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A B S T R A C T   

Ferroptosis is a form of regulated cell necrosis, as a consequence of Fe(II)-dependent lipid peroxidation. Although 
ferroptosis has been linked to cancer cell death, neurodegeneration and reperfusion injury, physiological roles of 
ferroptosis have not been elucidated to date mostly due to the lack of appropriate methodologies. Here, we show 
that 4-hydroxy-2-nonenal (HNE)-modified proteins detected by a HNEJ-1 mouse monoclonal antibody is a robust 
immunohistochemical technology to locate ferroptosis in tissues in combination with morphological nuclear 
information, based on various models of ferroptosis, including erastin-induced cysteine-deprivation, conditional 
Gpx4 knockout and Fe(II)-dependent renal tubular injury, as well as other types of regulated cell death. Speci-
ficity of HNEJ-1 with ferroptosis was endorsed by non-selective identification of HNE-modified proteins in an Fe 
(II)-dependent renal tubular injury model. We further comprehensively searched for signs of ferroptosis in 
different developmental stages of Fischer-344 rats from E9.5–2.5 years of age. We observed that there was a 
significant age-dependent increase in ferroptosis in the kidney, spleen, liver, ovary, uterus, cerebellum and bone 
marrow, which was accompanied by iron accumulation. Not only phagocytic cells but also parenchymal cells 
were affected. Epidermal ferroptosis in ageing SAMP8 mice was significantly promoted by high-fat or 
carbohydrate-restricted diets. During embryogenesis of Fischer-344 rats, we found ferroptosis in nucleated 
erythrocytes at E13.5, which disappeared in enucleated erythrocytes at E18.5. Administration of a ferroptosis 
inhibitor, liproxstatin-1, significantly delayed erythrocyte enucleation. Therefore, our results demonstrate for the 
first time the involvement of ferroptosis in physiological processes, such as embryonic erythropoiesis and aging, 
suggesting the evolutionally acquired mechanism and the inevitable side effects, respectively.   

1. Introduction 

Ferroptosis is a type of regulated cell necrosis as a consequence of 
iron-dependent lipid peroxidation, which was first reported on H-ras 
mutated fibrosarcoma cells after cysteine depletion with erastin [1,2]. 
Current interpretation of the phenomenon is the predominance of cat-
alytic Fe(II) over antioxidant sulfhydryls inside the cell as a switch to-
ward ferroptosis [3]. This newly defined cell death attracted the 
interests of researches of various areas, leading to the revised under-
standing of pathologies, not only in cancer [4] but also in neurodegen-
erative diseases [5] and reperfusion injury [6]. 

Ferroptosis inhibitors are reportedly protective in preclinical models 
of neurodegenerative diseases, including Parkinson’s, Huntington’s and 

Alzheimer’s disease [7–10]. Carcinogenesis is now recognized as a 
process to obtain ferroptosis-resistance by acquisition of somatic mu-
tations [4,11,12]. Of note, many drug-resistant and aggressive cancer 
cells may depend on the suppression of ferroptosis for growth and sur-
vival [13], which may represent a therapeutic vulnerability for such 
cancers [12,14,15]. Ferroptosis is also associated with intestinal 
ischemia-reperfusion injury, where ACSL4 activation plays a critical role 
in this lethal process [16]. Overexpression of a few molecules has been 
considered as a biomarker of ferroptosis. For example, ACSL4 is 
considered as a potential biomarker and driver of ferroptosis for its role 
in enhancing the polyunsaturated fatty acid content in phospholipids 
[17,18]. Prostaglandin-endoperoxide synthase 2 (PTGS2), a gene encoding 
cyclooxygenase-2 (COX-2), has been described to be increased in cells 
treated with ferroptosis inducers [19]. However, up until now a 

* Corresponding author. Department of Pathology and Biological Responses, Nagoya University Graduate School of Medicine, 65 Tsurumai-cho, Showa-ku, 
Nagoya, Japan. 

E-mail address: toyokuni@med.nagoya-u.ac.jp (S. Toyokuni).  

Contents lists available at ScienceDirect 

Redox Biology 

journal homepage: www.elsevier.com/locate/redox 

https://doi.org/10.1016/j.redox.2021.102175 
Received 15 October 2021; Accepted 28 October 2021   

mailto:toyokuni@med.nagoya-u.ac.jp
www.sciencedirect.com/science/journal/22132317
https://www.elsevier.com/locate/redox
https://doi.org/10.1016/j.redox.2021.102175
https://doi.org/10.1016/j.redox.2021.102175
https://doi.org/10.1016/j.redox.2021.102175
http://creativecommons.org/licenses/by-nc-nd/4.0/


Redox Biology 48 (2021) 102175

2

physiological meaning of ferroptosis has not been established likely due 
to the lack of easy-to-perform and reliable methodologies and tools to 
directly monitor ferroptosis in physiological and pathophysiological 
contexts. 

Here, we set out to search for a proper strategy to discover “physi-
ological ferroptosis”. Pathological analyses of the experimental rodents 
provide with optimal screening for ferroptosis if an appropriate antibody 
is designed for the detection of ferroptosis initiated by different mech-
anisms. An iron chelate, ferric nitrilotriacetate (Fe-NTA), induced fer-
roptosis via Fenton reaction specifically in the renal proximal tubules 
when injected intraperitoneally, leading to a high incidence of renal cell 
carcinoma in rodents after repeated injections [20–23]. Indeed, excess 
iron has been associated with carcinogenesis [11,24]. We previously 
found that 4-hydroxy-2-nonenal (HNE) is the most sensitive marker 
among lipid peroxidation products, using Fe-NTA-induced oxidative 
renal tubular ferroptosis model [25,26]. Based on the results, we 
developed five different monoclonal antibodies against hemiacetal 
structure of Michael adducts in HNE-modified proteins [27,28]. We 
started from reevaluating those antibodies and found that HNEJ-1 pre-
sents the most promising candidate for monitoring ferroptotic events in 
tissues and protein isolates. 

2. Materials and methods 

2.1. Cell line and media 

Human fibrosarcoma cell line HT1080 was purchased from JCRB 
(Japan). HT1080 cells was cultured in EMEM (051–07615, Wako, 
Osaka, Japan), containing 10% fetal bovine serum (Biowest; Nuaillé, 
France) and 1% Antibiotic–Antimycotic (15240-062; Invitrogen) under 
5% CO2 atmosphere. 

