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Abstract N6-methyladenosine (m6A) is a critical regulator of female reproductive physiology,

yet existing reviews have focused predominantly on oocytes. The objective of this review is to sys-

tematically evaluate the regulatory effects of m6A throughout the pregnancy process. This review

covers aspects such as oocyte maturation, granulosa cell dynamics, endometrial receptivity, im-

mune homeostasis, and systemic adaptations, aiming to demonstrate the comprehensive regula-

tory capacity of m6A in female reproduction. Dysregulated m6A modifications in infertility-

associated pathologies, including endometriosis, polycystic ovary syndrome, and recurrent

miscarriage, are analyzed to identify mechanistic links between an epitranscriptomic imbalance

and reproductive dysfunction. The key findings indicate that m6A is involved in the entire repro-

ductive process and precisely coordinates stage-specific molecular programs within it, whereas

aberrant methylation patterns disrupt gene networks essential for fertility. Notably, m6A-modi-

fying enzymes exhibit strong potential as diagnostic biomarkers for female reproductive disor-

ders. The synthesis of the current evidence establishes m6A dysregulation as a convergent

pathogenic mechanism in diverse infertility etiologies, suggesting that the therapeutic modula-

tion of m6A pathways could address unmet clinical needs in reproductive medicine.
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Introduction

Epigenetic modifications, which are genetic mechanisms

that regulate heritable gene expression without altering

the DNA sequence, involve mainly DNA methylation, his-

tone modifications, and noncoding RNA modifications.

These modifications play important roles in multiple bio-

logical processes and disease progression.1 Moreover, with

advancements in research, chemical modifications at the

RNA level, such as methylation, acetylation, and pseu-

douridylation, have been incorporated into the broad

epigenetic regulatory system. These modifications influ-

ence RNA biogenesis, transport, functionality, and meta-

bolism, serving as key regulatory factors in cell biology.2

Among these modifications, N6-methyladenosine (m6A), the

most abundant and distinctive modification of both coding

and noncoding RNAs (ncRNAs), accounts for more than 80%

of RNA methylation events.3 m6A occurs across full-length

transcripts but is predominantly enriched near the stop

codon and within the 3′ untranslated region (3′ UTR).4 It

participates in nearly all stages of the RNA lifecycle,

including regulating transcription, maturation, translation,

splicing, degradation, and stability.5 Advances in high-

throughput sequencing technologies have significantly

improved our understanding of the roles of m6A in regu-

lating gene expression, cellular physiology, and disease

pathogenesis.6—8

Due to its regulatory role in RNA synthesis, m6A is

involved in the pathogenesis of various diseases, including

obesity, diabetes, and several types of tumors.5,9,10 In the

context of reproductive system pathology and physiological

processes, m6A is highly important, particularly in the

maturation of oocytes and sperm.11 According to data from

the World Health Organization, approximately 1 in 6 cou-

ples of reproductive age face infertility issues worldwide.

Among women of reproductive age, approximately 10%—

15% suffer from infertility, making infertility a prevalent

and challenging global problem.12 Female infertility is a

complex condition involving various factors, such as

abnormal ovarian function, abnormal uterine morphology

or function, blocked fallopian tubes, immune system ab-

normalities, endocrine disorders, and unfavorable lifestyle

conditions. Currently, most review articles on m6A modifi-

cations in gynecology focus on gynecological oncology and

on oocytes, yet they lack comprehensive discussions of

female infertility. Therefore, this review aims to summa-

rize and emphasize the role of m6A modifications in the

entire process of infertility and female reproductive system

diseases. In addition, we aim to analyze the differential

m6A modifications associated with various reproductive

system diseases, with the hope of identifying common m6A

differences that can guide subsequent diagnostic and

treatment approaches.

The mechanism and regulation of m6A RNA

methylation

m6A methylation requires three proteins, namely, methyl-

transferases (writers), demethylases (erasers), and

methylation recognition proteins (readers), to coregulate

and perform its functions. m6A methylation is catalyzed by

m6A methyltransferases, and this modification is subse-

quently removed by demethylases. Finally, methylation

recognition proteins recognize and bind to m6A methylation

sites to guide the translation and degradation of down-

stream mRNAs. “Writers” and “erasers” can dynamically

catalyze RNA methylation, while the function of m6A is

determined by “readers”. These three protein families

work synergistically to participate in the process of m6A

methylation (Fig. 1).

Writers

“Writers” are a group of N6-adenosyl methyltransferase

complexes (MTC) with methyltransferase activity that are

necessary to initiate m6A modifications and include

methyltransferase 3 (METTL3), METTL5, METTL14,

METTL16, Wilms tumor 1-associated protein (WTAP), and

KIAA1429 (also called VIRMA, vir-Like m6A methyl-

transferase associated, VIRILIZER). Among these com-

plexes, METTL3 was the first m6A methyltransferase

identified; this m6A methyltransferase is a key component

of the catalytic process and can promote the access of

adenine in RNA to methyl groups from S-adenosylmethio-

nine.13 METTL5 can form a heterodimeric complex with

TRNA methyltransferase activator subunit 11-2 (TRMT112)

to maintain the stability of intracellular metabolism,14

whereas METTL16 can directly methylate the “UAC(m6A)

GAGAA” motif and regulate S-adenosylmethionine ho-

meostasis in an m6A-dependent manner.15 METTL14 can

bind to METTL3 and form a stable heterodimer, thereby

stabilizing the conformation of METTL3 to increase its

catalytic activity and mediate m6A deposition in

mammalian nuclear RNA.16 WTAP does not contain an

obvious catalytic domain but can interact with METTL3

and METTL14, initiating their localization in nuclear

speckles that are rich in pre-mRNA processing factors and

enhancing the catalytic activity of m6A methyltransferase

in vivo.17 KIAA1429, the largest known component of the

m6A MTC, is considered a scaffold for balancing the

METTL3/METTL14/WTAP core components in the RNA

substrate, thereby enabling the specific m6A methylation

of the 3′ UTR and nearby stop codons.18,19 In addition,

other components of the m6A MTC, such as RNA binding

motif protein 15/15B (RBM15/15B), zinc finger CCHC-type

containing 4 (ZCCHC4), and zinc finger CCCH domain-
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containing protein 13 (ZC3H13), have been discovered.

The formation of m6A in XIST and cellular mRNAs is

mediated by RBM15 and RBM15B, which bind to the m6A

methylation complex and recruit it to specific sites on

RNA, thereby triggering methylation of adenosine nucle-

otides in adjacent m6A consensus motifs. Furthermore,

knockdown of RBM15 and RBM15B significantly impairs

XIST-mediated gene silencing.20,21 ZCCHC4 is responsible

for the m6A modification of 28S rRNA and interacts with

various mRNA subsets.22 ZC3H13 can promote m6A

methylation and plays an important role in the nuclear

localization of the ZC3H13—WTAP—VIRILIZER—HAKAI

complex.23

Erasers

The “erasers” category includes mainly m6A demethylases,

such as fat mass and obesity-associated protein (FTO), ALKB

homologue 5 (ALKBH5), and ALKBH3, which can reverse

methylation by eliminating m6A modifications. FTO is

located mainly in the nucleus and cytoplasm and can regu-

late lipid metabolism by controlling the expression of lipid-

related genes.24 FTO, the first m6A demethylase discovered

in eukaryotic cells, belongs to the ALKB dioxygenase family,

whose process of using oxidative activity to perform the

oxidative demethylation of m6A relies on α-ketoglutarate

and Fe(II).25 FTO and m6A methylation complex components

can colocalize with splicing proteins in nuclear speckles,

indicating that dynamic interactions can occur between

them.10 In addition, FTO is located near alternatively

spliced exons and poly(A) sites and can preferentially bind

to the pre-mRNA strand in the intronic region, thus

contributing to the splicing process and playing an important

role in alternative splicing.26 ALKBH5 is the second reported

RNA demethylase in mammals and is a member of the ALKB

family of dioxygenases that can mediate the repair of N-

alkylated nucleobases.27 In addition to reversing m6A

through oxidation, the enzymatic activity of ALKBH5 may

also affect RNA metabolism, mRNA export, and the assem-

bly of nuclear speckle processing factors. The active sites of

both ALKBH5 and FTO contain the basic residues Lys132 and

Arg96, which may be involved in substrate selection or the

release of final products after demethylation. However, the

active site of ALKBH5 is more open than that of FTO,

possibly because FTO has longer NRL and C-terminal do-

mains.28 In addition, another m6A demethylase named

ALKBH3 was recently found to have a stronger effect on m6A

in tRNA than on m6A in mRNA or rRNA.29

Figure 1 Writing, erasing, and reading in m6A methylation. The nuclear-localized m6A writer complex, consisting of METTL3 as its

catalytic core along with associated regulatory subunits, mediates co-transcriptional installation of m6A modifications during RNA

synthesis. The primary m6A erasers, comprising ALKBH3, ALKBH5, and FTO, are predominantly nuclear-localized enzymes that

reversibly catalyze the removal of m6A modifications. The reader protein YTHDC1 primarily regulates RNA splicing, while other

readers, including YTHDC2, YTHDF1/2/3, IGF2BP1/2/3, and HNRNPs, mediate diverse biological functions such as translational

regulation, splicing modulation, and mRNA stabilization through degradation inhibition. The m6A writer complex comprises mul-

tiple regulatory components. METTL16 directly methylates the “UAC (m6A) GAGAA” motif and regulates SAM homeostasis. WTAP

mediates METTL3-METTL14 interaction, while KIAA1429 orchestrates the balance of the METTL3/METTL14/WTAP core complex.

