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Abstract:

Ferroptosis, a cohering network integrating iron, amino acids, lipids, and redox chemicals together,is a unique
regulated cell death (RCD). Iron overload, excessive reactive oxygen species (ROS), and lipid peroxidation



all contribute to the onset of ferroptosis. In recent years, a growing body of evidence suggests that ferroptosis
is associated with some female reproductive diseases. The purpose of our review is to give a brief description
of ferroptosis activation mechanism and relationship to female reproductive diseases including infertility,
pregnancy associated diseases and ovarian cancer.
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Introduction

Recently, ferroptosis as one of regulated cell death (RCD) types was discovered and quickly emerged as a
new area of focus for characterizing the pathophysiology and developing novel therapeutic and preventative
strategies for associated illnesses.! It is iron-dependent and visibly distinct from apoptosis, necroptosis, and
pyroptosis.24 Numerous studies have demonstrated recently that ferroptosis has a role in the regulation of
various disorders including tumorigenesis, ischemia—reperfusion injury, hematological diseases and reproduc-
tive diseases.® 6In mice models of ischemia injury, ferrostatins and numerous other inhibitors of ferroptosis
have been reported to perform a protective effect in the liver, kidney, brain, and heart.”?

Reproductive diseases are common in female, and threaten large numbers of female health. Notably, mount-
ing data suggests that ferroptosis is a key contributor to the ovarian and placental malfunction that underlies
the majority of severe reproductive illnesses in recent years.'® ! In this review, we have provided a compre-
hensive knowledge of ferroptosis and the connections between it and diseases of female reproductive system,
including infertility, pregnancy associated diseases and ovarian cancer, such as endometriosis (EMS), poly-
cystic ovarian syndrome (PCOS), primary ovarian insufficiency (POI), preeclampsia (PE) and gestational
diabetes mellitus (GDM).

Ferroptosis and its activation mechanism

In contrast to other RCD, ferroptosis is an iron-dependent modality that produces deadly levels of lipid
peroxidation to induce oxidative damage to cell membranes. Cells experiencing ferroptosis exhibit the mor-
phological characteristics of packed and tightly packed mitochondria lacking cristae and intact plasma mem-
brane, normal nuclei without the chromatin aggregation and display severe iron-dependent lipid peroxidation
biochemically.?> 4 12

Ferroptosis has a complicated activation mechanism. It is a comprehensive network with amounts of elements
that can be divided into three aspects: imbalance iron level, GSH homeostasis and redox regulation, and
excessive lipid peroxidation (Figure 1 ). Iron is a vital trace for the maintenance of life. One of the
important cues to initiate membrane oxidation is the accumulation of free iron. The Fenton reaction takes
place as free iron levels rise inside of cells, causing considerable amounts of ROS and lipid peroxidation as
well as the breakdown of cell membrane structure and ferroptosis.? Ferroptosis sensitive cells usually show
higher transferrin receptor (TfR1) to increase iron intake while lower ferritin (FTHL1/FTL) to reduce iron
storage, which eventually lead to iron overload and induce ferroptosis.'?

GPX4, a powerful antioxidant, is required for the regulation of ferroptosis, which transforms hazardous lipid
hydroperoxides to non-toxic ones.'* For GPX4 to function, glutathione production (GSH) is an essential
cofactor. A cystine/glutamate antiporter called System XC- trades extracellular cystine (Cys2) required for
GSH for intracellular glutamate. Of note, it consists of two subunits, SLC7A11 and SLC3A2. SLC7A11 is in
charge of exchanging glutamate for cysteine, and SLC3A2 acts as a chaperone.'® Both the direct inhibition
of GPX4 and the inhibition of GSH can lead to the accumulation of lipid peroxide in the cell membrane and
the initiation of ferroptosis.

