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ABSTRACT

Diabetic nephropathy (DN) is a severe complication of diabetes mellitus, causing a substantive
threat to the public, which receives global concern. However, there are limited drugs targeting
the treatment of DN. Owing to this, it is highly crucial to investigate the pathogenesis and
potential therapeutic targets of DN. The process of ferroptosis is a type of regulated cell death
(RCD) involving the presence of iron, distinct from autophagy, apoptosis, and pyroptosis. A
primary mechanism of ferroptosis is associated with iron metabolism, lipid metabolism, and the
accumulation of ROS. Recently, many studies testified to the significance of ferroptosis in kidney
tissue under diabetic conditions and explored the drugs targeting ferroptosis in DN therapy. Our
review summarized the most current studies between ferroptosis and DN, along with investigating
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the significant processes of ferroptosis in different kidney cells, providing a novel target treatment

option for DN.

1. Introduction

Diabetic nephropathy (DN) is a severe complication of
diabetes mellitus, the prevalence of which is now esti-
mated to reach 34.2 million individuals, poses a tre-
mendous threat to the public and causes lots of
concerns [1]. In addition, DN is also the leading cause
of end-stage renal disease (ESRD), which is hugely bur-
densome for patients and their families. However, most
of the DN mechanism is still unknown, and there aren't
enough medications specifically targeting DN to slow
down the DN progression [2]. In response to per-
sistently high blood glucose levels, advanced glycation
end-products (AGEs), cytokines, growth factors, and
inflammation factors are produced, breaking down the
internal environment homeostasis and triggering oxi-
dative stress (OS), endoplasmic reticulum stress, inflam-
mation, mitochondrial dysfunction, ultimately inducing
various regulated cell death forms, which make up the
primary pathogenesis of DN [3-5].

Recently, one type of regulated cell death (RCD)
named ferroptosis, characterized by iron-dependent
lipid peroxidation, glutathione (GSH) depletion, and

glutathione peroxidase 4 (GPX4) inactivation, has
gained tremendous popularity in DN events [6]. In the
context of DN, therapeutic approaches targeting ferro-
ptosis prevent inflammation and fibrotic processes
brought on by specific cell death modalities, blazing
new trails in DN therapy [7]. However, most of the cur-
rent ferroptosis research in DN is still conducted on
animals or cells, and our knowledge of humans is still
quite limited. Therefore, in this review, we presented
the modern view on ferroptosis in the pathogenesis of
DN and demonstrated the potential benefit of ferro-
ptosis in DN therapy to offer a foundation for further
research (Figure 1).

2. Background of ferroptosis

The term ‘ferroptosis, which was coined in 2012, char-
acterizes an abnormal form of RCD that is distinguish-
able from apoptosis, autophagy, as well as pyroptosis
by exhibiting smaller mitochondria, disappearing mito-
chondrial crest, and increased mitochondrial mem-
brane density but not chromatin condensation and
margination, cytoplasmic and organelle expansion,
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Figure 1. In diabetic nephropathy, high glucose stimulates ferroptosis in kidney cells including tubular epithelial cells, podocytes,

glomerular endothelial cells, and mesangial cells.

plasma membrane rupture, or double-membrane con-
tained vesicles [8]. The emergence of OS and extensive
membrane lipid peroxidation that resulted in the loss
of the plasma membrane selective permeability trig-
gered these abnormal cell responses. In this regard,
based on the ongoing in-depth study of ferroptosis,
the primary regulatory pathways of ferroptosis might
be summarized as the following: the influence of lipid
metabolism, ROS accumulation, and iron metabolism,
as illustrated in Figure 2 [9].

