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ABSTRACT

Background: With long-term metabolic malfunction, diabetes can cause serious damage to whole-body tissue and organs, resulting in a variety
of complications. Therefore, it is particularly important to further explore the pathogenesis of diabetes complications and develop drugs for
prevention and treatment. In recent years, different from apoptosis and necrosis, ferroptosis has been recognized as a new regulatory mode of cell
death and involves the regulation of nuclear receptor coactivator 4 (NCOA4)-mediated ferritinophagy. Evidence shows that ferroptosis and
ferritinophagy play a significant role in the occurrence and development of diabetes complications.
Scope of review: we systematically review the current understanding of ferroptosis and ferritinophagy, focusing on their potential mechanisms,
connection, and regulation, discuss their involvement in diabetes complications, and consider emerging therapeutic opportunities and the
associated challenges with future prospects.
Major conclusions: In summary, ferroptosis and ferritinophagy are worthy targets for the treatment of diabetes complications, but their
complete molecular mechanism and pathophysiological process still require further study.
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1. INTRODUCTION

Diabetes mellitus, a group of lifelong metabolic diseases with multiple
etiologies, is characterized by chronic hyperglycemia [1]. Long-term
metabolic disorder and continuous hyperglycemia can gradually
aggravate the damage of the patient’s nervous system and cardio-
vascular, kidney, and other systemic tissues and organs, resulting in
various complications [2]. According to the 2019 International Diabetes
Federation statistics, the morbidity and mortality rates of diabetes
increase every year, threatening people’s physical and mental health
[3,4]. Therefore, a deep exploration of the pathogenesis of diabetes
complications and emerging treatment opportunities are global public
health goals.
Recent studies suggest that the development of diabetes complica-
tions is closely related to a cell death pattern called ferroptosis.
Ferroptosis is a new form of iron-dependent regulatory death, which
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is morphologically, biochemically, and genetically distinct from
apoptosis, necrosis, and autophagy [5]. The most marked peculiar-
ities of ferroptosis are iron homeostasis imbalance and excessive
lipid peroxidation [5]. Studies have shown that the regulatory effect of
ferritinophagy on ferroptosis involves its over-activation-induced
intracellular iron overload and that excessive iron is the basis of
inducing ferroptosis [6].
Ferroptosis is associated with varieties of cellular metabolic pathways,
including redox homeostasis [7], iron metabolism [5,8], mitochondrial
activity [9], and various disease-related signal pathways [10e12].
Recently, it was shown that due to the disorder of cell metabolic
pathways, ferroptosis and ferritinophagy exist in diabetes complica-
tions [9,13] to include iron overload caused by iron metabolism dis-
order, a link to promoting ferroptosis, which is closely related to the
occurrence and development of diabetes complications [13e15]. In
addition to the disorder of iron metabolism, the imbalance of redox
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Review
homeostasis also leads to the accumulation of reactive oxygen species
(ROS) and eventually promotes the occurrence of ferroptosis [9,16e
18]. Understanding the potential mechanisms of ferroptosis and fer-
ritinophagy and related regulatory networks may provide effective
strategies for the treatment of diabetes complications.
Many studies have demonstrated the ability to signal molecules or
drugs to regulate ferroptosis and ferritinophagy in the prevention and
treatment of diabetes complications, for example, the application of
some ferroptosis inducers or inhibitors [19] and the regulation of iron
metabolism-related gene expression [20]. Consequently, ferroptosis
and ferritinophagy are expected to become targets in the study of
diabetes complications.
We review the recent progress in understanding ferroptosis and fer-
ritinophagy and their potential mechanisms in diabetes complications,
and we consider emerging therapeutic opportunities and the associ-
ated challenges.

2. MECHANISM OF FERROPTOSIS AND FERRITINOPHAGY

2.1. Function and mechanism of ferroptosis
Cell death is a universal life phenomenon in the biological world. It is an
irreversible and important link under certain physiological and patho-
logical conditions [21]. There are a variety of death modes. Traditionally,
cell death is divided into two main types: apoptosis and necrosis [22].
However, in recent years, studies have proved that ferroptosis, pyrop-
tosis, parthanatos, entotic cell death, and others are also involved in cell
death under many pathophysiological conditions [23]. Among these,
ferroptosis has recently been described as a form of programmed cell
death. Unlike the others, in ferroptosis no chromatin condensation is
observed in apoptosis and no loss of plasma membrane integrity is
Figure 1: Three mechanisms of ferroptosis and the relationship between ferroptosis
regulation of iron metabolism, GSH and GPX4, and peroxide. The association between ferr
autophagy lysosomes for degradation and release of free iron, which eventually leads to fer
the prostate 3; DMT1, divalent metal transporter 1; ROS, reactive oxygen species; NC
polyunsaturated fatty acyl CoA; PL-PUFA, phospholipid-bound polyunsaturated fatty acids
member 4; LPCAT3, lysophosphatidylcholine acyltransferase 3; ALOXs, arachidonic acid
synthetase; gGSC, g-glutamylcysteinyl synthetase; gGlu-Cys, gglutamyl-cysteine; GSH, glu
disulfide reductase; NADPH, nicotinamide adenine dinucleotide phosphate; NADPþ, the ox
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observed in necrosis [24]. In 2003, a selective, lethal, small molecule,
first labeled erastin, can induce cell death in rat sarcoma (RAS)-
expressing tumorigenic cells, which is an activator of this phenomenon
[25]. In 2012, Dixon et al. named this death mode of iron-dependent,
non-apoptotic cell necrosis “ferroptosis” [5]. It is caused by the
imbalance between the generation and degradation of intracellular lipid
ROS. This process is inseparable from iron ion concentration, and the
mechanism is shown in Figure 1. The regulatory mechanisms of iron
death are mainly iron metabolism, system Xc-, glutathione (GSH) and
glutathione peroxidase 4 (GPX4) regulation, and lipid metabolism.

