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Erastin-induced ferroptosis causes physiological and
pathological changes in healthy tissues of mice
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Abstract. Ferroptosis is a non-apoptotic form of cell
death that relies on iron and lipid peroxidation, which is
associated with multiple pathological processes in several
diseases. Erastin is a small molecule capable of initiating
ferroptotic cell death in cancer cells, which has shown great
potential for cancer therapy. However, the physiological and
pathological role of erastin-induced ferroptosis on healthy
tissues has not been well characterized. The present study
intraperitoneally injected erastin into healthy mice to detect
the metabolic changes of several tissues of mice. Erastin
injection induced typical characteristics of ferroptosis with
higher level of serum iron and malondialdehyde and lower
level of glutathione and glutathione peroxidase 4 protein.
Erastin injection enhanced iron deposition in the brain,
duodenum, kidney and spleen of mice. Erastin-induced
ferroptosis altered the blood index values, causing mild cere-
bral infarction of brain and enlarged glomerular volume of
kidney. It also promoted the growth of duodenal epithelium
with thicker, longer and denser villi in erastin-treated mice.
The findings provided evidence that erastin induced ferrop-
tosis and caused pathological changes in healthy tissues of
mice. This suggested that the anti-tumor drug erastin was
somewhat toxic to healthy tissues.

Introduction

Ferroptosis is an iron-dependent, caspase-independent and
non-apoptotic regulated cell death, which is induced by exces-
sive accumulation of lipid peroxide (1). Cell death is believed
to be the result of one of two distinct processes; programmed
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cell death (apoptosis, pyroptosis, autophagy and ferroptosis) or
uncontrolled cell death (necrosis and oncosis) (2). Ferroptosis
has been distinguished from other types of cell death, such
as apoptosis, autophagic cell death and necroptosis, at the
cell morphology, genetic and biochemistry levels (1). Iron
accumulation and an increase in lipid peroxidation, deter-
mined by high levels of malondialdehyde (MDA) content, are
typical characteristics of ferroptosis (3). The upregulation of
prostaglandin-endoperoxide synthase 2 (Ptgs2), a peroxidase,
is the only downstream marker of ferroptosis (3). Ferroptosis
has been reported to participate in various pathological
processes, including cancer cell death (4), neurotoxicity (5),
acute kidneys failure (6), hepatotoxicity (7) and intestinal
ischemia/reperfusion injury (8).

Ferroptosis can be elicited by pharmacologically inhib-
iting the cysteine/glutamate antiporter, system Xc", in cancer
cells (3). Erastin was first identified in 2003 as a ferroptosis
inducer for screening a cancer drug to be selectively lethal
to oncogenic RAS mutant cell lines (9). This compound
could inhibit solute carrier family 7 member 11 (SLC7A11),
part of a heterodimer named system Xc'. System Xc in the
cell membrane is responsible for cellular cystine uptake to
synthesize glutathione (10). Since cysteine is necessary for
the synthesis of the antioxidant glutathione (GSH), erastin
leads to a depletion of intracellular GSH and inactivation
of glutathione peroxidase 4 (GPX4), increased lipid reac-
tive oxygen species (ROS) formation and peroxidation,
thus triggering ferroptosis (11). Erastin-induced ferroptosis
shows great potential for cancer therapy (12). However, the
physiological role and pathological effect of erastin-induced
ferroptosis on healthy tissues has not been well character-
ized.

Erastinis already widely used to induce ferroptosis in cancer
cells in vitro (13). The aim of the present study was to iden-
tify the side effects of erastin-induced ferroptosis on healthy
tissues in vivo. A mouse model of erastin-induced ferroptosis
was established and it was found that erastin-induced ferrop-
tosis caused mild cerebral infarction of the brain, duodenal
epithelium hyperplasia and glomeruli enlargement. The
present study provided some evidence of pathological changes
induced by erastin treatment and it is hoped that further studies
will look at the prevention of such side effects of erastin when
used for cancer therapy.
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Materials and methods