2.2. Materials 

Erastin (Cat. #571203-78-6) was purchased from Cayman Chemical 
(Ann Arbor, MI). Ferrostatin-1 (Fer-1; Cat. #SML0583), (1S,3R)-RSL3 
(Cat. #SML2234) liproxstain-1 (Lipro-1; Cat. # SML1414) and defer-
oxamine mesylate salt (DFO, Cat. #D9533) were from Sigma-Aldrich 
(St. Louis, MO). Staurosporine (Cat. #9953) was from Cell Signaling 
(Danvers, MA). Other chemicals used were of analytical grade. 

2.3. Antibodies 

MAbs HNEJ-1~5 were produced, purified and analyzed as 

previously described [27,28]. 

2.4. Cell viability 

In these studies, 5,000 HT1080 cells/well were seeded in 96-well 
plates (Cat. #167008, Thermo Fisher Scientific; Waltham, MA) and 
incubated for 12 h/37 ◦C. After the indicated treatment, medium was 
replaced with fresh serum-free EMEM containing WST-8 reagent (the 
cell count reagent SF, Cat. #07553, Nacalai Tesque, Kyoto, Japan) and 
incubated for 1 h at 37 ◦C. Plates were scanned at 450 nm with a Mul-
tiscan FC plate reader (Thermo Fisher Scientific). 

2.5. Cell block preparation 

After the indicated treatment, cells were harvested and centrifuged 
at 300×g for 3 min and the supernatant was replaced with 4% (w/v) 
paraformaldehyde (PFA, Cat. #43368 Alfa Aesar™). Next, the cells were 
embedded in paraffin to be handled as a routine tissue block. The cell 
block sections were stained with hematoxylin & eosin (HE) or prepared 
for immunohistochemistry. 

2.6. Intracellular localization of HNE 

HT1080 cells (1.5 × 105) were cultured on 35-mm glass bottom 
dishes (D11131H and D11140H, Matsunami; Kishiwada, Japan) for 12 h 
at 37 ◦C. For the detection of HNE modification in organelles, cells 
treated as indicated were stained with MitoTracker™ Deep Red FM (Cat. 
#M22426, Invitrogen; 60 nM) and LysoTracker™ Red DND-99 (Cat. 
#L7528, Invitrogen; 160 nM) in FluoroBrite DMEM (A1896702, Gibco, 
Thermo Fisher Scientific) for 30 min. Cells were then washed and fixed 
with 4% PFA for 10 min at room temperature (RT), followed by incu-
bation with 0.1% (v/v) Triton X-100 for 5 min at RT. Blocking was 
performed with 3% (w/v) bovine serum albumin (BSA). The cells were 
then incubated with the primary antibody HNEJ-1 (5 μg/ml) in 1% BSA 
at RT, washed 3 times with PBS and then incubated with the secondary 
antibody, goat anti-mouse IgG (1:2000) conjugated with Alexa Fluor 
488 (Invitrogen) for 1 h at RT. For the detection of HNE modification on 
plasma membrane, cells treated as indicated were washed and fixed with 
4% (w/v) PFA for 10 min at room temperature (RT). Blocking was 
performed with 3% (w/v) BSA. The cells were then incubated with the 
primary antibody HNEJ-1 (5 μg/ml) in 1% BSA at RT, washed 3 times 
with PBS and then incubated with the secondary antibody, goat anti- 
mouse IgG (1:2000) conjugated with Alexa Fluor 488 (Invitrogen) for 
1 h at RT. Z-stack (at least 10 sections) with a section depth of 0.23 μm 
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ACSL4 acyl-coenzyme A synthetase long-chain family member 4 
ALDHs aldehyde dehydrogenases 
BSA bovine serum albumin 
CHR diet carbohydrate restricted diet 
cKO conditional knockout 
COX-2 cyclooxygenase-2 
Fe-NTA ferric nitrilotriacetate 
Fer-1 ferrostatin-1 
FFPE formalin-fixed paraffin-embedded 
GAPDH glyceraldehyde 3-phosphate dehydrogenase 
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PLP prolactin-like protein 
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PTGS2 prostaglandin-endoperoxide synthase 2 
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STS staurosporine 
TCA tricarboxylic acid 
TfR1 transferrin receptor 1 
TGCs trophoblast giant cells  

H. Zheng et al.                                                                                                                                                                                                                                   



Redox Biology 48 (2021) 102175

3

were acquired by LSM880 (Carl Zeiss, Oberkochen, Germany). Coloc-
alization coefficients were measured with ZEN 3. 3 software, using the 
average value from 8-10 sections per cell for Mitotracker and 3-5 sec-
tions per cell for Lysotracker. 

2.7. Immunofluorescence 

HT1080 cells (1.5 × 105) were cultured on 35-mm glass bottom 
dishes (Matsunami) for 12 h at 37 ◦C. After the indicated treatment, cells 
were then fixed with 4% (w/v) PFA for 10 min/RT, washed 3 times using 
PBS, incubated with 0.1% (v/v) Triton X-100 and blocked for 1 h at RT 
with 3% (w/v) BSA. The cells were then incubated overnight at 4 ◦C with 
a primary antibody, either HNEJ-1 (5 μg/ml), anti-ACSL4 (Cat. # PA5- 
27137, 1:1000, Invitrogen) or anti-cleaved caspase-3 (Cat. #5A1E; 
1:500 dilution; Cell signaling), washed 3 times with PBS and incubated 
with a secondary antibody, either Alexa Fluor® Plus 488 or Alexa 
Fluor® Plus 568 (Invitrogen). LSM880 was used to analyze intensity and 
localization. More than fifty cells were quantified with ZEN 3.3 software 
for integration of each fluorescence (wavelength) area via excluding the 
cellular background. The relative intensity per cell in arbitrary units is 
shown. 

