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Ionizing radiation induces ferroptosis in splenic 
lymphocytes of mice 

INTRODUCTION 

As nuclear technologies are used worldwide, 
radiation/nuclear accidents may occur                      
frequently. Victims of unplanned radiation           

exposure (1-10 Gy) show hematopoietic acute 
radiation sickness. Infection is one of the lethal 
symptoms in hematopoietic acute radiation  
sickness. The spleen is the largest peripheral 
immune organ. Exposure to high radiation dose 
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ABSTRACT 

Backgrounds: It remains unclear whether radiation-induced haemorrhage in 
the spleen causes iron accumulation, and subsequently, ferroptosis in splenic 
lymphocytes. In this study, we investigated the occurrence of ferroptosis in 
splenic lymphocytes of gamma-irradiated mice. Materials and Methods: Mice 
were subjected to gamma radiation from a 137Cs source. Iron, Ferroportin 1, 
and iron regulatory protein (IRP) levels in the spleen, and serum iron and 
hepcidin levels in the blood were measured to study the change in iron 
metabolism of the irradiated spleen. After Ferrostatin 1/LDN193189 was 
intraperitoneally injected into mice post-irradiation, the viability of splenic 
lymphocytes and the splenic index were evaluated to investigate the 
mechanism of damage induction in splenic lymphocytes. The survival rate of 
mice was evaluated to identify the radiation mitigator based on the inhibition 
of ferroptosis. Results: Iron accumulation (up to 0.62 g/g) observed in the 
spleen of irradiated mice was due to haemorrhage-based haemosiderin. The 
iron accumulation triggered the IRP-ferroportin 1 axis to increase the level of 
serum iron to 121.65 mmol/l. LDN193189 was used to demonstrate that the 
iron accumulation decreased the viability of splenic lymphocytes in irradiated 
mice, which was subsequently demonstrated to attribute to ferroptosis with 
the use of Ferrostatin 1 and through detection of ferroptosis-related 
parameters. The survival rate of irradiated mice was improved upon 
Ferrostatin-1 (60% with a duration of 120 days) or LDN193189 (40% for the 
same duration) treatment. Conclusion: Radiation-induced haemorrhage 
causes ferroptosis in splenic lymphocytes, and anti-ferroptosis is a potential 
strategy to alleviate immune damage in hematopoietic acute radiation 
sickness. 
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causes severe reduction in spleen weight, which 
relates to the immunosuppression in                       
hematopoietic acute radiation sickness (1-3).            
Elucidation of mechanisms of radiation-induced 
immune damage in the spleen is therefore             
particularly crucial in finding the effective            
treatment for hematopoietic acute radiation 
sickness. 

Earlier studies on radiation-induced                   
alterations in the immune function of the spleen 
have concentrated on the change in the                     
frequency and ultrastructure of spleen mast cells 
(4) and the suppression of antibody synthesis in 
splenic cells (5). Expression of the cytokines             
interleukin-1 alpha and beta has been reported 
to increase in splenic cells of irradiated mice (6, 7). 
As a radiosensitive mature blood cell, the                
lymphocyte count decreases at the early stage 
after irradiation. Lymphocyte-mediated specific 
immunity is the second line of defense in the  
immune system. Given that the lymphocyte            
reside and proliferate in the spleen, the research 
on radiation-induced injury to splenic                    
lymphocytes has gathered interest. It has been 
generally accepted that radiation-induced cell 
death in splenic lymphocytes occurs by                 
apoptosis (8), which is caused by accumulation of 
DNA damage in cells (9). However, ionizing         
radiation induces five types of cell death:               
necrosis, apoptosis, autophagy, mitotic                 
catastrophe, and senescence (10). The diversity in 
the forms of radiation-induced cell death                
indicates that mechanisms associated with             
radiation-induced cell death in splenic                   
lymphocytes can be very complicated. We              
therefore reasonably speculated that irradiated 
splenic lymphocytes can undergo other forms of 
cell death exist besides apoptosis. 