Animals. A total of 12 male C57BL/6 mice (weight, 20-21 g;
age, 8 weeks) were purchased from SLAC Laboratory Animal
Co., Ltd. All mice were housed in standard plastic cages and
contained food and water ad libitum at Zhejiang University
at 24°C with a 12-h light/dark cycle. The experimental proce-
dures for the mice were approved by Animal Ethics Committee
of Zhejiang University (approval no. 20077). In accordance
with a previous study by Huo ef al (14), mice were intraperi-
toneal injected with 25 mg/kg body weight of erastin (Selleck
Chemicals; n=6) or solvent (5% DMSO + 40% PEG400
+ 5% Tween-80 + 50% physiological saline; n=6) for 2 days
at 12-h intervals. Mice were anesthetized via an intraperitoneal
injection of avertin (500 mg/kg) 6 h after the last injection.
Following anesthesia, peripheral blood (~0.5 ml per mouse)
was drawn from retroorbital plexus once by inserting a
micro-hematocrit capillary tube (cat. no. HCH-42A2502;
Kimble Chase Life Science and Research Products LLC) into
the venous sinus behind the eyeball and was used to determine
erythrocyte parameters and serum iron level by automatic
SYSMEX F820 analyzer (Sysmex Corporation). Total iron
binding capacity was calculated by measuring serum iron and
serum unsaturated iron-binding capacity and summing these
values. Animals were sacrificed following blood collection by
cervical dislocation. Tissue samples from duodenum, kidney,
liver, spleen, testis and brain were frozen in liquid nitrogen and
held at -80°C for analysis.

Reverse transcription-quantitative (RT-q) PCR. Total RNA
was isolated from intestine, kidney, liver, spleen and testis
tissues, respectively, using TRIzol® (Invitrogen; Thermo Fisher
Scientific, Inc.). RNA quantity and purity were determined
using a NanoDrop 2000 spectrophotometer (Thermo Fisher
Scientific, Inc.). For cDNA synthesis, 2,000 ng RNA was
reverse transcribed using Hifair® ITI 1st Strand cDNA Synthesis
SuperMix for qPCR (Shanghai Yeasen Biotechnology
Co., Ltd.). gPCR was conducted on a StepOne Real-Time
PCR System (ABI StepOnePlus, Applied Biosystems;
Thermo Fisher Scientific, Inc.) using Hief UNICON® qPCR
SYBR Green Master Mix (Shanghai Yeasen Biotechnology
Co., Ltd.). The following thermocycling conditions were
used for the qPCR: Initial denaturation at 95°C for 1 min;
followed by 40 cycles at 95°C for 15 sec and 60°C for 1 min.
The primers were synthesized by BioSune Biotechnology.
The following primers were used: Ptgs2 forward 5-ATACGC
TGAGTGTGGTTTGC-3' and reverse 5-CTCACTAAACCA
TCCAATCGG-3"; GAPDH forward 5'-TGCGACTTCAAC
AGCAACTC-3' and reverse 5-GCCTCTCTTGCTCAGTGT
CC-3'. Ptgs2 fold changes were calculated after normalizing
the change in expression of GAPDH using 2244 method (15).
The experiments were repeated in triplicate.

Western blotting. Total protein was isolated from tissues
by homogenizing in RIPA lysis buffer (Beyotime Institute
of Biotechnology) containing protease inhibitor cocktail
(Thermo Fisher Scientific, Inc.). The total protein content was
determined using a BCA Protein Assay kit (Nanjing KeyGen
Biotech Co., Ltd.). Protein samples (20 pg/lane) were sepa-
rated by 15% SDS-PAGE and then transferred onto a PVDF

membrane (MilliporeSigma). The membranes were blocked
with skimmed milk for 1 h at room temperature, after which
the membrane was incubated with the following primary
antibodies overnight at 4°C: GAPDH (cat. no. EM1901-57;
1:10,000; HuaBio), GPX4 (cat. no. ET1706-45; 1:1,000;
HuaBio) and SLC7A11 (cat. no. HA720001; 1:1,000; HuaBio).
Subsequently, the membrane was washed three times with
PBS and incubated with a HRP-conjugated secondary
antibody (cat. no. 7074; 1:2,000; Biosharp Life Sciences) at
room temperature for 1 h. Signals were detected using chemi-
luminescence (ECL Plus detection system; Clinx Science
Instruments Co., Ltd.) and quantified using ImageJ software
(version 2.0; National Institutes of Health).