Additionally, polyunsaturated fatty acids (PUFAs) are a crucial component in the buildup of lipid perox-
idation. Lysophosphatidylcholineacyl-transferase 3 (LPCAT3) and Acyl-CoA synthetase long-chain family
member 4 (ACSL4) are essential mediators of ferroptosis that are involved in the manufacture and modi-
fication of PUFA-phosphatidyl-ethanolamine phospholipids in cell membranes.!% 7 Large amounts of free
lipid base are produced by PUFAs, which causes the cell membrane and plasma membrane to weaken, create
protein holes, and lose their barrier function, disrupting intracellular homeostasis.? 3 ¥Furthermore, the



decomposition products of lipid peroxidation activate a more serious cascade reaction and eventually lead
to ferroptosis.® 1°

Other regulated cell deaths

Apart from ferroptosis, RCD also includes apoptosis, necroptosis, and pyroptosis, each of them with their
own characteristics and functions from morphologically and biochemically. Caspase activation is a key com-
ponent of apoptosis, which exhibits distinctive morphological characteristics such as cell shrinkage, nuclear
fragmentation, chromosomal DNA fragmentation, and plasma-membrane blebbing.20-23 It is essential for
preserving homeostasis and eliminating undesirable cells to prevent harming nearby cells throughout growth
and aging.?* Moreover, it plays essential role for the smooth working of the female reproductive tract. Apop-
tosis resistance is present in a few reproductive tract malignancies. What’s more, it has been thought that
apoptosis is a significant kind of cell death in oocyte loss.2% 26Necroptosis is activated by pro-inflammatory
signal transduction as well as ischemic injury and viral infection displaying Plasma membrane rupture and
cell enlargement. The activation and assembly of necrosome complexes containing receptor-interacting ser-
ine/threonine protein kinase 1 (RIPK1) and RIPK3 will lead to phosphorylation and oligomerization of
MLKL, which will then lead to lipid peroxidation, cation influx, and ultimately cell death.?” It has been
identified is effective for suppressing ovarian cancer growth.?® 2° Moreover, Induction of necroptosis in gran-
ulosa cell and oocyte may lead to follicular atresia.® It also has been identified contribute to placental
pathophysiology that underlies serious pregnancy complications such as PE and fetal growth restriction
(FGR).3'Pyroptosis, in contrast to other types of cell death, is brought on by pathogen invasion and is
reliant on caspase activation. It is regarded as an inflammatory type of cell death that is brought on by
intracellular sensors like NLRP3 that identify DAMPs, PAMPs, membrane disruptions, etc. It displays
distinctive physical and morphological traits, such as chromatin condensation, intact nuclei, cellular enlarge-
ment, and plasma membrane rupture.?? It is a critical inflammatory pathway in the ovary and placenta
linked with PE, PCOS, POL.33-35(Table 1 )

Ferroptosis and female reproductive diseases

Ferroptosis has different effects on different diseases. In OC, ferroptosis is imperative for the treatment, but
for PCOS, pregnancy diseases, like PE and GDM, is responsible for the occurrence of them. Interestingly, in
EMS, ferroptosis-resistance seems to be responsible for the form of early ectopic lesion, while, ferroptosis is
also an important contributor in subsequent disease progression. It is meaningful for illuminating a variety
of ferroptosis pathways in female reproductive diseases, such as infertility, pregnancy illnesses, and ovarian
cancer (Figure 2). Ferroptosis could be a therapeutic target for these diseases (Table 2).

Ferroptosis and infertility

Infertility affects between 8% and 12% of reproductive-aged couples worldwide.3® The pathology is not clear
probably result from an immune system failure in the pelvic and uterine cavities, which affects ovulation,
fallopian tube function, and endometrial receptivity, among other things. Notably, it is common to see that
iron overload and oxidant stress microenvironment which have been found hinder preimplantation embryo
development via ferroptosis in infertility patients. What’s more, many infertility-related diseases such as
EMs, POI, and PCOS are found linked with ferroptosis.

5.1 Endometriosis

Endometriosis (EMs) is, a chronic inflammatory disorder characterized mainly affecting pelvic tissues, in-
cluding ovaries and fallopian tubes.?” 3® It affects 11% of women worldwide who are of reproductive age,
with up to 50% of them reporting pelvic pain or infertility.37-4!