3. The mechanism of ferroptosis
3.1. Iron metabolism: cornerstone

Ferroptosis, as its name implies, relies on iron, the metab-
olism of which is essential for preserving homeostasis
[10], and in which ferritin, which serves to store extracel-
lular iron, is the primary contributor [11]. Moreover,
another strong motivator of ferroptosis is the increased
intracellular labile iron pool (LIP), as evidenced by the
findings of NFE2L2/nuclear-factor-E2-related factor (Nrf2)
deletion, which leads to apoferritin accumulation, an

enlarged LIP, and enhanced sensitivity to ferroptosis [12].
In addition, it is not surprising that transferrin (TFR) is
vital in maintaining systemic iron homeostasis and ferro-
ptosis. For example, the hepatocyte-specific TFR has the
potential ability to transport Fe3+ into the tissues for
utilization, thereby inhibiting ferroptosis to alleviate
fibrosis in liver tissue [13]. Owing to the impact of ferri-
tin and transferrin, the concentration of intracellular free
ionic iron alteration influences the occurrence of the
Fenton reaction, the essence of which is that the diva-
lent iron ionization (Fe2+) catalyzes hydrogen peroxide
(H202), producing toxic hydroxyl radicals (- OH), thereby
sparking cellular lipid peroxidation, ultimately provoking
ferroptosis [14]. Conversely, a Fenton-independent reac-
tion contributes to ferroptosis due to a novel lipid per-
oxide (LPO) generator associated with GSH and iron
redox couple [15].

3.2. Lipid metabolism: bracket

Despite the fact that unrestrained lipid peroxidation is
a trademark of ferroptosis, current findings have dis-
proved the theory that free fatty acids are the root
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Figure 2. Overview of the ferroptosis mechanism. Primary regulatory pathways of ferroptosis might be summarized as the influ-
ence of lipid metabolism, ROS accumulation, and iron metabolism. GSH, glutathione; GPX4, glutathione peroxidase 4; LIP, labile
iron pool; Nrf2, nuclear-factor- erythroid2-related factor 2; TRF, transferrin; LPO, lipid peroxide; H202, hydrogen peroxide; - OH,
producing toxic hydroxyl radicals; Fe2+, divalent iron ionization; PUFAs, polyunsaturated fatty acids; ROS, reactive oxygen species;
Cys, cystine; Glu, glutamate; PRMT4, Protein Arginine Methyltransferase 4; KLF2, Kruppel-like factor 2; This figure is created with

BioRender.com.

cause of the condition. As demonstrated by the inter-
action between ROS and polyunsaturated fatty acids
(PUFAs) on the lipid membrane, PUFA activation is
more critical, leading to lipid hydroperoxides genera-
tion and cell ferroptosis [9]. Along the same line, exog-
enous administration of monounsaturated fatty acids
(MUFAs) reduces the levels of PUFAs to perform as an
anti-ferroptosis agent to suppress the buildup of lipid
peroxides [16]. Notably, a fascinating study on the
dietary exogenous intake of MUFAs or n-3 long-chain
PUFA reveals that the latter exhibits lipid peroxidation
and accelerates ferroptosis to delay tumor progres-
sion [17].

The thorough studies on PUFA have revealed that
several vital enzymes govern the activation of PUFAs,
such as lysophosphatidylcholine acyltransferase 3
(LPCAT3) and acyl-coenzyme A (CoA) synthetase
long-chain family member 4 (ACSL4) [18]. For exam-
ple, PKCBIl, a molecule that can sense early lipid

peroxides, can increase lipid peroxidation to stimulate
ferroptosis by phosphorylating and activating ACSL
[19]. Another research revealed that ACSL4 expression
was suppressed by HIF-1q, reducing lipid peroxidation
and inhibiting ferroptosis in ischemic stroke [20].
Except for ACSL4, a novel form of anti-ferroptosis
induced by iPLA2f must be taken into consideration
since it performs a protective role by liberating oxi-
dized fatty acids from phospholipids and forcing the
acyl tails to separate from the lipid glycerol back-
bone [21].

3.3. Reactive oxygen species (ROS) accumulation:
crossbeam

ROS accumulation is another crucial aspect of lipid
peroxidation that is relevant to GPX4, which is a GSH-
dependent, selenocysteine-containing enzyme that cat-
alyzes the conversion of certain lipid hydroperoxides