Measurement of MDA and GSH in tissues. MDA and GSH
were measured using MDA and GSH Assay kit (Beijing
Solarbio Science & Technology Co., Ltd.) according to the
manufacturer's instructions. The production of MDA serves
as an index of lipid peroxidation and gives a pink color once
reacted with thiobarbituric acid with a maximum absorption
at 535 nm. GSH assay is based on the GSH recycling system
by GSH substrate (DTNB) and GSH reductase. DTNB and
GSH react to generate 2-nitro-5-thiobenzoic acid which has
a yellow color. Therefore, GSH concentration can be deter-
mined by measuring absorbance at 412 nm. Optical density
was measured at 532 nm for MDA or 412 nm for GSH by a
microplate reader (Molecular Devices, LLC).

2,3,5-Triphenyltetrazolium chloride monohydrate (TTC)
staining. The brain was sectioned coronally into 5 slices
(2 mm thick) and then incubated in TTC for 10 min at 37°C
and fixed in 10% buffered formalin. Survival area was defined
as the ratio of TTC-stained tissue (non-ischemic) area to the
entire coronal section area.

Histological examination of tissues. Cerebral, duodenal, renal,
hepatic, splenic and testicular tissues were fixed in 4% parafor-
maldehyde overnight at 4°C and embedded in paraffin blocks.
Sections of 5-ym were deparaffinized, rehydrated and stained
with H&E for 1 min at room temperature. Determination of
villus height, crypt depth was performed with =6 villi or crypts
per slide. Glomerular volume and mesangial area in each
kidney section were quantified by measuring 10 non-overlap-
ping glomeruli. For Prussian blue staining, cerebral, duodenal,
renal, hepatic, splenic and testicular sections were deparaf-
finized and rehydrated in serial alcohols. The tissue was then
incubated for 30 min at room temperature in an equal mixture
of 2% potassium ferrocyanide and 2% hydrochloric acid. After
washing, the slides were counterstained with eosin for 20 sec,
dehydrated and sealed. For Masson staining, duodenal, renal
and splenic sections were stained by Wiegert's iron hema-
toxylin for 10 min at room temperature, and 1% hydrochloric
acid in alcohol used for differentiation at room temperature.
Subsequently, sections were counterstained in Masson Ponceau
acid solution for 10 min and sealed at room temperature. For
Periodic acid-Schiff (PAS) staining, renal sections were depar-
affinized and rehydrated in serial alcohols (70-100%). Sections
were treated for 15 min with 1% periodic acid followed by
Schiff's reagent treatment for 10 min, then stained with Gills
hematoxylin for 3 min at room temperature. Images were
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Table I. Erastin-induced ferroptosis altered blood index values of mice.

Parameter Control Erastin P-value
Hemoglobin (g/1) 164.30+2.73 155.50+1.56 0.04
Hematocrit (%) 52.85+0.80 49.55+0.52 0.02
Red blood cell count (10'%/1) 10.43+0.15 9.76+0.13 0.01
Red blood cell distribution width (%) 16.34+0.21 15.30+0.15 0.01
Mean corpuscular hemoglobin (pg) 15.77+0.08 15.95+0.05 0.14
Mean corpuscular hemoglobin concentration (g/1) 311.00+0.73 313.80+1.11 0.06
Mean corpuscular volume (fl) 50.67+0.21 50.78+0.23 0.74
Platelet count (10°/1) 959.70+56.82 830.50+75.40 0.20
Mean platelet volume (fl) 7.13£0.07 7.00+0.13 0.34
Plateletcrit (%) 0.68+0.04 0.58+0.05 0.16
Platelet distribution width (%) 14.73+0.02 14.68+0.03 0.11
ALT (U/1) 37.40+2.58 33.80+3.54 044
AST (UN) 135.00+9.26 158.00+13.94 0.19

captured using an Olympus NP-26 inverted light microscope
(magnification, x200; Olympus Corporation). The mesangial
matrix index was defined as the ratio of mesangial matrix area
divided by the tuft area.