Based on previous research, the microenvironment in pelvic cavity of endometriosis patients contains ex-
cessive free iron and ROS, which is more conducive to the occurrence of ferroptosis 2. Ferroptosis is an
important contributor to the pathogenesis of endometriosis. First, endometrial cells can survive and develop
endometriotic lesions during retrograde menstruation due to the resistance to ferroptosis, the pathophysio-
logical alterations that follow in EMs are largely due to ferroptosis.



5.1.1 The two sides effects of ferroptosis in EMs

On one hand, it is believed that ferroptosis is the process by which endometrial cells dispersed during
retrograde menstruation are expelled from the peritoneal cavity. Additionally, a prior study found that
ectopic endometrial stromal cells (EESCs) were more susceptible to the effects of erastin therapy than
normal endometrial stromal cells (NESCs), with the help of unique microenvironment and reduced ferroportin
expression.*® However, the endometrial cells enable to survive, and implant in vivo of EMs patients.** It
seems that EESCs are resistant to ferroptosis displaying a general tendency to block the ferroptosis gene
pathway, according to the most recent meta-analysis study.*> Endometriotic tissues appear to be able to
benefit from intracellular high iron loads for energy metabolism and cell proliferation by the resistance to
ferroptosis while safeguarding themselves from the ferroptosis.*6-4®

Several ferroptosis regulators are found to alter for getting rid of ferroptosis (Figure 3). Ferritin can be
transported to autophagosomes by nuclear receptor coactivator 4 (NCOA4). and then fuse with lysosomes
to degrade ferritin into active iron.*® In endometrium, it was found to be diminished. Additionally, it was
discovered that the ectopic endometrium had increased expression of FTL, a crucial component of the iron
ion storage protein.’®These modifications enhance the insensitivity to ferroptosis and lower the intracellular
amounts of free iron ions.*?

Interestingly, GSH is inhibited in ectopic endometrium.?! The expression of the IncRNA ADAMTS9-AS,
on the other hand, was improved in the ectopic endometrium. By sponging miR-6516-5p to increase
the expression of GPX4, this promoted ESCs to grow and migrate and prevented ectopic endometrium
from ferroptosis.’? In addition, repressing lipid oxidation plays important role in ferroptosis-resistance
in EMs. Through lower expression of reticulocyte-type 15-lipooxygenase-1 (ALOX15) and spermine N1-
acetyltransferase 1(SAT1), coding for a crucial enzyme in polyamine metabolism and also promotes p53-
dependent ferroptosis,®® lipid oxidation is hindered in eutopic endometrial tissue of individuals with en-
dometriosis. Of note, this inhibition increased in ectopic endometrium, due to ACSL5 and LPCAT3
downregulation.*®

Moreover, Fibulin-1 (FBLN1), FBLN1 expression was enhanced in eutopic and ectopic endometrial tissues
with EMS, increasing ESC viability and migration while decreasing ESC ferroptosis via enhancing the sta-
bility of EFEMP1 protein.?* VDAC2 serving as the main pathway for metabolite diffusion through the outer
mitochondrial membrane and crucial for intracellular redox response expression was significantly downregu-
lated in eutopic endometrium.?® Overall, ferroptosis-resistance is a key contribute to the establishment and
maintain of EMs with complex regulatory pathways, and ferroptosis-inducers may be a therapeutic option
for it.

On the other hand, ferroptosis contributes to the subsequent process of EMs, including infertility. Study
showed that some EECS that are undergoing ferroptosis have paracrine effects that promote the development
of new vascular systems in the surrounding tissues, which may promote the growth of benign cells and hasten
the progression of this illness.’Furthermore, endometriosis, which causes uterine dysfunction and interferes
with embryo implantation, is closely associated with infertility. Moreover, almost half of the infertility
patients are accompanied with EMs.?” Ferroptosis may contribute to the infertility brought on by EMs.?®
Follicle dysplasia and decreased oocyte quality are the primary reasons of infertility associated with EMs.
It has been established that iron overload is a common feature of the peritoneal fluid (PF) and follicular
fluid (FF) in EMs patients, causing ferroptosis, damaging oocytes and embryos, and eventually leading to
infertility.% 58 59

