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A B S T R A C T   

Ferroptosis plays a role in several diseases such as iron overload-induced liver diseases. Manipulation of fer
roptosis has been explored as a potential therapeutic strategy to treat related diseases. Numerous antioxidants 
have been identified to control ferroptosis but the cell-autonomous mechanisms responsible for regulating fer
roptosis remain elusive. In the present study, we found that iron overload promoted ferroptosis in hepatocytes by 
excessively inducing HO-1 expression, which contributed to the progression of liver injury and fibrosis, 
accompanied by the upregulation of the FGF21 protein level in vitro and in vivo. Interestingly, both recombinant 
FGF21 and Fgf21 overexpression significantly protected against iron overload-induced hepatocytes mitochondria 
damage, liver injury and fibrosis by inhibiting ferroptosis. In contrast, the loss of FGF21 aggravated iron 
overload-induced ferroptosis. Notably, FGF21-induced HO-1 inhibition (via the promotion of HO-1 ubiquitina
tion and degradation) and NRF2 activation provide a mechanistic explanation for this phenomenon. Taken 
together, we identified FGF21 as a novel ferroptosis suppressor. Thus, FGF21 activation may provide an effective 
strategy for the potential treatment of iron overload-induced ferroptosis-related diseases, such as hereditary 
haemochromatosis (HH).   

1. Introduction 

Iron is an essential mineral element for almost all living cells and 
organisms. It is involved in numerous cellular processes, including DNA 
synthesis, mitochondrial respiration and oxygen transport during evo
lution [1]. In healthy individuals, the iron content in the body is deli
cately controlled by sophisticated systems that balance its absorption, 
regulation, utilisation and excretion [2]. Iron deficiency causes anaemia 
and growth arrest, whereas iron overload is toxic because of its redox 
reactivity, which promotes oxidative stress [3]. Hereditary haemo
chromatosis (HH) is the most common genetic iron overload disorder 
among Caucasians; it occurs in approximately one in 200–250 in
dividuals [4,5]. The pathogenesis of HH involves the redox-active and 
toxic process of uncontrolled iron absorption and non-transferrin-bound 
iron (NTBI) accumulation, particularly in the liver [6]. Iron overload 
induces reactive oxygen species (ROS) through the Fenton reaction and 

results in oxidative damage and cell death, ultimately causing liver 
fibrosis, liver cirrhosis and even hepatocellular cancer [7,8]. If left un
treated, HH can also result in multi-organ damage and failure [9]. The 
standard treatment for HH is life-long therapeutic phlebotomy [10]; 
however, it cannot reverse liver cirrhosis and hepatocellular cancer. 
Another drawback is that some patients are intolerant to this treatment 
[9]. Therefore, finding new therapeutic targets involved in iron-related 
pathological processes is essential for treating HH. 

Ferroptosis is a form of regulated cell death marked by the iron- 
dependent accumulation of lipid peroxidase to lethal levels [11]. 
Emerging evidence suggests that ferroptosis is closely associated with 
numerous biological processes, such as the metabolism of iron, amino 
acids and polyunsaturated fatty acids and the biosynthesis of gluta
thione (GSH), NADPH and coenzyme Q10 [12]. Three key processes 
need to occur for iron-dependent death [13]: (1) the accumulation of 
free iron that causes oxidative stress through Fenton catalysis; (2) the 
consumption of the antioxidant GSH, leading to oxidative stress and (3) 
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the accumulation of lipid oxidative damage, resulting in cell membrane 
degeneration. Each process must occur simultaneously in order for 
iron-dependent death to occur. Experimental evidence indicates that 
disruption of any of the above mentioned process would prevent fer
roptosis. Numerous genes have been found to regulate ferroptosis or 
serve as markers for ferroptosis [14]. Glutathione peroxidase 4 (Gpx4) 
[15], ferroptosis suppressor protein 1 (Fsp1) [11,12], solute carrier 
family 7 member 11 (Slc7a11) [16] and nuclear factor erythroid 
2-related factor 2 (Nrf2) [17] function as negative regulators of ferrop
tosis by limiting ROS production and reducing cellular iron uptake. In 
contrast, NADPH oxidase, transferrin receptor 1 (Tfr1), 
prostaglandin-endoperoxide synthase 2 (Ptgs2) and p53 act as positive 
regulators of ferroptosis by promoting ROS production, stimulating iron 
uptake and inhibiting Slc7a11 expression [18,19]. To date, ferroptosis 
has been implicated in multiple pathological cell death process, 
including tissue injury, cancer cell death and neurodegenerative dis
eases [14,20]. Therefore, regulation of ferroptosis has become a 
powerful therapeutic strategy. In addition, the identification of novel 
ferroptosis regulators is crucial to gain a better understanding of fer
roptosis and to develop therapies for ferroptosis-related diseases. 

