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Abstract 

Diabetic kidney disease (DKD) is one of the most common and severe microvascular complications of 
diabetes mellitus (DM), and has become the leading cause of end-stage renal disease (ESRD) worldwide. 
Although the exact pathogenic mechanism of DKD is still unclear, programmed cell death has been 
demonstrated to participate in the occurrence and development of diabetic kidney injury, including 
ferroptosis. Ferroptosis, an iron-dependent form of cell death driven by lipid peroxidation, has been 
identified to play a vital role in the development and therapeutic responses of a variety of kidney diseases, 
such as acute kidney injury (AKI), renal cell carcinoma and DKD. In the past two years, ferroptosis has 
been well investigated in DKD patients and animal models, but the specific mechanisms and therapeutic 
effects have not been fully revealed. Herein, we reviewed the regulatory mechanisms of ferroptosis, 
summarized the recent findings associated with the involvement of ferroptosis in DKD, and discussed the 
potential of ferroptosis as a promising target for DKD treatment, thereby providing a valuable reference 
for basic study and clinical therapy of DKD. 

Keywords: ferroptosis, diabetic kidney disease (DKD), regulators, molecular mechanisms, treatment progress 

Introduction 
In recent years, the number of individuals with 

diabetes kidney disease (DKD) is growing as the 
prevalence of diabetes mellitus (DM) has increased[1]. 
As the most common microvascular complication of 
DM, DKD also has a poor prognosis and limited 
treatment methods. According to epidemiological 
statistics, DKD is the primary cause of end-stage renal 
disease (ESRD) around the world[2]. At present, 
clinical treatment options for DKD mainly include 
angiotensin converting enzyme inhibitors (ACEIs), 
angiotensin II receptor antagonists (ARBs) and 
sodium-dependent glucose transporter 2 (SGLT2) 
inhibitors[3, 4]. Although the above therapies can 

slow the progression of DKD to some degree, the 
incidence of DKD has remained greatly high in recent 
years with serious consequences and economic 
burdens. Studies have confirmed that multiple 
pathophysiological disturbances contribute to the 
onset and development of DKD, such as hemody-
namic abnormalities, oxidative stress, cell death, and 
genetic and epigenetic regulation [4-6]. On the basis of 
the complicated pathogenic mechanisms and unsatis-
factory therapeutic outcome of DKD, determining the 
exact pathogenesis and developing appropriate 
treatment methods are quite necessary. However, 
increasing evidence has considered it to be the 
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combined result of multiple factors, and cell death 
attracts much attention and is deemed the direct fac-
tor affecting diabetic kidney damage[7-9]. Ferroptosis 
has recently been shown to act a crucial role in the 
initiation and progression of DKD[8]. 

The concept of ferroptosis was firstly proposed 
by Dixon et al., who verified its existence in cancer 
cells induced by erastin[10]. Unlike other forms of 
regulated nonapoptotic cell death, ferroptosis is 
dependent on iron overload and characterized by the 
accretion of lipid peroxides[10, 11]. The morphologic 
traits of ferroptosis include cell membrane rupture 
and blistering, mitochondrial shrinkage, and the 
reduction or vanishing of mitochondrial cristae. 
Biochemically, the deposition of intracellular iron, 
abundance of reactive oxygen species (ROS) and 
aggregation of lipid peroxides are manifested during 
the occurrence of ferroptosis[12]. With more advanced 
research, ferroptosis was discovered to be pivotal in a 
range of diseases, including cancer, aging, neurolo-
gical diseases, cardiovascular diseases and kidney 
diseases[13-15]. In kidney diseases, most scientists 
have paid more attention to the correlation of 
ferroptosis and acute kidney injury (AKI), renal cell 
carcinoma and polycystic kidney [15-17], and rela-
tively little concrete evidence to support ferroptotic 
contribution to the development of DKD. In this 
review, we systematically discuss the research prog-
ression of ferroptosis in DKD, which may provide 

valuable references for elucidating the pathogenesis 
of DKD and thereby creating targeted remedy to 
ferroptosis. 

Key mechanisms of ferroptosis 
Over the past decade, the understanding of 

ferroptotic mechanisms has made rapid progress. 
Beginning with the discovery of the part of 
cysteine-glutathione (GSH)-glutathione peroxidase 4 
(GPX4) signaling in inhibition of ferroptosis, the 
executioner position of lipid peroxidation in ferrop-
tosis is now convinced. Moreover, GPX4-independent 
ferroptosis surveillance mechanisms have been 
disclosed. Herein, we will briefly illustrate the major 
mechanisms in the occurrence of ferroptosis (Figure 
1). 

Iron metabolism disorder 
Under general physiological conditions, 

circulating ferric iron (Fe3+) binds to transferrin (TF) 
and is transported into cells intermediated by the 
membrane protein transferrin receptor 1 (TFR1). 
Subsequently, Fe3+ is reduced into ferrous iron (Fe2+) 
by six-transmembrane epithelial antigen of prostate 3 
(STEAP3). Divalent metal transporter 1 (DMT1) 
regulates the release of Fe2+ into the labile iron pool 
(LIP) for further utilization, and extra Fe2+ is retained 
in ferritin. Ferritin is composed of ferritin light chain 
(FTL) and ferritin heavy chain 1 (FTH1), and it can 

 

 
Figure 1. Mechanisms and major regulators of ferroptosis. Iron metabolism disorder, lipid peroxidation and decreased antioxidant capacity are involved in the 
occurrence of ferroptosis, and several key regulators (e.g., system Xc−, GPX4, p53 and ACSL4) play an important role in monitoring ferroptosis. Some recently developed 
compounds can induce or inhibit ferroptosis by targeting these key regulators. 
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catalyze Fe2+ conversion to Fe3+ to maintain iron 
homeostasis in the cytoplasm [18, 19]. On the one 
hand, excess free iron can produce hydroxyl radicals 
when it reacts with hydrogen peroxide (H2O2). 
Oxidative stress is caused by an imbalance in the rate 
of free radical formation and detoxification, which 
ultimately triggers ferroptosis via lipid peroxida-
tion[20]. On the other hand, surplus Fe2+ induces the 
activation of ferric enzymes such as lipoxygenases 
(LOXs) and further promotes lipid peroxidation in 
cytomembrane, which eventually results in cell 
death[21]. Therefore, enhanced iron uptake and 
decreased iron output will increase the vulnerability 
of cells to oxidative harm and ferroptosis. 
Ferritinophagy is defined as the selective autophagic 
degradation of ferritin, which prompts the 
accumulation of cytosolic Fe2+. Nuclear receptor 
coactivator 4 (NCOA4) is the crucial regulator of 
ferritinophagy[22]. In renal tubular epithelial cells 
(RTECs), knockdown of NCOA4 could ameliorate 
ferroptosis caused by the activation of autophagy[23]. 