RBM15/15B recruits the m6A methylation machinery to the 5′ Xist m6A-rich region through direct RNA binding. METTL5 forms a

heterodimeric complex with the methyltransferase activator TRMT112 to maintain cellular metabolic homeostasis. METTL3/5/14/

16, methyltransferase 3/5/14/16; ALKBH3/5, ALKB homologue 3/5; FTO, fat mass and obesity-associated protein; YTHDC1/2, YTH

domain containing 1/2; YTHDF1/2/3, YTH domain family 1/2/3; IGF2BP1/2/3, insulin-like growth factor-2 mRNA-binding protein 1/

2/3; HNRNP, heterogeneous nuclear ribonucleoprotein; SAM, S-adenosylmethionine; WTAP, Wilms tumor 1-associated protein;

KIAA1429, also called VIRMA, vir-Like m6A methyltransferase associated, VIRILIZER; RBM15/15B, RNA binding motif protein 15/15B;

TRMT112, TRNA methyltransferase activator subunit 11-2.
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Readers

“Readers” can change the fate of mRNAs by recognizing

m6A modifications, which are responsible for the biological

functions of m6A, such as RNA decay, splicing, and trans-

lation. The main categories include the YTH domain family,

insulin-like growth factor-2 mRNA-binding protein (IGF2BP)

family, heterogeneous nuclear ribonucleoprotein (HNRNP)

family, eukaryotic translation initiation factor 3 (eIF3),

proline-rich coiled-coil 2 A (prrc2a), and fragile X mental

retardation protein (FMRP). The YTH domain family can be

divided into five proteins containing homologous YTH do-

mains, namely, YTHDC1, YTHDC2, YTHDF1, YTHDF2, and

YTHDF3, whose RNA-binding domains are highly conserved

and can recognize m6A residues in a methylation-depen-

dent manner.30 IGF2BPs are a highly conserved single-

stranded RNA-binding protein family that includes IGF2BP1,

IGF2BP2, and IGF2BP3, and these proteins play important

regulatory roles in a series of processes in the RNA life

cycle, such as positioning, translation control, stability, and

metabolism.31 The three IGF2BP proteins are very similar in

domain order and spacing and comprise six typical RNA-

binding domains (RBDs), namely, two RNA recognition motif

(RRM) structural domains and four K homologous (KH)

structural domains.32 HNRNPs are also a family of RNA-

binding proteins that contain one or more RBDs. These

binding domains can promote the broad and diverse func-

tions of the HNRNP protein family in all stages of nucleic

acid metabolism.33 Four unique RBDs have been identified

in HNRNP proteins: the RRM, the quasi-RRM, the glycine-

rich domains constituting the Arg-Gly-Gly box, and KH

structural domains. These domains can be used to define

protein categories through special modular structures.33

The HNRNP protein family members include mainly

hnRNPA2B1, hnRNPC, and hnRNPG. EIF3 can directly bind to

a single m6A modification in the 5′ UTR in the absence of

cap-binding factors, thereby initiating the translation of

the 43S complex.34 Prrc2a can stabilize the Olig2 mRNA (a

transcription factor associated with oligodendrocyte spec-

ification) in an m6A-dependent manner by binding to the

consensus GGACU motif in the Olig2 coding sequence.35

FMRP is encoded by the FMR1 gene (a sequence-context-

dependent m6A reader) and binds to the m6A site of its

mRNA target, thereby interacting with the m6A reader

YTHDF2 in an RNA-independent manner.36

The role of m6A in reproductive physiology

Infertility is defined as the inability to conceive after 12

months of unprotected sex with the same partner.

Approximately 85% of infertile couples have a clear cause

of infertility. When male factors are excluded, female

infertility can be attributed to ovulatory dysfunction,

diminished ovarian reserve, tubal factors, and uterine/

cervical factors. Pregnancy is a complex physiological

process involving a series of events, including fertilization,

embryo implantation, embryo development, hormone

maintenance, and fetal development, which involve

multiple factors, namely, oocyte development, granulosa

cells (GCs), endometrial receptivity, the immune

system, and physical conditions. The m6A modification

influences these aspects and thus has a substantial effect

on fertility (Fig. 2).

m6A and oocyte development and maturation

Oocyte development is a complex and highly regulated

cellular differentiation process that encompasses two

main stages: follicle development and oocyte matura-

tion.37 Primitive oocytes divide and develop into primary

follicles with the support of surrounding cells. Primary

follicles undergo rapid growth and differentiation, giving

rise to the activated precursor of a mature follicle, which

further envelops the oocyte.38 During oocyte develop-

ment, the cellular volume of the oocyte increases, and

changes in organelle development occur. Moreover,

intense metabolic activity within the oocyte cytoplasm

simultaneously promotes coordinated evolution of the

nucleus, mitochondria, and cytoplasm, providing the

foundation for fertilization and embryo development.39

Recent studies have revealed the critical role of the m6A

modification in oocyte development. The overall summary

of this step is shown in Table 1.

Yao et al conducted single-cell m6A sequencing to

analyze the m6A methylome and transcriptome of individ-

ual oocytes and blastomeres during the cleavage stage of

embryonic development. These findings reveal that m6A

deficiency leads to abnormal RNA clearance, resulting in

decreased oocyte quality. Furthermore, they show that m6A

regulates RNA translation and stability during the transition

from metaphase II-stage oocytes to embryos, thereby

impacting oocyte functionality. Additionally, m6A-depen-

dent asymmetry was observed in the transcriptomes of two-

cell embryos, indicating the crucial regulatory role of m6A

in oocyte and embryonic development.40 Further investi-

gation of Mettl3 conditional knockout in oocytes reveals

that Mettl3 can target intersectin 2 (Itsn2), increasing its

stability and thereby impacting oocyte meiosis. The

depletion of Mettl3 leads to DNA damage in oocytes,

resulting in defective follicle development and impaired

ovulation.41 Another study reveals that interference with

the Mettl3 RNA in oocytes causes defects in the spindle

apparatus during oocyte maturation, as well as obstacles in

the extrusion of the first polar body. The underlying

mechanism involves the CCR4-dependent negative regula-

tion of gene decay adenylation in systems lacking a TATA

box, leading to mRNA accumulation in oocytes and hin-

dering their maturation process.42 In addition, METTL3 de-

posits m6A on mRNAs, including zinc finger and SCAN

domain containing 4 (Zscan4) and murine endogenous

retrovirus-L (MERVL), during zygotic genome activation and

facilitates the subsequent degradation of these mRNAs

after the two-cell stage to ensure proper embryonic

development after fertilization.43 Furthermore, studies

have shown that knocking out Mettl3 in female germ cells

decreases the mRNA translation efficiency, inhibiting

oocyte maturation and resulting in defects during the

transition from the maternal stage to the zygotic stage.44 In

addition to METTL3, animal studies have shown that

ascorbic acid reduces the levels of Mettl14 in porcine oo-

cytes, increasing their ability to undergo meiotic matura-

tion and development.45 However, the specific downstream
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mechanisms regulated by Mettl14 have not been explored.

The absence of KIAA1429 results in abnormal RNA meta-

bolism in perinucleolar oocytes, and fully developed peri-

nucleolar cells fail to undergo perinucleolar breakage,

leading to a loss of the ability to recover from meiotic di-

vision and defects in follicle development.46

In terms of demethylases, Wei and colleagues show that

FTO-mediated demethylation maintains the abundance of

the long interspersed nuclear element-1 (LINE1) RNA in

mouse embryonic stem cells. This process helps promote

local chromatin accessibility and activates genes containing

LINE1 elements. Further investigations reveal that the

depletion of FTO leads to a significant decrease in LINE1

RNA expression in germinal vesicle- and metaphase II-stage

oocytes. FTO− /− metaphase II-stage oocytes exhibit

notable chromosomal misalignment and increased spindle

collapse, resulting in defects in oocyte development.47

YTHDC1, an m6A reader, plays a crucial role in pre-mRNA

transcriptional processing in oocyte nuclei. Oocytes lacking

YTHDC1 experience arrested development at the primor-

dial follicle stage, leading to widespread selective adeno-

sine methylation and altering the length of the 3′ UTR.