Fibroblast growth factor 21 (FGF21), an endocrine member of the 
FGF family, plays an important role in glucose and lipid metabolism in 
order to maintain energy balance [21,22]. FGF21 is abundantly 
expressed in the liver, which is the source of more than 80% of circu
lating FGF21 [23]. Recent findings have suggested that intracellular 
stressors, such as autophagy defects, endoplasmic reticulum stress, cal
cium imbalance and mitochondrial dysfunction, can induce FGF21 
expression [24–26]. Many chronic diseases are associated with 
increased intracellular oxidative stress, and FGF21 is considered a novel 
oxidative stress regulator in humans [24,27–29]. Despite the mechanism 
by which FGF21 responds to oxidative stress is still not well understood, 
FGF21 is considered to be an important stress response hormone [30]. 
However, the role of FGF21 in regulating ROS production and ferrop
tosis remains unclear. 

In the present study, we investigated the role of FGF21 in iron 
overload-induced liver injury and fibrosis and found that iron overload 
robustly induced ferroptosis and FGF21 production in vitro and in vivo. 
Interestingly, FGF21 attenuated iron overload-induced ferroptosis by 
promoting HO-1 ubiquitination and inducing NRF2 expression, which 
protected the liver from iron overload-induced liver injury and fibrosis. 

These results indicate that FGF21 is a novel ferroptosis regulator and 
that the activation of the FGF21 pathway may provide an effective 
therapeutic strategy for iron overload-induced ferroptosis-related dis
eases, such as HH. 

2. Materials and methods 

2.1. Animal model 

All experimental protocols were approved by the Institutional Ani
mal Care and Use Committee of the Laboratory Animal Center at 
Sichuan Agricultural University (SICAU-2015-033). In the present study, 
12-week-old C57BL/6J male mice (GemParmatech) were randomly 
divided into two groups with equal body weight (control and iron 
dextran injection groups). The mice in the iron dextran injection group 
were intraperitoneally injected with iron dextran (0.1 mg/g body weight 
per day) for 2 weeks, while those in the control group were injected with 
an equal volume of PBS. 

In the adenovirus-mediated FGF21 over-expression mouse model, 
12-week-old C57BL/6J male mice were divided into four groups: (1) 
EGFP vector overexpression + PBS injection group (n = 10), (2) EGFP 
vector overexpression + iron dextran injection group (n = 10), (3) 
FGF21–EGFP overexpression + PBS injection group (n = 10) and (4) 
FGF21–EGFP overexpression + iron dextran injection group (n = 10). 
The mice were administered PBS and iron dextran by intraperitoneal 
injection for 7 days. 

2.2. Isolation and culture of mouse primary hepatocytes 

Mouse primary hepatocytes were isolated and cultured as described 
[31,32]. Briefly, mouse primary hepatocytes were isolated by type II 
collagenase (Gibco™, 17101015) digestion. Live hepatocytes were 
separated by percoll (Sigma-Aldrich, P1644) centrifugation and then 
were seed on collagen-coated 6-well or 12-well plates. Primary hepa
tocytes were cultured in DMEM culture medium for 24 h and washed 
once with PBS, fresh DMEM cell culture medium was added, and then 
cells were treated with different regents and harvested at the indicated 
time points for analysis. 

2.3. Plasmid construction and cell expression 

Mouse FGF21 cDNA was subcloned by PCR into the BamHI and XhoI 
restriction sites of the vector pcDNA3.1 (+)-myc-His A, and mouse HO-1 
cDNA was subcloned by PCR into the EcoRI and BamHI restriction sites 
of the vector pLVX-Dsred-Monomer-N1. The plasmids were transfected 
into primary hepatocytes using Lipofectamine 3000 reagent (Invitrogen) 
according to the manufacturer’s instructions. 

2.4. Preparation of recombinant adenovirus 

To construct the adenoviral vector for FGF21, the coding sequence of 
mouse FGF21 was amplified by PCR and cloned into the entry vector 
with an EGFP sequence at the 3′ end of FGF21. After sequence confir
mation, the coding sequence was then recombined into the Gateway- 
based pAd-CMV DEST™ vector (Invitrogen) according to the manufac
turer’s instructions. Amplification of recombinant adenovirus was per
formed using HEK 293A cells according to the manufacturer’s 
instructions (Invitrogen). Adenoviruses were purified using the Vir
aBind™ Adenovirus Purification Kit (Cell Biolabs) and quantified using 
the BioRad Protein Assay Kit (BioRad). The titer of the purified virus was 
examined to calculate concentrations of active viral particles. 

2.5. FGF21 and HO-1 knockdown 

siRNAs targeting mouse Fgf21 (sense: UGCUGGAGGACGGUUA
CAAUGTT and antisense: CAUUGUAACCGUCCUCCAGCATT) and Ho-1 

Abbreviation 

ALT alanine transaminase 
AST aspartate transaminase 
FAC ferric citrate 
FGF21 Fibroblast growth factor 21 
FTH/L ferritin heavy/light chain 
GPX4 glutathione peroxidase 4 
GSH glutathione 
HH hereditary hemochromatosis 
HO-1 heme oxygenase 1 
LIP labile iron pool 
MDA malondialdehyde 
Keap1 kelch like ECH associated protein 1 
P62; ROS reactive oxygen species 
NRF2 nuclear factor erythroid 2-related factor 2 
SLC3A2 (CD98) solute carrier family 3 member 2 
SLC7A11 Solute carrier family 7 member 11 
TFR1 transferrin receptor 1 
TIBC total iron binding capacity 
Ub ubiquitin 
UIBC unsaturated iron binding capacity  
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(siRNA-1, sense: AAGACGAGAUAGAGCGCAATT and antisense: 
UUGCGCUCUAUCUCCUCUUTT; siRNA-2, sense: CAACAGUGGCAGU 
GGGAAUTT and antisense: AUUCCCACUGCCACUGUUGTT) and non- 
targeting control siRNA were purchased from Sangon Biotech. The 
siRNAs were transfected into primary hepatocytes using Lipofectamine 
3000 reagent according to the manufacturer’s instructions. 