2.8. Acute renal damage model 

For the study of acute renal damage, a single intraperitoneal injec-
tion of ferric nitrilotriacetate (Fe-NTA; 15 mg iron/kg) was carried out 
using 6-week-old male Wistar rats (Japan SLC, Hamamatsu, Japan) [25]. 
Three hours after Fe-NTA administration, the rats were euthanized. Both 
of the kidneys were immediately excised and stored frozen at − 80 ◦C 
until use. A small portion of the kidney was fixed with 10% neutral 
buffered formalin overnight for histological examination with HE 
staining or immunohistochemistry of paraffin-embedded specimens. All 
the procedures were performed in accordance with the national guide-
lines and approved by the animal experiment committee of Nagoya 
University Graduate School of Medicine. 

2.9. Kidney of Gpx4 conditional knockout (cKO) mice 

Kidney sections from Gpx4 cKO mice were prepared as described 
[29]. Kidneys from wild-type C57BL/6 mice (Japan SLC, Hamamatsu, 
Japan) served as a control. 

2.10. Animals for physiological development study 

For the study of physiological development, Fischer-344 rats (Japan 
SLC) of different ages (E9.5, E13.5, E15.5, E18.5, new born [day 6], 
weaning age [3–4 wk], young adults [8 wk], adults [3.5 and 6 months] 
and the aged [2.5 y]) were euthanized. All the organs were harvested 
and fixed with 10% neutral buffered formalin overnight for histological 
examination with HE staining, Berlin blue staining or immunohisto-
chemistry of paraffin-embedded specimens. Two ferroptosis inhibitors 
(Lipro-1 and Fer-1) were used to demonstrate the involvement of fer-
roptosis in embryonic erythropoiesis. For the administration of Lipro-1, 
pregnant rats (day 13) were intraperitoneally injected with 10 mg/kg 
Lipro-1 consecutively for 4 days. Regarding the administration of Fer-1, 
pregnant rats (day 13) were intravenously injected with 0.8 mg/kg Fer-1 
at day 13 and day 15. Control groups were administrated with Ringer’s 
lactate solution (Cat. #14500AMZ02080; Otsuka Pharmaceutical Co., 
Ltd, Tokyo, Japan) in the same manner as ferroptosis inhibitor groups. 
At day 18.5, embryos were harvested and fixed for HE staining or for 
blood collection. All the procedures were performed in accordance with 
the national guidelines and approved by the animal experiment com-
mittee of Nagoya University Graduate School of Medicine. 

2.11. Skin senescence model and diets 

Skin sections were prepared as described [30]. Briefly, 
three-weeks-old male SAMP8 mice (Japan SLC) were randomly divided 
into three groups: control (CO) group, fed a normal diet (Rodent diet, 
AIN-93G); HF group, fed a high-fat diet (part of cornstarch in AIN-93G 
was replaced with lard and cholesterol); and CHR group, fed a 
carbohydrate-restricted diet (low carbohydrate-high protein diet, in 
which milk casein replaced corn starch in the high-fat diet). At 49 weeks 
of age, the progression of the appearance of senescence was assessed. At 
50 weeks of age, after a 12-h fasting, the mice were euthanized and the 
skin was removed. To examine ferroptosis in the epidermis, mouse skin 
was fixed in 10% formalin and embedded in paraffin. Vertical sections 
(5 mm) were cut, mounted on a glass slide for Masson’s trichrome 
staining and immunohistochemistry. 

2.12. Immunohistochemistry 

Serial sections were prepared to enable better comparison of each 
immunostaining. Immunohistochemical staining was performed on 3 
μm-thick paraffin-embedded sections after 10% neutral buffered 
formalin (FFPE). Briefly, after deparaffinization, the specimens were 
incubated with 0.3% H2O2 in methanol for the inhibition of endogenous 
peroxidase. Then, normal rabbit serum (diluted 1:75; Dako) for inhibi-
tion of non-specific binding of the secondary antibody, mAbs against 
HNE-modified proteins (HNEJ-1~5, Anti-8-OHdG mouse monoclonal 
antibody N45.1 [31]), biotin-labeled rabbit anti-mouse IgG serum 
(diluted 1:300; Dako) and avidin-biotin complex (diluted 1:100; Vector 
Laboratories, Burlingame, CA) were sequentially used. 3,3-Diaminoben-
zidine solution (Dako Liquid DAB, K3466) was used for visualizing the 
antibody complexes. Procedures using nonimmune mouse IgG1 instead 
of HNEJ-1~5 antibody showed no positivity. For some experiments, 
immunohistochemical staining using anti-cleaved caspase-3, 
anti-ACSL4, anti-PTGS2 (Cat. #ab15191, Abcam) or HNEJ-1 antibody 
was performed with a standard polymer detection system according to 
the instructions of the manufacturer using Bond-MAX automated IHC 
Instruments (Leica). Tissues were counterstained with hematoxylin, 
dehydrated and mounted. Deposition of lipofuscin (yellow-brown 
pigment granules) in organs lead to disturbance on the visualization of 
positivity when using DAB as a peroxidase substrate. Thus, HistoGreen 
was used as a substrate instead of DAB for the immunohistochemistry of 
organs in different developmental stages. Briefly, after deparaffiniza-
tion, the specimens were incubated with 3% H2O2 in methanol for the 
inhibition of endogenous peroxidase. Either HNEJ-1 (5 μg/ml), 
anti-CD68 (Cat. #MCA341 1:500 dilution, Bio-rad), anti-ACSL4 (1:500 
dilution) or anti-PTGS2 (1:500 dilution) antibody, and Histofine® 
Simple Stain MAX PO (MULTI) (Nichirei Biosciences INC) were 
sequentially applied. HISTOPRIME (Cat. #E109; Cosmo Bio, Tokyo, 
Japan) was used for color development. Tissues were counterstained 
with hematoxylin, dehydrated and mounted. Relative quantification of 
the staining was performed as previously described [31], using 
randomly selected 3–6 photo files, each of which contained >100 cells. 

