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Background and Aims:Hepatic iron overload always leads to oxidative stress, which has
been found to be involved in the progression of liver disease. However, whether iron
disorder is involved in acute liver disease and the further molecular mechanisms remain
unclear.

Methods: A mice model of acute liver injury (ALI) was established via intraperitoneal
injection of thioacetamide (TAA) (250 mg/kg/day) for 3 consecutive days. Ferrostatin-1
(Fer-1) was administered intraperitoneally (2.5 μM/kg/day) starting 3 days before TAA
treatment. Deferoxamine (DFO) was intraperitoneally injected (200 mg/kg/day) with TAA
treatment for 3 days. We further observed the effect of Fer-1 on TAA model with high-iron
diet feeding. ALI was confirmed using histological examination and liver function activity.
Moreover, expressions of iron metabolism and ferroptosis proteins were measured by
Western blot analysis.

Results: The study revealed that the iron accumulation and ferroptosis contributed to
TAA-induced ALI pathogenesis. TAA induced prominent inflammation and vacuolar
degeneration in the liver as well as liver dysfunction. In addition, protein expression of
the cystine/glutamate antiporter SLC7A11 (xCT) and glutathione peroxidase 4 (GPX4) was
significantly decreased in the liver, while transferrin receptor 1 (TfR1), ferroportin (Fpn) and
light chain of ferritin (Ft-L) expression levels were increased after TAA exposure. As the
same efficiency as DFO, pre-administration of Fer-1 significantly decreased TAA-induced
alterations in the plasma ALT, AST and LDH levels compared with the TAA group.
Moreover, both Fer-1 and DFO suppressed TfR1, Fpn and Ft-L protein expression
and decreased iron accumulation, but did not affect xCT or GPX4 expression in the
liver. Both Fer-1and DFO prevented hepatic ferroptosis by reducing the iron content in the
liver. Furthermore, Fer-1 also reduced iron and reversed liver dysfunction under iron
overload conditions.

Conclusion: These findings indicate a role of TAA-induced iron accumulation and
ferroptosis in the pathogenesis of ALI model. The effect of Fer-1 was consistent with
that of DFO, which prevented hepatic ferroptosis by reducing the iron content in the liver.
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Thus, Fer-1 might be a useful reagent to reverse liver dysfunction and decreasing the iron
content of the liver may be a potential therapeutic strategy for ALI.

Keywords: thioacetamide, ferroportin, transferrin receptor 1, ferroptosis inhibitor, acute liver injury, deferoxamine,
iron

INTRODUCTION

The liver is one of the vital organs in the body and plays a vital
role in the detoxification of foreign substances, secretion of bile
for digestion, metabolic functions of various nutrients, and
regulation of iron metabolism. The liver is not only the major
iron storage site but also where the iron regulation hormone
hepcidin is synthesized (Nicolas et al., 2001; Sikorska et al., 2016).
Systemic and cellular iron homeostasis is sustained through
several main iron-related proteins, including iron importer,
exporter and storage proteins. Iron is taken up into cells via
transferrin receptor 1 (TfR1) and sequestered by ferritin light
chain (Ft-L) (Hentze et al., 2010) or exported out of cells via
ferroportin (Fpn). Iron homeostasis is controlled through
regulation of duodenal iron absorption, macrophage iron
release and hepatocyte iron storage, which is mainly carried
out by the iron-related proteins above (Hentze et al., 2010;
Ganz 2011).

Acute liver injury (ALI) often develops rapidly and may
involve drug-induced liver failure or cholestasis. Animals that
develop ALI show enhanced generation of hepatic ROS and
enhanced lipid peroxidation with the formation of lipid
peroxides. ALI may be caused by viruses, drugs or toxins.
Among the various toxins, a thiono-sulfur-containing
compound, thioacetamide (TAA), has been used extensively in
the development of animal models of ALI (Chu et al., 2001; Bruck
et al., 2007) because it induces lipid peroxidation, oxidative stress,
and inflammation, ultimately causing functional hepatocyte
death and liver dysfunction (Muller et al., 1991; Grek and
Arasi 2016; Thawley 2017).