Oocyte maturation requires granulosa cells (GCs), the biggest cell group and the primary functional cells
in follicles. The normal development of oocyte is reliant on the paracrine and nutritional activities of the
surrounding GCs.%° However, high levels of iron in FF of EMs patients cause GCs to ferroptosis and produce
exosomes after ferroptosis, which further impair oocyte maturation.®!Exosomes are extracellular vesicles
that carry proteins, mRNAs, and miRNAs to target cells.%? In a setting of iron overload, granulosa cells’
exosomal miRNAs can control the expression of several signal pathways, which ultimately reduces ovarian



reserve.%! Furthermore, ferroptosis is a reaction to higher iron damage at the blastocyst stage, may cause to
developmental stoppage. Additionally, endometriosis PF’s iron excess prevents blastocyst development and
damages developing embryos by causing ferroptosis and mitochondrial malfunction.?® 63 The consequences
of iron excess on embryo development have been the subject of numerous studies, although the precise
connection between ferroptosis and embryotoxicity has not yet been established. According to a study,
HMOX1 is elevated during embryonic ferroptosis and inhibits it by maintaining mitochondrial activity and
protect them from oxidative stress.®> When considered collectively, we cannot ignore the impact of ferroptosis
for the subsequent pathologic processes of EMs.

In conclusion, endometriosis exists ferroptosis and ferroptosis-resistance simultaneously. Ferroptosis-
resistance is essential for the form of endometriotic lesions, while ferroptosis plays important role in the
subsequent lesions. Recent studies have proposed to promote ferroptosis in endometriotic lesions in or-
der to treat EMs, but iron overload microenvironment and ferroptosis impairing oocyte function should be
considered.®* Vitamin E and iron chelators can significantly alleviate the symptoms of EMs-related fertility,
by increasing GPX4 and reducing iron overload.®! Therefore, treatment methods related to ferroptosis need
to be considered comprehensively.

5.2 PCOS

About 15%-21% of women of reproductive age have PCOS, which is the most frequent cause of anovu-
latory infertility and is characterized by hyperandrogenism, insulin resistance, and irregular ovulation or
anovulation.®® Previous research discovered that the primary factor behind the onset and progression of
PCOS is aberrant ovarian folliculogenesis.%¢ There are growing evidence showing that ferroptosis may be
associated with it. Therefore, it is meaningful for us to understanding the mechanism of ferroptosis in PCOS
and discovery novel treatment for POCS-related infertility.

Several studies have identified that ferroptosis may have a key role in the pathogenesis of PCOS. MiRNA
and circ RNA can regulate the progress of PCOS via ferroptosis. Circ RHBG has been shown to compete
with SLC7A11 for the ability to bind to miR-~515-5p, upregulate the expression of SLC7A11, and ultimately
prevent GC ferroptosis.®” However, Silencing MiR-93-5p guards against GCs dysfunction through controlling
the NF-B signaling pathway and encouraging GCs apoptosis and ferroptosis.®®

Moreover, the unique microenvironment in PCOS patients vivo causes ferroptosis in gravid uterine and the
placenta. The results of one study showed that co-exposure to 5 dihydrotestosterone and insulin resulted in
decreased levels of glutathione and GPX4, altered expression of genes related to ferroptosis such as ACSL4,
SLC7A11, increased levels of the oxidative stress marker malondialdehyde (MDA) and iron deposition,
increased levels of the ERK /p38/JNK pathway and mitochondrial morphology.®® But the specific relationship
between ferroptosis and PCOS has not been illustrated. A previous study showed that gravid uterine
and placental ferroptosis is modulated by hyperandrogenism and insulin resistance in PCOS.%°Proteomic
analysis of CD4+ T cells in infertile patients with PCOS showed that three key proteins, which namely
phosphatidylethanolaminebinding protein 1, proteasome activator complex subunit 1 and triosephosphate
isomerase 1 are overexpressed are involved in the ferroptosis pathway.”® We hypothesize that ferroptosis
may have an impact on PCOS-related infertility. Of note, it was revealed by differential gene expression
analysis that the interaction of autophagy, apoptosis, and ferroptosis contributed to the development of
porcine ovarian atresia.'”

