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Research Progress on Ferroptosis as a Therapeutic Strategy in Renal Cell Carcinoma 

Abstract 
Renal cell carcinoma (RCC) is a common type of kidney cancer in adults and constitutes 
approximately 90% of all renal malignancies. Although advancements have been made in the 
treatment of RCC, the 5 -year survival rate is still low, and new treatment modalities are still 
required. Ferroptosis is an iron-dependent programmed cell death caused by the accumulation 
of lipid peroxide products. Recent studies revealed the involvement of ferroptosis metabolism, 
lipid peroxidation, and System XC-GSH-GPX4 shafts as major mechanisms closely related 
to RCC progression. Nanoparticles in combination with small molecular ferroptosis induction 
agents have the advantages of solubility, targeted enhancement, low systemic toxicity, 
controllable drug control, and synergy advantage in emerging combination therapies. In the 
future, it is possible to be used in nano treatment. The relationship between ferroptosis-related 
mechanisms and RCC progression and its role in the treatment could provide novel treatment 
strategies for patients with advance-stage RCC.
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Introduction

Renal cell carcinoma (RCC) is the most common type of kidney 
cancer in adults. RCC incidence is second only to prostate and 
bladder cancers with 4.01% and 28.48% frequency of all adult 
urologic tumors [1, 2]. Approximately, 17% of patients diagnosed 
with late-stage disease show the presence of distant-site metastasis 
during diagnosis [2]. The average 5-year survival rate of RCC 
patient is up to 74%, whereas the prognosis of patients with 
advanced RCC is particularly poor, with only 8% of average 5-year 
survival rate [3, 4]. At present, some progress has been made 
towards the advancement of targeted immunotherapy in patients 
with advanced RCC, but the treatment effect and development of 
resistance is still high in these patients [5, 6]. 
  Ferroptosis is a regulatable cell death method caused by the 
accumulation of lipid peroxidation products. The core mechanics 
is cell damage caused by iron overload and lipid peroxidation 
[7]. Iron overload can lead to the abnormal activation of the 
mitochondrial oxidative phosphorylation and the oxidative stress 
produces high levels of ROS during ATP production. High 
oxidative stress develops an unbalance between ROS production 
and the antioxidant system oxidizing unsaturated fatty acids on the 
cell membrane, forming lipid peroxides, and directly or indirectly 
altering cellular function and damaging cell structure referred as 
ferroptosis, a process of cell death. Ferroptosis is tightly related to 
GSH metabolism, iron metabolism, and lipid peroxidation. Some 
functional proteins such as transferrin receptor 1 (TFR1), ferritin, 
cystine/glutamic acid reverse transporter (system Xc-), glutathione 
peroxidase 4 (GPX4), and lipoxygenase (LOX) are involved in the 
occurrence of ferroptosis [8].
  In fact, tumor cells are more sensitive to ferroptosis than normal 
cells, especially renal tumor cells [9]. Therefore, it is possible that 
ferroptosis may be developed as a new strategy for the treatment 
of advanced RCC. This review presents the role of ferroptosis in 
RCC progression and its treatment, providing novel strategies to 
advance RCC therapeutics.

Ferroptosis-related mechanism(s) and RCC progression

Iron metabolism

Iron is a transitional metal abundantly present and indispensable 
trace element in the human body, which participates in numerous 
important physiological and biochemical functions, including 
cell division, DNA repair and death [10]. Iron overload is the 
main source of active oxygen, a key participation factor for 
ferroptosis, and emerging studies have shown that iron overload is 
closely related to RCC occurrence, especially clear cell renal cell 
carcinoma (ccRCC). These functional proteins participate in iron 
metabolism, including ferritin light chains (FTL), ferritin heavy 
chain (FTH1), ferritin transfer protein (FPN), transferrin receptor 
1 (TFR1) during iron intake, and iron regulating proteins 1, 2 
(IRP1/2 ) [11-13]. Schnetz et al. discovered that iron metabolism-
related genes were significantly increased in RCC especially in 
the ccRCC tumors [14]. The expression of FTL, FTH1, TFR1, and 
IRP1/2 protein in the ccRCC association was higher, while FPN 
protein expression decreased as a result of the accumulation of iron 
in cancer cells. However, iron overload did not cause ferroptosis, 
but promoted RCC development. FTH1 has the activity of ferrous 
oxidase, which can be converted to Fe2+ into Fe3+. The latter 
combined with FTL can effectively reduce the toxicity of Fe2+ 
in the cell which produces hydroxyl radicals that can damage 
cellular DNA, lipids, and proteins causing ferroptosis [15]. 
Nuclear Auxiliary Activation Factor 4 (NCOA4) is an autophagy 
component involved in the ferritinophagy [16, 17]. The TCGA 
database analysis show that the NCOA4 -related gene is closely 