2.1.1. Iron metabolism
Iron is one of the essential nutritional elements of organisms. It mainly
exists in the form of Fe3þ in food and is absorbed in the intestinal
epithelial cell [26]. In circulation, iron binds with transferrin (TF) in the
form of Fe3þ and is transported through transferrin receptor 1 (TFR1)
on the surface of the cell membrane. The conjugate enters the cell
through an endocytosis manner [27]. In the acidic endosomal envi-
ronment, Fe3þ is released from the conjugate, reduced to Fe2þ by six
transmembrane epithelial antigens of prostate 3 (STEAP3), and then
enters the cytoplasm from the endosome through divalent metal
transporter 1 (DMT1) [28]. Excess iron is mainly stored in ferritin in the
form of redox inactivity. A small amount of Fe2þ forms the labile iron
pool (LIP) [29]. Fe2þ is transported to the outside of cells under the
action of membrane iron transporter 1 (FPN1). Generally, the balance
of iron in cells is reflected in the balance among iron absorption,
output, utilization, and storage [30]. When intracellular iron is over-
loaded, on the one hand, the highly oxidizing free Fe2þ can easily
undergo Fenton reaction with lipid peroxide, produce hydroxyl radical,
arouse strong oxidative stress response, produce a large number of
and ferritinophagy. The regulation mechanism of ferroptosis is mainly related to the
itinophagy and ferroptosis is mediated by NCOA4. Intracellular ferritin is transported to
roptosis. TFR, transferrin receptor; STEAP3, the six-transmembrane epithelial antigen of
OA4, nuclear receptor co-activator 4; PUFA, polyunsaturated fatty acids; PUFA-CoA,
; PLOOH, phospholipid hydroperoxides; ACSL4, acyl-CoA synthetase long-chain family
lipoxygenases; Gly, glycine; Cys2, cysteine residues; Cys, cysteine; GSS, glutathione
tathione; GPX4, glutathione peroxidase 4; GSSG, glutathione oxidized; GSR, glutathione-
idized form of NADPH; GGT, Glutamyl transpeptidase.
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ROS and induce ferroptosis [31]. On the other hand, Fe2þ is a cofactor
that enhances the activities of various metabolic enzymes, promotes
the production of lipid ROS, and then promotes ferroptosis [28]. In
conclusion, abnormal iron metabolism may increase intracellular iron,
cause iron-related ROS deposition, and induce ferroptosis. Iron is an
essential element of ferroptosis, and iron metabolism is a necessary
process of ferroptosis.

2.1.2. System Xc-GSH-GPX4 axis
System Xc-is the cystine/glutamate antiporter system that is
composed of two independent proteins; one is called solute carrier
family 7 members 11 (SLC7A11), and the other is solute carrier family
3 member 2 (SLC3A2). The System Xc-exchanges glutamate and
cystine inside and outside of cells in a ratio of 1:1 [32]. Cystine
transported into cells is reduced to cysteine for the synthesis of GSH.
Glutathione is a necessary cofactor of GPX4. GPX4 can simultaneously
convert reduced GSH into oxidized GSH and reduce lipid peroxide, so
as to reduce oxidative stress injury [33]. This step of uptake of cystine
by System Xc-is the rate-limiting step of cysteine synthesis. Blocking
or inhibiting this step can lead to the reduction of intracellular cysteine,
inhibit the lipid repair function of GPX4, and promote ferroptosis by
reducing the antioxidant capacity of cells [34].

2.1.3. Lipid metabolism
Lipid metabolomics showed that polyunsaturated fatty acids (PUFAs)
such as arachidonoyl (AA) or adrenoyl (ADA) are the lipids most prone
to oxidation during ferroptosis and that they are regulated by three
synthases [35]. Among them, the acyl CoA synthase long-chain family
member 4 (ACSL4) and the lysophosphatidylcholine acyltransferase 3
(LPCAT3) involved in the synthesis of PUFAs were found by Dixon to
play an important role in the ferroptosis pathway by inserting a large
number of mutations into haploid cells [36]. In addition, lipoxygenase
(LOX) also mediates ferroptosis [35]. Some studies have shown that
knockout or inhibition of the above three synthase can inhibit the
occurrence and development of ferroptosis [37,38].
The above data confirm that the most important characteristics of
ferroptosis are the increase of intracellular iron ion concentration and
the abnormal accumulation of lipid reactive oxygen species. The three
Figure 2: Mechanism of ferritinophagy. NCOA4 mediated ferritinophagy transports
intracellular ferritin to autophagy lysosome for degradation and release free iron. By
overloading intracellular iron, ROS production in the labile iron pool increases, so as to
increase the sensitivity of cells to ferroptosis. NCOA4, nuclear receptor co-activator 4;
ROS, reactive oxygen species.
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ferroptosis mechanism pathways and their interrelation are shown in
Figure 1.

2.2. The connection between ferroptosis and ferritinophagy
Nuclear receptor coactivator 4 (NCOA4)-mediated ferritinophagy to
degrade ferritin is a feedback regulation mechanism of available iron in
cells, and its activation will increase the content of available iron in
cells. The process of ferritinophagy is shown in Figure 2. Mechanis-
tically, NCOA4 acts as a selective autophagy receptor and binds to
ferritin heavy chain-1 (FTH1) of ferritin to mediate the transport of
intracellular ferritin to autophagy lysosomes and finally release free
iron. This regulation is not unidirectional, and the intracellular iron level
will also affect the ferritinophagy flux [39]. When iron is abundant,
HERC2 (E3 ubiquitin ligase) mediates the degradation of NCOA4 in a
ubiquitin-dependent manner to reduce ferritinophagy flux to balance
iron levels [40]. Notably, the level of NCOA4 is the core factor in
determining ferritinophagy flux.
Under physiological conditions, ferritinophagy can maintain intracel-
lular iron balance, but its excessive activation will lead to intracellular
iron overload [39]. Lipid peroxide deposition associated with iron
overload is a necessary condition for ferroptosis. All these show that
ferritinophagy is closely related to ferroptosis, as shown in Figure 1.
Bellelli et al. confirmed that GPX4, an important antioxidant enzyme
that inhibits ferroptosis, is highly expressed in NCOA4 knockout mice,
which revealed the correlation between ferroptosis and ferritinophagy
[41]. In addition, some studies have shown the promoting effect of
ferritinophagy on ferroptosis, which is mainly due to iron overload
caused by increased expression of NCOA4. Sorafenib, a ferroptosis
inducer, whose potential mechanism is to increase the expression of
NCOA4 to promote iron overload and the production of ROS [42]. In
addition, it has been proved that the increase of iron level caused by
overexpression of NCOA4 will increase the sensitivity to ferroptosis
[41]. On the contrary, ferritinophagy has a protective effect on fer-
roptosis. When NCOA4 itself is missing or its binding to FTH1 is
blocked, ferritinophagy is obstructed, which will reduce the sensitivity
of cells to ferroptosis [43]. This confirms that synthesized compound
9a directly binds to NCOA4, blocking its binding to FTH1 and thereby
reducing iron levels to block ferroptosis [44]. Moreover, knockout of
the NCOA4 gene blocked sideroflexin 1 (SFXN1) mediated iron overload
in mitochondria, which inhibited ferroptosis [45]. In conclusion, this
data suggests that iron overload is the initiating link of ferritinophagy
triggering ferroptosis. The key to regulating ferritinophagy is to affect
its core substance, NCOA4, by regulating the level or hindering its
binding to ferritin.
In summary, NCOA4-mediated ferritinophagy plays an important role in
regulating ferroptosis, mainly by regulating intracellular iron balance
and affecting the production of ROS. Future studies are necessary to
explore ways that ferritinophagy regulates ferroptosis and to explore
intervention drugs targeting ferritinophagy to improve the ferroptosis-
related pathological process in various diseases.