Ferroptosis, which is a recently identified novel form of
regulated cell death, proceeds differently from apoptosis,
necrosis, and autophagic cell death (Dixon et al., 2012). It is
mediated by the iron-dependent oxidative degeneration of lipids
and leads to mitochondrial shrinkage, with increased
mitochondrial membrane density and outer mitochondrial
membrane rupture (Xie et al., 2016). It has been reported that
excess cellular iron is the main driver of the Fenton reaction and
the production of reactive oxygen species (ROS) (He et al., 2020).
Moreover, ferroptosis was demonstrated to be induced by
phospholipid peroxidation associated with free iron-mediated
Fenton reactions (Hadian and Stockwell 2020). Thus, we
hypothesized that TAA-induced ALI is mediated by excess
iron, causing substantial oxidative stress/lipid peroxidation and
further inducing ferroptosis in hepatocytes, which finally results
in liver injury and dysfunction. In this study, iron and ferroptosis
were identified as the cornerstones for detecting the mechanism
of ALI. TAA was administered intraperitoneally to induce the
ALI model in mice. We found that iron content and mobilization
were significantly enhanced, as well as liver dysfunction, while

protein expression of the cystine/glutamate antiporter SLC7A11
(xCT) and glutathione peroxidase 4 (GPX4) in the liver was
decreased in the TAA-induced ALI model. However, both
deferoxamine (DFO) and ferrostatin-1 (Fer-1) suppressed the
liver dysfunction induced by TAA by reducing iron accumulation
in the liver but did not affect xCT or GPX4 expression. Our data
suggest that decreasing the iron content in the liver may be a
potential therapeutic strategy for ALI.

MATERIALS AND METHODS

Animals and Reagents
All animals were provided by the animal experimental centre
of Nantong University. Mice were maintained in stainless steel
cages with a relative humidity of 55–60% at 21 ± 2 C with 12-h
rotation periods of light and dark. All animal handling
procedures were performed according to approved
guidelines. All chemicals and reagents used in this study
were purchased from Sigma (St. Louis, MO, United States)
unless otherwise stated. The ferroptosis inhibitor ferrostatin-1
(Fer-1) was obtained from Selleck Chemicals (S7243, TX,
United States).

A Mice Model of Acute Liver Injury
Male Institute of Cancer Research mice (ICR, 8 weeks old) were
randomly divided into different groups, including control group,
TAA group, Fer-1 pre-treatment and TAA group, or TAA with
DFO group (n = 6-9 mice per group). According to previous
studies (França et al., 2019; Han et al., 2019; Liu et al., 2021), TAA
was injected (i.p., 250 mg/kg/day) for 3 consecutive days to
induce acute liver injury. Fer-1 was administered
(i.p., 2.5 μM/kg/day) for 3 days before TAA treatment (Wang
et al., 2017), and DFO (200 mg/kg/day, i. p) was injected with
TAA for 3 days (Mansour 2000; Wu et al., 2011). TAA, DFO and
Fer-1 were all dissolved in normal saline. The control group was
injected with equal volumes of normal saline solution, using the
same injection schedule. To compare the effects of normal-iron
diet (NID) and high-iron diet (HID) on TAA-induced ALI
model, we next fed the iron content of diets according to
previous protocol (Wang et al., 2017). Briefly, male ICR mice
were fed with either a standard AIN-76A diet (50 mg Fe/kg;
Research Diets, Inc., New Brunswick, United States) or high-iron
AIN-76A diet (8.3 g Fe/kg; Research Diets, Inc.) for 14 days. TAA
was administered (i.p., 250 mg/kg/day) for 3 consecutive days
after HID intervention. The mice were finally anaesthetized with
1% pentobarbital sodium (40 mg/kg body weight, i. p.) and
received myocardial perfusion using phosphate-buffered saline
(PBS), after which the liver tissues were collected for
measurements.
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Assessment of Liver Functions
Serum levels of alanine aminotransferase (ALT), aspartate
aminotransferase (AST), albumin, and glutathione (GSH)
were measured following the protocol of an ALT kit (Cat#
C009-1-1, Nanjing Jiancheng Bioengineering Institute,
Nanjing, China), AST kit (Cat# C010-1-1, Nanjing
Jiancheng Bioengineering Institute), albumin kit (Cat#
A028-1-1, Nanjing Jiancheng Bioengineering Institute), and
GSH assay kit (Cat# A006-1-1, Nanjing Jiancheng
Bioengineering Institute), respectively. The optical densities
were measured with a Synergy 2 multi-mode microplate reader
(Agilent Technologies, Inc.). Each sample was measured three
times, and the average absorbance values were calculated for
every sample. The concentrations in the samples were
determined using the standard curves.