In addition, these ferroptosis inhibitors, Ferrostatin-1,”" N-acetylcysteine,”?Cryptotanshinone,” have shown
that they can relieve symptoms in PCOS patients. Ferroptosis is generally considered to be intimately
associated with the pathogenic alterations of PCOS, while the precise mechanism is still currently unclear.
Overall, the present studies have explored the role of ferroptosis in the pathological process of PCOS,
targeting the inhibition of ferroptosis may be an effective treatment for PCOS.

5.3 POI

POI, characterized as early exhaustion of primordial follicles that may cause low fertility, affects about 1%



of women under the age of 40.74 This condition typically results from flaws in the development of follicular

atresia. Of note, previous researches have confirmed the strong connection between ferroptosis and follicular
atresia and oocyte loss.'% 7 A latest study found that BNC1 loss causes excessive follicular atresia and early
follicular activation by inducing oocyte ferroptosis via the NF2-YAP pathway, in accordance with earlier
findings that BNC1 mutation is related to ovarian dysfunction through genome whole exon sequencing
and transgenic mouse animal models.”® 77 The levels of ferroptosis-associated markers were aberrant in
Bncl truncated mutant mouse oocytes, and the corresponding phenotype was aggravated by the ferroptosis
agonist RLS3 and reversed by fer-1. This study also discovered the downstream target gene Nf2 of BNC1
and the mechanism governing the HIPO-YEP-TFRC/ACSL4 pathway, which controls oocyte ferroptosis and
is mediated by Nf2.

Ferroptosis and pregnancy diseases

Normally, during pregnancy, iron levels in pregnant women will increase to meet the requirements of ma-
ternal and infant hematopoiesis. In addition, hepcidin (hepc), an important regulator of iron homeostasis,
has been identified that the expression level decreased, and thus both dietary iron absorption and stored
iron release rise during normal pregnancy. These findings imply the capacity to react to ambient iron ex-
posure may be diminished in healthy pregnant women, which may easily lead to clinical diseases due to
excessive iron.”®Recent years, several pregnancy diseases have been uncovered their pathogenesis is linked
with ferroptosis.”™: 80

6.1 PE

PE is a common disease of pregnancy, about 3-10% of all pregnant women suffer from preeclampsia world-
wide, and together with eclampsia,®! It is a significant contributor to poor pregnancy outcomes and maternal
mortality; over 50,000 mothers die from them each year across the globe.82 The exact reason for preeclampsia
is unclear, a key pathophysiologic feature though is the development of an abnormal placenta which may be
linked with ferroptosis.

6.1.1 Abnormal ferroptosis to Hypoxia/Reperfusion during pregnancy

Before 10 weeks into the pregnancy, blood clots and congealed endothelial cells fully block the maternal
spiral arteries. The embryo’s environment is hypoxic and hypoglycemia during 8-10 weeks. The spiral
arteries don’t fully open until 10 to 12 weeks of pregnancy, when maternal blood can enter the placental
gap and initially expose the fetal villi to an environment rich in glucose, oxygen, and iron. Similar to
the hypoxia/reperfusion event, which causes excessive cell membrane lipid peroxidation and ferroptosis at
the maternal-fetal interface, especially in trophoblast cells, this mechanism causes excessive cell membrane
lipid peroxidation. The pathologic characteristics of PE are caused by superficial endovascular invasion
of extravillous cytotrophoblast cells and inadequate remodeling of the maternal spiral arteries. Placental
ischemia and oxidative stress are caused by inadequately modified spiral arteries, which also cause insufficient
placental perfusion, high-speed blood flow, and turbulence,®® thus damaging placental villi and causing
abnormal levels of angiogenic proteins in maternal blood.?*

6.1.2 The mechanism of ferroptosis in PE

Hepc is an iron metabolism regulator. Hepc inhibits iron ion transport by binding to the membrane iron
transporter (FPN) on the basolateral surface of intestinal epithelial cells and the plasma membrane of
reticuloendothelial cells (macrophages). Finally, Hepc degrades the transporters in lysosomes, inhibits FPN,
and prevents the output of iron ions from cells. Its levels have been observed to decrease in PE patients in
some research 3%, while being raised during pregnancy in other studies.®® According to reports, the occurrence
of PE and early pregnancy’s high serum hepc level.8¢ The study on the change in hepc level in PE patients
is still debatable at this time, and more research is required to understand its mechanism. In PE, free
iron, ferritin, and transferrin saturation levels rise in contrast to normal pregnancy, but transferrin receptor
levels fall.87-89 Additionally, the mother’s plasma blood volume increases during pregnancy, this has little
impact on pregnancy-related issues. However, the increased plasma volume has the ability to change other



parameters, such as the iron concentration, which have differing impacts on pregnancies with normal and
PE.%