2.3. Regulator of ferroptosis and ferritinophagy

2.3.1. Ferroptosis and ferritinophagy inducers
According to different mechanisms, ferroptosis and ferritinophagy in-
ducers are divided into three types.
The first is System Xc-inhibitors, such as erastin, sorafenib, p53, and
sulfasalazine. Erastin is a powerful inducer of ferroptosis. On the one
hand, it directly inhibits system Xc-, blocks the uptake of cystine by
cells, and reduces the content of GSH. It reduces GPX4 activity and
weakens the anti-lipid oxidation ability of cells [5]. On the other hand, it
ss article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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Table 1 e Regulators of ferroptosis and ferritinophagy as well as their indications in different diabetes complications.

Regulators Possible mechanisms Induce or inhibit
ferroptosis

Diseases Reference

Erastin, RSL3 by causing iron accumulation and high ACSL4 levels to sensitize cells to ferroptosis inducer DN [19]
Erastin by aggravating endoplasmic reticulum stress to promote ferroptosis injury inducer DMIRI [66]
p53 stimulation of ferroptosis by high glucose-induced activation of the p53-xCT-GSH axis inducer DED [67]
Fer-1 By improving high glucose and high fat-induced lipid peroxidation, and down regulating the

production of ROS
inhibitor DA [68]

RSL3, RAS-selective lethal 3; ACSL4, acyl CoA synthase long-chain family member 4; xCT, the substrate-specific subunit of system Xc-; GSH, glutathione; Fer-1, ferrostatin-1; ROS,
reactive oxygen species; DN, diabetic nephropathy; DMIRI, diabetic myocardial ischemia-reperfusion injury; DED, diabetes-induced endothelial dysfunction; DA, diabetic
atherosclerosis.

Review
also acts on the voltage-dependent, anion-selective channel protein 2
(VDAC2/3). Erastin inhibits its activity, leads to mitochondrial
dysfunction, and aggravates cellular lipid peroxidation [46]. In addition,
ferroptosis caused by erastin can increase the expression level of
lysosome-associated membrane protein 2a (lamp2a) to promote
chaperone-mediated autophagy and in turn promote the degradation of
GPX4 [47]. Sorafenib can inhibit system Xc- and trigger ER stress and
ferroptosis [48]. The mutation of the p53 DNA domain to p533KR can
limit cystine uptake by inhibiting the transcription of SLC7A11, making
cells more sensitive to ferroptosis induced by oxidative stress [49].
Sulfasalazine can induce ferroptosis in pancreatic cancer cells by
inhibiting the System Xc-; such a method of killing cancer cells pro-
vides new ideas for the treatment of pancreatic cancer [50].
The second type is GSH up-regulators, including BSO, cysteinase,
acetaminophen, and cisplatin. BSO inhibits the activity of the rate-
limiting enzyme of GSH synthesis g-Glutamyl cysteine synthase (g-
GCS) prevents the synthesis of dipeptides from glutamate and
cysteine, which makes the reduced GSH unable to be synthesized, and
finally leads to the lack of GSH [10]. Cysteinase can directly degrade
cysteine and block the synthesis of GSH [51]. Ferroptosis is also
associated with primary hepatocytes death induced by acetaminophen
(APAP). The highly reactive metabolite of APAP is N-acetyl-p-benzo-
quinone imine (NAPQI). NAPQI in APAP reacts rapidly with GSH,
resulting in a large consumption of GSH and eventually ferroptosis [52].
Cisplatin is a first-line broad-spectrum anticancer drug. Recent studies
have shown that cisplatin synergizes with prlx93936 can induce fer-
roptosis in non-small-cell lung cancer (NSCLC). In the cytoplasm, the
main part of cisplatin binds to GSH. Similar to erastin, GSH con-
sumption and GPX4 inactivation are the basic mechanisms of cisplatin-
induced ferroptosis [53].
The third type is GPX4 inhibitors causing ferroptosis, including RAS-
selective lethal 3 (RSL3), diphenyleneiodonium7 (DPI7), diphenyleneio-
donium10 (DPI10), FIN56, altretamine, and withaferin A. RSL3 can bind
to GPX4 and inhibit its protein activity, resulting in excessive accumu-
lation of intracellular lipid peroxide [24]. Similarly, DPI7 and DPI10 can
induce ferroptosis by directly inhibiting GPX4 activity [10]. FIN56 is a
specific ferroptosis inducer that can promote the degradation of GPX4. In
addition, it also binds to and activates squalene synthase, resulting in the
consumption of endogenous antioxidant coenzyme Q10. This process
enhances the sensitivity of cells to ferroptosis caused by FIN56 [54].
Studies have shown that altretamine is a new GPX4 inhibitor and sug-
gests a potential mechanism for its antineoplastic activity [55]. With-
aferin A (WA) is a natural ferroptosis-inducing agent in neuroblastoma,
which acts through a novel double-edged mechanism. One mechanism
is that WA dose-dependently induces ferroptosis by activating the nu-
clear factor-like 2 pathway through targeting of Kelch-like ECH-
4 MOLECULAR METABOLISM 60 (2022) 101470 � 2022 Published by Elsevier GmbH. This is
associated protein 1 (Keap1). The other mechanism is to inactivate GPX4
and then induce ferroptosis [56].
Several inducers bring out ferroptosis in other ways. On the inhibition
of nuclear factor erythroid 2-related factor 2 (NRF2) by trigonelline
(fenugreen), the expression of MT-1G was blocked, which reduced the
content of GSH and further caused ferroptosis [57]. Artesunate (Art)
activates lysosomal function and promotes ferritin degradation. It
forms free radicals through the Fenton reaction, resulting in lysosomal
rupture and ferroptosis [58]. FINO can initiate ferroptosis through
multiple mechanisms, including both indirectly inhibiting GPX4 enzy-
matic function and directly oxidizing iron, ultimately causing wide-
spread lipid peroxidation [59]. AMID (AIF-homologous mitochondrion-
associated inductor of death) was later renamed ferroptosis sup-
pressor protein 1 (FSP1), which was initially described as a pro-
apoptotic gene [60]. GPX4 gene-deleted cancer cells can be effec-
tively cleared by FSP specific inhibitor iFSP1. In cancer cells expressing
GPX4, iFSP1 can cooperate with RSL3 to induce ferroptosis of cancer
cells [59]. In addition, ferric ammonium citrate leads to iron overload by
up-regulating the level of intracellular free iron ions, and iron ions
produce excessive free radicals through the Fenton reaction [61].