2.6. Immunoprecipitation (IP) 

For IP experiments, HEK293T cells transfected with plasmids 
expressing Ub-Flag, HO-1–HA, FGF21 or empty vector for 36 h were 
harvested and lysed in lysis buffer. A total of 200 μg of cell lysate was 
incubated with 20 μl of protein A magnetic beads (CST, 73778) and 2.5 
μg of anti-HA antibody (CST, 3724) overnight at 4 ◦C. The samples were 
washed three times with lysis buffer, and bound proteins were eluted by 
heating at 95 ◦C for 5 min in 2 × sample loading buffer and subjected to 
western blot analysis using appropriate antibodies. 

2.7. Measurements of serum iron and tissue non-heme iron contents 

Measurements of serum iron and tissue non-heme iron contents were 
performed as described previously [16]. 

2.8. Liver damage and fibrosis 

Serum glutamic oxaloacetic transaminase (also known as aspartate 
transaminase, AST) and alanine aminotransferase (ALT) levels were 
measured using an automatic biochemistry analyser. Liver sections were 
stained with Sirius red and imaged using a polarised light microscope. 

2.9. qPCR and western blotting 

RNA samples were extracted from tissues or cells using TRIzol re
agent (Invitrogen) according to the manufacturer’s instructions and 
normalized to 1 μg/ul. The reaction solution was configured according 
to the instructions mentioned in the Reverse Transcription Kit (Takara). 
The relative gene expression was calculated using the ΔΔCT method; the 
results were normalized to housekeeping gene Hprt. 

Western blotting were performed as described previously [33] using 
primary antibodies against CD98 (CST, 13180), SLC7A11 (CST, 98051), 
pNRF2 (Abcam, ab76026), NRF2 (Abcam, ab137550), HO-1 (Abcam; 
ab13248), P62 (Abcam, ab56416), GPX4 (Abcam, ab125066), TFR1 
(Abcam, ab84036), Fpn (Abcam, ab78066), FTH/L (Abcam, ab75973) 
and FGF21 (Abcam, ab17194). Primary antibodies were diluted at 
1:1000. HRP conjugated secondary goat anti-rabbit and goat anti-mouse 
antibodies (Santa Cruz, sc-2030 and sc-2031) were diluted at 1:3000. 

2.10. Quantification of ROS and lipid ROS 

For detection of ROS, 50 μM H2DCFDA (Sigma-Aldrich, D6883) was 
incubated with primary hepatocytes for 30 min at 37 ◦C. Lipid ROS was 
monitored by assessing the fluorescence levels upon staining with 5 μM 
CD11-BODIPY (Thermofisher, D3861) for 30 min at 37 ◦C. Subse
quently, the cells were washed three times with PBS and analysed by 
flow cytometry. 

2.11. Measurement of the labile iron pool (LIP) 

LIP was measured as described previously. In brief, primary hepa
tocytes were incubated with 0.05 μM calcein acetoxymethyl ester 
(Sigma-Aldrich, 17783) for 30 min at 37 ◦C. The cells were then washed 
with PBS and incubated with deferiprone (DFO, 100 μM) for 1 h at 37 ◦C 
or left untreated. The cells were analysed using a flow cytometer. The 
difference in the mean cellular fluorescence with and without DFO in
cubation reflected the level of LIP. 

2.12. Measurement of malondialdehyde (MDA) and GSH levels 

The cells were treated as indicated in LIP protocol, and cellular MDA 
and GSH levels were assessed using MDA and GSH assay kits, respec
tively (Beyotime Biotechnology), according to the manufacturer’s 
instructions. 

2.13. Measurement of hydroxyl radical (OH.− ) level 

The tissue hydroxyl radical (OH.− ) level was assessed using OH.−
assay kits (Nanjing Jiancheng Bioengineering Institute, A018-1-1), ac
cording to the manufacturer’s instructions. 

2.14. Measurement of FGF21 level in supernatant 

A total of 50 μl mouse serum or cell culture supernatant was used to 
measure the FGF21 level using the ELISA Kit (Biovendor R & D, E20- 
051) according to the manufacturer’s instructions. 

2.15. Transmission electron microscopy (TEM) 

Transmission electron microscopy was performed using a Tecnai 10 
microscope (FEI, Hillsboro, OR). 

2.16. Statistical analysis 

All data are expressed as the means ± standard errors (S.E.s). Groups 
were compared using unpaired two-tailed Student’s t-test and/or one- 
way analysis of variance (ANOVA). P ≤ 0.05 was considered statisti
cally significant (*P < 0.05, **P < 0.01 and ***P < 0.001). All results 
were plotted using GraphPad Prism 7 software. 

