difference in the rate of
reduction in TfR1 expression in male, female and OVX hepatocytes in
response to excessive external iron. This could be explained by that less
labile iron than the-actually-loaded amount is required to trigger the
response or degradation of TfR1. The correlation of TfR1 expression
with the rate of ferroptosis is well noted [52]. By contrast, the role of
FTH1 in ferroptosis is a paradox. On the one side, deficiency in FTHI, a
major iron storage protein, potentially leads to labile Fe?* accumula-
tion, which could induce lipid peroxidation and ferroptosis. On the other
hand, high intracellular FTH1 expression, which indicates abundant iron
storage, could lead to the release of more free iron through ferriti-
nophagy [67]. Our current results suggest that mitochondrial integrity is
impaired by FTH1 deficiency as indicated by mtROS accumulation. The
higher baseline mtROS is probably the primary mechanism underlying
the high vulnerability of FTH1-deficient cells to FAC and RSL3 induced
ferroptosis. This speculation is supported by our previous report
showing that P-Hepa pretreated with rotenone [68], an inhibitor of
mitochondrial complex I that increases mtROS content, were highly
sensitive to FAC-induced ferroptosis [32]. Our finding is further sup-
ported by a previous report that hepatocytes with the knockout of FTH1
are highly susceptible to liver damage in mice fed a high-iron diet [69].
Mfrnl is an inner mitochondrial membrane protein that mediates iron
import into the matrix of the mitochondria. Mfrnl expression is
particularly important in erythroid precursors for heme production
[70]. However, knockout of Mfrnl in hepatocytes does not seem to
significantly alter mitochondrial iron homeostasis in the physiological
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state [71]. Therefore, despite the important role of mitochondrial iron
loading in ferroptosis, the role of Mfrnl in regulating ferroptosis
response remains unclear. Our current data demonstrated that HepG2
cells with lowered Mfrnl expression displayed decreased sensitivity to
FAC-induced ferroptosis. However, whether the reduced sensitivity is
due to a direct role of Mfrnl deficiency or indirectly via downregulated
TfR1 expression remains not understood. We cannot completely exclude
a potential role of antioxidant protection in sexual dimorphism of he-
patocyte ferroptosis despite the lack of differential expression in NRF2,
GPX4 and FSP1 between male and female hepatocytes. The abundance
of glutathione and CoQ may be examined in future studies, and yet
unidentified antioxidant defense mechanisms may play a role.

Another key finding of the current study is that OVX promotes the
resistance of female hepatocytes to ferroptosis. This observation is
distinct from many findings of a protective role of estrogen in physiology
and many diseases, but some other studies also failed to see a loss of
protection in OVX models [72,73]. The explanation is unclear, but it
may be related to differential action of the female hormones in different
disease processes. Importantly, we have identified that OVX induced
decreased TfR1 and increased FTH1 expression as the mechanisms of
elevated resistance of OVX hepatocytes to ferroptosis. This finding is
consistent with a previous finding in the adipose tissues of OVX rats,
whereby OVX achieved the effects by decreasing RNA binding activity of
iron regulatory protein 1 (IRP1) [74]. We also demonstrated for the first
time that FSP1 is significantly increased in OVX hepatocytes. Elevation
in FSP1 expression provided strong protection against both iron and
RSL3 induced ferroptosis. Previous evidence suggests that FSP1 inhibits
ferroptosis by promoting the production of CoQHy at the plasma mem-
brane [30]. We have novel finding that increasing FSP1 expression
mitigated RSL3-induced mitochondrial Fe?>" loading and mtROS pro-
duction, thereby suggesting a previously unappreciated role of FSP1 in
protecting mitochondrial integrity. The mechanism underlying the
upregulated expression of FSP1 in OVX hepatocytes is unknown but
could be due to the hyperactive ERK signaling because inhibition of ERK
attenuated FSP expression in AML12 cells, a cell line that mimics OVX
hepatocytes in terms of ERK hyperactivation. Our finding is consistent
with a recent report that increased expression of FSP1 in KRAS-mutant
cancer cells is associated with mitogen-activated protein kinase
(MAPK) and NRF2 [58]. Moreover, our finding of the hyperactivation of
ERK in OVX hepatocytes provides a novel mechanistic insight into
upregulated hepcidin production in women of post-menopause, because
MAPK is known to mediate the activation of hepcidin expression [75,
76].

In conclusion, our study has demonstrated that gender difference in
hepatocellular iron handling particularly in mitochondrial iron meta-
bolism underlies sexual dimorphism in the vulnerability of hepatocytes
to ferroptosis. The study was primarily based on the use of in vitro
cultured hepatocytes, but it is plausible to speculate that sexual dimor-
phism in hepatic ferroptosis should also exist in in vivo given the similar
changes in TfR1, Mfrnl and FTH1 expression between the liver and
cultured hepatocytes.
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