2.3.2. Ferroptosis and ferritinophagy inhibitors
Because the occurrence of ferroptosis is closely related to iron
metabolism and lipid peroxidation, most inhibitors against ferroptosis
belong to iron chelators or antioxidants. Iron chelators such as
deferoxamine (DFO) can bind free iron ions, inhibit Fenton reaction,
inhibit lipid peroxidation, and then inhibit the occurrence of ferroptosis
[62]. Antioxidants such as ferrostatin-1 (Fer-1) and liproxstatins can
inhibit lipid peroxidation and reduce the production of ROS [5,63]. In
addition, lipid peroxidase inhibitors (such as vitamin E) can not only
inhibit LOX activity, but also have weak chemical bonds to facilitate the
transport of hydrogen atoms, which protect cells from ferroptosis and
oxidative damage [64]. Recent studies have confirmed that tran-
scription factor nuclear factor erythroid-2, like-1 (NFE2L1), maintains
proteasome function, which reveals a new mechanism of anti-
ferroptosis [65].
Many studies have reported the regulators of ferroptosis and ferriti-
nophagy and their indications in different diabetes complications, as
shown in Table 1.

2.3.3. NRF2 signaling
The above elaborates some small molecule regulators of ferroptosis
and ferritinophagy. At the same time, in specific cells, some macro-
molecular regulatory proteins and their related different signal path-
ways can also regulate ferroptosis. Among them, the most closely
related to diabetes is the NRF2 signaling pathway. Therefore, we only
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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explain the NRF2 signaling here and do not repeat the relationship
between other pathways and ferroptosis.
As an important antioxidant stress transcription factor, NRF2 plays a
key role in improving cell tolerance to oxidative stress. NRF2 binds to
its activity inhibitor Keap1 and exists in the cytoplasm. When stimu-
lated by oxidative damage, NRF2 separates from Keap1 and enters the
nucleus to boost the expression of downstream target genes [69]. In
terms of mechanism, NRF2 reduces the damage that oxidative stress
causes by regulating antioxidant enzymes and iron metabolism [70].
Since the ferroptosis process is also dependent on the accumulation of
lipid peroxide and iron, the inhibition of NRF2 may significantly in-
crease the sensitivity to ferroptosis [70].
There also exists some evidence that NRF2 related pathways can
regulate the occurrence of ferroptosis. After being treated with erastin
and sorafenib, p62 inhibits the degradation of NRF2 and makes NRF2
aggregate in the nucleus through Keap1 inactivation, so as to regulate
downstream gene transcription; in other words, the p62-Keap1-NRF2
pathway is activated to protect hepatocellular carcinoma cells from
ferroptosis [71]. In addition, gastrodin (gas) increased the nuclear
transport of NRF2 and up-regulated the expression of heme
oxygenase-1 (HO-1) downstream protein of mice hippocampal neurons
(HT-22) cells, that is, it protected HT-22 cells from glutamate-induced
ferroptosis through NRF2/HO-1 signaling pathway [72]. In colorectal
cancer cells, endoplasmic reticulum (ER) and oxidative stress induced
by tagitin C activate protein kinase-like ER kinase (PERK), which can
induce the uncoupling of NRF2 and Keap1 and promote the nuclear
translocation of NRF2 [73]. As a downstream gene of NRF2, the
expression of heme oxygenase-1 (HO-1) increased significantly. The
up-regulation of HO-1 leads to the increase of unstable iron pool,
which promotes lipid peroxidation and finally induces ferroptosis. That
is, tagitin C induces ferroptosis through the activation of the PERK-
NRF2-HO-1 signaling pathway mediated by ER [74]. In addition, there
are other pathways related to NRF2 that regulate ferroptosis: GSK-3b/
NRF2 signaling pathway [75], Akt/NRF2/HO-1 signaling pathway [76],
Keap1/NRF2-ARE signaling pathway [77], and AMPK-NRF2 signaling
pathway [78], all of which play a regulatory role on ferroptosis in
specific cells.
Table 2 e Upstream regulatory core substances participate in diabetes complic

Core substances
regulated in upstream
mechanisms

Possible mechanisms

HIF-1a Through the enhancement of the HIF-1a/HO-1
pathway, heme decomposition increased, resulting in
intracellular iron accumulation

HMGB1 The NRF2 pathway includes its downstream targets
HO-1, NQO-1, GCLC and GCLM

Sp1 Sp1-mediated upregulation of Prdx6 expression
salusin-b participate in NRF-2-dependent manner
TRIM46 upregulate TRIM46, induce ubiquitination and

accelerate clearance of GPX4
HSF1 maintain cellular iron homeostasis and GPX4

expression
METTL3 METTL3/ASK1-p38 signaling pathway is activated
NRF2 Regulate iron metabolism homeostasis through NRF2/

FPN1 pathway

HIF-1a, hypoxia-inducible factor-1a; HO-1,heme oxygenase-1; HMGB1, high-mobility gro
glutathione cysteine ligase catalytic subunit; GCLM, glutathione cysteine ligase modulator
containing 46；GPX4，glutathione peroxidase 4; HSF1，heat shock factor 1; METTL3,
activated protein kinase; FPN1, ferroportin1; DN, diabetic nephropathy; DR, diabetic ret
myocardial ischemia-reperfusion injury.
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3. FERROPTOSIS AND FERRITINOPHAGY PARTICIPATE IN THE
PATHOGENESIS OF DIABETES COMPLICATIONS

Many studies have shown that ferroptosis and ferritinophagy are
involved in the development and progression of diabetes complications
(some upstream core substances are involved in diabetes complications
by regulating ferroptosis and ferritinophagy, as shown in Table 2).
Studies have shown that iron overload, the key initiating factor of fer-
roptosis, will aggravate insulin resistance in the absence of inflammation
in diabetic mice [79]. But there are limited reports of relevant mecha-
nisms. Based on previous studies, as shown in Figure 3, we summa-
rized the mechanisms involved in ferroptosis and ferritinophagy in
several important diabetes complications and their cross mechanisms.
Most literature shows that in some diabetes complications, high glucose
promotes the change of the upstream core regulatory substances then
makes iron overload and reduces the antioxidant capacity through
different pathways [80,81]. The accumulation of lipid oxidants in cells is
the common pathway and in the end results in ferroptosis. Notably, the
NRF2 signaling pathway is inseparable from ferroptosis and ferriti-
nophagy in the process of diabetes complications [80,82,83]. Because
of the unclear mechanism of NRF2 and its downstream targets in some
complications, there is no more NRF2 related content in Figure 3.