2.13. Immunoprecipitation 

A single intraperitoneal injection of Fe-NTA (15 mg iron/kg) was 
carried out as previously described, using 6-week-old specific pathogen- 
free male Wistar rats. The rats were euthanized 3 h after Fe-NTA 
administration. The damaged kidneys and normal kidneys were imme-
diately collected and lysed to extract proteins. Lysate (lysis buffer; 20 
mM Tris-HCl, PH 7.4, 0.1% NP40, proteinase inhibitor) of 400 μg were 
incubated with 10 μL HNEJ-1 at 4 ◦C for 3 h, and then with Protein G 
Sepharose® 4 Fast Flow (GE17-0618-01, Sigma Aldrich) for 1 h at 4 ◦C. 
The precipitates were washed three times with HEPES buffer and then 
denatured by heating in sample buffer for 5 min at 95 ◦C. The immu-
noprecipitates were resolved on 10% SDS-PAGE, and the proteins were 
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transferred to Hybond-Ptm membranes. Immunoblotting was performed 
using antibodies against GAPDH (Cat. #A10868; 1/1000 dilution; 
ABclonal) and GPX4 (Cat. #ab125066; 1/1000 dilution; Abcam). 

2.14. Mass spectrometry 

Acute renal damage model was used to identify HNEJ-1-targeted 
proteins. Briefly, a single intraperitoneal injection of Fe-NTA (15 mg 
iron/kg) was carried out as described, using 6-week-old specific 
pathogen-free male Wistar rats. Three h after Fe-NTA administration, 
the rats were euthanized and kidneys were harvested immediately. 
Kidneys (control and after Fe-NTA injection) were homogenized in lysis 
buffer, and tissue lysate samples were collected after centrifuge (15, 
000×g, 4 ◦C). Tissue lysate sample of 400 μg each (control and after Fe- 
NTA injection) were incubated with 10 μl HNEJ-1 antibody for 3 h at 
4 ◦C. Protein G Sepharose beads (GE17-0618-01, Sigma Aldrich) were 
added to each tissue lysate sample and were washed three times by 0.1 
M HEPES buffer after 1-h incubation. For in-solution digestion, the 
proteins were detached from the bead pellets by degeneration with 6 M 
guanidinium chloride and digested by trypsin for 16 h at 37 ◦C after 
reduction and alkylation. The peptides were analyzed by LC-MS using an 
Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific) coupled 
to an UltiMate3000 RSLCnano LC system (Dionex Co., Amsterdam, The 
Netherlands) using a nano HPLC capillary column (150 mm × 75 μm i. 
d.; Nikkyo Technos Co., Tokyo, Japan) via a nano electrospray ion 
source. The raw data was processed using either Proteome Discoverer 
1.4 (Thermo Fisher Scientific) in conjunction with MASCOT search en-
gine, version 2. 6.0 (Matrix Science Inc., Boston, MA) for protein iden-
tification. Enriched HNE-modified proteins were ranked as folds of the 
number of peptide spectrum matches (PSM) between the control and the 
kidney after Fe-NTA injection. 

2.15. Protein extraction and immunoblotting 

Whole blood from embryos were collected and lysed to extract pro-
teins. The primary antibodies used for immunoblotting were against 
Lamin B (Cat. #sc-6217; 1:1000 dilution; Santa Cruz Biotechnology) and 
TfR1 (Cat. #13–6800; 1:1000 dilution, Invitrogen). Antibodies against 
β-actin (Cat. #clone AC-15; 1/5000 dilution; Sigma) was used as 
protein-loading controls. 

2.16. Statistics 

All statistical analyses were performed with GraphPad Prism 5 
software (GraphPad Software, La Jolla, CA). Significance of difference 
was determined by unpaired t-test, one-way ANOVA or two-way 
ANOVA, followed by Tukey’s multiple comparison test. Significance 
was defined as P < 0.05. 

3. Results 

3.1. HNEJ-1 is useful for detecting ferroptosis by immunohistochemistry 

We previously produced five distinct monoclonal antibodies, called 
HNEJ-1~5, against HNE-modified keyhole limpet hemocyanin (KLH) 
and characterized which Michael adducts among His, Lys and Cys ad-
ducts each recognizes [27,28]. HT-1080 fibrosarcoma cells treated with 
erastin (a ferroptosis inducer) with or without ferrostatin-1 (Fer-1, a 
ferroptosis inhibitor) were used as a ferroptosis model (Fig. S1A) to 
check the sensitivity and specificity and suitability of these five mono-
clonal antibodies for immunohistochemistry. Immunostaining of two 
potential ferroptosis markers, PTGS2 and ACSL4, were also evaluated to 
confirm this classic ferroptosis model (Fig. S1C). Among the five anti-
bodies, HNEJ-1 showed both high sensitivity and specificity in 
erastin-treated cells in comparison to non-treated control cells in 
cell-block sections. HNEJ-2 showed high positivity in both ferroptotic 

and control cells and indicated high sensitivity but relatively low spec-
ificity, suggesting a requirement to find an appropriate window for a 
variety of tissue and pathology conditions. HNEJ-3~5 showed low 
sensitivity in this ferroptosis model (Fig. 1A). Furthermore, the sensi-
tivity of HNEJ-1 was also tested by immunofluorescence in ferroptosis 
models triggered by two distinct inducers (erastin and RSL3) in the 
presence or absence of Fer-1 or deferoxamine mesylate (DFO; an iron 
chelator). HNEJ-1 again exhibited specific immunostaining in ferrop-
totic cells, as confirmed by ACSL4 immunostaining (Fig. 1BC, Fig. S1B). 
Thus, HNEJ-1 is useful for detecting ferroptosis by 
immunohistochemistry. 

3.2. Specificity of HNEJ-1 on cell death mode 

To test the specificity of HNEJ-1 on different cell death modes, we 
used staurosporine (STS)-induced apoptosis and H2O2-induced acute 
necrosis model after adjusting the experimental condition (Fig. S1DE). 
HNEJ-1 immunostaining did not increase during apoptosis in compari-
son to cleaved caspase-3 immunostaining (Fig. 2A). Furthermore, 
immunohistochemistry of block sections of STS-induced apoptotic cells 
revealed similar results, indicating that HNEJ-1 can distinguish ferrop-
tosis from apoptosis (Fig. 2B). The expression of ACSL4 was not 
increased in STS-induced apoptotic cells, whereas a slight increase in 
PTGS2 was observed in these cells (Fig. 2B). Although PTGS2 has been 
widely demonstrated as an inhibitory factor of apoptosis [32], protec-
tive effect exerted by COX-2-derived prostanoids by decreasing 
apoptosis was reported in liver fibrosis [33]. Furthermore, STS was re-
ported to induce PTGS2 expression in rat peritoneal macrophages 
without referring to apoptosis [34]. Whether the observation of 
increased PTGS2 in STS-treated cells is related to the induction of 
apoptosis needs further investigation. We then incubated HT1080 cells 
with H2O2 to assess whether HNEJ-1 can detect H2O2-induced cell 
death, which is an oxidative stress-induced necrosis associated with 
Fenton reaction. DFO but not ferrostatin-1 reversed H2O2-induced cell 
death to some extent, suggesting that this cell death is partially 
iron-dependent (Fig. S1E). We observed moderately increased positivity 
of HNEJ-1 in cell-blocks of necrotic cells with the increased expression 
of ACSL4 in comparison to control cells (Fig. 2C). These results indicate 
that ferroptosis was partially involved in H2O2-induced cell death 
although elevated PTGS2 expression was not observed in these cells. 