Iron is an essential micronutrient for many 
cellular processes, including DNA synthesis,           
hemoglobin synthesis, oxidative cell metabolism, 
and cell respiration (11). Although iron plays a 
vital role in sustaining life, the body is highly 
sensitive to iron concentration. The iron              
metabolism system has therefore been                  
developed to regulate the iron concentration 
elaborately (12). Iron accumulation exceeding the 
regulatory capacity of iron metabolism will 
show cellular toxicity via the Fenton reaction 
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and iron-mediated lipid peroxidation (13). The 
highest form of iron-mediated cellular toxicity is 
ferroptosis, which is an iron-dependent form of 
cell death driven by accumulation of lipid-based 
reactive oxygen species (ROS), activation of             
enzymes for lipid peroxidation (14, 15), and                
depletion of glutathione peroxidase 4 (GPX4) (16-

18). There are two pathways for the induction of 
ferroptosis. The first is canonical induction, 
which is through inactivation of the major                
protective mechanism of the membrane against 
peroxidation damage (19). For example, under 
insufficiency or dysfunction of GPX4,                     
phosphatidylethanolamine binding protein 1/15
-lipoxygenase complex induces ferroptosis by 
the generation of 15-HPETE-PE (20). The second 
is non-canonical induction, which is liable iron 
pool (LIP)-related (19). For example, the addition 
of iron-bound transferrin (16) or ferric                        
ammonium citrate (21) has been shown to                
potentiate erastin-induced ferroptosis.                      
Iron-response element-binding protein 2 (IREB2) 
encoding a master regulator of iron metabolism 
has been identified as a high-confidence gene for 
erastin-induced ferroptosis in both HT-1080 and 
Calu-1 cells, and silencing of IREB2 has                     
conferred protection against erastin-induced 
ferroptosis (21). Viscus bleeding is an essential 
sign of hematopoietic acute radiation sickness. 
Erythrocytes are iron-rich cells, and viscus 
bleeding means that erythrocytes enter the            
tissue that will be engulfed and degraded by 
macrophages. The corresponding heme will be 
subsequently decomposed into ferrous iron,  
biliverdin, and carbon monoxide with the               
catalysis of heme oxygenase-1(HO-1) (22). If HO-1 
is deficient, the accumulative hemes will                
combine with proteins to form hemosiderin. No 
matter what the condition of HO-1 is, severe 
hemorrhage in the viscera can cause increased 
iron level. The spleen is not only an immune             
organ but also a viscus for blood storage. Once 
radiation-induced bleeding occurs in the spleen, 
the possibility of iron accumulation in the spleen 
is increased. Based on the abovementioned              
theories, we hypothesized that ionizing                     
radiation induces iron accumulation in the 
spleen, and this kind of iron accumulation           
injures splenic lymphocytes via ferroptosis. In 
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this study, we demonstrated that gamma              
radiation causes an increase in the iron content 
of the spleen, and injures splenic lymphocytes 
via ferroptosis in a mouse model.  
 
 

MATERIALS AND METHODS 
 
Animals 

Ma1e ICR mice were purchased from the              
Animal Center of Nantong University (Nantong, 
Jiangsu, China). All of the mice used were at             
approximately 8-10 weeks of age. The mice were 
housed in cages in an animal room for one week 
under the following conditions: the temperature 
at 23±2 °C, the relative humidity at 55±15%, 12 
air changes per hour, and a 12-h light-dark cycle. 
The experimental protocol involving animals 
was reviewed and approved by the Institutional 
Animal Care and Use Committee of Nanjing            
University of Aeronautics and Astronautics. The 
Guidelines for the Care and Use of Laboratory 
Animals were strictly followed by all the studies 
on animals.  

 
Radiation treatments and reagent                      
administrations  

Mice placing in ventilated plexiglass cages 
received whole-body irradiation with a 137Cs 
source (Hopewell Designs Inc., Alpharetta, GA, 
USA). The absorbed doses were 0, 4, 8, and 10 
Gy at a dose rate of 2 Gy/min. The skin-source 
distance was 50 cm. The dosimetry was                     

performed with a 0.6 cm3 Farmer Ionization 
Chamber (Type 30010) which was connected to 
a dosimeter (Unidos, PTW-Freiburg, Freiburg, 
Germany). The chamber was placed parallel to 
the plexiglass cage for irradiation. 

When the iron metabolism and                              
ferroptosis-related parameters were studied, 
mice were randomly divided into the 0 Gy group 
and radiation group. When LDN193189 
(APExBIO, Shanghai, China)/ Ferrostatin-1 
(APExBIO)/deferoxamine (DFO; Sigma                   
Chemical, St. Louis, MO, USA) was administered 
intraperitoneally, mice were randomly divided 
into the 0 Gy group, 0 Gy + reagent group,               
radiation group, and radiation + reagent group 
(figure 1). LDN193189/DFO was dissolved in 
sterile distilled water pretreated to 37 °C. Ferro-
statin-1 was dissolved in 0.01% of DMSO (in 
0.9% of saline) under ultrasonic treatment at 37 
°C. The solvents were included in the 0 Gy 
group/radiation group. Three mg/kg of 
LDN193189 (23) was injected into mice at time 
points of 24 and 48 h post-irradiation. The dose 
of of Ferrostatin-1 (2 mg/kg), adjusting                
according to Sui et al. (24), was injected at a time 
point of 72 h post-irradiation (24). The dose of 
DFO (210 mg/kg), adjusting according to Yao et 
al. (25), was injected once a day for 6 days post-
irradiation. Mice in the 0 Gy group or treated 
with reagent alone were sham-irradiated. Each 
group included six mice except the section of 
survival assessment that included 10 mice in 
each group. Five hundred and eighty-four mice 
were used in this study. 
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Figure 1. A schematic diagram for 
groups. HE: hematoxylin and eosin, 
HO-1: heme oxygenase-1, IRP: iron            