Hepatic Histopathological Evaluation
After paraformaldehyde fixation, the hepatic tissue was
embedded in paraffin and sectioned with at 5-μm thickness.
Liver sections were then mounted onto slides and taken for
haematoxylin-eosin (H&E) staining. Briefly, slides were
deparaffinized in xylene (5 min, twice) and hydrated by
passing through decreasing concentration of alcohol baths
(100, 90, 80, 70%) and water, followed by haematoxylin
staining for 2 min. The sections were then washed in running
tap water until sections “blue” for 5 min. The sections were then
rinsed with distilled water, rinsed with 0.1% hydrochloric acid in
50% ethanol, rinsed with tap water for 15 min, stained with eosin
for 1 min, and rinsed again with tap water. Next, the slides were
dehydrated with 95 and 100% ethanol successively followed by
xylene (5 min, twice) for clearing. Finally, sections were mounted
with neutral balata and covered with a cover-slip.

Enhanced Perls’ Staining Using
Diaminobenzidine
Paraformaldehyde-fixed paraffin-embedded tissues were
sectioned into 20 μm sections and stored at room temperature.
Slides were blocked for nonspecific binding using a solution
block, and endogenous peroxidase activity was quenched. 3,3′-
Diaminobenzidine (DAB)-enhanced Perls’ staining was
performed to observe iron accumulation in paraffin-embedded
liver sections following the manufacturer’s instructions. Briefly,
sections of liver tissue were washed with PBS and incubated in
freshly prepared Perls’ solution (1% potassium ferricyanide in
0.1-M hydrochloric acid buffer) for 1 h, followed by a 15 min
incubation in DAB. Slides were immersed for 1 hour and then
stained with DAB. All slides were counterstained with
haematoxylin and visualized under a DM4000B microscope
(Leica, Germany) at a final magnification of ×200. The data
were collected from three fields of view per mice, and analyzed
semi-quantitatively with ImageJ software. As described
previously (Moos and Møllgård 1993), the quantitative
analysis of Perls’ staining was used to reflect iron deposition
levels. Integrated Density of different treatment groups was
finally normalized to control group. The analysis was done by
an investigator masked to experimental group.

Western Blotting
Proteins were collected and homogenized in RIPA lysis buffer
(Beyotime, PRC) and sonicated with a sonifier. The BCA (Pierce,
Rockford) detection method was employed to detect protein
content. A sample containing 30 μg protein was loaded and
run in each well of SDS–PAGE gels. The membranes were
incubated with primary antibodies (1:1,000) against TfR1 (Cat.
13–6800, Thermo Fisher Scientific, MA, United States), Fpn1
(Cat. NBP1-21502, Novus, Centennial, CO, United States),
ferritin-L (Cat. 10727-1-AP, Proteintech, Chicago,
United States), xCT (Cat. 26864-1-AP, Proteintech) and GPx4
(Cat. ab125066, Abcam, Cambridge, United Kingdom) at 4°C
overnight. Blots were then incubated with goat anti-rabbit or
anti-mouse IRDye 800 CW secondary antibody at a 1:10,000
dilution (Li-Cor, Lincoln Co., Ltd., United States) at room
temperature for 1 h. GAPDH (MAB374, Merck, State of New
Jersey, United States) monoclonal antibody (1:10,000) was used
as a loading control. The band densities of the specific blots were
scanned via Odyssey CLx infrared imaging system (LI-COR
Biosciences) and analyzed with ImageJ software. Results were
shown as the optical density ratio normalized to GAPDH.