3.3. Subcellular localization of HNE-modified proteins recognized by 
HNEJ-1 in cell models 

We co-stained HNEJ-1 with Mitotracker and Lysotracker in HT1080 
cell models of ferroptosis triggered by erastin [2]. When ferroptosis was 
induced, colocalization coefficients and weighted colocalization co-
efficients were increased both for HNEJ-1 and Mitotracker, indicating an 
increased immunostaining of HNEJ-1 in mitochondria (Fig. 3A). 
Although elevated colocalization coefficients/weighted colocalization 
coefficients were increased for Lysotracker in ferroptotic cells, no 
increment in coefficients was observed for HNEJ-1 and the coefficients 
were extremely low (Fig. S2), suggesting that HNE modification in ly-
sosomes accounts for the minimal part of total HNE-modified proteins. 
Unexpectedly, the immunostaining was localized in the other cyto-
plasmic compartments as well. Thus, we decided to identify the 
HNE-modified proteins later and further immunostained the cells 
without permeabilization by HNEJ-1. We detected an increase in plasma 
membrane immunopositivity of ferroptotic cells, triggered either by 
erastin or RSL3 (Fig. 3B). 

3.4. Detection of ferroptosis with HNEJ-1 in animal models 

We thereafter evaluated HNEJ-1 for the detection of ferroptosis in in 
vivo pathologic situations and in different species. We first applied 
HNEJ-1 with immunohistochemistry to the kidney of Gpx4 cKO mouse, 
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Fig. 1. Identification of HNEJ-1 as a ferroptosis-specific antibody among five monoclonal anti-HNE antibodies. (A) Human fibrosarcoma HT1080 cells were treated with 
erastin (10 μM) in the presence or absence of ferrostatin-1 (Fer-1, 5 μM) for 12 h. Then, they were harvested and fixed with 4% paraformaldehyde (PFA) for cell 
block. Immunohistochemistry was performed with HNEJ-1~5, respectively (scale bar = 100 μm). (B) Human fibrosarcoma HT1080 cells were treated with erastin 
(10 μM) in the presence or absence of Fer-1 (5 μM) or deferoxamine mesylate (DFO, 500 μM) for 12 h. Then, they were fixed with 4% PFA. After blocking, cells were 
incubated with HNEJ-1 or anti-ACSL4 and finally observed with confocal microscopy (scale bar = 10 μm). (C) Human fibrosarcoma HT1080 cells were treated with 
RSL3 (0.25 μM) in the presence or absence of Fer-1 (5 μM) or DFO (500 μM) for 3 h. Then, they were fixed with 4% PFA. After blocking, cells were then incubated 
with HNEJ-1 or anti-ACSL4 antibody and finally observed with confocal microscopy (scale bar = 10 μm). Representative data are shown based on 3 independent 
experiments and the analysis is shown as means ± SEM (n = 3); ***P < 0.001 vs control (CTRL) unless indicated by bar. Refer to text for details. 
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where ferroptosis is prevalent [29]. HNEJ-1 showed significantly higher 
positivity in Gpx4 cKO kidney in comparison to that of wild-type 
(Fig. 4A), confirming the usefulness of HNEJ-1. We next applied HNEJ-1 
to iron-catalyzed Fenton reaction-based acute renal ferroptosis model by 
Fe-NTA in rats [23], which revealed intense immunopositivity in the 
renal proximal tubules in comparison to the control kidney (Fig. 4B). We 
observed increased expression of both ACSL4 and PTGS2 in these two 
renal ferroptosis models (Fig. 4A and B). Our results indicate that 
HNEJ-1 is useful to detect ferroptosis by immunohistochemistry. 

3.5. Potential target proteins of HNEJ-1 

We comprehensively identified HNE-modified proteins recognized 
by HNEJ-1, using the Fe-NTA-induced renal ferroptosis model as 
described above. Among the top 150 HNE-modified proteins, the dis-
tribution of subcellular localization was cytosol (30%), mitochondria 
(26.7%), secreted (26%), nuclear (23.3%), membrane (15.3%) and 
cytoskeleton (14%) (Table S1). We then summarized the top-20 
enriched HNE-modified proteins based on their subcellular 

Fig. 2. Specificity of HNEJ-1 as a ferroptosis marker using various cell death inducers. (A) Human fibrosarcoma HT1080 cells were treated with staurosporine (STS, 1 μM) 
for 6 h. Then, they were fixed with 4% PFA. After blocking, cells were then incubated with HNEJ-1 or anti-cleaved caspase 3, and finally observed with confocal 
microscopy (scale bar = 10 μm). (B) Human fibrosarcoma HT1080 cells were treated with STS (1 μM) for 6 h. Afterwards, they were fixed with 4% PFA. Immu-
nohistochemistry was performed with HNEJ-1, anti-cleaved caspase 3, anti-ACSL4 or anti-PTGS2 antibody (scale bar = 100 μm). (C) HT1080 cells were treated with 
hydrogen peroxide (500 μM) in the presence or absence of Fer-1 (10 μM) or DFO (500 μM) for 3 h. Subsequently, they were fixed with 4% PFA. Immunohisto-
chemistry was performed with HNEJ-1, anti-ACSL4 or anti-PTGS2 antibody (scale bar = 100 μm). Representative data are shown based on 3 independent experi-
ments and the analysis is shown as means ± SEM (n = 3); ***P < 0.001 vs CTRL unless indicated by bar. Refer to text for details. 
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Fig. 3. Intracellular targets of HNEJ-1 in ferroptotic cells. (A) Human fibrosarcoma HT1080 cells were treated with erastin (10 μM) for 12 h. Cells were then stained for 
30 min/37 ◦C with MitoTracker™ Deep Red FM. They were then fixed with 4% PFA. After blocking, cells were then incubated with HNEJ-1 for 1 h at room 
temperature and finally observed with confocal microscopy (1 unit for each axis = 5 μm for 3D rendering; scale bar = 5 μm for orthogonal projection). (B) Human 
fibrosarcoma HT1080 cells were treated with RSL3 (0.25 μM) for 3 h; or erastin (10 μM) for 12 h. Cells were then washed and fixed with 4% PFA. For the detection of 
HNE modification on the plasma membrane, cells were treated without permeabilization. After blocking, cells were incubated with HNEJ-1 antibody for 1 h at room 
temperature and finally observed with confocal microscopy (scale bar = 10 μm). Representative data are shown from 3 experiments and the analysis is shown as 
means ± SEM (n = 3); ***P < 0.001 vs CTRL unless indicated by bar. Refer to text for details. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 
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localization (Table S1). 
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) is a known 