4 €> QWU ANDF.HUANG

into lipid alcohols to detoxicate and makes use of the
selenium to halt hydroperoxide-induced ferroptosis [22].
Under the condition of GSH, GPX4 continuously reduces
the generation of PLOOHs. In contrast, this phenome-
non will be revised by either GPX4 inactivation or GSH
depletion, leading to lipid peroxidation and ferroptosis
[23]. Furthermore, GPX4 is tightly associated with a spe-
cialized cystine transporter named system xc, which
influences cysteine content and GSH synthesis by
exchanging extracellular cystine (Cys) for intracellular
glutamate (Glu), eventually affecting the activity of
GPX4 to reduce high levels of ROS [24]. Alternatively,
the degree of GPX4 transcription also has a significant
role. A thorough investigation revealed that Protein
Arginine Methyltransferase 4 (PRMT4) interfered with
Nrf2 nuclear translocation by interaction, which
decreased GPX4 transcription and ultimately aided in
ferroptosis  [25]. Likewise, GPX4 was coupled to
Kruppel-like factor 2 (KLF2), a transcription factor family
member with conserved zinc-finger domains, which
affected its transcriptional control to encourage ferro-
ptosis in clear cell renal cell carcinoma [26]. An addi-
tional strategy for lowering the accumulation of ROS is
dihydroorotate dehydrogenase (DHODH), which s
responsible for converting ubiquinone (CoQ) into ubi-
quinol (CoQH2), an antioxidant that traps free radicals
and has anti-ferroptosis activity [27]. All these processes
serve to maintain homeostasis and inhibit the
buildup of ROS.

4, Ferroptosis in kidney disease

Generally speaking, when exposed to stress circum-
stances such as hypoxia, OS, and ER stress, kidney cells
are apt to undergo different forms of regulated cell
death, especially ferroptosis. An avalanche of studies
identifies the role of ferroptosis in kidney diseases,
such as acute kidney injury (AKI), renal fibrosis, and
renal clear-cell carcinoma. According to previous stud-
ies, the proximal tubular enzyme Myo-inositol oxygen-
ase (MIOX), highly expressed in the proximal tubule,
had a pro-ferroptosis effect in AKI [28]. In addition to
MIOX, heme scavenging protein, Hemopexin, accumu-
lated in the proximal tubules, resulting in a higher
level of heme oxygenase-1 (HO-1) and stimulating fer-
roptosis in AKI [29]. Ferroptosis suppressor protein 1
(FSP1) depletion contributed to acute tubular necrosis,
which is the morphological characteristic of AKI. A
newly synthesized small molecule inhibitor (Nec-1f)
also showed its function in anti-ferroptosis [30]. HIF-1a
had a low expression in HK-2 cells and NRK-52E cells
under AKl conditions, while the ASCL4 showed the
opposite results. Later test experiments demonstrated

that HIF-1a is capable of binding to the promoter of
ACSL4 and regulating it in the reverse direction, finally
triggering ferroptosis [31]. Furthermore, activated
farnesoid X receptor (FXR) could modulate the tran-
scription and expression of ferroptosis-related genes,
inhibiting ferroptosis and reducing kidney injury [32].

What's more, studies in HEK-293 cells demonstrating
that HIF-2a stimulated the lipid droplet-associated pro-
tein (HILPDA) and specifically enriched rate-limiting
substrates for lipid peroxidation to trigger ferroptosis
to indicate that ferroptosis is still essential for the
pathophysiology of renal clear cell carcinoma [33].
Similar to this, investigations revealed that ferroptosis
related to the pathological process of renal fibrosis, an
outcome of many kidney disorders, as demonstrated
by the studies in unilateral ureteral obstruction mice
that Lip-1 exerts the function of anti-fibrosis by inhib-
iting ferroptosis in HK-2 cells [34]. Based on these data,
we find a close connection between ferroptosis and
kidney diseases. As for the significance of DN in kid-
ney diseases, many scientists focus on the ferropto-
sis in DN.

5. Ferroptosis in diabetic nephropathy

DN, a microvascular complication of diabetes, alters
the ultrastructure and function of the kidneys due
to constant stimulation of the blood vessels of the
kidneys by high blood glucose, which is connected
to multiple kidney cells such as tubular epithelial
cells (TECs), mesangial cells, podocytes, and endo-
thelial cells [35]. In the face of the interaction of
metabolic derangements, oxidative stress, dyslipid-
emia and hemodynamic alterations, and immune
dysregulation, kidney cells exhibit RCD, including
autophagy, apoptosis, pyroptosis, and ferroptosis.
Iron homeostasis is essential for kidney cells to func-
tion correctly, so it is not surprising to see the
appearance of ferroptosis in DN [36]. In 2020,
researchers first looked into the connection between
ferroptosis and DN. In the face of the prominent
expression of ferroptosis-related marker ACSL4 and
the increased iron content in DN, they decided to
examine their presumptions. They discovered that
ACSL4 knockdown or overexpression could alter
renal tubular cell sensitivity to ferroptosis through
both in vivo and in vitro tests. Moreover, the ACSL4
inhibitor rosiglitazone ameliorates DN by blocking
ferroptosis in renal tubular cells, highlighting the
significance of ferroptosis in DN [7]. Moreover,
HIF-1a and HO-1 levels increased in db/db animals,
but this was countered by the ferroptosis inhibitor
ferrostatin-1, which resulted in decreased iron levels