3. Results 

3.1. Iron overload-induced ferroptosis contributes to liver injury and 
fibrosis 

Although iron is an essential micronutrient for almost all organisms, 
its high redox reactivity may be a source of ROS, making iron potentially 
cytotoxic. Iron dextran injection caused body weight loss (Fig. 1A and 
Fig. S1A), and iron accumulation in the liver (Fig. 1B) and spleen 
(Fig. S1B). Compared with the control group, iron metabolism-related 
genes and proteins and haematological parameters were remarkably 
altered in the iron dextran injection group, as evidenced by upregulated 
expression of Hamp1, Fth, Ftl and Fpn and downregulated expression of 
Tfr1 (Fig. 1C and Fig. S1C), increased serum iron concentration and total 
iron binding capacity (TIBC) and decreased unsaturated iron binding 
capacity (UIBC) (Fig. S1D). Moreover, iron dextran injection resulted in 
liver injury (Fig. 1D and E) and fibrosis (Fig. 1F and Fig. S1E). 

Ferroptosis is a form of regulated cell death that is caused by the iron- 
dependent peroxidation of lipids and implicated in the organ pathology. 
In the present study, to gain insight into the potential mechanisms for 
iron overload-induced liver injury and fibrosis, the key genes and 
pathways involved in ferroptosis were examined in the livers of mice 
with iron overload and in primary hepatocytes. The results showed that 
iron overload induced hydroxyl radical (OH.− ), MDA (the product of 
lipid peroxidation) and GSH accumulation in the liver (Fig. 1G–I). In 
addition, iron overload significantly increased the mRNA expression of 
the ferroptosis-related gene Ptgs2 (Fig. 1J). In primary hepatocytes, iron 
overload resulted in cell death (Fig. S2A). This is potentially attributable 
to increased LIP levels (Fig. S2B) and subsequent elevated ROS pro
duction (Fig. S2C) and lipid peroxidation (Figs. S2D and F), which ul
timately causing ferroptosis. Contrary to the in vivo results, iron 
overload slightly decreased the GSH level in primary hepatocytes 
treated with high-dose ferric citrate (FAC) (Fig. S2E). Subsequently, we 
found that iron overload robustly inhibited the phosphorylation of NRF2 
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(a master antioxidant response regulator that drives resistance to fer
roptosis) and decreased the expression level of GPX4 (a ferroptosis 
repressor that provides an antioxidative defence mechanism to prevent 
lipid peroxidation) protein, which may lead to impaired ROS clearance 
ability in primary hepatocytes and in the liver of mice (Fig. 1K and 
Fig. S2G). In contrast, iron overload remarkably upregulated SLC7A11 
and HO-1 protein levels in primary hepatocytes and in the liver of mice 
(Fig. 1K and Fig. S2G). The changes of other ferroptosis associated 
proteins (such as SLC3A2, p62 and Keap1) were not obvious (Fig. 1K and 
Fig. S2G). These results indicate that iron overload induces ferroptosis, 
which may contribute to subsequent liver injury and fibrosis. 

3.2. Iron overload induces FGF21 expression in primary hepatocytes and 
in the liver of mice 

FGF21 is considered to be a factor alleviating oxidative stress. Hence, 
mRNA and protein levels of FGF21 were examined in primary hepato
cytes and in the liver of mice under iron overload conditions. When 
primary hepatocytes were treated with 100 μM or 1000 μM FAC for 24 h, 

mRNA and protein expression levels of FGF21 were dramatically 
increased compared to those in the control group (Fig. 2A–C). Consistent 
with the results of in vitro experiments, iron overload robustly enhanced 
FGF21 protein expression in the livers of iron dextran-injected mice 
(Fig. 2D). 

3.3. FGF21 is a novel ferroptosis regulator and its activation inhibits 
ferroptosis in primary hepatocytes 

To determine the role of FGF21 activation in iron overload-induced 
ferroptosis, FGF21 recombinant protein was added to primary hepato
cytes culture medium supplemented with 1000 μM FAC. FGF21 treat
ment was found to further upregulate mRNA expression of Fpn (iron 
exporter), Fth and Ftl (iron storage proteins) compared to FAC treatment 
alone. Moreover, FGF21 addition rescued the iron overload-induced 
decrease in Nrf2 and Gpx4 mRNA expression (Fig. 2E). Interestingly, 
FGF21 downregulated mRNA expression of ferroptosis-related gene 
Ptgs2, which was induced by iron overload (Fig. 2E). These results 
indicate that FGF21 may suppress ferroptosis by altering cellular iron 