Additionally, YTHDC1 deficiency leads to extensive selec-

tive splicing defects in oocytes, possibly involving the pre-

mRNA 3′ end processing factors, cleavage and poly-

adenylation specific factor 6 (CPSF6), serine/arginine rich

splicing factor 3 (SRSF3), and SRSF7.48 However, further

research is needed to fully understand these connections.

On the other hand, knockout of the YTHDC2 gene reduces

the proportion of oocytes stimulated by retinoic acid 8

(STRA8)-positive oocytes and the proportion of oocytes in

the zygotene and pachytene stages, resulting in reproduc-

tive abnormalities.49

The m6A modification is intimately involved in the

development of oocytes and is associated with various ab-

normalities, such as chromosomal abnormalities in oocytes,

abnormal RNA metabolism, meiotic division defects,

splicing defects, and an impaired transition of the oocyte to

the embryo. However, the mechanism by which the m6A

modification affects the development of oocytes at each

stage is still unclear and is limited by the difficulty of

directly studying early-stage oocytes, especially in humans.

In summary, m6A methylation plays a multifaceted role

in oocyte development and is pathologically associated

with chromosomal abnormalities, RNA metabolic dysregu-

lation, meiotic defects, splicing aberrations, and a

compromised embryonic transition. However, critical

knowledge gaps persist in the current research. First, the

Figure 2 Functional roles of m6A modification in reproductive physiology. Successful pregnancy requires coordinated physio-

logical processes, with m6A participating in critical stages: i) Folliculogenesis: m6A dynamically regulates oocyte-granulosa cell

crosstalk during follicular maturation from primordial follicles to metaphase II (MII) oocytes, mediated by key regulators including

METTL3, METTL14, KIAA1429, FTO, YTHDC1, YTHDC2, and IGF2BP1. ii) Embryogenesis: Following fertilization, m6A governs

epigenetic modulation of zygotic development from the 2-cell stage through blastocyst formation. iii) Embryo implantation:

Endometrial receptivity, a pivotal determinant of implantation success, is enhanced by m6A-mediated homeostatic control of

hormonal metabolic signaling, involving METTL3, METTL14, METTL16, WTAP, and IGF2BP2. iv) Immune microenvironment: Embryo-

derived immunomodulatory factors recruit immune cells to coordinate developmental processes. m6A regulators such as METTL3,

METTL14, IGF2BP2, ALKBH5, and YTHDF2 modulate T cell/NK cell activities during immune adaptation. METTL3/14/16, methyl-

transferase 3/14/16; ALKBH5, ALKB homologue 5; FTO, fat mass and obesity-associated protein; YTHDC1/2, YTH domain containing

1/2; WTAP, Wilms tumor 1-associated protein; KIAA1429, also called VIRMA, vir-Like m6A methyltransferase associated, VIRILIZER;

IGF2BP1/2, insulin-like growth factor-2 mRNA-binding protein 1/2; YTHDF2, YTH domain family 2; NK, natural killer.
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precise mechanism of the m6A modification during early

oogenesis, particularly in primordial follicle activation,

remains elusive, as most investigations have focused on the

maturation phase. Second, the downstream pathways of

specific m6A regulators require clarification; for example,

the precise downstream targets responsible for the

enhanced meiotic competence and developmental poten-

tial observed in METTL14-deficient oocytes have not been

identified, with existing studies limited to phenotypic ob-

servations. Third, as a dynamic, reversible modification, an

m6A imbalance likely involves multifactor dysregulation.

The spatiotemporal coordination between methyl-

transferases and demethylases in maintaining oocyte

development necessitates a systematic exploration, as

current research has predominantly examined individual

components. Finally, translational challenges persist

Table 1 Roles of m6A protein machineries and biological mechanisms exerted in oocyte.

Regulators Role Mechanism Authors [Ref.]

METTL3 The quality of oocytes with

conditional knockout of Mettl3 and

Gdf9 is reduced.

m6A modification regulates the

translation and stability of RNA during

the transition from MII stage oocytes

to embryos, affecting the

functionality of oocytes.

Yao et al., 2023 30

Deletion of Mettl3 leads to defects in

follicle development and abnormal

ovulation.

Depleting Mettl3 results in DNA

damage in oocytes. Mettl3 can target

Itsn2 to enhance its stability, thereby

affecting oocyte meiosis.

Mu et al., 2021 31

Interfering with Mettl3 RNA in oocytes

results in defects in the meiotic

spindle during oocyte maturation and

impediments in the extrusion of the

first polar body.

The dependence on CCR4 exerts a

negative regulatory role in the

process of gene decay adenylation in

systems lacking TATA boxes, further

leading to mRNA accumulation in

oocytes.

Zhu et al., 2022 32

Mettl3 ensures the normal

development of the embryo after

fertilization in oocytes.

During the activation of the zygotic

genome, METTL3 deposits m6A on

mRNA and ensures the degradation of

these mRNAs after the two-cell stage,

including Zscan4 and MERVL.

Wu et al., 2022 33

Knocking out Mettl3 in female germ

cells severely inhibits oocyte

maturation and leads to defects in

the transition from maternal to

zygotic stages.

Knocking out Mettl3 reduces mRNA

translation efficiency.

Sui et al., 2020 34

METTL14 Reducing METTL14 can enhance the

ability of porcine oocytes to undergo

meiotic division, maturation, and

development.

N/A Yu et al., 2018 35

KIAA1429 The absence of KIAA1429 leads to

defects in follicle development.

The absence of KIAA1429 results in

abnormal RNA metabolism in the

oocyte nucleus, leading to the

inability of fully-developed oocytes

to undergo nuclear envelope

breakdown and, consequently, the

loss of their ability to initiate meiosis.

Hu et al., 2020 36

FTO Depletion of FTO leads to defects in

oocyte development.

Depletion of FTO leads to a significant

decrease in LINE1 RNA expression in

GV and MII oocytes, and FTO�/� MII

oocytes exhibit noticeable

chromosome misalignment and

increased spindle collapse.

Wei et al., 2022 37

YTHDC1 Deficiency in YTHDC1 results in

widespread selective splicing defects

in oocytes.

Deletion of YTHDC2 reduces the

proportion of STRA8-positive oocytes

and the ratio of oocytes in the

zygotene and pachytene stages.

Kasowitz et al., 2022 38

YTHDC2 Knockout of YTHDC2 results in

reproductive disorders in mice.

N/A Zeng et al., 2020 39
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between animal models and human applications. The

unique regulatory characteristics of m6A in human oogen-

esis and their clinical implications demand comprehensive

validation, with ethical constraints potentially impeding

related investigations.

m6A and GC function

GCs are closely associated with oocytes, as they envelop

and provide nourishment for their development, leading to

the formation of follicles. During follicle maturation, GCs

provide growth factors and nutrients to promote the

development and maturation of oocytes. After ovulation,

GCs differentiate into luteal cells, which continue to sup-

port and nourish the embryo.50 The close collaboration

between GCs and oocytes is crucial for their development

and maturation, ensuring normal fertilization and implan-

tation. The m6A modification also serves as a regulatory

mechanism controlling the proliferation and functionality

of GCs. Cao et al report that mRNA m6A modification is

abundant in pig GCs during development from small to large

follicles and is enriched primarily around the protein-cod-

ing regions of transcripts. The enrichment analysis suggests

that m6A modification-related genes are strongly involved

in regulating steroidogenesis and folliculogenesis.

Sequencing of human ageing ovarian GCs reveals that

genes, such as budding uninhibited by benzimidazoles-1B

(BUB1B), polyhomeotic homolog 2 (PHC2), topoisomerase

IIα (TOP2A), discoidin domain receptor 2 (DDR2), Krüppel-

like factor 13 (KLF13), and ryanodine receptor 2 (RYR2),

contain the m6A modification, contributing to declining

ovarian function.51 The overall summary of this part is

shown in Table 2.

Several studies have revealed that the level of FTO in

GCs decreases significantly during ovarian ageing, as

observed in both clinical and animal samples.52,53 Jiang et

al further show that decreased FTO levels in GCs under

oxidative stress lead to an abnormal increase in FOS

expression, contributing to the abnormal ageing of GCs and

subsequent ovarian ageing.54 Moreover, FTO can increase

the stability of the flotillin 2 (FLOT2) mRNA, promoting

FLOT2 expression and thereby influencing GC proliferation,

apoptosis, and insulin resistance. Additionally, FTO can

coregulate the expression of MAX network transcriptional

repressor (MNT) with YTHDF2, alleviating GC apoptosis and

oxidative stress by activating the protein kinase B (AKT)/

nuclear factor erythroid 2-related factor 2 (Nrf2)

pathway.55 In cases of ovarian dysfunction caused by

oxidative stress, the m6A reader protein IGF2BP1 is signifi-

cantly down-regulated in GCs. IGF2BP1 can regulate GC

viability, proliferation, the cell cycle, and cellular ageing

Table 2 Roles of m6A protein machineries and biological mechanisms exerted in granulosa cell.