Lipid peroxides accumulation 
Lipid peroxidation is viewed as an initiation 

signal of ferroptosis[24]. Compared with unsaturated 
fatty acids and monounsaturated fatty acids, 
polyunsaturated fatty acids (PUFAs) are more prone 
to lipid peroxidation due to unstable carbon‒carbon 
double bonds and contribute to ferroptosis[25]. Free 
PUFAs are esterified by activated acyl-CoA 
synthetase long chain family member 4 (ACSL4) and 
transferred to membrane phospholipids by lysophos-
phatidylcholine acyltransferase 3 (LPCAT3). Then, 
they are oxidized to toxic lipid peroxides by LOXs. 
Among PUFAs-related phospholipids, phosphatidyl-
ethanolamines (PEs) of arachidonic acid (AA) and 
adrenic acid (AdA) are the main substrates during the 
process of lipid peroxidation[24]. The severity of 
ferroptosis depends on the aggregation degree of 
PUFAs. Additionally, the activity of ACSL4 and LOXs 
is absolutely indispensable for ferroptosis execution. 
Doll et al. argued that ACSL4 guided ferroptotic cell 
death by remodeling the cellular lipid composi-
tion[26]. Inhibitors of LOXs, such as liproxstatin-1 and 
vitamin E, are effective for preventing ferroptosis[27]. 

Recent studies discovered that cytochrome P450 
oxidoreductase (POR) was also implicated in driving 
lipid peroxidation[28, 29]. POR is widely expressed in 
the endoplasmic reticulum and donates electrons 
from nicotinamide adenine dinucleotide phosphate 
(NADPH) to cytochrome P450 (CYPs) and other 
proteins[30]. It might initiate lipid peroxidation by 
facilitating Fenton reactions in the heme component 
of CYPs[28]. Nevertheless, another study stated that 
the interaction between POR and its downstream 

electron receptors was not required for ferroptosis 
induction, and POR was sufficient to independently 
impair PUFA-containing phospholipid mem-
branes[29]. Thus, the role of POR in ferroptosis cannot 
be completely concluded and remains to be further 
investigated. 

Antioxidant capacity imbalance 
Under normal conditions, cells exchange 

intracellular glutamate (Glu) and extracellular cystine 
(Cys2) at a ratio of 1:1 through the cystine/glutamate 
anti transporter (system Xc-). System Xc-, a disulfide 
heterodimer consisting of light chain subunits 
(SLC7A11) and heavy chain subunits (SLC3A2), is 
extensively distributed in cellular membranes[10]. 
Once in cells, Cys2 can be reduced to cysteine (Cys) for 
the following synthesis of GSH, which is catalyzed by 
glutamate cysteine ligase (GCL) and glutathione 
synthetase (GSS)[11]. GSH is an intracellular antioxi-
dant that participates in enzymatic and nonenzymatic 
reactions to maintain the normal level of hydrogen 
peroxide in cells. GPX4 can reduce lipid hydrogen 
peroxide (L-OOH) to nontoxic lipid hydroxyl deriva-
tives (L-OH) in a GSH-dependent manner, so as to 
interrupt ferroptotic cell death caused by harmful 
lipid peroxides[31]. Therefore, intracellular GSH 
depletion or GPX4 inactivation induced by various 
factors will decrease the clearance rate of toxic lipid 
peroxides and result in ferroptosis. For example, 
erastin can inhibit cystine uptake and synthesis of 
GSH by blocking system Xc-, thereby promoting 
ferroptosis progression[10]. RSL3 induces ferroptosis 
by inactivating GPX4 activity[32]. In addition, it was 
proven that inducible knockout of GPX4 could make 
acute kidney failure through the ferroptotic pathway 
[33]. 

Undoubtedly, GPX4 is the core regulator of 
ferroptosis. However, three pathways independent of 
GPX4 have been identified in the past few years, 
including ferroptosis suppressor protein 1 (FSP1)/co-
enzyme Q10 (CoQ10), GTP cyclohydrolase 1 (GCH1) 
and dihydroorotate dehydrogenase (DHODH). FSP1 
can regenerate the reduced form of CoQ10 (CoQ10H2) 
utilizing NADPH. CoQ10 eventually removes lipid 
peroxides through an oxidation reaction[34]. GCH1 
suppresses ferroptosis mainly by generating the 
lipophilic antioxidant tetrahydrobiopterin (BH4) and 
remodeling the lipid membrane environment to 
increase CoQ10H2 and deplete PUFAs[35]. Moreover, 
DHODH was found to inhibit ferroptosis by reducing 
mitochondrial CoQ10[36]. 

Other regulators 
Beyond the typical regulatory pathways 

mentioned above, ferroptosis is modulated by many 
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regulators, such as p53, nuclear factor erythroid 
2-related factor 2 (Nrf2) and AMP-activated protein 
kinase (AMPK)[37-39], among which p53 gets a lot of 
attention due to its controversial role in ferroptosis. 

The effect of p53 on ferroptosis is double- 
sided[37]. It was reported that p53 could promote 
ferroptosis by repressing the expression of SLC7A11 
in both transcriptional and non-transcriptional 
manners, which led to the decreased uptake of Cys2 
and impaired GSH biogenesis[40, 41]. Additionally, 
p53 could transactive spermidine/spermine N1- 
acetyltransferase 1 (SAT1), a rate-limiting enzyme in 
polyamine catabolism. SAT1 was demonstrated to 
induce ferroptosis by elevating the expression of 
arachidonate 15-lipoxygenase (ALOX15)[42]. Chu et 
al. identified that ALOX12-mediated lipid peroxida-
tion was engaged in p53-dependent ferroptotic 
responses[43]. Moreover, glutaminase2 (GLS2), 
cytochrome c oxidase 2 (SCO2) and several noncoding 
RNAs were confirmed to be the target molecules of 
p53-mediated ferroptosis [44, 45]. However, p53 
seems to retard ferroptosis in certain cellular 
metabolic environments. A study proved that p53 

could bind to dipeptidyl-peptidase 4 (DPP4) to reduce 
the DPP4-dependent oxidization of PUFAs to inhibit 
ferroptosis in colorectal cancer cells[46]. Upregulation 
of cyclin dependent kinase inhibitor 1A(CDKN1A)/ 
p21 by p53 contributed to the reduced sensitivity to 
ferroptosis in cancer cells. The underlying mechanism 
might be the p21-induced increase in GSH 
synthesis[47]. Other regulatory factors will be 
described in the following sections. 

Advances in the pharmacology of 
ferroptosis 

Given the multiple regulators in the occurrence 
of ferroptosis, targeting certain pathways can induce 
or inhibit this process. Ferroptosis induction can be 
applied to eliminate cancer cells, and suppression of 
ferroptosis can be a potent therapy in other diseases, 
such as cardiovascular disease, neurodegenerative 
diseases and DKD[12]. In the past decade, an 
increasing number of small molecules have been 
verified to be valuable in regulating ferroptosis, as 
detailed in Table 1. 