target of HNE modification [35], identified in the present experiment 
(Table S1). We performed immunoprecipitation followed by immuno-
blot analysis to confirm that GAPDH is indeed modified with HNE 
(Fig. S3A). The key regulator of ferroptosis, GPX4, was not the target of 
HNEJ-1 at this time point of ferroptosis but was already lost (Table S1 
and Fig. S3B). 

3.6. Ferroptosis increases with age in various organs 

We studied all the major organs of rats through the entire life 
whether ferroptosis is involved in the physiological processes, using 
HNEJ-1 immunohistochemistry. There was an age-dependent increase 
in ferroptotic cells in the kidney, spleen, liver, ovary and uterus, which 
was accompanied by substantial iron accumulation (Figs. 5 and 6). A 
significant proportional association between iron staining and HNEJ-1 
was observed with aging in the kidney, spleen, ovary and uterus, but 
not in the liver (Fig. S4). In the aged kidney, HNEJ-1 showed cyto-
plasmic immunostaining in the majority of proximal tubular cells 
(Fig. 5D). In the aged spleen, liver, ovary and uterus, HNEJ-1 showed 
immunostaining mainly in macrophages/Kupffer cells, as indicated by 
CD68 immunostaining on serial sections, whereas there was also posi-
tivity in the stroma of ovary and in uterus myometrium as well as 
parenchymal cells (Fig. 6D). Moreover, increased immunostaining was 
observed in Purkinje cells and bone marrow in an age-dependent 
manner (Fig. S5). Elevated expression of ACSL4 was observed in the 
aged liver, kidney and ovary whereas increased PTGS2 expression was 
shown in the aged spleen, kidney and ovary (Figs. S6 and S7). 

3.7. Ferroptosis in skin senescence model 

We extended our study to a skin senescence model, using senescence- 
accelerated SAMP8 mice. An increase in the indicators of skin senes-
cence, atrophic epidermal cells with hyalinized collagen (Fig. 7A), was 
observed in the high fat (HF) diet group as compared to the control 

(CTRL) group, which was further increased in carbohydrate restricted 
(CHR) diet group. Immunohistochemical analysis of 8-OHdG revealed 
that nuclear staining of HF and CHR diet groups is much stronger in 
epidermal cells than in those of the CTRL group (Fig. 7B). Next, we 
applied HNEJ-1 on the epidermis, and found that ferroptotic cells were 
significantly increased in the HF and CHR diet groups in comparison to 
the CTRL group, which was consistent with senescence (Fig. 7C). Of 
note, increased expression of PTGS2 but not of ACSL4 was observed in 
the HF and CHR diet groups in comparison to the CTRL group (Fig. S8). 

3.8. Ferroptosis is involved in embryonic erythropoiesis 

We then studied the involvement of ferroptosis in different stages of 
embryonic development of rats, using HNEJ-1. At the stage of E9.5, we 
observed ferroptosis in extra-embryonic endodermal component of 
visceral yolk sac (Fig. 8A). As visceral endoderm plays an active role in 
induction of blood precursors in early mouse embryos [36], we hy-
pothesized that ferroptotic events might be involved in embryo hema-
topoiesis. Furthermore, we also found ferroptotic process in trophoblast 
giant cells (TGCs) (Fig. 8B). In addition, high expression of ACSL4 was 
observed in TGCs at this stage, whereas PTGS2 expression remained low 
(Fig. S9AB). 

At E13.5, nucleated erythrocytes in embryos showed signs of fer-
roptosis. Of note, not only the level of HNE modification in erythrocytes 
but also the fraction of HNE-positive erythrocytes subsequently 
decreased as they enucleated during the process of maturation (E15 and 
E18) (Fig. 8C). However, ACSL4 and PTGS2 expression was not observed 
in erythrocytes from E13.5 to E18.5 (Fig. S9C). To further investigate 
whether ferroptosis is involved in embryonic erythropoiesis, pregnant 
rats (E13.5) were treated with two ferroptosis inhibitors (Lipro-1 or Fer- 
1). At E18, the percentage of nucleated erythrocytes in embryos from 
either Lipro-1 or Fer-1 group were elevated in comparison to those from 
control groups (Fig. 8D and Fig. S10A). Lamin B, a nuclear marker, of 
embryonic blood was increased by immunoblot in the Lipro-1 group 
compared to the control groups, whereas no significance was detected 
between Fer-1 and the control group (Fig. 8E and Fig. S10B). Increased 