Tissues Iron Measurements
Iron in the liver was detected using the tissue iron measurement
method as follows. Liver tissue (0.1 g) was obtained, and then,
1 ml of tissue digestive liquid (3 M hydrochloric acid and 0.61 M
trichloroacetic acid) was added to the liver for digestion at 65 C
for 60 h to ensure complete digestion of the liver tissue. After
digestion, the volume of the tissue digestion liquid was fixed to
1.5 ml, and the digestion mixture was centrifuged at 10,000 g for
10 min. The supernatant was removed and collected for
detection. Iron developing color working solution was freshly
prepared for each experiment, and consisted of 100 mg disodium-
4,7-diphenyl-1,10-phenanthroline disulfonate (Cat. 146617,
sigma, State of New Jersey, United States), 60 ml ddH2O,
1.429 ml 70% thioglycollic acid (S8750, sigma, State of New
Jersey, United States), supplement with ddH2O to 100 ml. A
96-well plate was further used for detection, and 200 ml iron
developing colour working solution was added to each well. Then,
10 ml ddH2O, 10 ml tissue digestion solution or 10 ml iron
standard solution (500 μg/dl) was added to different wells.
Finally, 10 ml of sample was added to the sample well, fully
mixed, and incubated at room temperature for 10 min.
Absorbance was measured at 535 nm. The method of iron
quantification was according to the formula, iron content (Ug/
g Tissue wet weight) = OD/tissue weight × (1.5–0.25 × tissue
weight) × (1/iron standard 500 OD × 4.77).

Statistical Analysis
Statistical analysis was performed with GraphPad Prism 8.0
software. All the data in this study are shown as the mean ±
SEM. Data of two groups were analyzed for statistical significance
with Student’s t-test (non-directional). Variations between the
means in multiple groups were analysed via one-way analysis of
variance, and then, Tukey’s post-hoc test was performed for
multiple comparisons. A probability value of p < 0.05 was
viewed as statistically significant.
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RESULTS

TAA induced liver dysfunction, suppressed anti-ferroptosis-
related protein expression and enhanced iron-related protein
expression in the liver.

Injection of TAA induced prominent inflammation and vacuolar
degeneration in the liver within 3 days compared with the control
group (Figure 1A). TAA induced obvious liver dysfunction, which
was reflected by increased plasma ALT and AST levels in the TAA
model (Figures 1B,C, p < 0.001). In addition, TAA significantly
reduced anti-ferroptosis-related protein (xCT) expression but not
GPX4 expression compared to the control (Figures 1D–F). In
addition, TAA induced a significant increase in iron-related
proteins, including TfR1, Fpn and Ft-L expression, compared to
the control (Figures 1G–J, p < 0.05 or p < 0.01).

Both Fer-1 and DFO suppressed TAA-induced liver
dysfunction but did not affect anti-ferroptosis-related protein
expression in the liver.

In comparison with the control, injection of TAA induced a
profound increase in plasma levels of ALT and AST concomitant
with a marked increase in the plasma LDH level. Pre-administration
of Fer-1 for 3 days significantly decreased TAA-induced alterations
in the plasma ALT, AST and LDH levels compared with the TAA
group (Figures 2A–C, p < 0.001). TAA significantly reduced xCT
but not GPX4 expression in the livers of mice. However, pre-
administration of Fer-1 did not affect xCT or GPX4 expression
in the liver compared to TAA-treated mice (Figures 2D–F).

Administration of DFO for 3 days with TAA treatment
significantly attenuated the TAA-induced increase in plasma

ALT, AST and LDH (Figures 3A–C, p < 0.001). In addition,
administration of DFO did not alter xCT or GPX4 expression
induced by TAA in the liver compared to TAA-treated mice
(Figures 3D–F).