 

Table 1. Summary of ferroptosis inducers and inhibitors 

Classification Reagents Mechanism Reference 
Ferroptosis Inducers Erastin Inhibition of system Xc− and VDAC2/3 [10] 

Sulphasalazine Inhibition of system Xc−  [10, 48] 
Sorafenib Inhibition of system Xc− and Nrf2 [49, 50] 
Glutamate Inhibition of system Xc− and Cys deprivation [51] 
RSL3 GPX4 inactivation [32] 
Solasonine GPX4 inactivation [52] 
Altretamine GPX4 inactivation and promotion of ROS [53] 
FINO2 GPX4 inactivation and oxidation of unstable iron [54] 
FIN56 GPX4 inactivation and CoQ10 deletion [55] 
BSO GSH deletion [32] 
DPI2 GSH deletion [32] 
Cisplatin GSH deletion and GPX4 inactivation [56] 
Artesunate Degradation of ferritin and increased cellular iron [57] 
iFSP Inhibition of FSP1 [34] 
Brequinar Inhibition of DHODH [36] 

Ferroptosis Inhibitors Ferrostatin-1 Inhibition of lipid peroxidation [58] 
Liproxstatin-1 Inhibition of lipid peroxidation [33] 
Necrostatin-1 Inhibition of lipid peroxidation [33, 59] 
SRS 16–86 Inhibition of lipid peroxidation [60] 
SRS 11–92 Inhibition of lipid peroxidation [58] 
Nuciferine Inhibition of lipid peroxidation [61] 
TEMPO Elimination of ROS [62] 
Phenothiazine Elimination of ROS [63] 
Phenoxazine Elimination of ROS [63] 
Diarylamine Elimination of ROS [63] 
Vitamin E Elimination of ROS and inactivation of LOXs [27, 64] 
NDGA Inactivation of LOXs [65] 
Zileuoton Inactivation of LOXs [66] 
Baicalein Inactivation of LOXs and ACSL4 [65, 67] 
Thiazolidinedione Inactivation of ACSL4 [68] 
Dexrazoxane Depletion of cellular iron [69] 
Deferoxamine Depletion of cellular iron [69] 
Deferiprone Depletion of cellular iron [70] 
β-Mercaptoethanol Increased cysteine intake [71] 
Vitamin K Activation of FSP1 [72] 
Curcumin Activation of Nrf2 [73] 
Quercetin Activation of Nrf2 and elimination of ROS [74, 75] 
MCTR1 Activation of Nrf2 [76] 
Irisin Activation of Nrf2 [77] 
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Research progress of ferroptosis in DKD 
Previous studies have found that iron overload 

was directly associated with proteinuria and tubular 
damage in DKD patients and streptozotocin (STZ)- 
induced rat models of type 1 diabetes [78, 79]. Excess 
iron content was detected in lysosomes of proximal 
tubule epithelial cells, which could induce renal 
dysfunction in DKD patients and mice[80]. In diabetic 
rats, a low-iron diet or being fed with iron chelators 
could delay the development of DKD, indicating that 
iron overload could aggravate kidney injury in 
DKD[81]. Investigations also proved that the transfer-
rin level and iron content in RTECs of DKD patients 
are higher than those in healthy individuals[82]. 
Overall, these findings reveal that the development of 
DKD is inseparable from iron overload. 

Nowadays, numerous studies have proven that 
ferroptosis occurs in RTECs in diabetic animal models 
and prompts kidney function deterioration. Wang et 
al. confirmed that ferroptosis was involved in kidney 
injury in STZ-induced type 1 diabetic mice and db/db 
mice[68]. Afterward, Kim et al. found that the 
expression levels of SLC7A11 and GPX4 were 
significantly downregulated in renal biopsy samples 
of diabetic patients. Meanwhile, their experiments 
also indicated that the levels of ferroptosis-associated 
biomarkers such as iron content and toxic lipid 
peroxides were increased in transforming growth 
factor beta1 (TGF-β1)-stimulated NRK-52E cells and 
type 1 diabetic mice[83]. In addition to RTECs, 
ferroptosis can be seen in almost all types of renal cells 
in DKD. Zhang et al. argued that mitigation of 
ferroptosis can prevent high glucose-induced 
podocyte injury[84]. High fructose could also induce 
podocyte ferroptosis and ultimately cause glomerular 
impairment[85]. In mesangial cells, molecules related 
to ferroptosis are altered under high glucose condi-
tion, which can be antagonized by deferoxamine, a 
ferroptosis inhibitor[86]. In addition, ferroptosis is 
instrumental in the process of endothelial dysfunction 
caused by hyperglycemia[87]. Therefore, evidence is 
mounting that ferroptosis does prompt the develop-
ment of DKD, and inhibition of ferroptosis may be a 
therapeutic option for DKD. 

The crosstalk between ferroptosis and 
other cellular processes in DKD 

With deepening research on ferroptosis in 
various diseases, increasingly regulatory mechanisms 
of ferroptosis have been discovered[14, 15, 50]. More 
importantly, several classical regulators of DKD have 
been identified to effectively modulate ferroptosis[83, 
88]. Herein, we will describe the interactions between 
ferroptosis and the typical pathogenesis of DKD 

(Figure 2). 

Ferroptosis and oxidative stress 
In DKD, almost all pathogenesis is inseparable 

from the overactivation of ROS, which is the 
connection point between metabolism abnormalities 
and hemodynamic changes[89]. ROS accumulation 
can be disruptive to all types of kidney cells at the 
gene, transcription and protein levels, eventually 
resulting in inflammation, fibrosis and endothelial 
dysfunction[90-92]. 

Along with the decline in cellular antioxidant 
capacity, there are many ways to produce ROS in 
DKD. In consideration of the surplus iron in DKD, the 
Fenton reaction is an essential part of ROS genera-
tion[89]. In ferroptosis, the most direct pathogenic 
mechanism caused by ROS is lipid peroxidation, 
which ultimately triggers ferroptotic cell death[49]. In 
addition, ROS can be involved in erastin-induced 
ferroptosis by ferritin autophagy to upregulate 
intracellular available iron levels[93]. In recent time, 
Wang et al. found close relationships between GPX4 
and DKD, including urinary protein, Scr, eGFR, and 
the percentage of sclerosed glomeruli in renal 
specimens. They also proposed that the GPX4 level in 
the tubulointerstitium was an independent predictor 
for renal outcomes[94]. 

To sum up, ROS act as a junction in the action of 
DKD-induced ferroptosis. As a result, using 
antioxidants (e.g., quercetin and vitamin E) was 
considered as a clinical therapy for DKD patients, but 
the trials are still at the stage of animal studies[95, 96]. 
Given the effect of ROS on ferroptosis, it is possible to 
develop effective drugs to modulate ferroptosis in 
DKD. 

Ferroptosis and inflammation 
Abundant evidence indicates that inflammation 

is important in the progression of DKD[97]. In DKD, 
hyperglycemia induces the overexpression of chemo-
kines and cytokines in damaged glomeruli and renal 
tubules, which aggravate renal injury through a 
variety of mechanisms, such as leukocyte infiltration, 
renal filtration barrier breakdown and mesangial 
proliferation[97, 98]. These proinflammatory mole-
cules also induce the above lesions through the 
nuclear factor-κB (NF-κB), Janus kinase/signal trans-
ducers and activators of transcription (JAK/STAT), 
and TGF-β/Smad signaling pathways[99-101]. 

Inflammation can be inhibited by negative 
regulators of ferroptosis. AA is a precursor of 
bioactive proinflammatory mediators. During the 
catalytic process, the level of cellular lipid peroxides 
directly affects the activity of enzymes, including 
cyclooxygenases (COXs) and LOXs. LOXs activation 
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can also be blocked when the cell is in a redox state, 
such as the activation of GPX4[102]. GPX4 activation 
can also reduce ROS levels by suppressing NF-κB, 
thus effectively reducing cell damage induced by 
inflammation[103]. In addition, Nrf2 can inhibit the 
transcription of NF-κB[104] and the encoding of 
proinflammatory genes, including interleukin 6 (IL-6) 
and IL-1β[105]. In an oxalate-induced AKI mouse 
model, ferrostatin-1 mitigated the infiltration of 
neutrophils and the expression of proinflammatory 
cytokines, including chemokine ligand 2 (CXCL-2) 
and IL-6[106]. In fact, ferroptosis can induce inflam-
mation by releasing IL-33 and other unidentified 
pathways[11]. Ferroptotic cells can release high mobi-
lity group 1 (HMGB1) in an autophagy-dependent 
manner. As a damage-associated molecular pattern 
(DAMP), HMGB1 activates immune cells to amplify 
inflammation through the release of multiple 
cytokines or chemokines[107]. 