regulatory protein, MDA:                    
malondialdehyde, GPX4: glutathione 
peroxidase 4, LDN: LDN193189, Fer: 

ferrostatin 1, DFO: deferoxamine. 



Iron content in the spleen  
The spleen was removed into pre-cold                

phosphate-buffered saline solution (PBS)                 
immediately after the mice were anesthetized 
with pentobarbital (40 mg/kg; Nanjing Reagent 
Co., Nanjing, Jiangsu, China). The pre-cold spleen 
tissue was then homogenized. The supernatant 
was collected after the homogenate was                    
centrifuged at 4°C with 3000 rpm/min for 20 
min. The sediment of the homogenate was                     
re-suspended and lysed with NP-40 lysate 
(Beyotime Co., Shanghai, China), and the                   
supernatant was collected again. The two              
supernatants were mixed and determined with a 
flame atomic absorption spectrophotometer 
(Persee Co., Beijing, China) to evaluate the iron 
level of the spleen.  

 

Histomorphological analysis  
The spleen was fixed overnight in 4%                  

paraformaldehyde. The fixed sample was              
dehydrated through a series of graded alcohols, 
cleared in xylene, embedded with paraffin, and 
serially sectioned. Sections were deparaffinized 
and stained with hematoxylin and eosin. An              
optical microscope (CX31, Olympus Optical Co., 
Tokyo, Japan) was used to observe the slide.  

 

Enzyme-linked immunosorbent assay (Elisa) 
of HO-1, Iron regulatory protein (IRP), GPX4, 
and hepcidin 

The supernatant collected from the                
homogenate of the pre-cold spleen tissue was 
measured with Elisa kits (BD Company, Franklin 
Lakes, NJ, and USA) to evaluate HO-1, IRP1, 
IRP2, and GPX4 of the spleen. For the                     
measurement of hepcidin in serum, blood was 
collected from the orbital sinus of mice. Each 
blood sample was centrifuged after it was set 
aside at the room temperature for 30 min. The 
corresponding supernatant (serum) was used 
for hepcidin Elisa (BD Company) determination.  

 

Prussian blue staining  
The homogenate obtained from the pre-cold 

spleen tissue was smeared on a glass slide. A 
Prussian Blue Nucleus Fixation Kit (Jiancheng 
Bio., Nanjing, Jiangsu, China) was used to stain 
the iron in splenic cells according to the                  

manufacturer's instructions. The optical               
microscope (Olympus Optical Co.) was used to 
observe the slide smearing with oil. 

 

Western blotting of Ferroportin 1 
The sediment of the homogenate of the             

pre-cold spleen tissue was lysed on ice with            
RIPA buffer containing 1 mM PMSF. The protein 
concentration of the cell lysate was determined 
with a BCA kit (Pierce, Rockford, IL, USA). The 
sample with 20 μg of protein was separated with 
13% SDS-PAGE and transferred onto PVDF  
membranes. Primary antibody to detect                  
ferroportin 1 (1:1000; Kerafast Inc., Boston, MA, 
USA) was incubated overnight with the                 
membranes at 4°C and incubated with               
horseradish peroxidase-conjugated secondary 
antibody (1:5000) for 2 h. Ferroportin 1 was  
detected with an ECL kit (KeyGEN, Nanjing, 
Jiangsu, China). GAPDH served as the internal 
loading control. The gray level of each band was 
quantified using ImageJ (National Institutes of 
Health, Bethesda, MD, USA).  

 

Serum iron assay 
The serum was extracted and analyzed with a 

Serum Iron Detection Kit (Jiancheng Bio.) to 
evaluate the level of serum iron. 

 

Lymphocyte viability assay 
Lymphocytes were extracted from the                  

homogenate of the pre-cold spleen tissue with 
lymphocyte separation medium (LTS 1092;  
Tianjin Haoyang Co., Tianjin, China). The viability 
of the lymphocyte was estimated using a CCK-8 
Counting Kit (Beyotime Co.) according to the 
manufacturer's instructions. 