Regulator Role Mechanism Authors [Ref.]

FTO The lack of FTO leads to abnormal

senescence of GCs, resulting in

ovarian aging.

Under oxidative stress conditions,

decreased FTO in GCs leads to

abnormal upregulation of FOS

expression.

Sun et al., 2021 42;

Ding et al., 2021 43;

Jiang et al., 2021 44

FTO can influence the proliferation,

apoptosis, and insulin resistance of

GCs.

FTO can also increase the stability of

FLOT2 mRNA to promote FLOT2

expression. FTO can co-regulate MNT

expression with YTHDF2 and alleviate

GCs apoptosis and oxidative stress by

activating the AKT/Nrf2 pathway.

Ding et al., 2022 45

IGF2BP1 Downregulation of IGF2BP1 affects

the vitality, proliferation, cell cycle,

and cellular senescence of GCs.

IGF2BP1 can enhance the stability of

MDM2 mRNA.

Mu et al., 2022 46

METTL3 Depletion of METTL3 disrupts the cell

cycle of GCs, resulting in increased

apoptosis and inhibited cell

proliferation and hormone secretion.

METTL3 may regulate the cell cycle of

GCs by mediating the degradation of

AURKB mRNA through the YTHDF2

pathway.

Liu et al., 2023 47

The decrease in METTL3 levels leads

to an upregulation of autophagy in

GCs.

The decrease in METTL3 levels can

significantly increase the mRNA levels

of autophagy key gene ULK1, thereby

leading to an upregulation of

autophagy in GCs and causing

follicular atresia.

Li et al., 2023 48

Butyric acid can inhibit the

expression of METTL3 and improve

the inflammatory state of GCs.

Inhibiting the expression of METTL3

results in a decrease in FOSL3 m6A

methylation level and mRNA

expression, which can subsequently

downregulate the expression of

NLRP3 protein, IL-6, and TNF-α in

GCs.

Liu et al., 2023 49
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by increasing the stability of the mouse double minute 2

(MDM2) mRNA.56

Animal studies have revealed that during oocyte matu-

ration, METTL3 expression increases in GCs, and the cell

cycle is disrupted when METTL3 is deleted in these cells,

leading to increased apoptosis, the inhibition of cell pro-

liferation, and hormone secretion. Mechanistically, METTL3

may regulate the cell cycle in GCs by mediating the

degradation of the Aurora kinase B (AURKB) mRNA through

the YTHDF2 pathway.57 Additionally, the m6A modification

in GCs plays a role in follicular atresia. The level of METTL3

in progressive atretic follicle GCs was significantly lower

than that in healthy follicle GCs, whereas FTO levels were

significantly higher. Research has shown that a decreased

level of METTL3 can significantly increase the mRNA level of

the autophagy-related gene unc-51-like kinase 1 (ULK1),

leading to increased autophagy in GCs and subsequent

follicular atresia.58 Liu et al report that butyric acid can

inhibit the expression of the methyltransferase METTL3,

resulting in decreased m6A methylation and expression of

the FOS-like 3 (FOSL3) mRNA, thereby down-regulating the

levels of the NLR family pyrin domain containing 3 (NLRP3)

protein and inflammatory cytokines (interleukin-6/IL-6 and

tumor necrosis factor-alpha/TNF-α) in GCs and improving

their inflammatory state.59

In summary, the m6A modification affects GC function by

regulating pathways such as those involved in steroid syn-

thesis and autophagy. Under oxidative stress or inflamma-

tory conditions, it mediates abnormal cell proliferation,

apoptosis, and inflammatory factor expression, ultimately

impairing GC and oocyte functions. However, current

research has yet to clarify how m6A directly influences gap

junctions and material exchange between GCs and oocytes.

In existing studies, GCs are often isolated from oocytes for

a separate analysis, compromising the integrity of the

research. Additionally, while current models rely heavily on

cell lines such as KGN cells, in vivo animal experiments and

large-scale clinical sample studies are noticeably lacking,

necessitating further validation and expansion of the

experimental approaches.

m6A and endometrial receptivity

The endometrium is indispensable for successful repro-

ductive processes because it creates a favorable environ-

ment for the implantation of a fertilized embryo, supplies

essential oxygen and nutrients to facilitate embryonic

development, and produces various hormones critical for

maintaining a healthy pregnancy. Abnormalities in the

endometrium, such as decreased receptivity and disrupted

endometrial shedding, can potentially affect embryo im-

plantation and pregnancy maintenance, highlighting the

vital role of the endometrium in reproduction. An overall

summary of these findings is shown in Table 3.

Zhao et al show that m6A levels in the endometrium in-

crease as pregnancy progresses and that the localization of

m6A regulatory factors in the uterus changes during preg-

nancy. In patients with infertility, these regulatory factors

are dysregulated in the endometrium. Specifically, the

mRNA levels of METTL16 and WTAP are down-regulated,

whereas the mRNA levels of ALKBH5 and IGF2BP2 are

abnormally up-regulated. Consequently, these changes lead

to abnormalities in various immune-related pathways in

women with infertility.60 Similarly, Sun et al report that

METTL3 is highly expressed in the endometrial glandular

epithelium from days 16—25 of pregnancy. It can be up-

regulated by estrogen and progesterone in the goat uterus

and primary endometrial epithelial cells. METTL3 knock-

down leads to a decrease in connective tissue growth factor

(CTGF) mRNA levels, affecting the proliferation of endo-

metrial epithelial cells and thereby influencing pregnancy.61

Endometrial receptivity is closely associated with suc-

cessful embryo implantation and is strongly affected by

ovarian steroid hormones. Kobayashi et al report that mice

lacking Mettl14 are infertile. Further studies reveal that

estrogen receptor alpha (ERα) signaling and ERα phos-

phorylation are abnormally increased in Mettl14-deficient

uteri. Additionally, abnormal activation of the innate im-

mune pathway occurs, leading to embryo implantation

failure.62 Similarly, in women with infertility associated

with endometrial factors, METTL3 expression is significantly

down-regulated in the uterus. The depletion of METTL3

results in increased mRNA stability of estrogen-responsive

genes such as E74-like ETS transcription factor 3 (Elf3) and

cadherin EGF LAG seven-pass G-type receptor 2 (Celsr2).

However, after METTL3 knockout, the expression levels of

progesterone receptor and its target genes in the endo-

metrium decrease, indicating inadequate progesterone

responsiveness. Wan et al conclude that METTL3 promotes

endometrial receptivity and female fertility by balancing

estrogen and progesterone signalling.63 Building upon these

findings, Zheng et al further show that the loss of Mettl3 is

accompanied by a significant reduction in progesterone

receptor (PGR) protein expression. The Pgr mRNA is a direct

target of the METTL3-mediated m6A modification and in-

creases PGR protein translation in a YTHDF1-dependent

manner. These findings ultimately demonstrate the neces-

sity of METTL3 in the decidualization of human endometrial

stromal cells in vitro.64

However, Xue et al report that methylation and METTL3

expression are significantly increased in the endometrium of

patients with recurrent implantation failure. METTL3 can

catalyze the methylation of the homeobox A10 (HOXA10)

mRNA, leading to its degradation and subsequently causing a

decrease in β3 integrin expression. Additionally, abnormal

up-regulation of empty spiracles homeobox 2 (EMX2) occurs,

which further affects embryo implantation.65 Both excessive

and insufficient METTL3 levels can lead to changes in

endometrial receptivity. However, the specific mechanisms

underlying these changes require further investigation.

Based on current research, the m6A modification plays a

critical role throughout the reproductive cycle by regu-

lating key biological processes such as endometrial recep-

tivity and decidualization. Notably, the endometrium

comprises heterogeneous cell populations, including

epithelial cells, vascular endothelial cells, and diverse im-

mune cells. However, the specific cellular subtypes pre-

dominantly influenced by the m6A modification remain

undefined, warranting focused investigation in future

studies. Furthermore, the endometrium undergoes cyclic

remodeling during the menstrual cycle, yet the potential

fluctuations in m6A regulatory factors across these dynamic

phases have not been systematically characterized.
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Elucidating such temporal variations in m6A modifiers could

substantially advance our understanding of their functional

mechanisms in endometrial physiology and pathology.

m6A and the reproductive immune environment

The immune system plays a vital role in regulating and

protecting the female reproductive process. However, ab-

normalities in its activation or dysfunction can potentially

result in female infertility.66 Autoimmune reactions, anti-

embryo responses, decreased immune regulatory function,

and certain chronic inflammatory responses may lead to

abnormal ovulation, decreased endometrial receptivity,

difficulties in embryo implantation, and embryonic growth

disorders, ultimately contributing to the occurrence of

infertility. Multiple types of immune cells, including natural

killer (NK) cells and T cells, actively contribute to and

synchronize processes during pregnancy.67 However,

currently, no specific research on how m6A regulates

reproductive immunity has been published, but we can gain

some insights from other studies. An overall summary of

this topic is shown in Table 4.