Conversely, several inflammatory cytokines, 
such as prostaglandin E2 (PGE2), IL-1β and IL-6, have 
been confirmed to directly affect the onset of 
ferroptosis[87, 108, 109]. HMGB1 can regulate 
ferroptosis in response to high glucose in DKD[86]. 
LOXs also activate immune cells through LOX- 
derived proinflammatory metabolites, including 
leukotriene B4 (LTB4), LTC4, LTD4, LTE4 and 
Hydroxyeicosatetraenoic acids (HETEs)[110], which 
indirectly lead to ferroptosis. 

According to mounting evidence, the onset of 
ferroptosis is always accompanied by the presence of 
inflammation. More intriguingly, the cross-link 
between ferroptosis and inflammation is mutually 
induced and drives a local autoamplification loop[60]. 
The internal relationship between ferroptosis and 
aseptic inflammation has been valued by increasing 
researchers and has provided a direction for 
unraveling the relationship between ferroptosis and 
DKD. 

 
 

 
Figure 2. The crosstalk between ferroptosis and other cellular processes of DKD. The overproduction of ROS leads to different kinds of downstream impairments, 
including ferroptosis. Meanwhile, the Fenton reaction containing excess free iron is one of the main pathways to produce ROS. Ferroptosis and inflammation can affect each other 
and tend to form an autoamplification loop. In mitochondria, the opening of VDACs plays a key role in mitochondrial dysfunction during ferroptosis, and multiple metabolic 
enzymes are influenced by ferroptosis. 
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Ferroptosis and mitochondrial dysfunction 
Mitochondria are the core organelles of cellular 

energy metabolism[111]. Hyperglycemia results in the 
storage of metabolic substrates, causing the 
accumulation of glycolytic intermediates and the 
formation of mitochondrial ROS (mtROS) from the 
electron transport chain (ETC), ultimately inducing 
mitochondrial dysfunction and energy metabolism 
imbalance[112, 113]. 

Mitochondrial homeostasis is pivotal in 
maintaining normal kidney functions, and the typical 
morphological feature of ferroptosis is mitochondrial 
damage. However, what causes irreversible 
mitochondrial damage during ferroptosis? Studies 
suggest that erastin and its analogs antagonize the 
functions of free tubulin on voltage-dependent anion 
channel 2/3 (VDACs) and induce the opening of 
VDACs. VDACs contribute to regulating the passive 
diffusion of anionic hydrophilic mitochondrial 
metabolites[114]. Subsequently, with the increase in 
mitochondrial membrane potential, the mitochondria 
are depolarized, and large amounts of mtROS are 
generated[115, 116]. In addition, glutamate can 
enhance the production of mtROS through opening of 
the mitochondrial permeability transition pore 
(MPTP) and trigger dissipation of the mitochondrial 
transmembrane potential and depletion of ATP [117, 
118]. The opening of VDACs and excessive ROS 
production cause mitochondrial Ca2+ overload, which 
ultimately induces mitochondrial dysfunction and the 
loss of mitochondrial membrane integrity[119]. 

A reduction in glycolytic progress was detected 
in erastin-induced ferroptosis, which might be caused 
by increased synthesis of ATP and oxidative 
phosphorylation (OXPHOS)[10, 115]. Some crucial 
enzymes of glycolysis were found to be decreased in 
cancer cells treated with RSL3, including hexokinase 
II and pyruvate M2 kinase[120]. In addition, several 
enzymes engaged in mitochondrial respiration are 
found to regulate ferroptotic cell death, such as SCO2 
and fumarate hydrase (FH)[44, 116]. However, the 
enzymes mentioned above all need to be examined in 
DKD models. 

Moreover, fatty acid (FA) metabolism in mito-
chondria has a close relationship with lipid oxidation 
in ferroptosis. Citrate synthase (CS) and acyl-CoA 
synthetase family member 2 (ACSF2), which regulate 
FA activation and synthesis respectively, were 
identified to be highly correlated with erastin-induced 
ferroptosis[10]. In addition, large amounts of the 
mitochondria-specific phospholipid cardiolipin (CL) 
were administered by oxidative modification in 
GPX4−/− kidneys[33]. Recently, FA in the tumor 
microenvironment has been shown to trigger CD8+ T 
cell ferroptosis in a CD36-dependent manner[121]. 

CD36 is the main pathway of FA uptake and is highly 
expressed in all kidney cells[122]. In RTECs cultured 
with high glucose medium, they found increased 
expression of CD36 and enlarged uptake of FA 
mediated by CD36[123, 124]. Therefore, it is also 
worth investigating whether CD36 is related to 
ferroptosis in DKD patients. 

Ferroptosis-related regulators involved in 
DKD 

In DKD, the key regulators of ferroptosis 
involved in typical metabolic pathways illustrated 
above have been broadly explored. Therefore, in this 
section, we will introduce the emerging molecular 
mechanisms of ferroptosis regulation in DKD. 

Nuclear factor erythroid 2-related factor 2 
(Nrf2) 

Nrf2 is a transcription factor of the basic region 
leucine zipper family[125]. Previous studies have 
demonstrated that Nrf2 plays a crucial role in 
responding to antioxidative stress and maintaining 
redox homeostasis. In the mechanism of DKD, in 
addition to Kelch-1ike ECH-associated protein l 
(Keap1)/Nrf2/antioxidant response element (ARE) 
signaling, Nrf2 can inhibit inflammation to relieve 
kidney damage by suppressing NF-κB, Sirtuin1 
(SIRT1) and nucleotide-binding oligomerization 
domain-like receptor protein 3 (NLRP3)[104, 126]. 
Controversially, Nrf2 seems to have a dual effect in 
DKD. Zhao et al. elucidated that Nrf2 deficiency 
attenuated kidney injury by upregulating the 
expression of intrarenal angiotensin-converting 
enzyme-2 (ACE2) and angiotensin 1-7 receptor in 
DKD mice[127]. Therefore, the role of Nrf2 in DKD 
should be further discussed. 