 

Spleen index 
Each mouse was weighed. The spleen of each 

mouse was removed and weighed. The spleen 
index was calculated as spleen weight/body 
weight. 

 

Malondialdehyde (MDA) determination 
The homogenate of the pre-cold spleen tissue 

was measured with a MDA Assay Kit (A003-1; 
Jiancheng Bio.) to evaluate the MDA level of the 
spleen according to manufacturer's instructions. 
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Cytoplasmic ROS level analysis 
The sediment of the homogenate of the              

pre-cold spleen tissue was washed with PBS and 
incubated with 2,7-dichlorodihydrofluorescein 
diacetate (DCFH-DA, 10 μM; Beyotime Co.) for 
20 minutes in a 37 °C water bath. The cytoplas-
mic ROS level was evaluated by measuring the 
mean fluorescence intensity of DCFH-DA with 
the use of flow cytometry (BD Bioscience, San 
Jose, CA, USA; Chen et al. 2015). 

 

Statistical analysis 
All data were presented as mean ± SD.               

Significant differences between groups were 
evaluated with a one-way analysis of variance, 
followed by a post-hoc student-Newman-Keuls 
test for multiple comparisons. Survival rates 
were analyzed with the Kaplan-Meier method 
and the Log-Rank test. A p-value less than 0.05 
was considered statistically significant.  
 
 

RESULTS 
 

Gamma radiation increases iron content of 
spleen  

To examine the possible role of gamma             
radiation in raising iron content, we measured 
the iron content of spleen on days 0, 1, 3, 7, and 
14 after mice were exposed to 4 or 8 Gy of              
gamma radiation. Compared with the control 
mice, the irradiated mice showed significant  
increase in their iron levels on day 3, which 
reached the maximum on day 7 (up to 0.62 g/g 
after 8 Gy of gamma radiation). The iron level 
decreased to the baseline level on day 14 (figure 
2a). The data indicate that gamma radiation               
increases the iron content of spleen in mice. We 
then studied the mechanism of iron                    
accumulation in the spleen of irradiated mice. 
Haematoxylin and eosin staining exhibited a 
large number of erythrocytes in the spleen                
tissue on the first, third, and seventh days after 
mice were exposed to 4 or 8 Gy of gamma               
radiation (figure 2b). The histomorphological 
data indicate that gamma radiation caused 
bleeding in the spleen of the mice. We further 
measured the concentration of HO-1 in the 
spleen because the function of HO-1 is to                

decompose hemes into iron ions, biliverdin, and 
carbon monoxide, which may be one of the 
mechanisms underlying the iron accumulation. 
However, the concentration of HO-1 in the 
spleen significantly decreased on the first and 
third days post-irradiation (figure 2c). The            
depletion of HO-1 indicates decreased                 
decomposition of hemes in macrophages, which 
suggests that iron accumulation is not primarily 
derived from the decomposition of hemes               
catalysed by HO-1. Prussian blue staining               
reflects the existence of haemosiderin, which is 
an iron granule formed by combination of the 
iron in haemoglobin with other proteins. The 
Prussian blue-positive area significantly                 
increased on the third day post-irradiation 
(figure 2d), which indicates increased                       
haemosiderin levels in the spleen of irradiated 
mice. These data together suggest that iron             
accumulation is primarily due to the increased 
haemosiderin formation resulting from                 
radiation-induced bleeding in the spleen.  

 
Gamma radiation alters iron metabolism in 
the spleen 

To find a target for regulating iron                    
accumulation in the spleen, we examined the 
iron metabolism of the spleen in                                
gamma-irradiated mice. Ferroportin 1 is the  
only known transmembrane protein that             
transports iron from inside a cell to the                  
bloodstream. When the cell contains a high-level 
of iron, IRP post-transcriptionally promotes the 
expression of ferroportin 1 to increase iron                
export. When serum iron levels increase, serum 
hepcidin levels will increase to reduce serum 
iron through the degradation of ferroportin 1. 
Ferroportin 1, IRP1, IRP2, hepcidin, and serum 
iron are, therefore, key elements for iron                    
homeostasis in the body. We thus detected these 
five molecules on the seventh day after mice 
were exposed to gamma radiation. The                   
irradiated mice showed an increase in                 
expression of ferroportin 1 and decreases in 
IRP1 and IRP2 levels in the spleen (figure 3a-3c). 
These data indicate that the high iron in the 
spleen (figure 2a) decreases IRP1 and IRP2 to 
facilitate the expression of ferroportin 1, which 
promotes the iron export into the bloodstream. 
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The irradiated mice also exhibited increased  
serum iron (up to 121.65 mmol/l; figure 3d). 
However, the concentration of hepcidin in the 
serum did not increase (figure 3e). These two 
data suggest that hepcidin did not exert its               
regulatory function on the serum iron in gamma
-irradiated mice. The data of ferroportin 1, IRP1, 
IRP2, hepcidin, and serum iron together indicate 