NK cells, the most abundant type of leukocyte during

pregnancy, play crucial roles throughout the entire gesta-

tional period. In early pregnancy, NK cells account for 50%—

70% of decidual lymphocytes. Although decidual NK cells

have lower cytotoxicity, they release cytokines and che-

mokines that induce trophoblast invasion, tissue remodel-

ing, embryo development, and placenta formation and

contribute to immune defense. Premature activation of NK

cells in late pregnancy can lead to the breakdown of

maternal—fetal tolerance, subsequently causing preterm

labor.68 Ma et al report that YTHDF2 maintains NK cell ho-

meostasis and terminal maturation, regulating NK cell

trafficking and eomesodermin (Eomes). Eomes plays key

roles in embryonic development and immune modulation,

making it indispensable for these important processes.69

Table 3 Roles of m6A protein machineries and biological mechanisms exerted in endometrium.

Regulator Role Mechanism Authors [Ref.]

METTL16/WTAP/

ALKBH5/IGF2BP2

The m6A levels in the uterus

increase with the progression

of pregnancy. However, in

infertile patients, there is a

dysregulation of m6A

regulatory factors in the

endometrium.

N/A Zhao et al., 2021 50

METTL3 Knocking down METTL3 affects

the progression of pregnancy.

Knocking down METTL3 reduces

the levels of CTGF mRNA,

thereby affecting the

proliferation of endometrial

epithelial cells.

Sun et al., 2023 51

Downregulation of METTL3

expression leads to impaired

endometrial receptivity and

abnormal decidualization.

Depletion of METTL3 leads to

enhanced mRNA stability of

estrogen-responsive genes,

such as Elf3 and Celsr2, but

results in decreased expression

levels of PR and its target genes

in the endometrium, leading to

insufficient progesterone

responsiveness.

Wan et al., 2023 53

METTL3 is essential for in vitro

decellularization of human

endometrial stromal cells.

The loss of Mettl3 is

accompanied by a significant

decrease in PGR protein

expression. Pgr mRNA is a

direct target of m6A

modification mediated by

METTL3 and enhances PGR

protein translation efficiency in

a YTHDF1-dependent manner.

Zheng et al., 2023 54

METTL14 Deficiency in Mettl14 leads to

the failure of embryo

implantation.

Deficiency in Mettl14 leads to

abnormal upregulation of the

uterine estrogen receptor α

signaling and ERα

phosphorylation, as well as

abnormal activation of the

innate immune pathway.

Kobayashi et al., 2023 52
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YTHDF2 promotes NK cell effector functions and is required

for IL-15-mediated NK cell survival and proliferation by

forming a STAT5-YTHDF2 positive feedback loop. Tran-

scriptome-wide screening identifies Tardbp as a YTHDF2-

binding target in NK cells involved in regulating cell pro-

liferation or survival.70

Additionally, Song et al reported a positive correlation

between the protein expression levels of METTL3 and

effector molecules in NK cells. The loss of METTL3 in NK

cells alters their homeostasis and suppresses their function.

Protein tyrosine phosphatase 2 (SHP-2) protein levels are

reduced in METTL3-deficient NK cells, leading to a dimin-

ished NK cell response to IL-15.71 In addition to the influ-

ence of writers and readers, defects in the eraser FTO

result in the excessive activation of NK cells. FTO nega-

tively regulates IL-2/15-driven Janus kinase (JAK)/STAT

signaling in NK cells by increasing the mRNA stability of

suppressor of cytokine signaling (SOCS) genes, thereby

modulating NK cell function.72 Overall, the m6A modifica-

tion plays a pivotal role in orchestrating the involvement of

NK cells in pregnancy by regulating their fate and function.

In the reproductive system, regulatory T cells (Tregs)

perform an essential regulatory function, particularly in

safeguarding the fetus against maternal immune responses.

m6A methylation is significantly involved in preserving the

suppressive function of Tregs.73 Tong et al reported that the

loss of Mettl3 leads to an increase in Socs mRNA levels,

thereby targeting the IL-2—STAT5 signaling pathway, which

strictly controls Treg function. The SOCS family is also

influenced by decreased expression of METTL14, which in-

hibits Treg expansion.74 As a demethylase, ALKBH5 defi-

ciency, which is mediated by IGF2BP2, results in increased

stability of the C—C motif chemokine ligand 28 (CCL28)

mRNA, thereby inhibiting Treg recruitment.75 The loss of

YTHDF2, an identifying protein, in Tregs significantly re-

duces tumor growth in mice, resulting in increased

apoptosis of Tregs and leading to impaired suppressive

functions.76

Studies have shown that the m6A modification plays a

pivotal regulatory role in modulating the functions of NK

cells and Tregs. However, current research on m6A-related

immunology predominantly focuses on tumor biology,

Table 4 Roles of m6A protein machineries and biological mechanisms exerted in immune environment.

Regulator Role Mechanism Authors [Ref.]

NK cell

YTHDF2 YTHDF2 maintains the homeostasis

and terminal maturation of NK cells

and participates in regulating NK cell

trafficking and Eomes.

YTHDF2 forms a positive feedback

loop with STAT15-YTHDF5 to promote

the effector function of NK cells.

Ma et al., 2021 60

METTL3 Loss of METTL3 alters the homeostasis

of NK cells and inhibits their function.

The protein expression of SHP-2 is

reduced in METTL3-deficient NK cells,

and decreased SHP-2 activity leads to

a diminished response of NK cells to

IL-15.

Song et al., 2021 61

FTO Defects in FTO lead to excessive

activation of NK cells.

FTO negatively regulates IL-2/15-

driven JAK/STAT signaling by

increasing the mRNA stability of

suppressor of cytokine signaling

(SOCS) genes.

Kim et al., 2023 62

Treg cell

METTL3 Loss of Mettl3 leads to impaired

suppressive function of Treg cells.

Loss of Mettl3 leads to increased

levels of Socs mRNA, thereby

targeting the IL-2-STAT5 signaling

pathway, which tightly controls Treg

cell function.

Tong et al., 2018 63

METTL14 METTL14 reduces the inhibition of

Treg cell proliferation.

N/A

METTL14 reduces the influence on the

SOCS family, thereby inhibiting the

expansion of Treg cells.

Liu et al., 2022 64

ALKBH5/IGF2BP2 ALKBH5 deficiency inhibits Treg cell

recruitment.

The deficiency of ALKBH5, mediated

by IGF2BP2, leads to enhanced

stability of CCL28 mRNA, thereby

inhibiting Treg recruitment.

Chen et al., 2023 65

YTHDF2 The loss of YTHDF2 can lead to

increased apoptosis of Treg cells and

impaired suppressive function.

Elevated TNF signaling promotes the

expression of YTHDF2, accelerating

the degradation of m6A to regulate

the NF-κB signaling pathway through

modification of NF-κB negative

regulatory factor encoding

transcripts.

Zhang et al., 2023 66
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whereas investigations into reproductive immune regula-

tion remain in their infancy. The immunologic processes

during pregnancy constitute an extraordinarily complex

regulatory network characterized by dynamic shifts in

maternal immune environments from a proinflammatory

state in early pregnancy to an immune-tolerant and anti-

inflammatory state in mid-pregnancy and reverting to a

proinflammatory state in late gestation. The potential

functional roles of the m6A modification throughout these

immunological phases represent a fascinating area of in-

quiry. Nevertheless, systematic explorations of m6A-medi-

ated epigenetic regulation in pregnancy-related immune

adaptation are currently limited, particularly regarding its

mechanistic contributions to trophoblast—endometrial in-

teractions, placental development, and maternal—fetal

interface homeostasis. Further research is warranted to

elucidate the spatiotemporal dynamics and molecular

pathways of m6A modifications in orchestrating immune

tolerance during healthy pregnancies and their perturba-

tions in reproductive pathologies.

m6A and the body’s physiological state

The physiological well-being of the body plays a crucial role

in ensuring a healthy pregnancy. Factors that promote a

healthy pregnancy include weight management, continued

management of chronic diseases, and improved psycho-

logical well-being. Women who are overweight or

underweight encounter certain obstacles to conception;

nutritional deficits or an underweight status damage mainly

the hypothalamic—pituitary—gonadal axis, leading to hy-

pothalamic anovulation and affecting fertility.77 The

impact of obesity on fertility is complex. In addition to

interfering with the hypothalamic—pituitary—ovarian axis,

excess adipose tissue also leads to hormonal disruption and

abnormal levels of inflammation within the body. Obesity is

often associated with a series of chronic metabolic dis-

eases, such as diabetes, hypertension, and hyperlipidemia,

which pose major challenges to conception.78 In recent

years, multiple studies have shown correlations between

obesity and increased incidences of depression and anxiety,

suggesting that obesity is a key risk factor for the devel-

opment of these disorders.79 Therefore, appropriate weight

management before pregnancy is particularly crucial. The

overall summary of this part is shown in Figure 3 and Table

5.