In addition, in the PE model, mir-30b-5p can inhibit the cys2 / glutamate reverse transporter and Pax3,
which decreases the expression of transferrin 1, increasing the amount of unstable Fe? © and encouraging
ferroptosis in PE patients.” In addition, the expression of mir-210 in placenta has been found increased,
leading to iron accumulation and autophagosome formation in trophoblasts, as well as hemosiderin deposition
in placental stromal trophoblasts.?! Therefore, mounting evidence demonstrated iron overload in PE can lead
to ferroptosis, especially in trophoblasts which are sensitive to ferroptosis due to the high expression of two
ferroptosis- inducer genes Sat1, Lpcat3,> and further lead to placental dysfunction and trophoblast damage.

Studies have revealed that patients with PE and eclampsia had considerably higher serum levels of MDA,
an oxidation byproduct that probably leads to ferroptosis.”>%4 Moreover, it has been discovered that PE’s
hypoxia activates the nuclear factor erythroid-2-related factor 2 (Nrf2), a key antioxidant regulator. It can
relieve the symptoms of PE by the activation of the Nrf2/HO-1 signaling pathway and the expression of
SLC7A11, GPX4, and FPNI to inhibit oxidation stress and ferroptosis.?® In addition, DJ-1, essential for
activating and stabilizing Nrf2 to carry out further function, has also been found elevated to play a protective
role in PE.”0 Currently, the primary focus of PE treatment is a placental hypoxia cure. Although various PE-
related parameters have been linked to placental oxidative stress, it is unclear how these factors specifically
affect ferroptosis regulation.

6.2 GDM

GDM is one of the most prevalent metabolic problems of pregnancy, associated with abnormal placental
functioning.”” 8 A recent study found that greater blood ferritin levels, which in turn enhance the oxidative
stress, can be caused by higher pre-pregnancy BMI. In GDM patients, ferritin and oxidative stress can raise
blood sugar levels, possibly via causing pancreatic beta-cell ferroptosis in vivo.??

Additionally, the diabetes placenta typically exhibits abnormal trophoblast proliferation, autophagy, and
cell cycle regulation, which promotes the progression of GDM.!0-192 High glucose concentration in-
duces trophoblasts to produce an excessive amount of ROS, which may starts the pathogenesis of
GDM.'03; 104\ [oreover, in trophoblastic cells of GMD patients, high glucose exposure causes an increase
in SIRT3 protein level, iron buildup, and lipid peroxidation. Eventually, this causes ferroptosis.!%°It is worth
noting that in GDM, abnormalities in lipid metabolism, which is a key factor in ferroptosis, occur in addition
to glucose metabolism. Adiponectin, a lipid metabolism regulator, can reduce placental injury in GDM by
restoring CPT-1 activity to inhibit ferroptosis.®°

Ferroptosis and OC

OC is one of the most fatal malignant tumors with a five-year relative survival below 50%.°6 197 Mount-
ing evidence have been revealed that ferroptosis has a closely relationship with OC, although the potent
therapeutic strategies and the pathogenesis of OC have yet to been fully uncovered. Accumulation of iron
promotes the development of OC. Iron excess intracellular iron and an increased reliance on iron for pro-
liferation are typical features of high-grade ovarian cancer. A forced reduction in intracellular iron inhibits
tumor growth as well as tumor cell intraperitoneal dissemination.'®® Therefore, the drugs which can reduce

intracellular iron, such as binding iron chelators and cytotoxic drugs to TfR1 are effective on the treatment
of OC.108