that the high iron in the spleen induces an               
increase in the serum iron through activation of 
an IRP-ferroportin 1 axis; nevertheless, this             
increasing extent in the serum iron cannot               
trigger the hepcidin regulation on ferroportin 1. 
The lack of change in hepcidin level gives us a 
chance to regulate increased iron content in the 
spleen through the hepcidin target.   

Figure 2. Gamma radiation           
induces iron accumulation in 

the spleen, which derives 
from increased haemosiderin 
formed due to haemorrhage 

in the spleen. Mice were          
exposed to 0/4/8 Gy of             

gamma radiation. Mice in               
the 0 Gy group were                 

sham-irradiated. (A) Iron  
content of the spleen on days 
0, 1, 3, 7, and 14 after being 

exposed to gamma radiation. 
(B) Hematoxylin and               

eosin-stained spleen (× 20) on 
days 0, 1, 3, and 7 after being 
exposed to gamma radiation. 

The black arrow points to 
erythrocytes. (C) HO-1                

concentration of the spleen 
on days 1 and 3 after being 

exposed to gamma radiation. 
(E) Prussian blue staining of 
splenic cells (× 100) on day 3 

after being exposed to              
gamma radiation. The black 
arrow points to the Prussian 
blue-positive area. The data 
presented as mean ± SD (n = 
6); * p< 0.05, ** p< 0.01, and 

*** p< 0.001. 
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Iron accumulation decreases viability of                
lymphocytes in the spleen 

Based on our data of unchanged serum               
hepcidin level in gamma-irradiated mice, we 
chose LDN193189, an inhibitor of activin             
receptor-like kinase-2 (ALK2) and ALK3 that 
promotes hepcidin expression (26), to regulate 
the iron content of the spleen. We                       
injected LDN193189 intraperitoneally into     
gamma-irradiated mice and measured iron             
content of the spleen on the first, and fifth days 
after LDN193189 treatment. The mice exposed 
to gamma radiation and LDN193189 showed a 
significant decrease in the iron content of the 
spleen (figure 4a). The data indicate that 
LDN193189 treatment decreases the iron              
content of the spleen effectively in                     
gamma-irradiated mice.  

Lymphocytes are major immune cells in the 
spleen, which closely relates to the immune 
function of the body. We then studied the effect 
of iron accumulation on splenic lymphocytes in 
irradiated mice with the use of LDN193189. The 
viability of splenic lymphocytes was measured 
24 h after LDN193189 was injected into                  
irradiated mice. LDN193189 mitigated the             

decrease in splenic lymphocytes of irradiated 
mice (figure 4b). Hematoxylin and eosin staining 
also exhibited an alleviation in the decrease of 
splenic lymphocytes 24 h after irradiated mice 
received LDN193189 (figure 4c). The data             
suggest that gamma radiation-induced iron             
accumulation causes a decrease in splenic             
lymphocytes. Besides, LDN193189 attenuated 
the decrease in the spleen index of irradiated 
mice (figure 4d). The data further support            
that iron accumulation decreases splenic           
lymphocytes in irradiated mice. 

 
Iron accumulation induces ferroptotic cell 
death in splenic lymphocytes 

We further ascertained whether ferroptosis 
exists in splenic lymphocytes of irradiated mice 
with the use of Ferrostatin-1, a ferroptotic             
inhibitor based on the alleviation of                  
iron-induced lipid peroxidation. The viability of 
splenic lymphocytes was measured 24 h                    
after Ferrostatin-1 was injected into                      
gamma-irradiated mice. Ferrostatin-1 mitigated 
the decrease in the viability of splenic                 
lymphocytes significantly in irradiated mice 
(figure 5a). The mice treated with gamma              

Figure 3. Gamma radiation alters iron metabolism of the spleen. Mice received 0/4/8 Gy of gamma radiation. Mice in the 0 Gy 
group were sham-irradiated. (A) Ferroportin-1 of the spleen on the seventh day post-irradiation. Fpn 1: Ferroportin-1 (B) Iron             

regulatory protein 1 of the spleen on the seventh day post-irradiation. IRP1: Iron regulatory protein 1 (C) Iron regulatory protein 2 
of the spleen on the seventh day post-irradiation. IRP 2: Iron regulatory protein 2 (D) Serum iron on the seventh day                            

post-irradiation. (D) Serum hepcidin on the seventh day post-irradiation. The data presented as mean ± SD (n = 6); * p< 0.05,             
** p< 0.01, and *** p< 0.001. 
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radiation and Ferrostatin-1 also exhibited              
increased lymphocytes in the white pulp of the 
spleen (figure 5b). Collectively, these data             
suggest that ferroptosis exists in splenic             
lymphocytes of irradiated mice. 