Nowadays, researchers have paid more attention 
to the connection between Nrf2 and ferroptosis. 
Activated Nrf2 was firstly found to inhibit ferroptosis 
by regulating the expression of NAD(P)H quinone 
oxidoreductase 1 (NQO1), heme oxygenase-1 (HO-1) 
and FTH1 in hepatocellular carcinoma[50]. Then, 
multiple studies have confirmed that Nrf2 can 
regulate a host of genes associated with ferroptosis, 
such as ferroportin (FPN), GPX4, small heterodimer 
partner (SHP) and peroxisome proliferator-activated 
receptor γ (PPARγ)[50, 128]. In summary, Nrf2 has 
been found to regulate ferroptosis through three 
pathways, including iron metabolism[129], lipid 
metabolism[39] and intermediary metabolism[130]. 
Therefore, Nrf2 is identified as an important ferrop-
tosis regulator and an attractive pharmacological 
target in DKD. Kota et al. found that blocking activin 
receptor-like kinase 4/5 (ALK4/5, one of the TGF-β 
receptors) could activate Nrf2 signaling to inhibit 
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erastin-induced ferroptosis in HK-2 cells[131]. In 
NRK-52E cells, TGF-β1 stimulation considerably 
upregulated the expression levels of p53 and nuclear 
Nrf2 protein, which was consistent with the trend of 
erastin-induced cells and animal models, indicating 
that Nrf2 is probably related to ferroptosis under 
diabetic conditions[83]. Activation of the Nrf2/FPN 
pathway could block ferroptosis and thus reduce 
myocardial ischemia-reperfusion injury (IRI) in 
diabetic rats[132]. Inhibition of Nrf2 enhanced the 
sensitivity of RTECs to ferroptosis caused by high 
glucose, and upregulating Nrf2 reversed the expres-
sion of ferroptosis-related proteins to ameliorate cell 
injury under high glucose conditions[88]. In 
mesangial cells, HMGB1 can regulate ferroptosis 
through the Nrf2 pathway under high glucose 
conditions[86]. Hence, the effect of Nrf2 on ferroptosis 
involved in DKD is indispensable. 

Heme Oxygenase-1 (HO-1) 
HO-1 catalyzes the rate-limiting step in the 

catabolism of heme into biliverdin, carbon monoxide 
(CO) and iron. Numerous studies have demonstrated 
that HO-1/biliverdin/CO is involved in the 
progression of anti-inflammatory and antioxidant 
stress[133]. In DKD, the high level of HO-1 induced 
by Nrf2 or hypoxia inducible factor-1α (HIF-1α) 
effectively decreased ROS generation and alleviated 
kidney injury[133, 134]. Studies have found that 
ferroptosis inducers upregulated the expression of 
HO-1 in RTECs[135]. However, it is not clear whether 
the increased HO-1 is induced as a protective 
response or accelerates ferroptosis. Feng et al. 
proposed that renal tubular damage and fibrosis in 
db/db mice were associated with elevated levels of 
HIF-1α and HO-1, which led to iron accumulation in 
renal tubules by downregulation of ferritin. Inhibition 
of HO-1 mitigated iron accumulation, thereby 
preventing lipid peroxidation by reducing ROS 
production[136]. However, in another study, HO-1 
was found to suppress erastin-induced ferroptosis of 
RTECs[135]. Interestingly, in a contrast-induced 
nephropathy (CIN) model, type 1 diabetic rats 
received intravenous injection of iopromide, heme 
inhibited ferroptosis by activating HO-1/Nrf2 and 
upregulating GPX4. They suggested that HO-1 and 
Nrf2 constitute a positive mutually reinforcing cycle, 
resulting in self-reinforcement and maintenance of 
antioxidant capacity[137]. To date, the controversial 
points of HO-1 in ferroptosis might be dependent on 
the comprehensive regulation of iron content and 
antioxidant activity. It is challenging that HO-1 
produces a cytoprotective effect against kidney injury 
in DKD. Therefore, more research is necessary to 
determine the actual function of HO-1 in DKD. 

High Mobility Group Box-1 (HMGB1) 
HMGB1 is a ubiquitously expressed nuclear 

protein engaged in the progression of nucleosome 
stabilization and DNA binding. It has been found to 
act as a proinflammatory cytokine in many patholo-
gies, such as sepsis, IRI and cancer[138]. Interrupting 
the contact between HMGB1 and its receptor was 
shown to effectively prevent the occurrence and 
development of DKD[139]. Additionally, HMGB1 was 
described as a new mediator of ferroptosis by 
regulating the rat sarcoma (RAS)/c-Jun N-terminal 
kinase (JNK)/p38 signaling pathway and a potential 
target for leukemia therapy[140]. A recent study 
reported that suppression of HMGB1 could alleviate 
high glucose-induced ferroptosis in glomerular 
mesangial cells and ameliorate the progression of 
inflammation. They also found that HMGB1 
knockdown inhibited the high glucose-induced 
toll-like receptor 4 (TLR4)/NF-κB signaling pathway 
and promoted the expression of Nrf2 and its 
downstream targets, such as HO-1, NQO1, 
glutamate-cysteine ligase catalytic subunit (GCLC) 
and modifier subunit of glutamate cysteine ligase 
(GCLM)[86]. Taken together, it can be concluded that 
HMGB1 is of great importance in ferroptosis 
regulation during the initiation and progression of 
DKD and seems to be an unneglected point of 
intersection between ferroptosis and inflammation in 
DKD. 

ZRT/IRT-like protein 14 (ZIP14) 
ZIP14 is a divalent iron import protein that is 

distributed in both the proximal and distal tubules, 
and mainly takes up nontransferrin-bound iron from 
the lumen[141, 142]. Iron accumulation can increase 
lipid deposition in intestinal epithelial cells. Notably, 
the upregulation of ZIP14 and FPN acts a significant 
role in this process[143]. Increased ZIP14 in proximal 
and distal tubules has been observed in focal 
segmental glomerulosclerosis and IgA nephropathy, 
which will aggravate cell oxidative damage [141]. 
Inhibition of ZIP14 in liver TFR-specific knockout 
mice ameliorated ferroptosis-mediated liver 
fibrosis[144]. Wu et al. demonstrated that ZIP14 might 
be involved in iron deposition and trigger ferroptosis 
in DKD rats, and inhibition of ZIP14 expression in 
HK-2 cells could suppress high glucose-induced 
ferroptosis[145]. 

N-acetylcysteine (NAC) 
N-acetylcysteine (NAC) is a sulfhydryl com-

pound that is an acetylated form of L-cysteine. NAC is 
a precursor of reduced glutathione, which exhibits 
direct or indirect antioxidant properties[146, 147]. 
Recent findings demonstrated that NAC exerted 
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protective effects against diabetic kidney injury by 
inhibiting oxidative stress[147]. In a study on 
myocardial IRI in diabetic rats, NAC alleviated 
ferroptotic cell death and oxidative injury[148]. A 
recent investigation stated that combination therapy 
with NAC and insulin alleviated kidney tissue 
damage by suppressing ferroptosis in a diabetic 
beagle dog model induced by STZ and alloxan (ALX). 
Further experiments confirmed that NAC mainly 
increased the expression of GPX4 by upregulating 
sirtuin-3 (SIRT3) and inhibiting the acetylation of 
superoxide dismutase 2 (SOD2), thereby inhibiting 
cell ferroptosis and improving kidney function in 
DKD[149]. 