Moreover, ferroptosis provides a new solution for the problems of drugs resistance in OC. For example,
erastin, a ferroptosis reducer, was proved to inhibit System Xc- and result in depletion of GSH.'% According
to a study, erastin and cisplatin jointly limit the proliferation of OC cells, which may be affected by a
ROS-mediated mechanism that improves cisplatin therapy. This suggests a unique method for overcoming
cisplatin therapy resistance.!'® Since the role of ferroptosis in ovarian cancer has been reviewed in previous
reviews, this article will not repeat it again. However, the ability of ferroptosis inducers to kill tumor cells in
vitro has been demonstrated, but in experimental animal models using immunocompromised mice, they have



not been particularly successful. Fortunately, a recent study showed that ferroptosis promotes iron death in
PMN MDSCs in the tumor microenvironment as a distinct and specific immunosuppressive mechanism.!!
Overall, ferroptosis is an effective target for tumor treatment according to the current researches.

C onclusion and perspective

An aberrant humoral microenvironment, iron overload, excessive ROS, causes normal female reproductive
cells such as GCs and trophoblasts, to ferroptosis. This causes the ovary, placenta, and embryo to become
dysfunctional, which ultimately results in a number of illnesses associated to reproduction. Ferroptosis
connects iron, amino acids, lipids, and redox chemistry into a single, coherent network. Today, it is un-
derstood that this network plays a role in a wide range of biological activities in the female reproductive
system, including both normal physiology and various diseases. As more information is revealed about the
intricate regulatory mechanism and consequences of ferroptosis that controls various diseases, the field will
undoubtedly become more and more exciting.

We realize that there are still some challenges in the research of ferroptosis in female reproductive system
related diseases. Firstly, it is worth to note that several studies have simply demonstrated the coexistence
of ferroptosis and a pathological state of sickness or the special vivo microenvironment of patients which
tends to promote ferroptosis in reproductive function related cells, such as GCs, Trophoblasts. We yet not
to know the direct molecular events are responsible for the eventual pathological changes of these diseases
and this will be a hotspot in future research.

Furthermore, ferroptosis plays a crucial role in the treatment of illnesses of the female reproductive system.
However, more attention should be attached on that ferroptosis may play a dual role in some disease such as
EMs. Furthermore, we cannot ignore that ferroptosis occurs throughout normal physiological processes and
is crucial for the normal development of tissues and organs. Thus, one area of future research will focus on
tailored ferroptosis therapy for various tissues. Exosomes have gained increasing notoriety recently as highly
effective targeted drug delivery systems in tumor therapy. Targeting and biocompatibility of preparations
based on ferroptosis-related exosomes may offer a cutting-edge and potent delivery platform for the treatment
of anti-reproductive disorders. In addition, there are numerous factors that have been found to cause and
prevent ferroptosis, but it is unknown whether one can be the optimal therapeutic index, be employed in
both patients and animal models, and be chemically managed.

Of note, A new type of death known as "Cuproptosis” is induced by an overabundance of copper. Interestingly,
ferroptosis and cuproptsis, these two distinct types of cell death, both closely associated with mitochondria.
It must be exciting to find out whether there is any connection between these two pathways that might be
significant and lead to further treatment possibilities for female reproductive diseases.

In summary, there is a wealth of foreseeable opportunities to elucidate both the and the effects and execution
mechanisms of ferroptosis in female reproduction. Such studies will not only provide new targets for the
therapy for diseases but also provide new ideas for illuminating the breadth of physiological and pathological
roles of ferroptosis in other disease linked with iron overload and oxidant stress.
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Table 1. The comparison of main cell death

mechanisms and links with

Related
Protein and female
Morphologic Biochemical Genetic reproductive
Types hallmarks hallmarks hallmarks diseases References
Ferroptosis Cell swelling, Iron GPX4, GSH, EMs, PCOS, 2,4, 12
plasma accumulation, ACSL4, TFRC, POI, GMD, PE,
membrane lipid PTGS2, CHAC1 OC
rupture, smaller  peroxidation
mitochondria, increase,
increased Antioxidant
mitochondrial, defense decrease
membrane
densities
Apoptosis nuclear Activation of caspase-8 POI, PE PCOS 20-23
fragment, caspase proteins, caspase-3
chromatin DNA
agglutination, fragmentation
cell membrane Cytochrome C
rupture release
Necroptosis Cell swelling, ATP deplete, Phospho-MLKL, PE, OC, FGR 27-31
plasma- Activate phospho-RIP,
membrane inflammatory RIP,
rupture reaction phospho-RIP3,
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Protein and