To further support that ferroptosis exists in 
splenic lymphocytes, ferroptosis-related                 
parameters of MDA, cytoplasmic ROS, and GPX4 
in the spleen were measured on the third day 
after mice were exposed to 4 or 8 Gy of gamma 
radiation. The concentration of MDA increased 
(figure 5c) and GPX4 decreased (figure 5d). The 

results suggest that the increase in lipid               
peroxidation and the attenuation in alleviating 
lipid peroxidation occur in the spleen of                 
irradiated mice. Cytoplasmic ROS has been              
reported to increase in erastin-induced                  
ferroptosis (21). Therefore, the cytoplasmic ROS 
was also measured. The cytoplasmic ROS in the 
spleen increased significantly on the third day 
post-irradiation (figure 5e). The changes in 
MDA, cytoplasmic ROS, and GPX4 support that 
ferroptosis exists in the splenic lymphocytes of 
irradiated mice.  
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Figure 4. Regulatory effect of LDN193189 on iron content and splenic lymphocytes of irradiated mice. Mice were treated with 
LDN193189 (3 mg/kg) at 24 and 48 h postirradiation. Mice in the 0 Gy group or 0 Gy + LDN193189 group were sham-irradiated. (A) 
Iron content of the spleen on days 1 and 5 after LDN193189 was injected into irradiated mice. (B) Viability of splenic lymphocytes 

24 h after LDN193189 was injected into irradiated mice. (C) Hematoxylin and eosin-stained spleen (× 20) 24 h after LDN193189 was 
injected into irradiated mice. The black arrow points to lymphocytes in the white pulp. (D) Spleen index 24 h after LDN193189 was 

injected into irradiated mice. LDN: LDN193189.The data presented as mean ± SD (n = 6); *p< 0.05, and **p< 0.01. 
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Figure 6. Inhibition of ferroptosis increases the survival rate of irradiated mice (10 Gy). (A) Survival rates after Ferrostatin-1 was 
injected into irradiated mice. Mice were treated with Ferrostatin-1 (2 mg/kg) 72 h after being exposed to 10 Gy of gamma radiation. 
Fer: Ferrostation-1. (B) Survival rates after LDN193189 was injected into irradiated mice. Mice were treated with LDN193189 (3 mg/

kg) at time points of 24 and 48 h after being exposed to 10 Gy of gamma radiation. LDN: LDN193189. (C) Survival rates after DFO 
was injected into irradiated mice. Mice were treated with DFO (210 mg/kg) on days 1, 2, 3, 4, 5, and 6 after being exposed to 10 Gy 

of gamma radiation. Kaplan-Meier analysis was used (n = 10); ** p< 0.01 vs 10 Gy group. 

Inhibition of ferroptosis improves survival of 
irradiated mice 

Ferrostatin-1 and LDN193189 were used to 
study their ability in the improvement of the 
survival rate of irradiated mice. We monitored 
the survival rate of Ferrostatin-1/ LDN193189 
combined with 10 Gy of gamma radiation for 
120 days. The survival rate Ferrostatin-1                
combined with 10 Gy of gamma radiation was 
60% (Figure 6a), and LDN193189 combined 
with 10 Gy of gamma radiation was 40% (figure 
6b). As DFO has been reported to inhibit                   

ferroptosis (25), we also studied DFO's ability in 
the improvement of the survival rate of                    
irradiated mice. Irradiated mice treated with 
DFO showed a 20% survival rate for 120 days. 
However, this survival rate was not significantly 
different from that of the irradiated mice               
without treatment (figure 6c). These data                
suggest that inhibition of ferroptosis through the 
decrease of iron-mediated ROS (Ferrostatin-1) 
or iron contents (LDN193189) could improve 
the survival rate of irradiated mice.  