related to the malignant grade of renal cancer and TNM staging. 
Research show that NCOA4 is the receptor of autophagy-related 
gene autophagy-related protein 5 (ATG5) and ATG7. NCOA4 , 
ATG5 and ATG7 can promote ferritinophagy, thereby reducing the 
intracellular iron protein content, raising the intracellular ferrous 
iron concentration, promoting ferroptosis of cancer cell, indicating 
that ATG5-OTG7-NCOA4 autophagy pathway may be a new 
target for the treatment of kidney cancer [18, 19]. 
  Figure 1 shows the molecular basis of ferroptosis and the 
strategies for therapeutic induction of ferroptosis.

Lipid oxidation

Lipid peroxidation is one of the main characteristics that drives 
cell ferroptosis [20]. However, even if ccRCC cells are rich in fat, 
but it did not cause ferroptosis. The proportion of lipid components 
in lipid droplets is different, and polyunsaturated fatty acids 
(PUFAs), especially pentanoic acid, and 22 carbonic acid in the 
process of ferroptosis [21, 22]. In the ccRCC tissue, the hypoxic 
induction factor 2α (HIF-2α) can selectively enrich PUFAs through 
the hypoxia-induced, lipid droplet-associated protein (HILPDA). 
ccRCC is not only more sensitive to ferroptosis than normal 
renal cells, but the PUFAs content of ccRCC cells increases with 
higher cancer stages [23]. It can be seen that the HIF-2α- HILPDA 
shaft is expected to be a new way to treat advanced renal cancer. 
However, in some ccRCC cells (FR1 and FR2 cells in the 786-
O series), even in cells with high PUFAs content, it does not 
show increased sensitivity to ferroptosis [23]. Studies by Zou et 
al. [23] found that PUFA-ePLs can promote ferroptosis evasion. 
PUFA-ePLs synthesis is related with alkylglycerone phosphate 
synthase (AGPS) jn peroxysome, fatty acyl-CoA reductase 
1 (FAR1), glyceronephosphate oacyltransferase (GNPAT), 
1-acylglycerol-3- phosphate O-acyltransferase 3 (AGPAT 3) in 
endoplamic reticulum, plasmanylethanolamine desaturase 1 
(PEDS1) in the plasma. FR1 and FR2 cells can reduce the level 
of PUFA-ePLS through spontaneous downregulation of AGPS, 
thereby reducing the sensitivity of cancer cells to ferroptosis, and 
promoting proliferation and metastasis of cancer cells. Therefore, 
it can be used as a treatment strategy for the cancer cells non 
-sensitive to ferroptosis by regulating AGPS expression. Nuclear 
factor erythroid2-related factor 2 (Nrf2) is Solute Carrier Family 
7 Member 11(SLC7A11) closely related to ferroptosis. The key 
regulatory factors of oxidation reactions can prevent cells from 
being damaged by lipid peroxidation products of 4-hydroxyl-
2-ethylene and Cyrum aldehyde, to inhibit the occurrence of 
ferroptosis. Studies shows that the expression of Nrf2 and its 
pathway is related to renal cancer grading, staging, and resistance 
to targeting drugs and poor prognosis [24-27]. Therefore, Nrf2 
can be used as a potential target for future treatment of advanced 
renal cancer. However, the current researches on Nrf2 inhibitors 
for kidney cancer is particularly lacking. Currently discovered 
Nrf2 inhibitors include clobetasol propionate in the study of 
lung cancer and trigonelline in head-neck cancer research. These 
two compounds can enhance the sensitivity of tumor cells to 
ferroptosis [28]. Clobetasol propionate or trigonelline used in 
renal cancer has similar effects, however it still needs to be further 
discussed.