Fig. 1. Iron overload induces liver damage and fibrosis in mice. 
12-week-old C57BL/6J male mice were intraperitoneally injected with Iron dextran (0.1 mg/g body weight per day) or equal volume of PBS for two weeks, serum 
and liver were collected for analyzing the following indexes. (A) The average body weight change of the control and iron dextran injected mice (n = 8 per group). (B) 
Liver nonheme iron concentrations. (C) Western blot analysis of iron metabolism relation proteins (TFR1, Fpn and FTH/L) in control and iron dextran injected mice. 
(D and E) Serum ALT and AST levels in control and iron dextran injected mice (n = 8). (F) The mRNA of hepatic pro-fibrogenic genes (Co11a1, Co13a1, Timp1 and ɑ- 
SMA) in control and iron-dextran injected mice (n = 8). (G to I) Liver OH.-, MDA and GSH content in control and iron dextran injected mice (n = 8). (J) Relative Ptgs2 
(ferroptosis marker gene) mRNA expression in control and iron dextran injected mice liver (n = 8). (K) Expression of ferroptosis related proteins in control and iron 
dextran injected mice liver (n = 4). 
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metabolism and redox balance. The results of flow cytometry (FACS) 
confirmed this finding. In FGF21-treated primary hepatocytes, FGF21 
reduced cellular levels of LIP, ROS, MDA and lipid peroxidation but 
increased GSH, which potentially contribute to attenuation of iron 
overload-induced ferroptosis (Fig. 2F–J). Similar results were found in 
FGF21-over-expressing primary hepatocytes (Fig. S3). FGF21 over- 
expression attenuated high-dose FAC-induced cell death (Fig. S3A). In 
addition, FGF21 over-expression similarly deceased cellular levels of 
LIP, ROS, MDA and CD11-BODIPY but increased the GSH level in FAC- 
treated primary hepatocytes when compared to treatment with recom
binant FGF21 protein (Figs. S3B–F). Furthermore, FGF21 significantly 
inhibited iron overload-induced HO-1 protein expression and increased 
FTH/L protein expression under iron overload conditions. FGF21 over- 
expression also upregulated NRF2 and SLC7A11 protein levels in pri
mary hepatocytes with or without FAC treatment (Fig. S3G). These 

results suggest that FGF21 can regulate iron-dependent cell death (fer
roptosis). The results of transmission electron microscopy also con
formed this conclusion. Compared to control hepatocytes, FAC-treated 
hepatocytes had smaller, ruptured mitochondria. FAC-induced mito
chondria damage and morphological changes can be completely rescued 
by FGF21 treatment (Fig. 2K). 

To further clarify the role of FGF21 in iron overload-induced fer
roptosis, FGF21 was knocked down in primary hepatocytes using FGF21 
siRNA (Fig. 3A). In contrast to recombinant FGF21 protein treatment or 
adenovirus-mediated FGF21 over-expression, FGF21 knockdown 
significantly impaired cell viability (Fig. 3B) and dramatically increased 
cellular levels of LIP, ROS and C11-BODIPY (Fig. 3C–E). FGF21 knock
down also inhibited NRF2 phosphorylation and protein expression of 
NRF2 and GPX4. In contrast, FGF21 knockdown robustly increased HO- 
1 protein expression (Fig. 3F). FGF21-knockdown primary hepatocytes 

Fig. 2. Iron overload robustly enhances FGF21 expression in primary hepatocytes and in the liver of mice. 
Primary hepatocytes were treated with 100 or 1000 μM FAC for 24 h (A to C) Fgf21 mRNA, supernatant FGF21 concentration and FGF21 protein levels were detected 
in primary hepatocytes following treatment (n = 4 per group). (D) FGF21 protein levels were detected in the liver of FAC and iron dextran injected mice (n = 8). (E) 
qRT-PCR analysis of iron metabolism and ferroptosis related gene expression in FAC (1000 μM) and/or FGF21 (200 ng/ml) recombinant protein treated primary 
hepatocytes (n = 4). (F to J) The LIP, ROS, MDA, GSH and CD11-BODIPY levels were detected in FAC (1000 μM) and/or FGF21 (200 ng/ml) recombinant protein 
treated primary hepatocytes (n = 4). (K) Transmission electron microscopy of primary hepatocytes treated with FAC (1000 μM) and/or FGF21 (200 ng/ml) re
combinant protein for 24 h. Single white arrowheads: shrunken mitochondria. 
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were subsequently treated with 1000 μМ FAC for 24 h and ferroptosis 
was found to increase in FGF21 knock down cells compared to control 
cells (Fig. 3G and H). The HO-1 protein level was further increased by 
FAC treatment. However, FAC addition decreased FTH/L protein 
expression in FGF21-knockdown primary hepatocytes (Fig. 3I). Taken 
together, these results indicate that FGF21 is a novel ferroptosis 
suppressor. 

3.4. Recombinant FGF21 protein rescues FGF21 knockdown-induced 
ferroptosis 

Next, exogenous FGF21 treatment was applied to investigate 
whether it could attenuate FGF21 knockdown-induced ferroptosis. 
FGF21-knockdown primary hepatocytes were treated with 200 ng/ml 
FGF21 recombinant protein for 24 h, followed by ferroptosis assessment 
through measurement of LIP, ROS and lipid peroxidation (C11-BODIPY) 
levels. As expected, exogenous FGF21 treatment completely rescued 

FGF21 knockdown-induced ferroptosis and decreased cellular levels of 
LIP, ROS, lipid peroxidation, and MDA but increased GSH (Fig. 4A–E). 
Consistent with our previous findings, FGF21 treatment increased NRF2 
phosphorylation and the total NRF2 protein level in both normal and 
FGF21-knockdown primary hepatocytes. Interestingly, exogenous 
FGF21 treatment could reverse the increase of the HO-1 protein level 
observed in FGF21-knockdown primary hepatocytes (Fig. 4F). However, 
the changes of other ferroptosis associated proteins (such as SLC3A2, 
p62 and Keap1) were not obvious (Fig. 4F). 