in ferritin and transferrin. This suggests that HIF-1a/
HO-1 signaling is another way to induce ferroptosis
in diabetic conditions [37]. Based on this, research-
ers investigate the key molecules exclusively
expressed in kidney tubules and the intercellular
communication during ferroptosis within the kidney
through advanced single-cell RNA sequencing
(scRNA-seq) [38].

5.1. Tubular epithelial cell (TEC) ferroptosis in DN

Kidney biopsy samples from DN patients commonly
show low levels of the ferroptosis-related biomarkers
solute carrier family 7, member 11 (SLC7A11), and
GPX4. The phenomenon has been proven by further in
vitro and in vivo experiments. Similar characteristics of
mitochondria in the group of TGF-B1 and Erastin are
seen on transmission electron microscopy, including
shrinking of the mitochondria and disappearance of
mitochondrial cristae. Parallel to this, it has been dis-
covered that the TGF-B1-induced ferroptosis in NRK-52E
cells can be abolished when treated with Ferrostatin-1,
a kind of ferroptosis inhibitor [39]. From then on, sci-
entists began investigating the particular mechanisms
that drive ferroptosis in renal tubular epithelial cells.

5.1.1. Nrf2 signaling

The transcription factor Nrf2, which is a crucial regula-
tor of the cellular antioxidant response to governing
the expression of genes that combat oxidative and
electrophilic stressors, can regulate downstream target
genes to resist peroxidation and ferroptosis [40].
Notably, Nrf2 was downregulated in high glucose
(HG)-induced HK-2 cells, along with iron overload,
massive ROS, and lipid peroxidation. One study
revealed two anti-ferroptosis pathways based on Nrf2
as shown by that Nrf2 knockdown functioned its role
in antioxidant stress by inhibiting GPX4 and SLC7A11
as well as its role in regulating iron metabolism by
stimulating FTH-1 and TFR-1.[41]. Consistently, a deriv-
ative of coumarin called umbelliferone reversed the
Nrf2 downregulation in HK-2 cells and diabetic mice,
increasing HO-1 expression, a crucial antioxidant
enzyme, ultimately inhibiting the onset of ferroptosis
and delaying DN progression [42]. A similar result was
obtained after treatment with empagliflozin, which
activated AMPK and Nrf2, as well as ferroptosis mark-
ers like GPX4, SLC7A11, and FTH1, indicating the func-
tion of AMPK/Nrf2 signaling in suppressing ferroptosis
[43]. In addition, there is a relationship between endo-
plasmic reticulum stress (ERS) and ferroptosis, as
shown by the fact that ERS triggers the high expres-
sion of Hrd1 and the interaction between Hrd1 and
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Nrf2, which promote the ubiquitylation of Nrf2 to
accelerate ferroptosis[44]. As a bioactive peptide,
salicin-B is abundantly expressed in the kidneys to
inactivate Nrf-2 signaling, thus contributing to
HG-induced ferroptosis[45]. Furthermore, CAR inhibits
ferroptosis and inflammation by regulating the Nrf2
axis [46].