Statistical analysis. All assays were performed at least in trip-
licate and the values are expressed as mean + standard error of
the mean. Statistical analysis was performed using GraphPad
software (version 8.0; GraphPad Prism, Inc.) and analyzed by
unpaired two-tailed Student's t-tests. P<0.05 was considered to
indicate a statistically significant difference.

Results

Erastin injection induces ferroptosis in mice. Erastin-treated
mice were inactive and liked to gather together, but exhibited
no significant difference in body weight compared with control
mice (Fig. S1). Following erastin injection, hemoglobin, hema-
tocrit, red blood cell count and red blood cell distribution width
were all significantly (P<0.05) decreased in the peripheral
blood of mice (Table I). Serum iron of erastin-treated mice was
6.16-fold higher (P<0.01) compared with control mice (Fig. 1A),
as well as total iron binding capacity (Fig. 1B). Erastin injection
induced a robust increase (P<0.05) in mRNA level of Prgs2, a
putative molecular marker of ferroptosis, in duodenum, kidney,
liver and spleen (Fig. 1C). Compare with the control group,
MDA was increased by 58% in duodenum (P<0.05), 93% in
kidney (P<0.01) and 2.25-fold in liver (P<0.05) of erastin-treated
mice (Fig. 1D). Erastin injection led to a decrease of GSH
by 64% in duodenum (P<0.05), 34% in kidneys (P<0.01) and
43% in liver (P<0.05) (Fig. 1E). Erastin injection also inhibited
SLC7A11 and GPX4 protein expression in duodenum, kidneys,
liver and spleen (Fig. 1F-I). However, both proteins and mRNA
level of Ptgs2 in testis were not significantly (P>0.05) changed
(Fig. 1C and J). Taken together, above data indicated that erastin
injection successfully induced ferroptosis.

Erastin injection causes mild infarct and iron deposition in the
brain. TTC staining demonstrated that erastin injection caused

a mild cerebral infarction in brain, where living tissue is red
while infarcted area remains white (Fig. 2A). Erastin-treated
mice demonstrated 11% lower (P<0.05) surviving area of brain
tissue compared with control mice (Fig. 2B). H&E staining
demonstrated that there was no difference between two groups
in brain white matter (Fig. 2C). Prussian blue staining revealed
a slight iron deposition in the brain of erastin-treated mice
(Fig. 2D).

Erastin injection promotes the growth and iron deposition of
duodenum. H&E staining demonstrated that erastin-treated
mice had thicker, longer and denser mucosal villi compared
with the control mice (Fig. 3A). Image analysis revealed
a significant increment (P<0.05) in the villus height
(531.9+35.48 pum) of erastin-treated mice, as compared with
that (435.70+12.43 um) of untreated mice (Fig. 3B). Erastin
injection also induced a marked reduction (P<0.05) in the
crypt depth (57.86+4.32 um) of erastin-treated mice, as
compared with that (70.84+2.74 ym) of untreated mice
(Fig. 3C). Therefore, the ratio of villus height to crypt depth,
an indicator of absorptive function of duodenum, was upregu-
lated by 33% in erastin-treated mice (Fig. 3D). Prussian blue
staining revealed that the blue granules of hemosiderin mainly
appeared on the tip of villi in erastin-treated mice (Fig. 3E).
Masson staining demonstrated that there was no significant
difference (P>0.05) in tissue fibrosis of duodenum between
two groups (Fig. 3F and G).