3.5. FGF21 over-expression protects mice from iron overload-induced 
liver injury and fibrosis by inhibiting ferroptosis 

To further clarify the role of FGF21 in iron overload-induced fer
roptosis, a mouse model over-expressing FGF21 in the liver was con
structed by using a recombinant adenovirus expression system. 
Compared to the control group, the Fgf21 mRNA level showed an 

Fig. 3. FGF21 knockdown induces oxidative stress and worsen iron overload induced ferroptosis. 
Fgf21 was knocked down in primary hepatocytes using Fgf21 siRNA, followed by treatment with or without FAC (1000 μM) for 24 h. (A) qRT-PCR analysis of Fgf21 
mRNA expression in primary hepatocytes treated with control siRNA or Fgf21 siRNA. (B to E) Cell viability, LIP, ROS and CD11-BODIPY levels in the cells (n = 4). (F) 
Iron metabolism and ferroptosis related proteins levels in the cells (n = 3). (G–I) Cell viability, C11-BODIPY levels, and iron metabolism and ferroptosis related 
proteins expression in above primary hepatocytes treated with vehicle (mock) or 1000uM FAC. 
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approximately 80-fold increase in the livers of FGF21-overexpressing 
mice (Fig. 5A). FGF21 over-expression attenuated iron overload- 
induced body weight loss (Fig. 5B). Unexpectedly, compared to the 
EGFP control group mice which were administered with PBS, the serum 
and liver iron contents were decreased in the mice with hepatic FGF21 
overexpression (Fig. S4A and Fig. 5C). Assessment of the Hamp1 mRNA 
level (Fig. S4B) and TFR1 protein level (Fig. 5I) also revealed that FGF21 
over-expression improved iron metabolism in WT mice. However, the 
difference in iron metabolism between WT and FGF21-over-expressing 
mice disappeared after iron dextran administration (Fig. 5C and 
Fig. S4). Subsequently, FGF21 over-expression was found to decrease 
serum ALT and AST levels (Fig. 5D and E) and attenuate liver injury and 
fibrosis in mice overloaded with iron (Fig. 5F and Fig. S4D). In addition, 
FGF21 over-expression inhibited the gene expression of Ptsg2 (a marker 
of ferroptosis) (Fig. S4C). FGF21 over-expression also reduced hepatic 
OH.− and MDA levels under iron overload conditions (Fig. 5 G and H). 
Furthermore, FGF21 over-expression in the liver decreased HO-1 
expression and increased FTH/L expression in PBS-administered mice 
(Fig. 5I). These results suggest that FGF21 over-expression can protect 
mice from developing iron overload-induced liver injury and fibrosis by 
inhibiting ferroptosis in WT mice. 

3.6. FGF21 attenuates ferroptosis by promoting HO-1 ubiquitination and 
degradation 

In general, HO-1 exhibits cytoprotective effects against various 
stress-related conditions. However, increasing evidence has shown that 
HO-1 acts as a critical mediator in the induction of ferroptosis and is 

responsible for the progression of several diseases [34,35]. To elucidate 
the role of FGF21-mediated HO-1 inhibition in the protection of fer
roptosis in hepatocytes, primary hepatocytes were transfected with a 
plasmid expressing HO-1 (Fig. 6A). HO-1 over-expression was found to 
increase cell death and cellular levels of LIP, ROS and lipid peroxidation 
(Fig. 6B–E). Consistent with this observation, HO-1 knockdown 
decreased cell death (ferroptosis) and cellular levels of LIP, ROS, and 
lipid peroxidation in primary hepatocytes (Fig. 6F–J) even under iron 
overload. These results indicate that HO-1 is an activator of ferroptosis 
in hepatocytes. 

To reveal the potential mechanism by which FGF21 regulates HO-1 
protein levels, Ho-1 mRNA expression levels were analysed in the 
livers of FGF21-overexpressing mice (Fig. 7A) and FGF21-treated pri
mary hepatocytes (Fig. 7B). FGF21 did not change Ho-1 mRNA expres
sion levels, indicating that FGF21 inhibits HO-1 expression in a 
transcription-independent manner. Next, cloheximide (CHX, a chemi
cal protein synthesis inhibitor) was used to assess the transcription- 
independent mechanism underlying FGF21-mediated reduction of HO- 
1 protein expression. FGF21 was found to affect HO-1 protein stability 
and FGF21 treatment shortened the half-life of HO-1, thereby acceler
ating its degradation (Fig. 7C). Subsequently, FGF21 was also found to 
promote HO-1 ubiquitination (a post-translational modification, regu
lates a diverse range of proteins degradation). Compared with the vector 
control, FGF21 over-expression increased the ubiquitination of HA- 
tagged HO-1 protein in HEK293T cells (Fig. 7D). This provides a good 
explanation for FGF2-mediated HO-1 degradation. In addition, we used 
MG132 (a proteasome inhibitors) to treat hepatocytes and found that 
lower ubiquitination was responsible for HO-1 accumulation under iron 

Fig. 4. Exogenous FGF21 rescues FGF21 knockdown-mediated ferroptosis. 
Fgf21 was knocked down in the primary hepatocytes, followed by mock treatment or treatment with 200 ng/ml recombinant FGF21 for 24 h (A to E) Levels of LIP, 
ROS, GSH, MDA and C11-BODIPY in the cells (n = 4). (F) Iron metabolism and ferroptosis related proteins expression in the cells (n = 3). 
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overload (Fig. S5). Collectively, these findings indicate that FGF21 at
tenuates iron overload-induced ferroptosis by promoting HO-1 ubiq
uitination and degradation. 