Numerous studies have provided evidence to support the

significant involvement of the m6A modification in the

initiation and progression of obesity. METTL3/METTL14 and

FTO are involved in the accumulation of lipids in various

cells by influencing lipid breakdown and synthesis. YTHDF

proteins recognize m6A methylation sites on RNA and

regulate the translation of target genes.80 FTO controls the

exon splicing of the fat generation regulator, Runt-related

transcription factor 1 (RUNX1) partner transcriptional co-

repressor 1 (RUNX1T1), by modulating m6A levels, thereby

Figure 3 m6A and body physiological state. Pregnancy requires the support of a healthy physiological state, and dysregulation of

m6A methylation can lead to abnormalities in the body’s condition, including depression (FTO), Hashimoto’s thyroiditis (hnRNPC),

diabetes (METTL3, YTHDC1), obesity (FTO, YTHDF2, METTL3, IGF2BP2), thereby affecting conception. METTL3, methyltransferase

3; FTO, fat mass and obesity-associated protein; YTHDC1/2, YTH domain containing 1/2; hnRNPC, heterogeneous nuclear ribo-

nucleoprotein C; IGF2BP2, insulin-like growth factor-2 mRNA-binding protein 2; YTHDF2, YTH domain family 2.
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regulating the process of adipocyte differentiation.81,82

Additionally, FTO directly targets autophagy-related 5

(Atg5) and Atg7 and mediates their expression in an m6A-

dependent manner. Further research reveals that Atg5 and

Atg7 are targets of YTHDF2. In the absence of FTO, YTHDF2

can recognize increased levels of m6A-modified Atg5 and

Atg7, leading to mRNA degradation and decreased protein

expression, thus alleviating autophagy and fat produc-

tion.83 In addition to FTO, METTL3 regulates fat meta-

bolism, and METTL3 deficiency in mature beige adipocytes

can lead to the inhibition of the glycogenolytic capacity and

thermogenesis. Both METTL3 and IGF2BP2 control the

mRNA stability of key glycogenolytic genes in beige adipo-

cytes.84 Furthermore, METTL3 is involved in the regulation

of brown adipocytes. Mettl3 silencing in brown adipocytes

substantially inhibits their maturation and reduces the level

of the m6A modification as well as the expression of PR

domain-containing 16 (Prdm16), peroxisome proliferator-

activated receptor gamma (Pparg), and uncoupling protein

1 (Ucp1) transcripts in vivo. These changes result in a sig-

nificant reduction in adaptive thermogenesis mediated by

Table 5 Roles of m6A protein machineries and biological mechanisms exerted in organism status.

Regulator Role Mechanism Authors [Ref.]

Obesity

FTO FTO regulates the process of

adipogenesis.

FTO controls adipogenesis by

regulating the m6A levels and

modulating the exon splicing of the

adipogenic regulator RUNX1T1.

Zhao et al., 2014 72

FTO/YTHDF2 FTO/YTHDF2 regulate adipogenesis. In the case of FTO silencing, the m6A-

modified Atg5 and Atg7, with higher

levels, can be recognized by YTHDF2,

leading to reduced autophagy and

adipogenesis

Wang et al., 2020 73

METTL3/IGF2BP2 Deficiency of METTL3 in mature beige

adipocytes can lead to inhibition of

adipocyte glycolytic capacity and

thermogenic capacity.

METTL3 and IGF2BP2 can control the

mRNA stability of key glycolytic genes

in beige adipocytes.

Li et al., 2023 74

METTL3 Silencing of Mettl3 can severely

inhibit the maturation of brown

adipocytes.

Reduced m6A modification and

decreased expression of Prdm16,

Pparg, and Ucp1 transcripts. This

results in a significant decrease in

brown fat-mediated adaptive

thermogenesis and promotes obesity

and systemic insulin resistance

induced by a high-fat diet.

Wang et al., 2020 75

Diabetes

METTL3 The specific loss of Mettl3 in

pancreatic islet β-cells leads to β-cell

dysfunction and high blood sugar

levels.

Reduced m6A modification leads to a

decrease in the expression of insulin

secretion-related genes.

Li et al., 2021 77

YTHDC1 YTHDC1 is downregulated in

pancreatic β-cells of type 2 diabetes,

resulting in a decrease in insulin

levels.

YTHDC1 leads to a decrease in the

expression of beta-cell-specific

transcription factors and insulin

secretion-related genes.

Li et al., 2023 78

Depression

FTO Inhibiting the expression of FTO can

lead to the development of

depression-like behavior in adult

mice.

ADRB2 mRNA is a target of FTO, and

stimulation of ADRB2 can restore

depression-like behavior in FTO-

deficient mice.

Liu et al., 2021 79

Hashimoto’s thyroiditis

HNRNPC Abnormal expression of hnRNPC

mediates the development of

Hashimoto’s thyroiditis.

hnRNPC promotes ATF4

transcriptional activity, synthesis,

and translation through m6A

modification. Increased ATF4

expression triggers endoplasmic

reticulum stress signaling, leading to

apoptosis and necroptosis of thyroid

follicular epithelial cells.

Mo et al., 2021 82
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brown adipose tissue and promote obesity and systemic

insulin resistance induced by high-fat diet consumption.85

In addition to obesity, m6A methylation also significantly

influences various chronic metabolic disorders. Extensive

research has shown that the demethylase FTO is one of the

greatest genetic risk factors for type 2 diabetes.86 METTL3

regulates β-cell function and diabetes. Under inflammatory

and oxidative stress conditions, METTL3 is down-regulated,

and β-cell-specific Mettl3 deficiency results in β-cell

dysfunction and hyperglycemia, possibly due to reduced

levels of the m6A modification, which leads to decreased

expression of insulin secretion-related genes.87 YTHDC1 is

down-regulated in β-cells in individuals with type 2 dia-

betes, leading to decreased insulin levels that possibly

result from the reduced expression of β-cell-specific tran-

scription factors and insulin secretion-related genes caused

by YTHDC1.88 Moreover, research has revealed a close as-

sociation between the down-regulation of FTO expression

and depression. The inhibition of FTO expression in the

hippocampus leads to the development of depression-like

behaviors in adult mice, whereas the overexpression of FTO

results in the restoration of depression-like phenotypes.

Further investigations have shown that the adrenoceptor

beta 2 (ADRB2) mRNA is a target of FTO and that the

stimulation of ADRB2 can ameliorate depression-like be-

haviors in FTO-deficient mice.89

In addition to metabolic disorders and depression, sys-

temic autoimmune diseases can also pose challenges to

pregnancy.90 Hashimoto’s thyroiditis is an autoimmune

thyroid disease that can lead to reduced fertility, an

increased risk of miscarriage, and pregnancy-related com-

plications such as premature birth and low birth weight.91

Recent research has shown that hnRNPC promotes acti-

vating transcription factor 4 (ATF4) transcriptional activity,

synthesis, and translation through the m6A modification.

Increased ATF4 expression triggers endoplasmic reticulum

stress signaling, leading to the apoptosis and necroptosis of

thyroid follicular epithelial cells and thereby mediating the

development of Hashimoto’s thyroiditis. However, target-

ing hnRNPC significantly reduces the death of thyroid

follicular epithelial cells to ameliorate disease progression,

indicating the involvement of m6A methylation in thyroid

diseases.92

In summary, m6A methylation plays a role in regulating

organismal states, and many m6A-related genes, especially

those related to the demethylase FTO, play important roles

in obesity, chronic diseases, and depression, thereby

affecting female fertility. Successful pregnancy requires

the close coordination of the reproductive system and re-

lies on a well-functioning organismal state. The systemic

effects of m6A should be a key consideration during preg-

nancy. Additionally, further research should investigate

whether conditions such as obesity can impact the m6A

modification in the reproductive system, which could be

the focus of future studies.

Summary of the role of m6A in reproductive

physiology

m6A methylation plays multidimensional regulatory roles in

reproductive physiology, with its molecular mechanisms

spanning critical processes, including oocyte development,

GC function, endometrial receptivity, reproductive immune

regulation, and the physiological state. Current research

limitations include the following: i) insufficient elucidation

of the downstream pathways and molecular alterations

mediated by m6A modifications, despite the observed

changes in regulatory factors and associated phenotypes; ii)

oversimplification of the dynamic and reversible nature of

the m6A modification, which involves complex interactions

among multiple regulatory factors, whereas existing studies

predominantly focus on individual components; and iii)

fragmented investigations of long-term cyclical processes

in reproduction and pregnancy, such as oocyte maturation

(from primordial to mature stages), phased endometrial

remodeling (proliferative to secretory phases), and dy-

namic immune state transitions during gestation, with

current research often isolating specific phases rather than

adopting comprehensive temporal perspectives. Future

research directions necessitate establishing cross-scale

analytical frameworks that integrate organoid models with

multiomics technologies while strengthening validation

through the analysis of human reproductive tissue samples

to facilitate the clinical translation of m6A regulatory

mechanisms.