 

Figure 5. Ferroptosis occurs in splenic 
lymphocytes of irradiated mice. Mice in 
the 0 Gy group or 0 Gy + reagent group 
were sham-irradiated. (A) Viability of 

splenic lymphocytes 24 h after                 
Ferrostatin-1 was injected into irradiated 

mice. Mice were treated with Ferrostatin-1 
(2 mg/kg) 72 h after being exposed to 4 or 
8 Gy of gamma radiation. Fer: Ferrostatin 1 
(B) Hematoxylin and eosin-stained spleen 
(× 20) 24 h after Ferrostatin-1 was injected 

into irradiated mice. The black arrow 
points to lymphocytes in the white pulp. 
Mice were treated with Ferrostatin-1 (2 

mg/kg) 72 h after being exposed to 4 Gy of 
gamma radiation. Fer: Ferrostatin 1. (C) 

MDA of the spleen tissue on the third day 
after mice were exposed to 4 or 8 Gy of 

gamma radiation. (D) GPX4 of the spleen 
tissue on the third day after mice were 

exposed to 4 or 8 Gy of gamma radiation. 
(E) Cytoplasmic ROS of the spleen tissue 
on the third day after mice were exposed 

to 4 or 8 Gy of gamma radiation. MFI: 
Mean fluorescence intensity. The data 

presented as mean ± SD (n = 6); * p< 0.05, 
** p< 0.01, and *** p< 0.001. 
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DISCUSSION 

Ferroptosis is a form of cell death driven by 
iron-mediated lipid peroxidation and the Fenton 
reaction. In this study, we demonstrated that 
gamma radiation induces haemorrhage-based 
haemosiderin-related iron accumulation in the 
spleen, and this iron accumulation causes         
ferroptosis in splenic lymphocytes of mice.  

Haemorrhage is one of the early signs of   
hematopoietic acute radiation sickness, due to 
increased permeability of vessel walls. Increased 
haemorrhage-based haemosiderin in the spleen 
in turn induced changes in iron metabolism.  
Increased Ferroportin 1 and decreased IRP1 and 
IRP2 levels (figure 3a-3c) suggest that the                
IRP-ferroportin 1 axis has been triggered to      
promote the expression of ferroportin 1 to             
facilitate iron transfer from the spleen to the 
bloodstream, which resulted in increased serum 
iron level (figure 3c). Nevertheless, the              
increased serum iron level did not induce               
increase in serum hepcidin level in irradiated 
mice (figure 3d), which indicates that the                 
hepcidin-ferroportin 1 axis was not triggered. 
The inactivation of the hepcidin-ferroportin 1 
axis indicates that ferroportin 1 cannot be              
degraded by hepcidin, which is also in favour of 
iron transfer from the spleen to the                           
bloodstream. Therefore, to recover the iron             
homeostasis of the spleen after radiation, the 
IRP-ferroportin 1 axis took precedence over the 
hepcidin-ferroportin 1 axis. Dixon et al.                  
identified IREB2, which codes for IRP2, as the 
high-confidence gene for erastin-induced                
ferroptosis in HT-1080 and Calu-1 cells (21). 
However, IRP2 level decreased upon                   
radiation-induced ferroptosis in splenic                    
lymphocytes. This phenomenon may be             
attributed to the different mechanisms of these 
two types of ferroptosis. The former is through 
inactivation of the major protective mechanism 
of the membrane against peroxidation damage, 
and the latter is iron-related which causes               
imbalance in iron metabolism.  

Given increased haemosiderin and altered 
iron metabolism in the spleen, we think that  
although the expression of ferroportin 1                
increased, it was not sufficient to help iron ions 

in the spleen being transported into the                
bloodstream in a short period. Therefore,               
haemorrhage-based haemosiderin-related iron 
accumulation of the spleen occurred up to 7 
days after mice were exposed to gamma                      
radiation (figure 2a, 2b, and 2d). 

Iron accumulation induced by brain                     
haemorrhage has been studied extensively (27, 28). 
This kind of iron accumulation accompanied by 
increased HO-1 level differs from                             
radiation-induced haemorrhage-based iron              
accumulation in the spleen that is accompanied 
by decreased HO-1 level (figure 2c). HO-1 is the 
key enzyme for decomposition of heme into iron 
ions. The difference between changes in HO-1 
concentration suggests the different                       
mechanisms in radiation-induced and                    
brain injury-induced iron accumulation.              
Radiation-induced iron accumulation is due to 
the formation of haemosiderin (figure 2d), and 
brain injury-induced iron accumulation may be 
due to iron ions decomposed from hemes.  