AMP-activated protein kinase (AMPK) 
AMPK, as a central regulator of energy 

homeostasis, has been widely investigated in diverse 
human diseases and is considered a promising 
interference target in DKD. It was observed that the 
expression of AMPK is downregulated in the renal 
tissue of high-fat diet (HFD)-induced obese rats[150]. 
A recent study found that under conditions of energy 
stress, such as glucose starvation and ATP depletion, 
activated AMPK is crucial for inhibiting erastin- 
induced ferroptotic cell death[38]. It was proven that 
AMPK inhibited PUFAs synthesis by inhibiting 
acetyl-CoA carboxylase (ACC) activity. Activated 
ACC catalyzes the synthesis of malonyl-CoA from 
acetyl-CoA, the rate-limiting step in FA synthesis. 
Similarly, the function of AMPK in ferroptosis has 
been detected in cardiomyocytes through another 
pathway. In this study, AMPK was verified to inhibit 
ferroptosis induced by IRI in diabetic hearts via 
inactivation of NADPH oxidase 2 (NOX2), suggesting 
that the inhibitory effect of AMPK/NOX2 on 
ferroptosis may be another important protective 
mechanism in infarcted hearts[148]. In db/db mice, 
previous studies found that AMPK activation could 
reduce ROS production and increase mitochondrial 
biogenesis and ETC activity to alleviate kidney 
damage in diabetic models[150, 151]. To date, direct 
evidence for the effect of AMPK on renal cell 
ferroptosis under diabetic conditions is not sufficient. 
However, it is worth investigating whether AMPK 
has positive impacts on DKD by inhibiting 
ferroptosis. 

Other regulatory factors 
In addition to the regulatory mechanisms 

described above, several new mechanisms have been 
revealed recently. For example, Jin et al. found that a 
murine Vezf1 gene, mmu_ circRNA_ 0000309, could 
upregulate GPX4 expression by competitively binding 
miR-188-3p, which further alleviated mitochondrial 
and podocyte damage by inhibiting ferroptosis. 

However, hsa_circ_0000309 is totally different from 
mmu_circ_0000309. For application to human DKD, 
the candidate gene needs to be discovered[152]. In 
type 1 diabetic mice and high glucose-cultured HK-2 
cells, it was demonstrated that circ_ASAP2 binding to 
miR-770-5p reduced inflammation and ferroptosis by 
regulating the SRY-box transcription factor 2 
(SOX2)/SLC7A11 pathway[153]. Peroxiredoxin-6 
(Prdx6), a new member of the antioxidant enzyme 
family, is a negative mediator of ferroptosis[154]. 
Some experiments also confirmed that Prdx6 could 
moderate lipopolysaccharide (LPS)-induced AKI by 
decreasing oxidative stress and inflammation[155]. 
Zhang et al. found that the expression of Prdx6 was 
regulated by specificity protein 1 (Sp1) at the 
transcriptional level, and the upregulation of Prdx6 
could prevent podocyte impairment in DKD by 
alleviating oxidative stress and ferroptosis[84]. 
Salusin−β, a bioactive peptide containing 20 amino 
acids, is translated from the alternatively spliced 
mRNA of the torsion dystonia related gene 
(TOR2A)[156]. Salusin−β participates in high 
glucose-induced ferroptosis dependent on Nrf2 in 
HK-2 cells[157]. A bioinformatics analysis showed 
that ferroptosis was involved in the significantly 
enriched biological processes in the diabetic 
tubulointerstitium[158]. Hu et al. screened hub genes 
based on the weighted correlation network analysis 
(WGCNA) algorithm and identified interconnected 
transcription factors (TFs) and non-coding RNAs 
(ncRNAs) using principal component analysis. FPR3, 
C3AR1, CD14, ITGB2, RAC2 and ITGAM are hub genes 
related to ferroptosis at the onset of DKD[159]. 
Likewise, ALOX15-mediated lipid metabolism was 
detected in all intrinsic glomerular cells via 
bioinformatics analysis. MiR-142 and miRNA-650 
might be involved in regulating ALOX15[95]. 
Recently, urine metabolomics revealed metabolic 
alterations in DKD, including the ferroptosis signaling 
pathway[160]. An increasing number of investi-
gations have identified genes associated with 
ferroptosis using bioinformatics methods, and the 
specific mechanism needs to be explored by more 
experiments. 

Pharmacological studies related to 
ferroptosis in DKD 

Given its contribution to the pathologic process 
of DKD, ferroptosis is an emerging target in treating 
and preventing the progression of kidney damage. In 
this section, we aim to describe the recent progress of 
experimental drugs targeting ferroptosis in diabetic 
animal or cell models. It can be concluded that 
suppressing ferroptosis has great potential for the 
remedy of DKD (Table 2). 
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Table 2. The associated treatment progress of DKD by targeting ferroptosis 

Treatments Related signaling pathways Mechanisms Experimental models References 
N.A. N.A. Decrease in SLC7A11 and GPX4 expression DKD patient kidney tubules [83] 
N.A. N.A. Increase in ferritin, LDH, ACSL4, PTGS2 and 

NOX1 expression; 
Decrease in GPX4 expression 

DKD patient serum [86] 

Ferroastatin-1 Upregulate p53 and nuclear Nrf2 
expression 

Increase in SLC7A11 and GPX4 expression; 
Decrease in FTH1 expression 

STZ-induced diabetic mice; 
db/db mice; 
TGF-β1-stimulated NRK-52E 
cells 

[83] 

Ferroastatin-1 Downregulate HIF-1α/HO-1 
pathway 

Increase in GPX4, GSH-Px, CAT and SOD 
expression; 
Decrease in ferritin, transferrin, MDA and ROS 
expression 

db/db mice [136] 

Ferroastatin-1 N.A. Increase in GPX4 expression; 
Decrease in ZIP14 expression 

STZ-induced diabetic rats; 
High glucose-treated HK-2 cells 

[145] 

Deferoxamine N.A. Increased in GPX4, FTH1 and SLC7A11 
expression; 
Decreased in ACSL4 and TFR1 expression 

High glucose-treated HK-2 cells [161] 

Rosiglitazone Downregulate IL-6 and TNF-α 
expression 

Increase in GPX4 expression; 
Decrease in PTGS2 and ASCL4 expression 

STZ-induced diabetic mice; 
db/db mice; 
High glucose-treated NRK-52E 
cells; 
High glucose-treated HK-2 cells 

[68] 

Rosiglitazone Regulate VEGF/Akt/ERK pathway Increase in GPX4, SLC7A11 and SLC3A2 
expression; 
Decrease in TFR1 expression 

STZ- and HFD- induced diabetic 
mice; 
High glucose-treated NRK-52E 
cells 

[162] 

Fenofibrate Upregulate Nrf2 expression Increase in GPX4, SLC7A11 and FTH1 
expression; 
Decrease in TFR1 expression 

STZ-induced diabetic mice; 
High glucose-treated HK-2 cells 

[88] 

Dapagliflozin Upregulate FPN expression Increase in GPX4 and ASCL4 expression STZ- and HFD- induced diabetic 
mice; 
High glucose-treated HK-2 cells 

[163] 

Calycosin. N.A. Increased in GPX4 expression; 
Decreased in NCOA4 expression 

db/db mice; 
High glucose-treated HK-2 cells 

[164] 

Glabridin Regulate VEGF/Akt/ERK pathway Increase in GPX4, SLC7A11 and SLC3A2 
expression; 
Decrease in TFR1 expression 

STZ- and HFD- induced diabetic 
mice; 
High glucose-treated NRK-52E 
cells 

[162] 

Platycodin D N.A. Increased in GPX4, FTH1 and 
SLC7A11expression; 
Decreased in ACSL4 and TFR1 expression 

High glucose-treated HK-2 cells [161] 

Schisandrin A Upregulate AdipoR1/AMPK 
pathway; 
Downregulate TXNIP/NLRP3 
pathway 

Increased in GPX4, SOD, CAT and GSH-Px 
expression; 
Decreased in LDH expression 

STZ- and HFD- induced diabetic 
mice; 
High glucose-treated HRGEnCs 

[165] 