5.1.2. GPX4 signaling

Compared to the healthy controls, GPX4 had a lower
expression in kidney biopsy of DN patients, which is
primarily expressed in kidney tubulointerstitium, espe-
cially in TECs, confirming its position as a standalone
predictor of developing ESKD [47]. Similar GPX4 and
SLC7A11 downregulation were also observed in renal
biopsy samples taken from DN patients compared to
non-diabetic renal disease patients [43]. Recent experi-
mental evidence indicated that the natural ingredient
Platycodin D (PD) promoted the levels of GPX4 to
inhibit ferroptosis in HK-2 cells, relieving the accumula-
tion of lipid ROS production and Fe?* levels [48]. Similar
outcomes are seen in dog renal TECs (Madin-darby
canine kidney, or MDCK) under high glucose conditions,
which exhibit reduced GPX4 expression and improved
expression of TXNIP, high-mobility group box-1 (HMGB1),
and ferritin. Further experiments demonstrated that
N-acetylcysteine (NAC) and insulin combination therapy
had an anti-ferroptosis ability in renal TEC, likely by
binding Sirt3 and increasing the expression of Sirt3 and
GPX4 expression while inhibiting that of sod2, indicat-
ing a novel signaling SIRT3-SOD2-Gpx4 in ameliorating
DN through preserving the mitochondrial homeostasis
and alleviating ferroptosis [49]. In mice RTECs, Bone
morphogenetic protein-7 (BMP7), an antagonist of
TGF-B, has been shown to accelerate the regeneration
of pancreatic beta cells to inhibit ferroptosis through
GPX4 signaling [50].

5.1.3. SLC40A1 signaling

Depending on the contribution of the solute carrier
family to ferroptosis, the latest findings showed that
some drugs targeting SLC40A1 inhibited ferroptosis in
DKD. One of these demonstrated that for HK-2 cells
treated with DAPA, the high levels of intracellular iron
and GSH, along with the low expression of GPX4 and
SCL7A11 brought on by ferroptosis, could be reversed.
Interestingly, SLC40A1, the only iron export protein
discovered in mammals, displayed higher expression in
the DAPA group compared to the HG group. The addi-
tional experiment proved that SLC40A1 ubiquitination
was markedly elevated by HG administration in HK-2
cells but decreased by DAPA therapy, a drug that



6 4> QWU ANDF.HUANG
could directly combine and stabilize SLC40A1 through
bioinformatics verification [51].

Additionally, some studies revealed some other reg-
ulatory mechanisms of ferroptosis in DKD. ZRT/IRT-like
protein 14 (ZIP14), a transport protein that facilitates
cellular iron uptake, is significantly increased in DN.
This increase promoted the ferrous iron (Fe2+) levels
both in vivo and in vitro, as well as the expression of
malondialdehyde (MDA), whereas it decreased the lev-
els of GPX4 and glutathione. Nevertheless, Fer-1
administration can interrupt the process, revealing a
unique pro-ferroptosis function for ZIP14 in DN [52]. In
the rat renal tubular epithelial cells (NRK-52E), a form
of traditional Chinese medicine glabridin (Glab) exhib-
ited its anti-ferroptosis capability by increasing GSH
activity, GPX4, SLC7A11, and SLC3A2 expression, lower-
ing MDA and iron concentrations, and upregulating
TFR1 expression. Further research supports the theory
that VEGF/Akt/ERK is the primary mechanism through
which glab improves the progress of DN [53]. The lat-
est study discovered that Aspirin, a classical medicine
to make it function by inhibiting cyclooxygenase-2
(COX2), exhibited its protective role in inhibiting ferro-
ptosis in DN. Owing to the overexpression of COX-2,
which is an enzyme expressed in the proximal tubule,
causing cellular redox damage, while COX-2 knock-
down reversed the alterations in the sensors of ferro-
ptosis metabolism, such as GPX4 activity, lipid
hydroperoxidation, and GSH levels [54]. Moreover,
some natural extracts like total flavones (TFA) from
Abelmoschus manihot and Calycosin (C16H1205) from
Astragali Radix (AR) showed the protective role of
anti-ferroptosis to ameliorate diabetic kidney injury in
HK-2 cells similar to dapagliflozin administration in DN
treatment via antioxidation and improving iron depo-
sition [55, 56].