3.1. Diabetic nephropathy
Diabetic nephropathy (DN) is the most common and frequent micro-
vascular complication in the later stage of diabetes, and it is also a
common cause of end-stage renal disease [81]. The pathogenesis of
DN is complex, involving the disorder of glucose metabolism, oxidative
stress, hemodynamic abnormalities, genes, and inflammation. The
above are also important reasons for the progress of DN [84]. Although
our understanding of the mechanism of DN has deepened, we are still
unable to clarify the specific molecular mechanism and pathophysio-
logical process of the occurrence and development of DN. New studies
have shown that ferroptosis has been observed in renal diseases such
as acute kidney failure [85], renal ischemia-reperfusion injury [86], and
DN [19]. These findings show that ferroptosis plays a significant role in
the occurrence and development of DN disease.
ations through the regulation of ferroptosis and ferritinophagy.

Induce or inhibit ferroptosis Diseases Reference

induce DN [15]

induce DN [80]

inhibit DN [94]
induce DN [95]
induce DR [102]

inhibit DCM [20]

induce DO [123]
inhibit DMIRI [124]

up box-1; NRF2, nuclear factor E2-related factor2; NQO-1, oxidoreductase1, GCLC,
y subunit; Sp1, specificity protein 1; Prdx6,peroxiredoxin 6; TRIM46, tripartite motif-
methyltransferase-like 3; ASK, Apoptosis signal-regulating kinase 1; p38, mitogen-
inopathy; DCM, diabetic cardiomyopathy; DO, diabetic osteoporosis; DMIRI, diabetic
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Figure 3: Mechanism of ferroptosis and ferritinophagy involved in diabetes complications. HIF-1a, hypoxia-inducible factor-1a; HO-1, heme oxygenase-1; NRF2, nuclear
factor E2-related factor 2; FTH-1,ferritin heavy chain-1; TFR-1, transferrin receptor-1; HSF1，heat shock factor 1; TRIM46, tripartite motif-containing 46; GPX4, glutathione
peroxidase 4; ACSL4, acyl-CoA synthetase long-chain family member 4; DN, diabetic nephropathy; DR, diabetic retinopathy; DCM, diabetic cardiomyopathy.

Review
Many studies can reflect a conclusion: Ferroptosis exists in the
occurrence and development of DN. One retrospective survey
showed that compared with the healthy control group, the renal bi-
opsy results of DN patients showed that renal tubular epithelial cells
showed higher iron deposition and transferrin expression, and the
key is that intracellular iron deposition is the significant factor
inducing ferroptosis [87]. Moreover, by establishing the streptozo-
tocin (STZ)-induced mouse type 1 diabetes mellitus model in vivo,
Wang, Y et al. found for the first time that there were significant
changes in markers related to ferroptosis in DN mice, such as the
expression level of ACSL4, a key marker of lipid peroxide accumu-
lation, increased and the expression level of GPX4, an important
regulator of redox homeostasis, decreased [19]. The above studies
show that there are typical characteristics of ferroptosis in DN: iron
overload and lipid peroxide accumulation.
The application of iron death inducers and inhibitors in DN can also
confirm the previous conclusion. It was found that for renal tubular
cells 52E and HK-2 under a high glucose environment in vitro, the
intracellular high iron and ACSL4 levels caused by ferroptosis inducers
erastin and RSL3 may make the cells sensitive to ferroptosis [19]. In
addition to renal tubular cells, studies have found that the use of
ferroptosis inducer erastin on renal mesangial cells in vitro can also
lead to ferroptosis [80]. On the contrary, it has been found that the use
of ferroptosis inhibitor Fer-1 has a relieving effect on diabetic ne-
phropathy induced by transforming growth factor-b1 (TGF-b1) [88].
Only a few studies have revealed the mechanism of ferroptosis in the
development of DN. Feng’s study revealed the internal mechanism,
suggesting that ferroptosis may be through the hypoxia-inducible
factor (HIF)-1a/HO-1 pathway that aggravates renal tubular injury
and fibrosis in diabetic mice. The reason is that the further injury and
fibrosis of renal tubules in DM mice will increase the levels of HIF-1a
and HO-1. Increased heme decomposition leads to the accumulation of
iron in mouse renal tubules, which results in increased production of
ROS and accumulation of lipid peroxidation. The characteristics of
ferroptosis are becoming more and more obvious [15]. However, it is
6 MOLECULAR METABOLISM 60 (2022) 101470 � 2022 Published by Elsevier GmbH. This is
worth noting that HO-1 seems to have a dual role in ferroptosis.
Studies have shown that HO-1 plays an important intermediary role in
the cause of ferroptosis and plays a pathogenic role in the development
of several diseases [89,90]. Some studies have shown, though, that
HO-1 plays an important protective role against oxidative stress in
renal epithelial cells [91]. Nevertheless, ferroptosis is often accom-
panied by the reduced ability to resist oxidative stress which contra-
dicts Feng’s research conclusion. In addition, some studies have found
that when ACSL4, a key marker of ferroptosis and lipid peroxidation
accumulation, is inhibited by its inhibitor rosiglitazone (Rosi), it may
inhibit the inflammatory response, then inhibit ferroptosis, and finally
improve the damage of renal tubular cells in high glucose environment
[19]. This suggests that ferroptosis may aggravate the further injury of
renal tubules in DN through inflammatory reaction.
In DN, in addition to the injury mechanism of ferroptosis in renal tubular
cells, studies have also explored the injury mechanism of ferroptosis in
mesangial cells, podocytes, and other parts. High mobility group box-1
(HMGB1) is a transcription factor involved in DNA recombination and
repair. It is abundant in the nucleus. Blocking the interaction between
HMGB1 and its receptor has been proved effective in preventing DN [92].
Wu et al. found that HMGB1 regulates glucose-induced ferroptosis via
the NRF2 pathway in mesangial cells including its downstream targets
HO-1, NQO-1, GCLC, and GCLM [80]. In the clinic, podocyte loss and
podocyte integrity damage occur in the early stage of diabetes mellitus.
Podocyte injury is closely related to DN glomerular injury [93]. Q. Zhang
et al. found that specific protein 1 (SP1)-mediated up-regulation of
peroxiredoxin 6 (prdx6) expression can prevent DN podocyte injury
through antioxidant stress and anti-cell ferroptosis [94].
It should be noted that there are contradictions about the role of the
NRF2 pathway in DN. Different from the previously mentioned role of
the NRF2 pathway, W. J. Wang et al. found salusin-b is involved in high
glucose-induced ferroptosis of renal tubular cells HK-2 in an NRF2
dependent manner, indicating that salusin-b and ferroptosis form a
positive feedback loop, which promotes high glucose-induced renal
tubular cell injury [95]. However, this effect is only explored in cell
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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experiments, and animal experiments are still needed for further
research.