4. Discussion 

Diseases associated with iron deficiency or iron overload affect a 
large fraction of the world’s population [36]. HH is a typical iron 
overload disease that involves uncontrolled iron absorption and iron 
overload in tissues, particularly in the liver [37]. As iron homeostasis 
needs to be strictly regulated in order to maintain health, it is not sur
prising that the disruption of iron balance results in various diseases, 
including HH [38]. We constructed an HH iron overload model by 

injecting iron dextran into WT mice and found that redox imbalance and 
lipid peroxidation induced by iron overload contribute to liver damage 
and fibrosis [16]. Increased ROS production due to iron overload causes 
apoptosis and autophagy; this has been suggested to be a major patho
genic mechanism underlying HH-associated complications, including 
liver fibrosis and cirrhosis [16,39]. However, this mechanism only 
partly explains the clinical observation in individuals with more serious 
complications. 

Recently, ferroptosis has been implicated in multiple pathological 
cell death processes, including tissue injury, cancer cell death and 
neurodegenerative diseases [20,40]. Iron overload induced ferroptosis is 
associated with type 2 HH. Notably, high levels of iron overload serve as 
a driving factor in the induction of ferroptosis, as Hfe− /− mice with 

Fig. 5. FGF21 overexpression protects against iron overload-induced liver damage and fibrosis in mice. 
C57/BL6 male mice were intravenously injected with AdEGFP or AdFGF21-EGFP. Two days later, mice were IP injected with PBS or iron dextran (0.1 mg/g body 
weight per day) daily for 7 days. Mice were sacrificed on day 7, and serum and liver were harvested. (A) Fgf21 mRNA levels in the liver (n = 10). (B) The body weight 
graph (n = 10). (C) Hepatic iron concentrations (n = 10). (D and E) Serum ALT and AST levels (n = 10). (F) The mRNA of hepatic pro-fibrogenic genes ɑ-SMA (n =
10). (G and H) Hepatic OH.- and MDA levels. (I) Iron metabolism and ferroptosis related protein expression in the liver. 
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moderate iron overload have not been found to develop hepatic fer
roptosis. However, serious hepatic ferroptosis has been observed in 
Hfe− /− mice fed on a high-iron diet [16]. In our HH iron overload mouse 
model, continuous iron dextran injection induced a 10-fold iron over
load in the liver, which triggered severe hepatic ferroptosis (the level of 
the ferroptosis-related gene Ptsg2 was significantly up-regulated in the 
liver of mice with iron overload). In addition, the protein level of GPX4, 
a ferroptosis regulator that uses GSH to eliminate membrane phospho
lipid hydroperoxides in order to suppress ferroptosis [15], was 
dramatically decreased in the livers of mice with iron overload and in 
primary hepatocytes treated with FAC. Although GSH level was elevated 
in the livers of mice with iron overload, the loss of GPX4 could not 
effectively attenuate ROS-induced lipid peroxidation in these mice. The 
increase of the GSH level may be the result of the compensatory 
up-regulation of the expression of Slc7a11. Slc7a11 is a major compo
nent of the glutamate/cystine antiporter system xc− , which regulates the 
downstream synthesis of GSH, a key antioxidant that scavenges lipid 
peroxides and suppresses ferroptosis [19]. In order to eliminate the 
detrimental effects of iron overload-induced ROS, more cysteine is 
transported into cells by Slc7a11 to synthesize GSH. Consistent with 
previous findings, we found that iron overload could continuously in
crease the expression of Slc7a11 through the ROS–NRF2–ARE axis. 
Moreover, iron overload significantly inhibited the phosphorylation of 
NRF2, which is a master antioxidant response regulator, as many of its 
downstream target genes are involved in preventing or correcting redox 
imbalances in cells [41]. This could be another reason for iron 
overload-induced ferroptosis. As GPX4 is an established NRF2 tran
scriptional target [17], the NRF2–GPX4 pathway could provide poten
tial therapeutic targets for iron overload-induced ferroptosis-related 
diseases, such as HH. 

Notably, iron overload increases the expression of another NRF2 
downstream target gene, Ho-1, in primary hepatocytes and in the liver of 
mice. Under normal conditions, high HO-1 expression helps to attenuate 
redox stress [35,42]; however, continuous HO-1 up-regulation can also 
trigger ferroptosis [34,43]. HO-1 catalyzes the conversion of heme into 
Fe2+, carbon monoxide and biliverdin. Excessive Fe2+ accumulation in 
cells is the direct cause for ferroptosis [44]. These results indicate that 

the dual role of HO-1 in ferroptosis regulation may depend on different 
pathological conditions. In the present study, we found that iron over
load continued to increase HO-1 expression (approximately 500-fold 
up-regulation was noted in the livers of mice with iron overload), pro
moting ferroptosis in hepatocytes. Consistently, the inhibition of HO-1 
expression decreased ferroptosis in the liver and mitigated liver injury 
and fibrosis. Constitutive HO-1 activation could further aggravate iron 
overload-induced ferroptosis in hepatocytes, particularly when NRF2 
and GPX4 are inactive. Therefore, constant HO-1 elevation could be an 
explanation for iron overload-induced ferroptosis. 