The roles of m6A methylation in different female

reproductive diseases

In addition to the various stages of conception mentioned

above, the m6A modification plays a key role in multiple

female reproductive diseases, such as endometriosis (EM),

polycystic ovary syndrome (PCOS), and recurrent sponta-

neous abortion (RSA). These diseases can also affect a

woman’s ability to conceive. Therefore, exploring the dif-

ferences in m6A levels and changes in downstream mech-

anisms in these female reproductive diseases may lead to

new treatment targets. The details can be seen in Figure 4

and Table 6.

m6A methylation and EM

EM is a chronic inflammatory disease characterized by the

presence of endometrial glands and stroma outside the

uterine cavity covering the mucosa and myometrium.93 It is

characterized by chronic pelvic pain and infertility, and

seriously affects the physical and mental health of women

of childbearing age.94 Increasing evidence shows that m6A

methylation plays an important role in EM and related

infertility and that further study of m6A methylation may

lead to the identification of diagnostic biomarkers and

therapeutic targets.

The METTL3-mediated m6A modification is the most

studied in EM. A down-regulated expression level of METTL3

in EM-overexpressing endometrial tissues and stromal cells

can lead to a decreased m6A modification level and weak-

ened DiGeorge syndrome critical region 8 (DGCR8)-mediated

pri-miR126 maturation in an m6A-dependent manner,

thereby promoting the proliferation, invasion, and migration

of endometrial stromal cells and ultimately promoting the

progression of EM.95 miR-21-5p can inhibit the expression of

METTL3 and the subsequent METTL3-mediated m6A
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modification, thereby reducing mRNA stability; inhibiting the

expression of WNT inhibitory factor 1 (WIF1); and ultimately

promoting the proliferation, invasion, and migration of

endometrial stromal cells.96 In addition, another study re-

veals that lactic acid can increase the METTL3-mediated m6A

modification of Tribbles pseudokinase 1 (Trib1), thereby

activating the extracellular signal-regulated kinase (ERK)/

STAT3 signaling pathway to induce M2 macrophage polari-

zation and ultimately promote the progression of EM-related

ectopic lesions.97 On the other hand, another study showed

that METTL3 can interact with YTHDF2 to regulate the m6A

modification of the sirtuin 1 (SIRT1) mRNA and target SIRT1/

forkhead transcription factor 3a (FoxO3a) signaling to in-

crease cellular senescence, ultimately preventing the

migration, invasion, and proliferation of endometrial stromal

cells and inhibiting the biological progression of EM.98 In

summary, the regulatory effect of METTL3 on the progres-

sion of EM lesions may be bidirectional and closely related to

its regulating downstream mRNAs. However, further studies

are needed to determine which mRNAs play a dominant role

in this process.

In addition to METTL3, several other m6A regulatory

factors play key roles. METTL14 expression is significantly

down-regulated in the ectopic endometria of EM patients.

Moreover, METTL14 knockdown can increase the prolifera-

tion and invasion of endometrial stromal cells.99 Zhao et al

show that IGF2BP2 and its related target genes, myeloid

ecotropic viral integration site 1 homolog 2 (MEIS2) and

GATA binding protein 6 (GATA6), are highly expressed in

EM.100 IGF2BP2 can promote the proliferation, migration,

and invasion of endometrial stromal cells by stabilizing the

MEIS2 and GATA6 mRNAs. The expression of the demethy-

lase FTO is significantly down-regulated in ectopic

endometrial tissue and stromal cells in patients with EM,

and the overexpression of FTO can increase the level of

autophagy by targeting ATG5 to reduce the level of the m6A

modification, thereby down-regulating the expression of

PKM2 to inhibit glycolysis, proliferation, and migration in

endometrial stromal cells.101

In addition to affecting EM itself, m6A plays a role in

EM-related infertility. An analysis of the endometria of

infertile EM patients reveals that the levels of METTL3 and

m6A are significantly increased, whereas the expression of

FOXO1 is decreased.102 Moreover, METTL3 overexpression

inhibits decidual marker expression and embryo implan-

tation. Further studies reveal that the METTL3-mediated

m6A modification impairs the decidualization of endome-

trial stromal cells by regulating the YTHDF2-mediated

degradation of the FOXO1 mRNA, thereby leading to

EM-related infertility.

m6A methylation plays a pivotal role in EM. The METTL3-

mediated modification reduces m6A levels, thereby pro-

moting the proliferation, migration, and invasion of endo-

metrial stromal cells. Other m6A regulators, including

METTL14, IGF2BP2, and FTO, are also implicated in EM

pathogenesis. Mechanistically, m6A influences decidualiza-

tion and embryo implantation by regulating FOXO1 mRNA

degradation, thereby contributing to EM-associated infer-

tility. However, current research has notable limitations:

investigations into regulators such as METTL14 and FTO

remain confined to phenotypic observations without a sys-

tematic exploration of specific molecular targets or path-

ways. Furthermore, existing studies have failed to

delineate the unique dynamic alterations in m6A modifica-

tion patterns between EM lesions and normal endometrial

tissues. These gaps underscore the necessity of integrating

Figure 4 The role of m6A methylation in different female reproductive diseases. m6A modification plays a key role in multiple

female reproductive diseases, such as endometriosis (METTL3, FTO, YTHDF2, IGF2BP2), polycystic ovary syndrome (FTO, METTL3),

and recurrent spontaneous abortion (METTL3, METTL14, ALKBH5). METTL3/14, methyltransferase 3/14; ALKBH5, ALKB homologue

5; FTO, fat mass and obesity-associated protein; YTHDC2, YTH domain containing 2; IGF2BP2, insulin-like growth factor-2 mRNA-

binding protein 2; YTHDF2, YTH domain family 2.
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Table 6 Roles of m6A protein machineries and biological mechanisms exerted in female reproductive system diseases.

Regulator Mechanism Functional classification Authors [Ref]

Endometriosis

METTL3 Weaken the maturation of pri-miR126

mediated by DGCR8.

Promote the proliferation, invasion and

migration of endometrial stromal cells.

Li et al., 2021 85

Regulate m6A modification of SIRT1

mRNA by the identifying function of

YTHDF2 and target SIRT1/FoxO3a

signaling to enhance cellular

senescence.

Inhibit the migration, invasion and

proliferation of endometrial stromal

cells.

Wang et al., 2023 88

Inhibit the stability and expression of

WIF1 mRNA.

Promote the proliferation, invasion and

migration of endometrial stromal cells.

Zhang, 2023 86

Mediate m6A modification of Trib1 to

activate ERK/STAT3 signaling pathway

and induce M2 macrophage polarization.

Promote the progression of EM ectopic

lesions.

Gou et al., 2022 87

Regulate YTHDF2-mediated degradation

of FOXO1 mRNA.

Impair the decidualization of

endometrial stromal cells.

Li et al., 2023 92

IGF2BP2 Stabilize mRNA levels of MEIS2 and

GATA6.

Promote the proliferation, invasion and

migration of endometrial stromal cells.

Zhao et al., 2022 90

FTO Reduce m6A modification of ATG5 to

increase the level of autophagy and

inhibit the expression of PKM2.

Inhibit the level of glycolysis,

proliferation and migration of

endometrial stromal cells.

Wang et al., 2022 91

PCOS

METTL3 Upregulate the levels of NLRP3 protein

and inflammatory cytokines (IL-6 and

TNF-α) by increasing the level of m6A

methylation and mRNA expression of

FOSL2.

Impair ovarian function and induce

inflammation.

Liu et al., 2023 49

FTO Promote the expression of FLOT2 by

decreasing the m6A level of FLOT2 mRNA

and increasing its stability.

Promote the proliferation of GCs, hinder

apoptosis of GCs and induce IR.

Zhou et al., 2022 99

Enhance the expression of steroidogenic

enzymes and AR and increase AR/AKT

signaling.

Lead to hyperandrogenism. Jing et al., 2023 100

Recurrent spontaneous abortion

METTL3 Regulate the stability of ZBTB4 mRNA

and upregulate the expression of ZBTB4

by mediating m6A modification.

Attenuate the proliferation and

migration of trophoblast cells in the

villous tissue of RSA placenta.

Huang et al., 2022 105

Enhance the stability and expression of

lncHZ09 by upregulating the m6A

modification of its RNA.

Inhibit the migration and invasion of

trophoblast cells and induce RSA.

Dai et al., 2023 109

Enhance the m6A modification and

stability of NLRP3 mRNA mediated by

METTL3.