5.2. Podocytes ferroptosis in DN

Studies have looked into the process of ferroptosis in
podocytes and the damage mechanism in renal tubules.
Ferroptosis and podocytes may be related, as shown by
the GSH depletion in podocytes and the rise in ROS lev-
els. Germacrone mitigated mitochondria damage and
ferroptosis in HG-induced podocytes by promoting
upregulation of mmu_mmu_circRNA_0000309, a novel
identified circular RNA. This study revealed a ceRNA reg-
ulatory network among mmu_mmu_circRNA_0000309,
miR-188-3p, and GPX4 [57]. Furthermore, Ginkgolide B
(GB), the active component of the herbal remedy
Ginkgo biloba, was used in a recent investigation on
mouse podocytes and DN mice to explore another
mechanism of GPX4. GB performed its anti-ferroptosis

function by inhibiting GPX4 ubiquitination and promot-
ing its expression and role in renal fibrosis by suppress-
ing a-SMA and Collagen 1 expression, indicating an
innovative strategy to alleviate the progression of
DN [58].

In addition to GPX4 signaling, researchers discov-
ered that antioxidant enzymes peroxiredoxin 6 (Prdx6)
contributed to podocyte ferroptosis. Low levels of
Prdx6 and the transcription factor specificity protein 1
(Sp1) are expressed in response to HG stimulation. This
expression diminished with rising blood glucose levels
and was time-dependent. Subsequent investigations
confirmed that the overexpression of prdx6 combined
with sp1 to reverse the HG-induced oxidative stress
and ferroptosis [59]. Another study revealed a Gpx4/
ferroptosis suppressor protein 1/CoQ10 axis in podo-
cytes, which meliorate renal ferroptosis. Then, utilizing
systems pharmacology and ‘multi-omics’ analysis,
researchers discovered the role of mangiferin monoso-
dium salt (MGM), which inhibits lipid driver ACSL-4-
mediated pro-ferroptosis synthesis in the kidney [60].

5.3. Glomerular endothelial cells (GECs)
ferroptosis in DN

Under the stimulation of 20mmol/L D-glucose in
human renal glomerular endothelial cells, there is a
low expression level of circular ASAP2, which
sponges and upregulates miR-770-5p, regulating
SOX11/SLC770A5 pathway to increase inflammation,
OS, and ferroptosis in DN, thereby providing a novel
network of circ ASAP2 to ameliorate kidney injury in
DN [61]. According to the latest scientific investiga-
tions, Nrf2 showed a significant role in ferroptosis
by activating the downstream antioxidant enzyme
genes transcription, such as HO-1, SOD2, and GPX4.
Furthermore, this axis can be regulated by the
AdipoR1/AMPK signaling and AdipoR1 ubiquitina-
tion. Hence, Schisandrin A is a potential therapeutic
option for DN by modulating AdipoR1 ubiquitina-
tion [62]. These findings suggest the close connec-
tion between ferroptosis and diabetic nephropathy,
which is involved in renal TECs, mesangial cells,
podocytes, and GECs.

5.4. Mesangial cells ferroptosis in DN

Although the evidence is scarce, ferroptosis is also
observed in mesangial cells. Taking notice of the ferro-
ptosis markers ferritin and LDH upregulation in the
serum of DN patients, researchers began to look into
the connection between ferroptosis and DN in
mesangial cells. Their findings suggested that the



downregulation of HMGB1 was inversely linked with
Nrf2 and promoted ferroptosis through the Nrf2 sig-
naling pathway [63].

5.4.1. Drugs targeting ferroptosis in DN

Despite numerous studies showing the significance of
ferroptosis in DN, there are few medications that specif-
ically target ferroptosis (Table 1). Some of them are
Chinese traditional medicine. For instance, the complex
medication San-Huang-Yi-Shen (SHYS) promotes the
cystine/GSH/GPX4 axis to prevent ferroptosis in db/db
mice [64]. Similar to this, Emodin, a key component of
rhubarb that is useful against DN, demonstrated its
renal protective action by preventing ferroptosis by
increasing Nrf2 [65]. In addition, some extracts from
fruits and plants are useful. Mangiferin monosodium
salt (MGM), a special component of mango, has also
demonstrated a systemic protective role in DN by regu-
lating lipid metabolism derangements and arachidonic
acid (AA) metabolism [60]. A few plant extracts, like as
Vitexin, are significant bioactive flavonoid monomers
that demonstrate their anti-ferroptosis functions via
stimulating GPX4 signaling [66]. In renal tubular epithe-
lial cells, quercetin (QCT), a naturally occurring flavonoid
derived from fruits and vegetables, increased the Nrf2/
Heme oxygenase-1(HO-1) signaling to anti-ferroptosis
[67]. Furthermore, some organic compounds have also