3.2. Diabetic retinopathy
Diabetic retinopathy (DR) is a common microvascular complication of
diabetes, and it is also the main cause of blindness in the vision of 20e
75-year-olds worldwide [96].
There is evidence that the pathogenesis of DR is associated with
ferroptosis. The pathogenesis of DR is complex. Among them, oxidative
stress also plays an important role in the occurrence and development
of DR. It seems that the key mediator of oxidative stress can also
activate the occurrence of ferroptosis. In hyperglycemia, the inhibition
of thioredoxin-interacting protein (TXNIP), a mediator of oxidative
stress on Trx may lead to cellular oxidative stress, mitochondrial
dysfunction, lysosomal damage, and pro-inflammatory cell death in DR
patients. The TXNIP-TRX-TrxR redox pathway may be involved in
retinal pigment epithelium dysfunction of DR and other neurodegen-
erative diseases [97]. Moreover, studies have shown that interfering
with the function of CISD 2 protein in human breast cancer cells can
enhance the expression of tumor suppressor TXNIP, which is related to
the activation of ferroptosis [98].
Many studies can reflect that there is a certain correlation between the
mechanism of pathological changes in the occurrence and develop-
ment of DR and ferroptosis. Among them, neuronal apoptosis and
reactive glial degeneration have recently been considered to be the
early pathological changes of DR [99]. Studies have shown that
neuronal apoptosis and degenerative changes caused by abnormal
high phosphorylation of tau-related proteins play a key role in the
occurrence and development of DR [100]. Another study has shown
that tau-related proteins can induce iron overload, lipid peroxidation,
and inflammation, and all are related to ferroptosis [101]. This sug-
gests that neuronal apoptosis and degenerative changes in DR seem to
be associated with ferroptosis through tau-related proteins. In addition,
the increased permeability of retinal capillary endothelial cells is
another key feature of DR progress. This change is closely related to
the occurrence of ferroptosis. Recent studies have shown that high
glucose treatment induces ferroptosis in human retinal capillary
endothelial cells (HRCECs) by up-regulating TRIM46, inducing ubiq-
uitination, and accelerating GPX4 clearance [102].

3.3. Diabetic cardiomyopathy
Diabetic cardiomyopathy (DCM) is an independent, specific diabetic
heart complication that does not depend on primary cases such as
hypertension and other heart diseases in diabetes.
There is new evidence that the typical characteristics of ferroptosis
exist in the occurrence and development of DCM, which indicates that
there is an association between DCM and ferroptosis. It was found that
there was iron deposition in the cells of DCM rats [103]. Moreover, iron
deposition is one of the main causes of ferroptosis, and it is also a
typical feature of ferroptosis. At the same time, intracellular iron
deposition also promotes, to varying degrees, mitochondrial damage
including abnormal mitochondrial structure (mitochondrial atrophy,
rupture of the mitochondrial outer membrane, the disappearance of the
mitochondrial ridge, etc.), burst of mitochondrial ROS, change of
mitochondrial membrane potential, and accumulation of mitochondrial
lipid peroxide, which are considered typical characteristics of cell
ferroptosis [104]. In the heart of diabetic mice, the typical mitochon-
drial abnormalities of ferroptosis were also found. Wang’s experiments
showed that compared with non-diabetic mice, mitochondria in the
heart of diabetic mice were a singularity, the crest was not clear, and
the mitochondrial membrane potential decreased significantly. In
MOLECULAR METABOLISM 60 (2022) 101470 � 2022 Published by Elsevier GmbH. This is an open acce
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addition, the expression of superoxide dismutase (SOD2) and gluta-
thione peroxidase 1 (GPX1) in mitochondria was down-regulated, and
the level of mitochondrial ROS was significantly high [105]. Under the
condition of high glucose in the blood, oxidative stress and damage of
the antioxidant system are the basis of DCM [106]. The above research
evidence suggests that ferroptosis seems to lead to mitochondrial
damage through iron overload so as to damage the antioxidant system
and participate in the pathogenesis of DCM.
The application of some ferroptosis inhibitors also suggests the rela-
tionship between ferroptosis and DCM. Vitamin E not only acts as a
ferroptosis inhibitor but also an antioxidant and an endogenous anti-
oxidant defense factor, and the latter plays an important role in dia-
betes complications. Studies have shown that vitamin E can improve
the antioxidant defense system by inhibiting lipid peroxidation and save
diabetes-induced heart failure in rats [107]. The level of intracellular
nutrient coenzyme Q10 (CoQ10) is closely related to the cellular
antioxidant system and participates in the regulation of ferroptosis
[108]. K. Huynh et al. found CoQ10 attenuated diabetes-induced dia-
stolic dysfunction, cardiomyocyte hypertrophy, cardiac fibrosis, and
cell death, and these can repair the heart damage caused by diabetes
[109].
However, the internal mechanism of ferroptosis that leads to the
development of DCM remains unclear. Zang briefly explained how
ferroptosis led to the deterioration of DCM. Diabetes can lead to
autophagy the deficiency. Autophagy deficiency will close the NRF2-
mediated defense and initiate the NRF2-mediated pathological pro-
cess of ferroptosis in cardiomyocytes, thus worsening the progression
of DCM [83]. This indicates that the potential mechanism of ferroptosis
leading to the development of DCM seems to be related to NRF2. HSF1,
a stress-inducible transcription factor, is well known for its pivotal role
in HSR through transcriptional activation of various HSPs. Recent
studies have found that HSF1 may be a key defense substance to
prevent palmitic acid (PA)-induced ferroptosis in cardiomyocytes by
regulating the expression of iron metabolism-related genes and GPX4.