FGF21 is considered as a novel oxidative stress regulator in humans 
and rodents [29]. It can attenuate pulmonary and cardiac fibrogenesis 
by ameliorating oxidative stress in vivo and in vitro [28,45]. In our HH 
iron overload mouse model, we found that iron treatment robustly in
creases mRNA and protein expression of FGF21 in primary hepatocytes 
and in the liver of mice. Iron overload-induced ROS may account for the 
increase of FGF21 in the livers of mice and in primary hepatocytes, as 
both pathological stress and intracellular disturbances are associated 
with increased FGF21 expression [46,47]. In fact, FGF21 has been 
considered as an early predictor of numerous liver diseases, such as 
acute-on-chronic liver failure [48]. In general, serum FGF21 levels are 
up-regulated in these patients, probably to attenuate the inflicted 
damage [49,50]. Thus, FGF21 can be considered as a biomarker of iron 
overload-induced liver diseases. 

We found that increased FGF21 levels can attenuate iron overload- 
induced liver injury and fibrosis. Iron overload induces FGF21 expres
sion, which in turn ameliorates iron overload-induced oxidative dam
age. This finding supports the concept that FGF21 is an oxidative stress 
regulator [29]. Interestingly, ferroptosis was suppressed in hepatocytes 
and the liver of mice following FGF21 treatment or over-expression. This 
suggests that FGF21 is a novel ferroptosis suppressor. Considering our 
previous finding that ferroptosis contributes to iron overload-induced 
liver injury and fibrosis, it is reasonable to conclude that FGF21 can 
attenuate iron overload-induced liver injury and fibrosis. FGF21 is an 
endocrine hormone that plays an important role in glucose and lipid 
metabolism and in energy balance [51]. Although FGF21 is known to 
regulate cell development, proliferation, pyroptosis and autophagy 

Fig. 6. HO-1 activation contributes to iron overload-induced ferroptosis. 
Primary hepatocytes were transfected with HO-1 plasmid or Ho-1 siRNA for 36 h. (A) Western blot analysis of HO-1 expression in HO-1 over-expression primary 
hepatocytes. (B to E) Cell viability, LIP, ROS, and CD11-BODIPY in HO-1 over expression primary hepatocytes vs control cells (n = 4). (F) Western blot analysis of 
HO-1 expression in HO-1 knock down primary hepatocytes. (G to J) Cell viability, LIP, ROS, and C11-BODIPY in Ho-1 knock down primary hepatocytes (n = 4). 
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[52–56], it has rarely been reported to regulate ferroptosis. Thus, the 
present finding further confirms that FGF21 is a cell death regulator. 

Next, we found that FGF21 treatment up-regulates total and phos
phorylated levels of NRF2 and the expression of its downstream target 
genes, Gpx4, Slac7a11, Ftl and Fth. FGF21 improves the body’s antiox
idant capacity and GSH synthesis ability by increasing GPX4 and Slc7a11 
expression levels, which reduce lipid peroxidation. Similar results have 
been reported in atherosclerotic rats. FGF21 attenuates inflammation 
and oxidative stress in atherosclerotic rats by enhancing the NRF2–ARE 
signalling pathway [57]. In addition, FGF21 treatment promotes the 
expression of Ftl, Fth and Fpn genes, which can significantly reduce the 
intracellular content of free iron. It is very important for decreasing ROS 
production. These results are in agreement with previous findings that 
FGF21 can attenuate inflammation and oxidative stress. Thus, reducing 
either the free iron content or lipid peroxidation can help to suppress 
ferroptosis. However, the molecular mechanism by which FGF21 in
duces NRF2 and FH/L expression requires further investigation. 

Finally, FGF21 treatment or over-expression inhibits HO-1 expres
sion, which increases ferroptosis in primary hepatocytes and in the liver 
of mice. The molecular mechanism underlying FGF21- repressed HO-1 
expression is through promoting HO-1 ubiquitination, which acceler
ates HO-1 degradation and subsequently decreases the conversion of 

heme to Fe2+, and ultimately suppresses ferroptosis. Therefore, poten
tial therapeutic targets could arise from the FGF21–HO-1 pathway for 
treating iron overload-induced ferroptosis-related diseases, such as HH. 

5. Conclusion 

Collectively, the present study suggests that constitutive HO-1 acti
vation is a novel mediator for iron overload-induced ferroptosis in he
patocytes, and FGF21 could protect hepatocytes from developing iron 
overload-induced ferroptosis by stimulating HO-1 ubiquitination and 
subsequent degradation (Fig. 7E). These findings indicate that the 
FGF21–HO-1 pathway could be targeted for treating iron overload- 
induced ferroptosis-related diseases, particularly HH. 
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