System Xc--GSH-GPX4

System Xc- can transfer the extracellular cystine into intra-cell and 
the intracellular glutamate outside, in the progress to synthesize 
glutathione (GSH). GPX4 can neutralize lipid peroxidation by 
reactive oxygen with the help of GSH to inhibit cell ferroptosis. 
Xu et al. [29] found that SLC7A11 is expressed at higher levels in 
the kidney cancer tissue compared with normal kidney tissue. It 
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also inhibit ferroptosis, promote kidney cancer cell proliferation, 
migration, and invasion by promoting GPX4 expression, 
indicating that SLC7A11 is a putative target in the prevention of 
kidney cancer to metastatic stage. As an important antioxidant 
in the cell, GSH can neutralize lipid peroxide products. The 
γ-glutamyltransferase (GGT1) can catalyze the extracellular GSH 
lysis, providing cysteine for GSH generated in the cell, and is a part 
of the GSH salvage pathway [30]. Bansal et al. [31] demonstrate 
that GGT1 levels in the ccRCC cell line (786-O and RCC10) 
increased significantly, and GGT1 could prevent tumor cell from 
lipid peroxidation to ferroptosis by promoting GSH synthesis 
facilitating tumor cell proliferation and metastasis. Studies shows 
that there were less adverse reactions and good curative effects 
in GGT1 inhibitors viz. OU749 which can be used as a new 
potential method for the treatment of ccRCC [32]. Kruppel-like 
Factor 2 (KLF2) is one of the Kruppel-like transcription factor 
members, characterized by DNA binding domains containing 
zinc fingers. Recent research reveals that KLF2 participates in the 
development of various tumors such as liver cancer, kidney cancer, 

prostate cancer etc. [33-35]. There is a significant correlation 
between downregulation of KLF2 expression levels and ccRCCs 
TNM staging. It was significantly shortened that the overall 
survival and metastasis-free survival of ccRCC patients with low 
KLF2 expression. There was smaller lung metastases and fewer 
quantities with KLF2. Further studies suggest that KLF2 can be 
combined with GPX4 promoter in ccRCC, to downregulate the 
expression of GPX4, which prevent ccRCC cells from ferroptosis, 
and promote tumor metastasis [36]. Therefore, the System Xc--
GSH-GPX4 shaft plays an important role in the development of 
kidney cancer. It is a new strategy to utilize ferroptosis to treat 
kidney cancer including drug-resistant kidney cancer in the future.

Ferroptosis and RCC treatment

Ferroptosis is an emerging cancer inhibitory strategy while how 
to rapidly screen RCC patients for their sensitivity to ferroptosis 
remains a challenge. 18 F-TRX-PET can be used to predict the 
sensitivity of tumors for iron targeted therapy, but its cost in 

Figure 1. The molecular basis of ferroptosis and the strategies for therapeutic induction of ferroptosis. System Xc- inhibitors: PE, 
piperazineerastin; IKE, Imidazole ketone erastin; erastin; cyst(e)inase; sulfasalazine; sorafenib. GPX4 inhibitors: RSL3/ML 162, ML210/JKE-
1674, altretamine, DPIs, withaferin A. Other ferroptosis inducers: FINO2, Artesunate, FIN56. TFR1, transferrin receptor 1; NCOA4, Nuclear 
Auxiliary Activation Factor 4; PUFAS, polyunsaturated fatty acids; GSH, glutathione; GPX4,  glutathione peroxidase 4; TFR1, transferrin 
receptor 1; TF: transferrin.
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clinical diagnosis and treatment is high, limiting its clinical 
application [37]. In situ detection technology can detect the 
sensitivity of tumor tissue to ferroptosis. This technology uses 
high-power laser to induce cells or tissue samples to lipid oxidation 
in local acyl group of PUFAs, and displayed the sensitivity of cells 
or tissue to ferroptosis induction in situ. [38]. Therefore, in-situ 
detection is a low cost and convenient operation technology. It is 
expected to perform the rapid grading of ferroptosis sensitivity 
in cancer patients and accelerate the development of targeting 
anticancer treatment under ferroptosis.

Immunotherapy for ferroptosis and ccRCC

As the mechanism of ferroptosis is continuing to emerge, 
more research suggests that ferroptosis is closely related to 
tumor microenvironment. NCOA4 is an autophagy component 
participating in ferritin FTH1 and FTL autophagy. It can degrade 
ferritin, release ferrous, and promote cell ferroptosis. However, 
NCOA4 is generally low levels in the ccRCC tissue. Hu et al. 
[39] found that iron metabolic-related protein FTH1 and FTL 
expression levels were elevated in most of solid tumor tissues, and 
was also related to the regulated T cells (TREG) and tumor-related 
macrophages (TAMS), especially M2 macroscopic cells thru the 
analysis of the TCGA database. Studies shows that the iron derived 
from M2 macrophages among TAMS can be output through FPN 
and secrete an iron transfer protein lipocalin-2 (LCN-2) as an iron 
carrier to transport iron into ccRCC cells to promote ccRCC cell 
proliferation. This is positively related to poor prognosis [14, 40, 
41]. Treg cells are the main factor for creating immunosurable 
tumor microenvironment. Treg cells infiltration in tumor is related 
to higher pathological stages and poor prognosis in ccRCC [42]. 
Therefore, NCOA4 is the key element of ferroptosis and related 
immunotherapy. Researches shows that ferroptosis-related gene 
CARS is a potential immunohistic-related ferroptosis regulator. 
High CARS expression is associated with poor prognosis and 
also positive correlation with PD-L1 expression in ccRCC, which 
suggests that CARS is a treatment target [43]. The above researches 
show that the iron metabolism and related genes in ferroptosis may 
become one of breakthrough points of ccRCC immunotherapy.