3.4. Diabetic foot
Diabetic foot (DF) is one of the serious complications of diabetes. The
main reason is that the sustained hyperglycemia in the patient will
cause damage to the endothelial cell membrane, and a large number
of lipid deposits in the intima, increasing blood coagulation and
hardening the arterial wall. DF microvascular and neurogenic lesions
are vulnerable to infection and invasion, resulting in the diabetic foot
[110]. Therefore, exploring the potential mechanism of DF is an
effective way to determine its therapeutic targets and methods.
A few studies suggest that there is a certain relationship between
ferroptosis and DF. For example, ferroptosis-related inhibitors play a
protective role in DF. Studies have shown that polarized light (PL)
combined with antioxidant water-soluble CoQ10, alpha-lipoic acid, and
vitamin E is effective in controlling type 2 diabetes complications such
as DF [111]. Diabetic foot ulcer (DFU) is a type of DF. Oral vitamin E and
C can promote wound healing in patients with nonunion DFU by pro-
moting the wound healing process and reducing oxidative stress [112].
In addition, studies have shown that paeoniflorin (PF) has the ability to
promote DFU wound healing by activating NRF2 related ferroptosis
pathway NRF2/HO-1 pathway [82].

3.5. Diabetic neuropathy
Diabetic neuropathy is one of the chronic complications of diabetes.
This condition is relatively hidden and can involve any part of the whole
nervous system, including a variety of neurological syndromes such as
diabetic peripheral neuropathy (DPN), autonomic neuropathy, small
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Review
fiber neuropathy, and multiple radiculopathies. Among them, DPN is
one of the most common types [113].
There is a certain amount of evidence suggesting a link between
ferroptosis and DN. CoQ10, as a ferroptosis inhibitor, plays an
important protective and defensive role in DN. CoQ10 can not only
prevent the development of DPN, resist nerve conduction injury,
neuronal phenotypic changes, and prevent neuron loss [114], but also
inhibit dorsal root ganglia (DRG) neuropathic pain [115]. Other studies
have shown that CoQ10 combined with alpha-lipoic acid (ALA) can
prevent apoptosis and degeneration of dorsal root ganglia [116].
In recent years, researchers have also actively explored the patho-
genesis of DN, and many studies show an intersection between DPN
and the potential pathological mechanism of ferroptosis. Endoplasmic
reticulum (ER) stress is becoming an important mechanism of meta-
bolic diseases including diabetes. Studies have shown that endo-
plasmic reticulum stress plays an important role in neuropathy of
prediabetes [117]; similarly, endoplasmic reticulum stress-mediated
autophagy activation is involved in cadmium-induced ferroptosis and
ferritinophagy of renal tubular epithelial cells [118]. In addition, Ma J.
et al. found that regulation of heat shock protein 70 (HSP70) offers an
effective approach toward correcting sensory neuron bioenergetic
deficits and DPN in both type 1 and type 2 diabetes [119]. There is new
evidence that the activation of the HSP70/NQO1 axis will up-regulate
the downstream NQO1, lead to the formation of H2O2 in cells, and
promote the ferroptosis of Fe2þ-mediated lipid peroxidation [120]. In
recent years, studies have found that monocarboxylate transporter-1
(MCT1) plays an important role in the pathogenesis of DPN. In type
1 diabetes, the decrease of MCT1 aggravates DPN, but the mechanism
is unclear [121]. One new study shows that blocking lactate uptake by
inhibiting hydroxycarboxylic acid receptor 1 (hcar1)/MCT1 can activate
AMPK to down-regulate steeloyl COA Desaturase-1 (SCD1) and pro-
mote ferroptosis [122]. The above evidence demonstrates the close
relationship between DN and the pathological mechanism of ferrop-
tosis, but the causal relationship between DN and ferroptosis needs
further exploration.

4. POTENTIAL TREATMENTS TARGETING FERROPTOSIS AND
FERRITINOPHAGY FOR DIABETES COMPLICATIONS

Previous studies have suggested that some hypoglycemic drugs can
regulate iron homeostasis, thereby regulating ferroptosis, and play a
role in the development of diabetes complications. Sodium-glucose
cotransporter type2 inhibitors (SGLT2Is) are a new hypoglycemic
drug. They inhibit glucose reabsorption by inhibiting the role of
Table 3 e Potential drugs, RNA, and genes that interfere with ferroptosis and

Potential drugs/genes
that can interfere/RNA
that can interfere

Possible mechanism

SGLT2Is By restoring cardiac iron homeostasis, improving mitoch
stress to resist ferroptosis

Rosiglitazone By reducing the content of lipid peroxidation products a
ferroptosis of renal tubular cells

Liraglutide By reducing oxidative stress, lipid peroxidation and iron
Fenofibrate By raising NRF2 to inhibit ferroptosis
Melatonin By activating NRF2/HO-1 signaling pathway to inhibit fe
Adiponectin by restoring CPT-1 activity to resist fatty acid oxidation/