Umbelliferone Upregulate Nrf2/HO-1 pathway Increase in GPX4 expression; Decrease in 
ACSL4 expression 

High glucose-treated HK-2 cells; 
db/db mice 

[166] 

NAC combined with 
insulin 

Upregulate SIRT3 expression Increase in GPX4 and SLC7A11 expression; 
Decrease in ferritin and TFR1 expression and 
the acetylation level of SOD2 

STZ- and ALX- induced diabetic 
Beagles; 
High glucose-treated MDCK 
cells 

[149] 

Germacrone Regulate 
mmu_circRNA_0000309/miR-188-3p 
pathway 

Increase in GPX4 and FTH1 expression; 
Decrease in COX4, ACSL4 and NOX1 
expression 

db/db mice; 
High glucose-treated MPC5 

[152] 

Overexpression of Sp1 Upregulate Prdx6 expression Increase in SLC7A11 and GPX4 expression STZ-induced diabetic mice; 
High glucose-treated MPC5 

[84] 

Knockdown of Salusin-β Upregulate Nrf2 expression Increase in GPX4, SLC7A11 and FTH1 
expression; 
Decreased TFR1 expression 

High glucose-treated HK-2 cells [157] 

Knockdown of HMGB1 Downregulate TLR4/NF-κB 
pathway  
Upregulate Nrf2 expression 

Increase in GPX4 expression; 
Decrease in ferritin, LDH, ACSL4, PTGS2 and 
NOX1 expression 

High glucose-treated 
SV40-MES13 cells 

[86] 

Knockdown of Circ_ASAP2 Regulate 
miR-770-5p/SOX2/SLC7A11 
pathway 

Increase in MDA expression; 
Decrease in GPX4, SOD, CAT and GSH-Px 
expression 

STZ- and HFD- induced diabetic 
mice; 
High glucose-treated HK-2 cells 

[153] 

N.A.: Not applicable. 
 

Hypoglycemic drugs 
Hypoglycemic drugs are beneficial to kidney 

function by decreasing albumin urine and delaying 
the progression of kidney fibrosis in DKD[3]. 
However, more and more studies have found that 
they can alleviate kidney dysfunction by inhibiting 

ferroptosis. 
Thiazolidinediones (TZDs) can reduce blood 

glucose levels and are mainly associated with 
enhanced insulin sensitivity[167]. In addition, as an 
ACSL4 inhibitor, TZDs can diminish the plasma free 
FA concentration. It was reported that rosiglitazone is 
the strongest ACSL4 inhibitor [168]. Wang et al. 
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verified that rosiglitazone could reduce blood glucose 
and urinary albumin levels by inhibiting ferroptosis 
and inflammation in type 1 and type 2 diabetic 
mice[68]. Fenofibrate is involved in lipid regulation 
the activation of PPARs. In addition to lowering blood 
lipids, it can improve renal lesions and reduce 
proteinuria caused by hyperglycemia[169]. A recent 
experiment verified that fenofibrate affected 
ferroptosis-related signaling pathways to protect 
kidney function from DKD, and Nrf2 was confirmed 
to act a significant role in the process of miti-
gation[88]. SGLT-2 inhibitors reduced glucose 
reabsorption in proximal tubules through SGLT2 to 
promote a hypoglycemic effect[170]. Quagliariello et 
al. reported that empagliflozin (EMPA) could signifi-
cantly improve cardiac function by reducing ferrop-
tosis through NLRP3- and myeloid differentiation 
primary response 88 (MyD88)-related pathways in 
mice treated with doxorubicin [171]. In addition, it 
was reported that dapagliflozin (DAPA) could 
alleviate the performance of DKD by suppressing 
ferroptosis. The mechanism could be that DAPA 
binding to FPN led to the inhibition of ubiquitination 
degradation of FPN[163], which provided a new 
perspective for DAPA application in the treatment of 
DKD. Liraglutide, intrinsically a human glucagon-like 
peptide-1 (GLP-1) analog[172], could activate the 
Nrf2/HO-1 pathway to mitigate hepatocyte fibrosis in 
db/db mice by relieving ferroptosis[173]. Besides, it 
could alleviate the cognitive impairment of diabetic 
mice by reducing ROS and iron deposition[174]. 
However, the role of liraglutide in DKD has not been 
explored. 

In conclusion, it is not difficult to find that the 
effect of hypoglycemic drugs on hypoglycemic or 
renal protection is closely connected with iron 
metabolism, Nrf2 and lipid metabolism in addition to 
the classical mechanisms. Therefore, in some ways, it 
reflects that ferroptosis plays an important role in the 
progression of DKD. 

Hypotensive drugs 
As a result of a decreased glomerular filtration 

rate, metabolic disorders and renin-angiotensin 
system activation, hypertension is often accompanied 
by DKD. Many hypotensive drugs can reduce the 
urinary albumin excretion rate and slow the 
progression of kidney diseases[4]. However, there are 
relatively few studies on whether ferroptosis is a new 
therapeutic target of hypotensive drugs in the 
treatment of DKD.  

Entresto, also known as LCZ696, is composed of 
sacubitril and valsartan and has been approved for 
treating heart failure in clinic[175]. An increasing 
number of clinical trials have proven that Entresto is 

favorable for renal protection and reducing hyper-
tension. A recent report demonstrated that Entresto 
could inhibit ferroptosis to reduce doxorubicin- 
induced cardiotoxicity. Meanwhile, this finding 
revealed it could suppress ferroptosis by activating 
the SIRT3 pathway to reduce myocardial damage, 
which provided a new perspective for the study of 
Entresto in DKD[176]. Captopril, a classic anti- 
hypertensive drug belonging to ACEIs, has been 
applied in DKD patients to reduce urinary albumin 
for many years[177]. According to existing studies, 
captopril seems unable to regulate ferroptosis. A 
study showed that in a murine model of acute 
radiation syndrome, iron deposition in the spleen was 
not mitigated, and the expression level of SLC7A11 
remained unchanged after captopril treatment[178]. 
However, whether ACEIs might regulate ferroptosis 
in other ways remains unclear. Moreover, calcium 
channel blockers can mediate iron overload via 
divalent metal transporter-1[179], but the availability 
of calcium channel blockers in suppressing ferroptosis 
is still unknown. Therefore, more evidence needs to 
be provided to deeply investigate the key role of 
antihypertensive drugs in regulating ferroptosis.  

Traditional Chinese medicine components 
In addition to the new discoveries of clinical 

pills, the designation of new therapeutic strategies is 
indispensable. Traditional Chinese medicines have 
shown protective effects, whether in antioxidation or 
anti-inflammation, so they possess huge potential for 
slowing the development of DKD. Recent studies 
have found many traditional Chinese herb com-
ponents have a beneficial effect in suppressing 
ferroptotic cell death in DKD. 