Fig. 4. HNEJ-1 as a ferroptosis marker for immunohistochemistry in tissue. (A) Immunohistochemical positivity on Gpx4 conditional knockout kidney in comparison to 
wild-type kidney of C57BL/6 mouse was evaluated with HNEJ-1, anti-ACSL4 or anti-PTGS2 antibody (scale bar = 100 μm). Representative data are shown based on 3 
independent experiments. (B) Rats (Wistar strain, male, 6 weeks of age) were euthanized 3 h after administration of 15 mg iron/kg of Fe-NTA and a portion of the 
kidney was fixed with 10% neutral buffered formalin for immunohistochemistry. Immunopositivity in the renal proximal tubules 3 h after Fe-NTA administration was 
assessed with immunohistochemistry using HNEJ-1, anti-ACSL4 and anti-PTGS2 antibody (scale bar = 100 μm). 
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Fig. 5. HNEJ-1 as a ferroptosis marker for the detection of physiological ferroptosis in kidney, spleen and liver. (A) HE staining, Berlin blue staining and immunostaining 
with HNEJ-1 for kidney, liver and spleen in different developmental stages of Fischer-344 rats (scale bar = 50 μm). (B) Quantification of iron deposits in kidney, liver 
and spleen in different developmental stages of Fischer-344 rats. (C) Quantification of HNE-modified proteins in kidney, liver and spleen in different developmental 
stages of Fischer-344 rats. (D) Serial immunostaining of Berlin blue staining, HNEJ-1 and CD68 in the aged kidney, liver and spleen (scale bar = 50 μm). Repre-
sentative data are shown based on 3 independent experiments and the analysis is shown as means ± SEM (n = 3–6); *P < 0.05, **P < 0.01, ***P < 0.001 vs new born 
(NB). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 6. HNEJ-1 as a ferroptosis marker for the detection of physiological ferroptosis in ovary and uterus. (A) HE staining, Berlin blue staining and immunostaining with 
HNEJ-1 for ovary and uterus in different developmental stages of Fischer-344 rats (scale bar = 50 μm). (B) Quantification of iron deposits in ovary and uterus in 
different developmental stages of Fischer-344 rats. (C) Quantification of HNE-modified proteins in ovary and uterus in different developmental stages of Fischer-344 
rats. (D) Serial immunostaining of Berlin blue staining, HNEJ-1 and CD68 in the aged ovary and uterus (scale bar = 50 μm). Representative data are shown based on 3 
independent experiments and the analysis is shown as means ± SEM (n = 3–6); *P < 0.05, **P < 0.01, ***P < 0.001 vs 3-4 weeks. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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TfR1 expression is responsible for the iron uptake during erythropoiesis 
[37]. Decreased level of TfR1 was observed in Fer-1 group in comparison 
to the control group, whereas no significance was observed between 
Lipro-1 and the control group (Fig. 8E and Fig. S10B). Taken together, 
the results indicate the involvement of ferroptotic signaling in embry-
onic hematopoiesis, especially erythropoiesis. 

4. Discussion 

Based on the results presented here, we propose that HNEJ-1 mouse 
monoclonal antibody, which recognizes HNE-derived Michael adducts 
equally on His, Lys and Cys residues [27,28], is appropriate for moni-
toring ferroptotic events. Using this non-selective screening through the 
entire life of rats, we discovered for the first time that ferroptosis is 
involved in embryonic erythropoiesis and in aging processes of various 
organs. This suggests that ferroptosis can have a physiological meaning. 
We believe that ferroptosis-sensitized cells may not necessarily execute 
cell death in some cases as in autophagy [38] but can be a driving force 
for the following metamorphosis or selective process. 

In the present study, ferroptosis was observed in the extraembryonic 
endodermal component of visceral yolk sac (E9.5). The visceral endo-
derm overlying the extraembryonic mesoderm reportedly influences the 
differentiation and development of blood islands and vessels [36]. 
Pre-streak embryonic ectoderm stripped of visceral endoderm is unable 
to give rise to primitive erythroblasts or express embryonic globin genes 
in culture, whereas recombination of embryonic ectoderm explants with 
visceral endoderm allows primitive hematopoiesis to be recovered [39]. 
Moreover, ferroptotic cell death was observed in trophoblast giant cells 
(TGCs), which produce a broad range of hormones that regulate several 

maternal adaptations to pregnancy [40]. Prolactin-like protein (PLP) 
family members, exclusively expressed in TGCs in particular, were 
secreted for the regulation of hematopoiesis [41]. PLP-protein E has 
been shown to stimulate human and mouse erythroid progenitor cell 
proliferation and differentiation through activation of the JAK/STAT 
pathway [42]. Our findings suggest the possible involvement of fer-
roptosis in the induction of hematopoiesis during the embryonic 
development in rats. On the other hand, a detrimental role of accumu-
lated HNE-protein adducts in placenta has been reported to affect the 
growth of the fetus [43], indicating that a precise regulation of 
HNE-modification/ferroptosis determines the threshold between proper 
embryonic development and pathological processes. 

Although erythrocytes are characterized by high iron requirements 
to sustain hemoglobin synthesis [37], the role of ferroptosis in eryth-
ropoiesis has not been clearly shown. In healthy individuals, erythroid 
cells contain a pool of antioxidant enzymes, including membrane oxi-
doreductases, superoxide dismutases and catalase, antioxidant scaven-
gers, such as glutaredoxins, thioredoxins and peroxiredoxins, to control 
cellular redox balance and protect the cells against pro-oxidant damage 
[44]. Knockout of GPX4, a negative regulator of ferroptosis, was lethal at 
early embryonic stage due to failure to form well-organized embryonic 
structures [44]. In a study using mice with hematopoietic cell-specific 
GPX4-deficiency, ineffective erythropoiesis was observed and the 
maturation of reticulocytes to erythrocytes was defective [45]. On the 
one hand, GPX4 was shown to suppress necroptosis instead of ferroptosis 
in mouse erythroid precursors [46]. On the other hand, a recent study 
revealed the role of GPX4 in the human erythroblast enucleation in a 
ferroptosis- and necroptosis-independent manner [47], which indicated 
its intricate role as a ferroptosis regulator in the process of 