Table 1. Drugs targeting ferroptosis in DN.
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demonstrated anti-ferroptosis properties. The capacity
of reducing sugars like 2-deoxy-D-ribose (dRib) to pre-
vent the xCT protein from being produced by the
ubiquitin-proteasome  system (UPS), which reduces
intracellular cystine absorption, is another indication
that they are implicated in ferroptosis in DN [68].
Additionally, aspirin, a class of nonsteroidal anti-
inflammatory drugs (NSAIDs), has reno-protective prop-
erties by preventing ferroptosis in PTECs by decreasing
COX2 signaling [54].

6. Conclusion and perspectives

DN is one of the most severe complications of DM,
which lacks efficient therapy to inhibit its progression.
Ferroptosis is a brand-new kind of cell death form with
unique traits from other RCDs. Its induction mecha-
nisms have been concluded in three parts: iron metab-
olism, lipid metabolism, and accumulation of ROS.
Nowadays, ferroptosis shows its role in DN from the
recent studies mentioned above, which may offer a
fresh approach to DN treatment. Ferroptosis involves
the kidneys' central cells, such as TECs, podocytes,
GEGCs, and glomerular mesangial cells, and the main
pathological changes in these cells lead to the deteri-
oration of the kidneys and the progression of DN.
Although several medications that target iron death

Induce or inhibit

Drugs Samples Targets ferroptosis References
Vitexin Cell: HK-2 cells GPX4, SCL7A11 inhibit [66]
Animal: STZ-induced diabetic rats
2-Deoxy-D-ribose (dRib) Cell: Primary culture of RTECs, NRK-52E cells GPX4, SCL7A11, ACSL4 CHAC1, Nrf2 induce [68]
San-Huang-Yi-Shencapsule  Animal: STZ-induced diabetic mice Cystine, GPX4 inhibit [64]
(SHYS)
Glabridin Cell: NRK-52E cells GPX4, SLC7A11, SLC3A2, VEGF, Akt, inhibit [53]
Animal: STZ-induced diabetic rats ERK
Platycodin D Cell: HK-2 cells FTH-1, inhibit [48]
SLC7A11, GPX4,
ACSL4,
TFR1
Dapagliflozin (DAPA), Cell: HK-2 cells SLC40A1, GPX4, SLC7A11 inhibit [51]
Animal: STZ-induced diabetic mice
Schisandrin A Cell: Human renal glomerular TNF-a, INF-y, GPX4,TXNIPNLRP3,Nrf2, inhibit [62]
endothelial cells (HRGECs) HO-1, AdipoR1/ AMPK
Animal: STZ-induced diabetic mice
quercetin (QCT) Cell: Human renal glomerular GPX4, SLC7A11, TFR1, FTH1 inhibit [67]
endothelial cells (HRGECs)
Animal: db/db mice
Empagliflozin Cell: HK-2 cells AMPK, NRF2, GPX4, SLC7A11 inhibit [43]
Animal: STZ-induced diabetic mice
Mangiferin monosodium Animal: STZ-induced diabetic rats phosphorylated insulin receptor inhibit [60]
salt (MGM) substrate 1(Tyr608), CoQ10, MVA,
AA, GPX4
aspirin Cell: HK-2 cells COX-2, GPX4, inhibit [54]
Animal: STZ-induced diabetic mice
Calycosin Cell: HK-2 cells GPX4 inhibit [55]
NAC Cell: Madin-darby canine kidney (MDCK) cells ~ TXNIP, SIRT3, SLC7A11, HMGB1, CD71 inhibit [49]

(a dog renal tubular
epithelial cell line)
Animal: STZ-induced Beagle
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have also been discovered that decrease the progres-
sion of diabetic nephropathy, these findings have only
been confirmed in vitro and in vivo, which have not
been confirmed in clinical. Besides, further research is
required because ferroptosis does not occur alone and
is frequently accompanied by other forms of cell death.
A prospective observational study revealed that ferro-
ptosis marker GPX4 in venous blood was independently
associated with massive proteinuria and was an ele-
vated prediction value for DN. In conclusion, ferropto-
sis is a novel cell death and plays an important role in
DN, providing a new therapeutic direction for patients.
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