Both Fer-1 and Deferoxamine Reduced
Thioacetamide-Induced Iron Accumulation
in Liver
TAA induced a significant increase in iron uptake, iron export
and iron storage in the liver, which were reflected by increased
TfR1, Fpn and Ft-L expression, respectively (Figures 4A–D). In
addition, iron staining of the liver showed that TAA induced
significant iron accumulation (Figures 4E,F, p < 0.001), especially
positive centrolobular deposition of iron and liver nonheme iron
content (Figure 4G, p < 0.05). However, Fer-1 pre-treatment
reduced the TAA-induced increase in Fpn and Ft-L but did not
affect TfR1 expression. In addition, compared to TAA alone, Fer-
1 pre-treatment decreased the TAA-induced iron levels and
increased iron accumulation in the liver (Figure 4).

TAA similarly upregulated TfR1, Fpn and Ft-L expression in
the liver (Figures 5A–D, p < 0.01 or p < 0.05), and also induced
significant iron accumulation (Figures 5E,F, p < 0.001) and
increased liver iron content (Figure 5G, p < 0.05). However,
DFO pre-treatment before TAA administration significantly
decreased Fpn and Ft-L but did not affect TfR1 expression
(Figures 5A–D). Additionally, DFO decreased the TAA-
induced increase in the iron level and iron accumulation in
the liver (Figures 5E–G).

FIGURE 1 | TAA induced liver dysfunction, suppressed anti-ferroptosis-related protein expression and enhanced iron-related protein expression in the liver. (A)
Liver injury was assessed by H&E staining and histological examination in mice with or without TAA administration for 3 days (bar = 50 μm). TAA induced prominent
inflammation (yellow arrow) and vacuolar degeneration (red arrow) in the liver within 3 days compared with the control group. (B) Plasma ALT and (C) AST levels in control
and TAA-injected mice. (D) Western blotting analysis of xCT and GPX4 expression in the livers of mice with or without TAA treatment. (E–F) Relative protein
expression levels of xCT and GPX4. (G) Western blotting analysis of TfR1, Fpn and Ft-L expression in the livers of mice with or without TAA treatment. (H–J) Relative
protein expression levels of TfR1, Fpn and Ft-L. All data are presented as the mean ± SEM (n = 6-9 mice per group); *p < 0.05, **p < 0.01 and ***p < 0.001 versus the
indicated group.
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Fer-1 reversed TAA-induced liver dysfunction by reducing
iron but not activating anti-ferroptosis-related protein expression
in the liver under iron overload conditions.

Compared with NID, HID did not increase the levels of
hepatic damage biomarkers (ALT, AST and LDH), and this
diet was not inducing the same acute liver damage as TAA
(Figures 6A–C). In addition, HID downregulated the protein
expression of TfR1 (Figures 6D,E, p < 0.05), but did not influence
the expression of Fpn compared to NID (Figures 6D,F). Unlike
TfR1 level, Ft-L expression was significantly enhanced by HID in
the liver (Figure 6G, p < 0.01). HID-fed mice had developed a
significant iron increase than NID mice (Figures 6H–J, p < 0.01).

Consistent with the effects of TAA under NID conditions, TAA
induced profound liver dysfunction, which was shown by an

increase in plasma ALT, AST and LDH levels under iron
overload conditions (Figures 6A–C). Pre-administration of Fer-1
for 3 days before TAA injection significantly attenuated the TAA-
induced increase in plasma ALT, AST and LDH compared with the
TAA treatment group under high iron conditions (Figures 6A–C).
Similar to TAA treatment under NID conditions, TAA induced a
significant enhancement in TfR1, Fpn and Ft-L expression in the
liver (Figures 6D–G). Moreover, compared to the HID group, iron
staining results suggested that TAA induced significant iron
accumulation under high iron conditions (Figures 6H,I) and
increased liver iron detection (Figure 6J). However, pre-
treatment of Fer-1 reversed the increases in the expression levels
of the above three proteins and iron accumulation in the liver under
HID conditions (Figures 6D–J).