Erastin injection increases glomerular volume of kidney.
Erastin-treated mice demonstrated increased glomerular
volume with dilated glomerular capillaries (Fig. 4A). The
mean glomerular volume and mesangial area of erastin-treated
mice were significantly (P<0.05) increased 1.76- and 1.44-fold,
respectively (Fig. 4B and C), compared with those of control
mice. However, the index of mesangial matrix did not change
significantly (P>0.05; Fig. 4D). Furthermore, Masson staining
demonstrated that erastin treatment did not significantly affect
the degree of renal fibrosis (Fig. 4E and F). PAS staining demon-
strated no significant raise of PAS-positive cells in glomerulus
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Figure 1. Erastin injection induces ferroptosis in mice. The effect of erastin injection on (A) iron level and (B) total iron binding capacity in serum. (C) Ptgs2
mRNA expression level in duodenum, kidneys, liver, spleen and testis. (D) MDA and (E) GSH content in duodenum, kidneys and liver. SLC7A11 and GPX4
protein expression levels were examined by western blotting (n=6 per group) in (F) duodenum, (G) kidneys, (H) liver, (I) spleen and (J) testes. Results were

expressed as mean = standard error of the mean. “P<0.05, “P<0.01.

and no abnormality in renal tubules in erastin-treated mice
(Fig. 4G). Prussian blue staining indicated that erastin-induced
ferroptosis also caused mild iron deposition in the kidneys
(Fig. 4H).

Erastin injection affects iron deposition in the spleen,
but no liver. In consideration of significant changes in the
indicators of ferroptosis in the liver (Fig. 1C-E and H),
the present study examined hepatic pathological changes
by H&E staining. Notably, no significant difference was

observed between the two groups. There was no necrosis,
hemorrhage and inflammatory infiltration, hepatocyte apop-
tosis and vacuolar degeneration in the liver of erastin-treated
mice (Fig. 5A). Prussian blue staining also demonstrated no
apparent iron deposition in the liver of erastin-treated mice
(Fig. 5B). The spleen consisted of the red pulp and white
pulp and the structure of splenic corpuscles was clear in
both groups (Fig. 5C). Prussian blue staining revealed
the appearance of a brown substance and distinguished it
from hemosiderin, which would be stained as blue granules
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Figure 2. Erastin injection causes mild infarct and iron deposition in the brain. (A) Representative images of TTC staining and (B) quantification of surviving
area. (C) hematoxylin-eosin staining and (D) Prussian blue staining of mouse brain in control and erastin groups (all magnifications, x400). Arrows indicate iron
particles. Values are average means of triplicate experiments with five mice per group. Results were expressed as mean + standard error of the mean. "P<0.05.
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(Fig. 5D). In addition, erastin injection also caused severe
iron deposition in the spleen (Fig. 5D).

Discussion

Ferroptosis is a recently defined programmed cell death,
which has been revealed in various organ diseases, such as

neurological disorders (16), liver injury (17) and cardiomyop-
athy (18). Ferroptosis is an iron-dependent non-apoptotic cell
death that can produced by pharmacologically inhibiting the
cysteine/glutamate antiporter, system Xc™ or directly binding
and loss of activity of GPX4 in cancer cells with high level
RAS-RAF-MEK pathway activity or p5S3 expression, but it
does not occur in normal cells (19). A series of small molecules
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including erastin have been found to induce ferroptosis in
various cancer cells. They offer the possibility of cancer thera-
pies through pharmacological interference with ferroptotic
cell death, which has aroused great interest in scientific and
medical researches (13). However, few studies focused on the
effects of erastin-induced ferroptosis on healthy tissues and
organs in vivo. The present study provided some evidences
of metabolic and physiologic changes of mice injected with
erastin.