Morphologic Biochemical Genetic reproductive
Types hallmarks hallmarks hallmarks References
Pyroptosis chromatin caspase- caspase-1,IL13,  PE, PCOS, POl ~ 323
condensation, dependent, IL18, Gasdermin

intact nuclei,
cellular swelling,
and plasma
membrane
rupture

D

Table 2 the application of ferroptosis in female reproductive diseases.

Diseases Drugs Mechanism Effects References
EMs Vitamin E Inhibit the Inhibiting 61, 112, 113
peroxidation ferroptosis and
chain and improve the
lipoxygenase fertility
expression
deferoxamine Decrease iron
mesylate level
PCOS Ferrostatin-1 decrease ROS, Reduce ferroptosis T1-73
MDA and LDH and protect ovarian
improve GPX4 granulosa cells
N-acetylcysteine Increase GPX4 Attenuate gravid
uterine and
placental
ferroptosis, reduce
fetal loss
Cryptotanshinone inhibit MMP and Regulate
NF-xB, activate ferroptosis and
MAPK/ERK protects against
signaling PCOS-induced
damage
PE Nrf2,DJ-1 inhibit the levels Inhibit ferroptosis 95, 96
of GSH, MDA, and relieve
ROSs, and Fe?* hypoxia
and improve the
SLC7A11, GPX4,
and FPN1,
GMD Adiponectin restoration of ameliorate 80
CPT-1 activity to placental injury
reduce oxidation
stress
ocC erastin inhibit System inhibit tumor 109

Xc- and result in
depletion of GSH

growth
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Figure Legends
Figure 1. The brief activation mechanism of ferroptosis.

Excessive ROS, free iron, and lipid peroxidation all contribute to ferroptosis. Iron overload can result from
increasing TfR1 or reducing ferritin expression (FTL and FTH1). In cells, the Fenton reaction results in a
significant amount of ROS. PUFAs produce PUFA-PE and ROS under the influence of ASCL4 and LPAT3,
ultimately cause ferroptosis. GPX4, a vital antioxidant enzyme in the body, has the ability to successfully
anti-peroxide. Cys2, which is necessary for the production of GSH and is delivered by System Xc-, is essential
for the operation of GPX 4.

Figure 2. The potential mechanism of ferroptosis in reproductive diseases.

In EMs,EECs are resistant to ferroptosis which allows them proliferation, migration and form ectopic tissue
eventually, but ferroptosis can also promote the progress of EMs such as angiogenesis in surrounding tissues
and leading to infertility, etc. In PCOS, Ferroptosis related proteins are highly expressed in infertile PCOS
patients, and ferroptosis inhibitors can reduce the symptoms of polycystic ovary. In POI, Ferroptosis leads
to premature apoptosis of ovarian cells, thus reducing ovarian reserve. In PE, iron overload, excessive ROS
in vivo and other ferroptosis inducers lead trophoblast cells ferroptosis, and then lead placental injury. In
GDM, higher BMI have a higher risk of 8 Cells ferroptosis, causing further increase of blood sugar. At the
same time, high fat induced ferroptosis of trophoblasts, resulting in placental damage. In OC, ferroptosis
inducers like erastin are thought as an effective drug to kill tumor cells and treat drug resistance.

Figure 3. The mechanism of ferroptosis-resistance in EMs.

Green represents the molecules that change in ectopic endometrium: the genes inducing ferroptosis ACSL4,
LPCAT3 are downregulated. Moreover, ferritin and Inc RNA ADAMTS9-AS are upregulated, preventing
ferroptosis. Blue represents the molecules that change in eutopic endometrium: the genes inducing ferroptosis
including STA1, ALOX15, NCOA4, VDAC2 are downregulated in eutopic endometrium. FBLN1 which can
increase ESC viability and migration by prohibiting ferroptosis are upregulated.
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