FIGURE 2 | Effects of Fer-1 on liver function and anti-ferroptosis-related protein expression in TAA-induced ALI mice. (A) Plasma ALT, (B)AST and (C) LDH levels in
the control and TAAmodel mice with or without Fer-1 pre-treatment. (D)Western blotting analysis of xCT and GPX4 expression in the liver of control and ALI model mice
with or without Fer-1 pre-treatment. (E–F) Relative protein expression levels of xCT and GPX4 expression in (D). All data are presented as the mean ± SEM (n = 6-9 mice
per group); ***p < 0.001 versus the indicated group.

FIGURE 3 | Effects of DFO on liver function and anti-ferroptosis-related protein expression in TAA-induced ALI mice. (A) Plasma ALT, (B) AST and (C) LDH levels in
the control and TAAmodel mice with or without DFO treatment. (D)Western blotting analysis of xCT and GPX4 expression in the livers of the control and ALI model mice
with or without DFO treatment. (E–F) Relative protein expression of xCT and GPX4 in (D). All data are presented as the mean ± SEM (n = 6-9 mice per group); ***p <
0.001 versus the indicated group.
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DISCUSSION

TAA is a potent toxicant that causes oxidative stress and further
induces liver damage, which is highly similar to human acute liver
damage (Zargar et al., 2019). The TAA-induced liver injury model
has been widely studied for its biochemical and histological effects in

animals and is usually used to establish liver injury models (Rahman
and Hodgson 2003). However, administration of TAA to mice
causes either chronic/acute liver failure or cirrhosis depending on
the dose and duration of TAA exposure (Shapiro et al., 2006). In
previous studies, high-dosage TAA is known to induce lipid
peroxidation and oxidative stress, and the pathological effects are

FIGURE 4 | Effects of Fer-1 on iron-related protein expression and iron content in TAA-induced ALI mice. (A) Western blotting analysis of TfR1, Fpn and Ft-L
expression in the livers of mice after different treatments. (B–D) Relative protein expression of TfR1, Fpn and Ft-L in (A) (E) Fer-1 suppressed the increase in positive
centrolobular iron deposition induced by TAA. (F) Semiquantitative iron levels in the mouse livers described in (E) (G) Iron content detection in the livers of mice with
different treatments. All data are presented as the mean ± SEM (n = 6-9 mice per group); *p < 0.05, **p < 0.01, and ***p < 0.001 versus the indicated group.

FIGURE 5 | Effects of DFO on iron-related protein expression and iron content in TAA-induced ALI mice. (A) Western blotting analysis of TfR1, Fpn and Ft-L
expression in the livers of mice with different treatments. (B–D) Relative protein exprssion of TfR1, Fpn and Ft-L in (A) (E) DFO suppressed the increase in positive
centrolobular iron deposition induced by TAA. (F) Semiquantitative iron levels of the mice liver in (E) (G) Iron content detection in the livers of mice with different
treatments. All data are presented as the mean ± SEM (n = 6-9 mice per group); *p < 0.05, **p < 0.01, and ***p < 0.001 versus the indicated group.
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mainly limited to ALI rather than causing direct damage to other
organs (Muller et al., 1991; Mladenovic et al., 2012). Thus, according
to previous studies (França et al., 2019; Han et al., 2019; Liu et al.,
2021), we administered 250mg/kg/day TAA to mice via
intraperitoneal injection for 3 days to establish the ALI model in
our present study.