Ferroptosis and targeted therapy of ccRCC

Targeted therapy as a first-line treatment for ccRCC demonstrate 
optimal therapeutic effects the in clinic. However, along with the 
continuous application of targeted drugs, some patients experience 
drug resistance. As a newly discovered regulatory cell death, 
ferroptosis plays an important role in the progress of kidney 
cancer. In the past, more researches reminded ferroptosis and 
iron metabolism disorders, but recent studies show that there are 
similar effects of zinc compared to iron during ferroptosis [44]. 
The transfer between organelles and cytoplasm is through the 
SLC39 family (ZIP) or the transfer protein in the SLC30 (ZNT) 
family, of which ZIP7 and zinc participated in cell ferroptosis; 
decreased expression of ZIP7 in RCC4 cells can avoid the 
ferroptosis induced by ERASTIN, but complementary ZnCL 2 is 
to eliminate this protective effect. It is known that ZIP7 can also 
be used as a potential treatment target for ccRCC [44]. There are 
many sub-cell lines in the ccRCC lump with different sensitivity 
to ferroptosis. It is still a problem to be solved that how to improve 
the sensitivity of various cell lines to ferroptosis, which is possible 
to improve the efficacy of ferroptosis induction agents. Studies 
show that ferroptosis is much affected by cell density and fusion. 
Among them, the cell density affects the sensitivity of cells 
through the HIPPO pathway. Further studies suggest that there 
are two mutually compensated downstream molecular paths 
that YES related protein (YAP)-S-stage kinase-related protein 2 

(SKP2) and containing WW domains transcriptional regulatory 
factor 1 (TAZ)-epithelial membrane protein 1 (EMP1) -Tiamide 
gonadotropinic phosphate 4 ( NOX4), while TAZ is mainly paths 
in kidney cancer cells [44, 45]. NOX4 can produce and accumulate 
hypoxides and hydrogen peroxide, thereby promoting lipid 
peroxidation and ferroptosis. Moisture SKP2 can promote the 
expression of sulinic acid kinase and rotor protein receptor mRNA, 
which helps ferroptosis [46]. The HIPPO pathway mainly involved 
in regulating ferroptosis through SKP2 and NOX4 provides new 
idea for ccRCC treatment.

Ferroptosis and nano-treatment of ccRCC

With the development of materials science, more and more studies 
suggest that nanoparticles can induce ferroptosis including lung 
cancer, breast cancer, liver cancer and other tumor cells [47, 48]. 
Nanoparticles in combination with small molecular ferroptosis 
induction agents have the advantages of solubility, targeted 
enhancement, low systemic toxicity, controllable drug control, 
and synergy advantage in emerging combination therapies [49]. 
A recent study found that 1 H-general fluorinetane (1 H-PFP) 
nanomoter (GBP @ FE3 O 4) in 786-O cells can trigger the 
heat-guided ferroptosis, under the laser of 808 nm, the local 
medium heat (45 °C) triggered the liquid-pFP liquid-gaseous 
transformation, resulting in the rapid release of the Fe3O4-
nanometer particles. In the tumor microenvironment, a large 
amount of active oxygen is generated through Fanton's reaction. 
At the same time, thermal stress reduces the synthesis of GSH, 
inhibits the antioxidant response of tumor cells, and further 
aggravates the damage caused by active oxygen. Tumor cells 
undergo lipid metabolic reprogramming and produce large 
amounts of lipid peroxides, which eventually lead to tumor-specific 
ferroptosis [50, 51]. It is speculated that the nanotechnology will 
be a very important potential method to treat ccRCC in the future, 
even if it is still in the basic research stage. The related clinical 
research is less and their safety needs to be further verified.

Conclusion

In summary, the main ferroptosis mechanism involved in iron-
metabolism, lipid peroxidation, and System XC-GSH-GPX4 shafts 
are closely related to the progress of kidney cancer, and play an 
important role in advanced renal cancer immunotherapy, targeted 
therapy, and nano-treatment with huge potential, but how to 
regulate the infiltration of immune cells in the microenvironment 
of kidney tumors and how to promote the transformation of M2 
macrophages to M1 macrophages is still unclear. At present, the 
shortcomings of ferroptosis inducers are still in the preclinical 
stages of development due to their low solubility, weak targeting, 
and high toxicity. Additional research may be able to overcome 
these shortcomings and its further advancement to the clinic.
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