Germacrone, the main bioactive component of 
Rhizoma Curcuma, was found to improve ferroptosis- 
induced kidney injury in db/db mice via the 
ROS-GSH-GPX4 axis. In MPC5 cells cultured with 
high glucose, inhibition of ferroptosis alleviated high 
glucose-induced podocyte mitochondrial damage, 
and mmu_circRNA_0000309 played an important role 
in this process[152]. Quercetin, a flavonoid widely 
distributed in nature, has been verified to decrease the 
risk of type 2 DM according to epidemiological 
investigations[180], and its mechanism is extensive, 
including antioxidant, anti-inflammatory and anti- 
fibrotic effects. Recently, Li et al. found that quercetin 
could suppress ferroptosis of islet β-cells in the 
development of type 2 DM[181]. At the same time, 
Jiang et al. found that it could reduce liver lipotoxicity 
in HFD-induced mice by downregulating mito-
chondrial ROS-mediated ferroptosis[182]. In addition, 
quercetin could inhibit ferroptosis and act a protective 
role in AKI by reducing the expression of activating 
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transcription factor 3 (ATF3)[74]. However, the 
function of quercetin in DKD-induced ferroptosis 
requires more experiments to detect. Salidroside, a 
component of the traditional Chinese medicine 
Rhodiola, was proven to reshape the gut micro-
biota[183] and limit the accumulation of iron[184]. In 
db/db mice, it was found that salidroside could reduce 
blood glucose levels, which could be regulated by 
changing gut microbiota and regulating iron 
metabolism[185]. Calycosin (C16H12O5), an isoflavone 
extracted from the root stem of Astragali Radix, has 
anti-inflammatory, immunoregulatory, antiviral and 
antioxidant properties[186]. In db/db mice and HK-2 
cells cultured with high glucose, calycosin inhibited 
high glucose-induced ferroptosis by affecting GPX4 
and NCOA4 levels[164]. Glabridin is a bioactive 
component of licorice. It has been shown to exert 
hypoglycemic and protective effects on DM and its 
complications[187]. Tan et al. found that glabridin 
could restore the antioxidant system damaged by 
high glucose by decreasing the iron content in the 
kidney of DKD and recovering the level of 
ferroptosis-related markers. They proposed that the 
anti-ferroptosis effect of glabridin was probably 
mediated through the vascular endothelial growth 
factor (VEGF)/protein kinase B (Akt)/extracellular 
regulated protein kinase (ERK) pathway[162]. 
Platycodin D, extracted from the root of Platycodon 
grandiflorum, is a triterpenoid saponin with multiple 
pharmacological properties, including antitumor, 
antiviral, anti-inflammatory, antiaging and neuro-
protective effects. It was reported that platycodin D 
could inhibit high glucose-induced ferroptosis in 
HK-2 cells by upregulating GPX4[161]. Schisandrin A, 
one of the lignans isolated from the fruits of Schisandra 
chinensis, is used as a tonic agent in traditional 
Chinese medicine. It could inhibit ferroptosis and 
protect against kidney injury by reducing ROS 
production, mitigating the inflammatory response 
and alleviating mitochondrial damage through the 
adiponectin receptor 1 (AdipoR1)/AMPK/Nrf2/ 
HO-1/GPX4 pathway in HFD/STZ-induced diabetic 
mice[165]. 7-Hydroxycoumarin, also named umbelli-
ferone, is a derivative of coumarin widely present in 
umbelliferae plants and has many biological activities, 
such as anti-inflammatory and anti-hyperglycemic 
activities. It could inhibit ferroptosis by activating the 
Nrf-2/HO-1 pathway in db/db mice and HK-2 cells 
induced by high glucose, thereby retarding the 
progression of DKD[166]. 

Conclusion and Outlook 
In this review, we introduced the major 

mechanisms of the development and progression of 
ferroptosis, including iron overload, decreased 

antioxidant capacity and lipid peroxides accumu-
lation. Then, we discussed the advances in research 
on the connection between ferroptosis and DKD and 
emphasized the role of ferroptotic mediators in DKD. 
Moreover, we summarized the pharmacological 
progress of targeting ferroptosis in DKD in the hope 
of providing new therapeutic strategies for patients 
with DKD. 

To date, accumulating evidence supports the 
crucial role of ferroptosis in the onset and progression 
of DKD, and ferroptosis inhibition exerts a protective 
effect in DKD models[68, 88]. However, there are 
some problems that must be noted. Firstly, the 
detailed mechanisms that trigger ferroptosis remain 
unknown. Although deposition of iron in RTECs in 
DKD patients has been accepted by almost all 
researchers[78], does iron overload drive ferroptotic 
cell death or accumulation of ROS by diverse 
pathways? What’s more, the downstream factors of 
lipid peroxidation have not been fully clarified. 
Secondly, more investigations are needed to reveal 
the role of ferroptosis, especially when multiple 
pathological conditions coexist in DKD, and whether 
different factors affect each other. In addition, DKD is 
mediated by multiple cell death pathways[93]. 
However, the specific mechanism by which other cell 
death modes regulate ferroptosis in the development 
of DKD needs to be further explored. Thirdly, it is 
important to identify a reliable biomarker for 
predicting ferroptosis in DKD. The current bio-
markers related to ferroptosis used in preclinical 
studies are nonspecific, such as GPX4 and ferritin[21, 
33], which exist in other cell death modes and certain 
pathological conditions. With the development of 
proteomic and metabonomic technology, exploring 
potential biomarkers is more convenient[160], but 
subsequent applications in animal experiments and 
clinical diagnoses require more time and samp-
les[160]. Additionally, as we mentioned above, many 
hypoglycemic drugs have been proven effective in 
suppressing ferroptosis, which provides novel 
strategies for the treatment of ferroptosis-related 
diseases, such as AKI[188]. Although selective inhibi-
tion of ferroptosis has been proven to substantially 
improve kidney function in various animal models 
and cell models, clinical trials have not yet been 
performed with ferroptosis-specific inhibitors to treat 
DKD. Therefore, the identification of effective 
ferroptosis-targeted drugs for preventing and curing 
DKD is extremely necessary and urgent. 

Overall, concerning the positive impact of 
ferroptosis inhibition on the progression of DKD, 
developing new therapeutic targets is quite valuable. 
Meanwhile, continuing comprehensive studies on 
ferroptosis and DKD are indispensable to better 
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understand the key regulatory signaling pathways 
and underlying potential pathogenesis. Therefore, 
more in-depth research is required to focus on the role 
of ferroptosis in the development of DKD, which is of 
great significance for the clinical diagnosis and 
treatment of DKD in the future. 

Abbreviations 
DKD: Diabetic kidney disease 
AKI: Acute kidney injury 
ROS: Reactive oxygen species 
TFR1: Transferrin receptor 1 
FTH1: Ferritin heavy chain  
LOXs: Lipoxygenases 
NCOA4: Nuclear receptor coactivator 4 
RTECs: Renal tubular epithelial cells 
AA: Arachidonic acid 
PUFAs: Polyunsaturated fatty acids 
ACSL4: Acyl-CoA synthetase long chain family 

member 4  
NADPH: Nicotinamide adenine dinucleotide 

phosphate 
System Xc-: Cystine/glutamate antiporter 

system 
GSH: Glutathione 
GPX4: Glutathione peroxidase 4 
FSP1: Ferroptosis suppressor protein 1 
Nrf2: Nuclear factor erythroid 2-related factor 2 
AMPK: AMP-activated protein kinase 
ALOX: Arachidonate lipoxygenase 
TGF-β1: Transforming growth factor beta 1 
NF-κB: Nuclear factor-κB 
VDACs: Voltage-dependent anion channel 2/3 
HO-1: Heme oxygenase-1 
HMGB1: High mobility group 1 
FPN: Ferroportin 
IRI: ischemia-reperfusion injury 
N.A.: Not applicable 
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