Although TAA-induced ALI was primarily provoked by
oxidative stress (Zhan et al., 2019), whether it is partially an

iron-dependent process is still uncertain. To investigate whether
iron disorder is involved in liver dysfunction, we evaluated liver
function and liver iron content in TAA-induced ALI mice.
Because the liver is the major extraerythrocyte storage organ
for iron and most of the iron within the liver is stored in Ft-L,
which is often used to indicate iron levels (Ishizaka et al., 2005;
Galaris and Pantopoulos 2008). TAA not only significantly
induced iron mobilization, which was reflected as increased

FIGURE 6 | Effects of Fer-1 on liver function, hepatic iron content and anti-ferroptosis-related protein expression in the liver under iron overload conditions. (A)
Plasma ALT (B) AST and (C) LDH levels in the control and TAAmodel mice with or without Fer-1 pre-treatment under high iron diet (HID) conditions. (D)Western blotting
analysis of TfR1, Fpn and Ft-L expression in the livers of mice with different treatments under HID conditions. (E–G) Relative protein expression of TfR1, Fpn and Ft-L in
(D) (H) Fer-1 inhibited the increase in positive centrolobular iron deposition induced by TAA under HID conditions in the liver. (I) Semiquantitative analysis of iron
deposition levels in (H) (J) Iron content detection in the livers of mice with different treatments. All data are presented as the mean ± SEM (n = 6-9 mice per group); *p <
0.05, **p < 0.01, and ***p < 0.001 versus the indicated group.
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transferrin receptor 1 (TfR1), but also increased iron storage,
which was reflected as increased ferritin-L (Ft-L) expression in
the liver. These results were consistent with those of other studies
suggesting that TAA induces iron accumulation in the liver of
ALI mice (Ackerman et al., 2015). However, we also noticed that
TAA induced the increase of ferroportin (Fpn) expression in the
liver, which usually facilitate iron efflux to lower tissue iron.
Actually, iron is tightly controlled at cell and systemic levels to
prevent both deficiency and overload under physiological
conditions. Iron regulatory proteins post-transcriptionally
control genes encoding proteins that modulate iron transport,
use and storage and are themselves regulated by iron (Gao et al.,
2019). Thus, the elevated Fpn may represent an endogenous
effort to maintain iron homoeostasis (Anderson and Frazer
2017). It is also understandable that both Fer-1 and DFO
decreased iron content, while reducing Fpn in the liver after
TAA exposure. Intracellular iron can be stored in the protein shell
of ferritin (Ft) as a crystalline core of ferric (Fe3+) ions, and the
iron must first be released from the core to catalyze oxidative
reactions (Skaper 2019). Thus, Ft is able to restrict the availability
of iron to participate in redox active iron species in the cytosol.
However, more ferritin subunits are synthesized using
translational and transcriptional mechanisms in response to
increased cell iron (Badu-Boateng and Naftalin 2019).
Increased intracellular ferritin may occur in response to
oxidative stress provoked by accumulated iron, which could be
result of various stressors such as UV light, increased
temperature, and inflammation (Vile and Tyrrell 1993; Tisma
et al., 2009). Consistent with previous findings, we found that
TAA significantly induced iron increase in the liver and also
promoted Ft-L expression.

Although ferroptosis was reported to be involved in the
pathogenesis of many injury models (Skouta et al., 2014; Liu
et al., 2020), it is still unclear whether ferroptosis is involved in the
TAA-induced ALI model. In addition, iron accumulation is

considered to be the main cause of ferroptosis initiation (Li
et al., 2020). This prompted us to wonder whether TAA
induces iron accumulation and ultimately initiates ferroptosis
in the liver. The synthetic antioxidant Fer-1 was reported to act as
a ferroptosis inhibitor via a reductive mechanism to prevent
damage to membrane lipids, thereby inhibiting ferroptosis
(Dixon et al., 2012). The iron chelator DFO is widely used to
reduce iron in tissue after injection or oral administration (Buss
et al., 2003). In the present study, we introduced Fer-1 and DFO
to investigate whether ferroptosis occurred because these agents
can decrease iron content to achieve an anti-ferroptotic effect in
the TAA-induced ALI model. We found that both Fer-1 and DFO
rescued liver dysfunction and inhibited iron content and
accumulation in the liver. However, it was previously reported
that Fer-1 can attenuate oxidative, iron-dependent cancer cell
death by blocking cystine import and glutathione production
(Skouta et al., 2014). Our data demonstrated that Fer-1 and DFO
did not play anti-ferroptotic roles by affecting cystine import or
glutathione production in a TAA-induced ALI model. This result
may suggest that Fer-1 plays an anti-ferroptotic role similar to
DFO in the liver in the ALI model and that the mechanism
involves chelation of hepatic iron. Moreover, a recent study
demonstrated that Fer-1, in the presence of ferrous iron,
produces the most relevant anti-ferroptotic effect by forming a
complex with iron (Miotto et al., 2020).