According to the pharmacokinetics of erastin, erastin
has low solubility and a previous study demonstrated a poor
metabolic stability in a mouse liver microsome assay (4).
The once-per-day-dosage frequency might be too low to see
a tumor shrinking effect. Consequently, the present study
conducted a preliminary in vivo study and selected a 2-day
erastin administration protocol. Following intraperitoneal
injection of erastin for 2 days, ferroptosis was induced, as
expected, with accumulation of iron and lipid peroxides
(Fig. 1). Erastin-induced ferroptosis caused the reduction of
typical red-blood-cell-related hematological parameters,
including red blood cell count, hematocrit, hemoglobin and
red blood cell distribution width (Table I). This observation
leads to the hypothesis that erastin tended to lead to anemia in
mice. Alternation of blood indexes caused by erastin-induced
ferroptosis was specific to red blood cells, but not platelets. In
addition, increased serum iron and tissue iron were observed
in the erastin-treated group. This suggested that erastin-caused
anemia was not related to iron deficiency. This result may
also hint at a targeted role of erastin to induce ferroptosis of
erythrocytes. It has been reported that acute ingestion of large
amounts of red blood cells could direct splenic macrophages to
ferroptosis (20). Heme could mediate the activation and death
of human platelets through ferroptosis (21). Iron constitutes the
crucial part of heme and ~70% of the body's iron is existed in
red blood cells (22). It might be the reason that red blood cells,
macrophages after robust erythrophagocytosis and platelets
toxified by free heme are more sensitive to ferroptosis, which
is an iron-dependent form of regulated cell death (1).

In its mouse model of erastin-induced ferroptosis, the
present study observed mild infraction and iron deposition in
the brain (Fig. 2), which was consistent with a previous study
on cerebral ischemic/reperfusion (23). Due to the presence
of the blood-brain barrier, the brain can adjust its iron status
somewhat independently of other organs (24). For the low iron
content in mouse brains, the classic Prussian blue staining had
weak sensitivity for assessing iron content (24). The tiny blue
granules observed in the cerebral sections may reflect a change
of iron level in the brain of erastin-treated mice.

Ferroptosis is observed in the intestine of ischemia/reper-
fusion (8), ulcerative colitis (25) and cystic fibrosis (26).
These studies explore the relationship between ferroptosis
and the intestine in a pathological environment, but not in
a healthy physiological state. The present study is a clear
demonstration of the role of ferroptosis in duodenum growth
as the villi were much stronger following erastin treatment
(Fig. 3), which may be attributed to improved absorption
of nutrients and shortened division cycle of intestinal stem
cells. This result may once again suggest that ferroptosis
was a double-edged sword in promoting and damaging
organ growth. It has been reported that ferroptosis might

be involved in limb development by helping remove inter-
digital webbing (27). Prussian blue staining also revealed
that the blue granules of hemosiderin mainly appeared on
the tip of villi in the duodenum of erastin-treated mice
(Fig. 3E). It indicated that iron levels were increased in the
epithelial cells of duodenum. Another possible explanation
for ferroptosis leading to duodenum growth is that adequate
iron supplementation may promote intestine growth, as iron
supplementation increases villus height and depth, which is
beneficial to intestinal mucosa in piglets (28).

Unexpectedly, the present study found that ferroptosis
did not affect hepatic morphology or iron deposition in the
mouse model of ferroptosis (Fig. 5). This result was incon-
sistent with previous report that ferroptosis was associated
with liver injury (29), liver fibrosis (30) and nonalcoholic
steatohepatitis (31). These differences might be attributed to
the short-term injection of erastin. Notably, severe iron deposi-
tion and unknown substance accumulation were seen in the
spleen of erastin-treated mice (Fig. 5). Ferroptosis can act on
splenic macrophages (20) and cause DNA damage (32), but
there was no deposition of unknown matter. Therefore, it was
hypothesized that this substance might be secreted by the
splenocytes, macrophages or other cells in the spleen, which
needs further investigation.

In summary, the present study confirmed that erastin could
induce ferroptosis in mice and revealed that erastin-induced
ferroptosis altered the blood index values, causing mild
cerebral infarction of brain and enlarged glomerular volume
of kidney. Erastin also promoted the growth of duodenal
epithelium with thicker, longer and denser villi in treated mice,
but had no effect on liver or testis. These findings provided a
new perspective for studying the role of erastin under healthy
physiological conditions.
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