ferroptosis

SGLT2Is, sodium-glucose cotransporter type2 inhibitors; NRF2, nuclear factor E2-related f
nephropathy; DCM, diabetic cardiomyopathy; DCI, diabetic cognitive impairment; T2DOP, T
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sodium-glucose cotransporter type2 (SGLT2) on the cell membrane of
proximal renal tubules, and finally plays a hypoglycemic role [125].
One recent study shows that SGLT2Is play a role in restoring iron
homeostasis, improving mitochondrial function, and antioxidant stress
in diabetic cardiomyopathy. The recovery of iron homeostasis and
mitochondrial function is inhibiting the occurrence of ferroptosis. This
suggests that SGLT2Is may treat and prevent DCM by resisting fer-
roptosis [126]. In addition, rosiglitazone, a hypoglycemic drug, can not
only reduce blood glucose but also be a targeted inhibitor of ACSL4.
Some researchers have applied it to the diabetic nephropathy mouse
model and found that rosiglitazone can reduce the content of lipid
peroxidation products and iron, thereby blocking the ferroptosis of
renal tubular cells to inhibit the production of proinflammatory cyto-
kines and ultimately playing a role in improving diabetic nephropathy
[19]. Liraglutide not only controls blood sugar but also has an excellent
effect on neurodegenerative diseases [127]. The newly discovered
liraglutide can improve the expression level of ferroptosis-related
proteins (such as upregulation of FTH, GPX4, and SLC7A11 expression,
down regulation of ACSL4 expression, etc.) to resist oxidative stress,
lipid peroxidation, and iron overload in ferroptosis, all of which can
reduce diabetic cognitive impairment [128]. Therefore, these studies
indicate that ferroptosis can be used as a potentially effective target for
alleviating diabetes complications. These results also provide an
important theoretical basis for hypoglycemic drugs in the treatment of
diabetes complications.
Ferroptosis-specific medications can play a role in regulating diabetes
complications. Fenofibrate is a kind of blood lipid regulating drug of
clofibric acid derivative. It is used in the treatment of hyper-
triglyceridemia because of its effect of improving blood lipids [129]. Li
et al. expounded on the protective effect of fenofibrate on the diabetic
kidney from a new perspective: it may inhibit ferroptosis by raising
NRF2, so as to alleviate the progress of DN, rather than its traditional
lipid-lowering effect [130]. Melatonin is a hormone secreted by the
pineal gland in the human brain and has multiple pharmacological
activities. Studies have shown that melatonin can inhibit the ferroptosis
of osteoblasts by activating the NRF2/HO-1 signaling pathway in dia-
betic osteoporosis, thereby improving bone microstructure and bone
mineral density and playing a role in the treatment of diabetic osteo-
porosis [131]. Adiponectin, as an adipocyte inflammatory factor, is
beneficial to metabolic diseases such as diabetes [132]. Recent
studies have shown that adiponectin inhibits the expression of carni-
tine palmityl transferase 1 (CPT1) and Glucose transporter 4 (GLUT4) in
placenta tissue in order to resist the accumulation of lipid peroxides-
induced ferroptosis, thereby improving placental injury in gestational
ferritinophagy to affect diabetes complications.

s Diseases Reference

ondrial function and antioxidant DCM [126]

nd iron, and then blocking the DN [19]

overload DCI [128]
DN [130]

rroptosis of osteoblasts T2DOP [131]
peroxide imbalance-induced Placental injury in GDM [133]

actor2; HO-1, heme oxygenase-1; CPT-1, carnitine palmityl transferase 1; DN, diabetic
2DM-related osteoporosis; GDM, gestational diabetes mellitus.
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diabetes mellitus (GDM) [133]. Moreover, the intervention effect of
natural bioactive compounds is worthy of further exploration.
Resveratrol, as a non-flavonoid polyphenol organic compound, is a
natural antioxidant product. Resveratrol can reduce endoplasmic re-
ticulum stress and upregulate the expression of PPARg, thereby
inhibiting acrolein (diabetes risk factor)-induced ferroptosis [134].
Baicalein, a natural flavonoid, not only reduces diabetes complications
through activating the PERK/NRF2 signaling pathway [135] but also
proves to be an effective inhibitor of ferroptosis [136]. Quercetin, one of
the most widely distributed flavonoids in the plant kingdom, inhibits
iron deposition in the pancreas to play a potentially beneficial role in
diabetes mellitus [137]. In summary, natural compounds regulating
ferroptosis in the treatment of diabetes complications can be expected
in the future.
Long non-coding RNA (LncRNAs) can also contribute to controlling
diabetes complications by regulating ferroptosis. Inhibition of the
LncRNA zinc finger antisense 1 (ZFAS1) attenuates ferroptosis by
sponging miR-150e5p and activates Cyclin D2 (CCND2) against dia-
betic cardiomyopathy [138]. Therefore, inhibition of lncRNA ZFAS1 may
become a promising therapeutic target for the treatment and pre-
vention of DCM. In addition, there is new evidence that LncRNA
metastasis-associated lung adenocarcinoma transcript 1 (MALAT1)
regulates the antioxidant defense of DR through Keap1-NRF2. LncRNA
MALAT1 promotes transcription by increasing the binding with the
Keap1 promoter. Elevated levels of Keap1 prevent the master regulator
NRF2 from moving inside the nucleus to initiate transcription of the
antioxidant response genes, and the retina fails to defend itself from
increased oxidative stress [139]. In summary, some LncRNA can be
used as an intervention target for diabetes complications.
Gene interference technologies can also be applied to manage the
occurrence and development of diabetes complications. Studies have
found that knocking out the Heme oxygenase 1 (Hmox1) gene can
reduce iron overload, reactive oxygen species, and lipid peroxidation
and inhibit ferroptosis, in turn helping to resist diabetic atherosclerosis
[68]. It has been demonstrated that inhibition of DNA (cytosine-5)-
methyltransferase 1 (DNMT-1) can reduce ferroptosis in diabetes
myocardial ischemia/reperfusion injury, probably due to the involve-
ment of NCOA4-mediated ferritinophagy. However, the specificity of
the DNMT-1 and NCOA4 promoter region needs to be further
confirmed [140]. The above-mentioned drugs, some LncRNAs, genes,
and gene-interference technologies for ferroptosis, ferritinophagy, and
diabetes complications are summarized in Table 3.

5. SUMMARY AND PROSPECT

Ferroptosis is a recently discovered regulatory cell death caused by
iron-dependent lipid peroxidation. New evidence shows the role of
ferroptosis and ferritinophagy in diabetes-related complications. In this
review, we summarize three main regulatory mechanisms of ferrop-
tosis and its inducers and inhibitors, explore the correlation among
ferroptosis, ferritinophagy and the development of diabetes compli-
cations, and provide directions for future treatment and research of
diabetes-related complications. Although many studies have shown
that ferroptosis and ferritinophagy are closely related to the occurrence
and development of diabetes complications, there are still many un-
solved problems. The exact molecular mechanism and pathophysi-
ology of drug-related ferroptosis need to be further studied, and some
conflicting results need to be further clarified. For example, can NRF2
induce ferroptosis or protect cells from ferroptosis? Or does NRF2 have
different effects on cells under different conditions? In any case, there
MOLECULAR METABOLISM 60 (2022) 101470 � 2022 Published by Elsevier GmbH. This is an open acce
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is no doubt that ferroptosis and ferritinophagy may indicate a new era
in the treatment of diabetes and its complications.
In summary, the ferroptosis process is a worthy target for the treat-
ment of diabetes and its complications, but its complete molecular
mechanism and pathophysiological process in diabetes and its com-
plications still need further study.
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