Using LDN193189, we demonstrated that 
gamma radiation-induced iron accumulation 
decreased the viability of splenic lymphocytes in 
mice (figure 4b and 4c). Further, using the               
ferroptosis inhibitor (figure 5a and 5b) and 
measuring ferroptosis-related parameters, we 
demonstrated that ferroptosis occured in               
splenic lymphocytes (figure 2a, and figure                  
5c-5e). Lymphocytes are the only radiosensitive 
mature blood cells, and lymphocyte-mediated 
specific immunity is the second line of defence in 
the immune system. Radiation-induced                  
ferroptosis in splenic lymphocytes, therefore, 
contributes to infection presented in                       
hematopoietic acute radiation sickness. This 
kind of ferroptosis is based on                                    
haemosiderin-related iron accumulation caused 
by gamma radiation-induced haemorrhage in 
the spleen tissue. Ferroptosis is also found in 
neurons after an intracerebral haemorrhage  
occurs in mice (29). These data suggest a direct 
relationship between severe organ haemorrhage 
and ferroptosis, which suggests that we should 
take precautionary measures to prevent              
ferroptosis when severe haemorrhagic disease 
occurs.  

The non-canonical ferroptosis induction is 
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iron-related (20). Radiation-induced ferroptosis   
in splenic lymphocytes caused by                               
haemosiderin-related iron. Therefore,                   
radiation-induced ferroptosis in splenic                  
lymphocytes is the non-canonical ferroptosis 
induction. LIP serves as the initial trigger of            
ferroptosis (30). The mechanism of                             
haemosiderin-induced ferroptosis is not clear. 
Did haemosiderin directly induce ferroptosis or 
it induce ferroptosis after it transforms into the 
LIP (there is a pathway in the transformation of 
haemosiderin into the LIP in iron mobilization 
(31))? The mechanism of haemosiderin in the 
trigger of ferroptosis warrants further studies. 

HO-1 serves a dominant role in ferroptosis 
because it is a regulator not only in iron                
homeostasis but also in ROS homeostasis (32-34). 
However, the effect of HO-1 in the regulation of 
ferroptosis remains dual. When HO-1                          
moderately activates, nuclear factor erythroid    
2-related factor 2-derived HO-1 exerts an              
anti-ferroptosis effect by neutralizing ROS (22, 35, 

36). When expressed at a higher level, HO-1             
exhibits pro-ferroptosis force through the              
increase of iron ion, and generation of                       
iron-mediated ROS overload (37, 38). In this study, 
HO-1 concentration decreased in the spleen of 
irradiated mice (figure 2c), which suggests that 
HO-1 did not involve in iron accumulation and 
ROS reaction during ferroptosis in splenic                 
lymphocytes. Thus, the mechanism of gamma 
radiation-induced ferroptosis may be different 
from that of ferroptosis accompanied by a              
high-level of HO-1. This speculation needs             
further exploration. 

Ferrostatin-1 or LDN193189 treatment              
significantly improved the survival rate of             
irradiated mice (figure 6a and 6b), which               
suggests that alleviating the decrease in splenic 
lymphocyte count improves the survival rate of 
irradiated mice. These improvements also               
indicate that ferroptosis is a significant form of 
gamma radiation-induced cell death in splenic 
lymphocytes.  

Ferrostatin-1 inhibits ferroptosis through 
decrease in iron-mediated lipid peroxidation, 
LDN193189 results in redistribution of iron ions 
from tissue to the bloodstream, and DFO                
chelates iron ions. Among these three                

ferroptosis inhibitors, Ferrostatin-1treatment 
elicited the best improvement in the survival 
rate of irradiated mice, followed by treatment 
with LDN193189, and finally with DFO (figure 
6). These data have two implications. One is that 
iron-mediated lipid peroxidation is essential for 
ferroptosis (39). The other is that inhibiting            
ferroptosis through the regulation of iron               
content is a feasible strategy. LDN193189                
treatment promotes the redistribution of iron 
from cells into the bloodstream through                
inhibition of hepcidin-mediated decomposition 
of ferroportin 1. DFO chelates iron ions in the 
bloodstream, and is excreted in the urine. The 
better performance of LDN193189 suggests that 
the redistribution of iron ions from the                 
iron-accumulated organ to the bloodstream is 
more effective than chelation of iron ions and 
excreting them in the urine for the treatment of 
hematopoietic acute radiation sickness. 

 
 

CONCULSIONS 

 
Gamma radiation induces haemorrhage-

based iron accumulation in the spleen of mice. 
This iron accumulation damages splenic                  
lymphocytes through ferroptosis. The inhibition 
of ferroptosis improves the survival rate of             
irradiated mice. Further work should focus on 
the mechanism of ferroptosis in splenic                 
lymphocytes induced by gamma radiation, 
which is a critical concern for discovery and          
development of agents that mitigate radiation 
injuries. 
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