Fig. 7. HNE modification in skin senescence. (A) Masson’s trichrome staining of CTRL group (SAMP8 mice; normal diet); HF group (SAMP8 mice; high-fat diet), and 
CHR group (SAMP8 mice; carbohydrate-restricted diet; scale bar = 100 μm). (B) Immunostaining and quantification with 8-OHdG for CTRL group, HF group and 
CHR group (scale bar = 100 μm). (C) Immunostaining and quantification with HNEJ-1 for CTRL group, HF group and CHR group (scale bar = 100 μm). Repre-
sentative data are shown from 3 independent experiments and the analysis is shown as means ± SEM (n = 6); *P < 0.05, **P < 0.01, ***P < 0.001 vs CTRL group. 
Refer to text for details. 
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Fig. 8. Ferroptotic events are involved in embryonic hematopoiesis. (A) HNE modification in extra-embryonic endodermal component of visceral yolk sac at the stage of 
E9.5 (n = 5; scale bar = 100 μm). (B) HNE modification in trophoblast giant cells at the stage of E9.5 (n = 5; scale bar = 50 μm). (C) Rat embryos (Fischer-344) in 
different stages (E13.5, E15.5 and E18.5) were collected and fixed with 10% neutral buffered formalin for HE staining and immunostaining with HNEJ-1. HNE 
modification of nucleated red blood cells (RBC) was quantified as percentage of positive cells and positive pixel count (A.U.) per cell (n = 4–8; scale bar = 50 μm). (D) 
Percentage of RBC in embryos from control group and Lipro-1 group (n = 3) were calculated as number of nucleated RBC/total number of RBC from at least 4 
embryos per pregnant rat (scale bar = 50 μm). (E) Immunoblot analysis of Lamin B and Transferrin receptor 1 (TfR1) in embryos from control group and Lipro-1 
group. Representative data are shown based on 3 independent experiments and the analysis is shown as means ± SEM, ***P < 0.001 vs E13 or CTRL unless indicated 
by bar. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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erythropoiesis. 
Indeed, 15-lipoxygenase (LOX), which directly oxidizes phosphati-

dylethanolamines to generate lipid hydroperoxides, is highly expressed 
in reticulocytes [48,49]. Whereas an early work found that erythrocyte 
and reticulocyte count were normal in 12/15-LOX knockout mice [50], a 
recent study revealed that the blood of 15-LOX-/- mice involved an 
increased proportion of structurally modified erythrocytes, although the 
structural and functional differences between wild-type and 15-LOX-/- 

erythrocytes are not very profound [51]. Erythropoietin reportedly af-
fects enucleation negatively in association with cellular ROS [52]. 
Conversely, a high dose of ROS inhibitor also deteriorates normal 
erythropoiesis, indicating that a low level of oxidative stress plays a role 
in the terminal erythropoiesis [52]. Our results revealed a high level of 
HNE modification in nucleated erythrocytes. Notably, not only the level 
of HNE modification in erythrocytes but also the percentage of 
HNE-positive erythrocytes subsequently decreased according with 
enucleation during the maturation process. Ferroptosis inhibitors 
delayed embryonic erythropoiesis, suggesting a positive role of lipid 
peroxidation during the maturation of erythrocytes. ACSL4 and PTGS2 
were almost undetectable in embryonic erythrocytes, indicating that 
high iron requirement is a major contributing factor to the ferroptotic 
pathway in embryonic erythrocyte maturation. Our hypothesis is sup-
ported by the finding that suppression of ACSL4 expression only 
decreased malondialdehyde production but not ferrous iron accumula-
tion in HepG2 and HL60 cells following erastin treatment [17]. 

One major outstanding question is whether ferroptosis is adaptive or 
indicative of biochemical failure in cells [2]. Here, we observed an 
age-dependent increase in ferroptosis in the kidney, spleen, liver, ovary 
and uterus, which was accompanied by iron accumulation in 
Fischer-344 rats detected by HNEJ-1. As the majority of the iron 
required to support heme biosynthesis in erythroblasts originates from 
senescent RBC engulfed by erythrophagocytic macrophages in the red 
pulp of the spleen, the bone marrow and to some extent in the liver [53], 
our results indicated the association of ferroptosis and aging, with the 
participation of macrophages in spleen, liver, ovary, uterus and bone 
marrow. Furthermore, ferroptosis was significantly higher in the 
epidermis of SAMP8 mice, fed with high-fat or carbohydrate-restricted 
diets, suggesting that they are aggravating factors of skin aging. Suble-
thal concentration of HNE skin fibroblasts has an impact on the prolif-
erative capacity of fibroblasts during in vitro aging [54]. HNE 
modification to serum proteins was significantly increased by 2–3 fold in 
old Fischer-344 rats [55]. HNE indeed increased during aging in the 
blood and plasma of 194 healthy humans, ranging from 18 to 84 years 
[56]. Because the principal role of red pulp macrophages in spleen and 
Kupffer cells in liver is to actively phagocytose senescent erythrocytes 
[53], macrophage ferroptosis with significant iron accumulation, as seen 
in asbestos pathology [57], may regulate and can be a marker of aging. 
These results stress the involvement of ferroptosis in physiological 
senescence. Our observation is supported by a mouse model of red blood 
cell (RBC) transfusion and clearance, where transfusions of old RBCs led 
to increased erythrophagocytosis by splenic red pulp macrophages, 
inducing ferroptosis in macrophages [58]. 

We also obtained fundamental data for further study of ferroptosis by 
comprehensively identifying HNE-modified proteins with HNEJ-1 in the 
rat kidney. Proteins involved in maintaining mitochondrial function are 
likely to be the main targets of HNE modification in the Fe-NTA-induced 
acute renal injury model. Aldehyde dehydrogenase, involved in 
metabolizing HNE and other toxic aldehydes [59], appears among the 
main targets of HNE modification, which indicated that activities of 
enzymes involved in the clearance of HNE might be inhibited when 
ferroptosis started. Among the top 20 proteins, 6 histone proteins were 
identified (Table S1). Histone release from dying tubular cells has been 
implicated in acute tubular injury [60]. Histones have been recognized 
as a target for HNE modification because of their abundant lysine resi-
dues [61]. Finally, we noticed that various proteins associated with iron 
metabolism, such as ferritin and hemopexin, are impaired in addition to 

antioxidative enzymes, including xanthine dehydrogenase. Further 
studies are in progress to understand ferroptosis. 

In conclusion, the mouse monoclonal antibody HNEJ-1 is useful for 
screening ferroptotic events in formalin-fixed paraffin-embedded spec-
imens in addition to other reported ferroptosis markers, such as ACSL4 
and PTGS2. We summarized the characteristics of each antibody in 
Table S2. We discovered ferroptosis in embryonic hematopoiesis/ 
erythropoiesis and aging, using this method. Thus, we propose that 
physiological ferroptosis exists, which may work for the subsequent 
metamorphosis or selective process in addition to aging. 
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