Ferroptosis is a multi-step regulated cell death that is
characterized by excessive iron accumulation and lipid
peroxidation (Yu et al., 2020). Lipid peroxide accumulation is
mainly through the xCT and GPX4-dependent mechanisms (Kim
et al., 2021). The process of ferroptosis is also dependent on
intracellular iron because the accumulation of iron acts as a
catalyst for converting peroxides into free radicals (Kim et al.,
2021). Oxidative degradation of lipids occurs when there is
depletion of the antioxidant glutathione and a loss of activity
of the lipid repair enzyme GPX4. Lipid peroxidation then leads to

FIGURE 7 | Proposed mechanisms of the ferroptosis inhibitor Fer-1 against the TAA-induced ALI mice model.
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cell membrane denaturation (Cao and Dixon 2016). The results
were also consistent with other studies, which confirmed that
ferroptosis can be induced by a loss of activity of xCT and
suppression of GPX4, followed by accumulation of lipid
reactive oxygen species (ROS) (Ma et al., 2008; Yang and
Stockwell 2016; Latunde-Dada 2017). However, both anti-
ferroptotic proteins xCT and GPX4 were not modulated by
Fer-1 investigated. It was concluded that the outcome of TAA-
induced acute liver injury may depend on the level of hepatic iron
concentration and iron overload may exacerbate the injury.
However, it’s not entirely clear that whether Fer-1 or DFO
block iron mobilisation into the liver instead. Thus, more
study is necessary to investigate their effects on the expression
of molecules that play key roles in iron transport, use and storage.

In addition, the study revealed HID-fed mice had developed a
significant iron increase. In addition, HID did not increase the
protein expression of TfR1 and Fpn in the same magnitude of
TAA. Indeed, HID even downregulated TfR1 compared to NID.
Similar with previous research (Weiss et al., 2018), the decreased
TfR1 after HID may also represent endogenous feedback to
maintain the iron balance. Unlike TfR1 level, Ft-L expression
was significantly enhanced by HDI in the liver, which directly
indicated increased iron levels. We further found that HID did
not increase the levels of hepatic damage biomarkers (ALT, AST
and LDH), and this diet was not inducing the same acute liver
damage as TAA. However, previous study has revealed that an
increase in hepatic iron concentration might exacerbate TAA-
induced live injury (Ackerman et al., 2015). We confirmed that
TAA aggravated the damage to the liver with iron overload. We
further revealed that Fer-1 still had an anti-ferroptotic effect on
TAA-induced liver ferroptosis by reducing the iron content in
high iron-fed ALI mice. All these results provide new evidence of
the anti-ferroptotic effect of Fer-1 in the TAA-induced ALI
model, the mechanism of which is mediated by the ability of
Fer-1 to reduce iron content and iron accumulation in the liver
(Figure 7).

Taken together, these findings indicate a role of TAA-induced iron
deposition and ferroptosis in the pathogenesis of ALI model.
Ferroptosis inhibitor Fer-1 plays a role in rescuing liver injury and
dysfunction by reducing liver iron levels and inhibiting TAA-induced
ferroptosis in the liver. Similar to DFO, Fer-1 might be a useful
reagent to reverse liver dysfunction under iron overload conditions.
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GLOSSARY

ALI acute liver injury

ALT alanine aminotransferase

AST aspartate aminotransferase

DFO deferoxamine

Fer-1 ferrostatin-1

Fpn ferroportin

Ft-L ferritin-L

GPX4 glutathione peroxidase 4

GSH aseglutathione

TAA thioacetamide

TfR1 transferrin receptor 1

xCT cystine/glutamate antiporter SLC7A11
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