Promote pyroptosis of trophoblast cells. Wang et al., 2023 110

ALKBH5 Lead to the insufficient secretion of

VEGF.

Impair the recruitment and M2

differentiation of macrophage,

ultimately leading to the occurrence of

RSA.

Zhao et al., 2022 106

Shorten the half-life period of CYR61

mRNA by regulating the level of m6A

methylation and decrease the expression

of steady-state CYR61 mRNA.

Inhibit the invasion of trophoblast. Li et al., 2019 104

Enhance the expression of SMAD1/5 by

eliminating m6A modification, thereby

up-regulating the levels of MMP9 and

ITGA1.

Promote the activity, migration and

invasion of trophoblast cells.

Zheng et al., 2022 107

METTL14 Enhance the RNA stability and expression

of lnc-HZ01 by catalyzing m6A

methylation.

Inhibit the proliferation of trophoblast

cells and induce the occurrence of RSA.

Xu et al., 2021 108
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multiomics analyses with functional validation experiments

to comprehensively elucidate the molecular network of

m6A in EM. Future studies should prioritize the stepwise

elucidation of the distinct roles of m6A in ectopic lesions

versus eutopic endometrium, particularly focusing on spe-

cific spatiotemporal regulatory mechanisms and their clin-

ical translational potential.

m6A methylation and PCOS

PCOS is a chronic low-grade inflammatory disease caused by

multiple factors, including genetics, endogenous factors,

endocrine regulation, metabolic disorders, and the envi-

ronment, and is usually accompanied by obesity and insulin

resistance.103 Treatment strategies for PCOS include a

combination of lifestyle optimization and medical inter-

vention. However, due to the complexities of its diagnosis

and subsequent treatment, the efficacy of therapy is un-

satisfactory, highlighting the need for further research on

the pathogenesis of PCOS.104 Many studies have shown that

m6A regulatory factors play important roles in the biological

process of PCOS.105,106

Ovarian GC dysfunction is an important pathophysiolog-

ical feature of PCOS. FOXO3 is highly expressed in GCs and

is closely related to increased apoptosis.107,108 However,

the mechanism underlying the regulation of FOXO3

expression remains unclear. Given this information, re-

searchers, including Zhang et al, have shown a decrease in

the m6A modification of the FOXO3 mRNA in luteinized GCs

after controlled ovarian hyperstimulation in PCOS pa-

tients,106 which disrupts the regulation of FOXO3 expression

in GCs, preliminarily indicating that changes in the m6A

modification are responsible for disorders of certain key

genes in patients with PCOS. In addition, abnormal

expression of FTO, which is also closely related to GC

dysfunction, can increase the risks of PCOS and insulin

resistance. Another study reveals that the expression level

of flotillin-2 (FLOT2) in the GCs of PCOS patients is signifi-

cantly higher than that in the GCs of women with a normal

ovarian reserve,109 and the bioinformatics analysis reveals

that FLOT2 is a downstream target of FTO. The over-

expression of FTO can promote FLOT2 expression by

decreasing the m6A level on the FLOT2 mRNA in GCs and

increasing its stability, thereby promoting cell prolifera-

tion, hindering apoptosis, and inducing insulin resistance.

Therefore, the FTO/FLOT2 axis may play an important role

in the pathophysiology of PCOS.

In addition to regulating FLOT2 in GCs, FTO is closely

related to hyperandrogenism in PCOS patients. Jing et al

show that FTO, which is significantly up-regulated in PCOS

patients, is positively correlated with androgen levels and

negatively correlated with m6A levels.110 Inhibiting FTO can

affect the expression of steroidogenic enzymes and

androgen receptor (AR) and ameliorate hyperandrogenism

in patients with PCOS by decreasing AR/AKT signaling,

which provides a new theoretical basis for the clinical

diagnosis and treatment of PCOS.

The gut microbiome can also influence the m6A modifi-

cation level in host tissue cells. Liu et al have revealed a new

possible pathogenesis of PCOS through a correlation analysis

between the gut microbiota and PCOS.59 The results show

that an abnormal gut microbiota in obese PCOS patients can

lower the level of butyric acid and may up-regulate the

expression of METTL3 to increase the levels of the m6A

modification and inflammation. Mechanistically, butyric acid

can decrease the level of m6A methylation and FOSL2 mRNA

expression by inhibiting the expression of METTL3, thereby

leading to a decrease in the levels of the NLRP3 protein and

inflammatory cytokines such as IL-6 and TNF-α. Therefore,

butyric acid supplementation can improve ovarian function

and attenuate inflammation by inhibiting the METTL3/

FOSL2/NLRP3 pathway, and this approach is expected to

become a new method for the treatment of PCOS.

m6A methylation influences key processes, such as

ovarian GC dysfunction and hyperandrogenism, thereby

affecting the progression of PCOS. However, PCOS patients

exhibit significant clinical heterogeneity, including distinc-

tions between obese and nonobese individuals and between

insulin-resistant and nonresistant subgroups. The specific

regulatory patterns of the m6A modification across these

subtypes remain unclear. Additionally, large-scale cohort

studies on PCOS to validate the molecular associations be-

tween m6A-related genetic variations and specific pheno-

types, such as the relationship between FTO gene variants

and ovulatory dysfunction, are lacking. Furthermore,

research on the regulatory effects of critical environmental

factors, such as dietary habits and metabolic status, on the

m6A modification in individuals with PCOS remains insuffi-

cient. These knowledge gaps hinder the establishment of

targeted therapeutic strategies and the development of

personalized interventions based on m6A dynamics.

m6A methylation and RSA

The occurrence of two or more consecutive abortions is

referred to as RSA, which is a common complication of early

pregnancy. Although many studies have shown that risk

factors such as chromosomal abnormalities, abnormalities in

the uterine anatomy, and endocrine abnormalities may lead

to early pregnancy loss, the clinical causes of approximately

half of RSAs remain unclear.111 An increasing number of

studies have shown that many types of dysfunction, such as

the inhibition of the proliferation, migration, and invasion of

human trophoblast cells, are closely related to adverse

pregnancy outcomes, such as RSA.112,113 In addition, the

abnormal m6A modification of RNA may be related to the

occurrence of trophoblast dysfunction and trophoblast-

related adverse pregnancy outcomes.114 To date, studies on

the role of the m6A modification in RSA have focused mainly

on villus tissue and trophoblast cells.

Huang et al reported that the expression of METTL3 in the

placental villous tissue of RSA patients was significantly

decreased.115 Mechanistically, METTL3 can regulate the

stability of the zinc finger and BTB domain containing 4

(ZBTB4) mRNA and up-regulate the expression of ZBTB4 by

mediating the m6A modification, thereby attenuating the

proliferation and migration of trophoblast cells in the villous

tissue of RSA placentas. Among the many m6A regulators,

ALKBH5 is the most studied among the RSA-related m6A

modifications. Zhao et al report that one of the character-

istics of RSA is high expression of ALKBH5 in stromal cells and

subsequent impaired macrophage differentiation, revealing
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a new theory of the interaction between these two cell

types.116 The overexpression of ALKBH5 in stromal cells can

lead to insufficient secretion of vascular endothelial growth

factor (VEGF), which may impair the recruitment and M2

differentiation of macrophages, ultimately leading to the

occurrence of RSA. A study of villous tissue reveals that the

significantly higher expression of ALKBH5 in the placental

villous tissue of RSA patients can lead to a significant

reduction in the level of m6A methylation.114 In contrast, a

reduction in ALKBH5 expression can extend the half-life of

the cystein-rich protein 61 (CYR61) mRNA by regulating the

level of m6A methylation and promoting the steady-state

expression of the CYR61 mRNA, thereby promoting tropho-

blast invasion. However, another study reported opposite

results. A study by Zheng et al revealed that the expression of

ALKBH5 in the extravillous trophoblasts of RSA patients was

significantly decreased, leading to the inhibition of tropho-

blast invasion and the occurrence of RSA.117 However, the

expression of ALKBH5, which is translocated from the nucleus

to the cytoplasm, was significantly increased after hypoxia

treatment. Moreover, ALKBH5 can increase the expression of

SMAD1/5 by eliminating the m6A modification, thereby

increasing the expression of matrix metalloproteinase 9

(MMP9) and integrin α1 (ITGA1) and ultimately promoting the

activity, migration, and invasion of trophoblast cells. The

reason for the inconsistencies between these two studies

may be that these cells were cultured in different environ-

ments under normoxic and hypoxic conditions, which led to

different activation states of the hypoxia-inducible factor 1-

alpha (HIF-1α) signaling pathway, thereby affecting tropho-

blast activity in early pregnancy.

Benzo(a)pyrene (BaP) and its final metabolite BPDE

(benzo(a)pyrene-7,8-dihydrodiol-9,10-epoxide) in the

environment are typical persistent organic pollutants and

endocrine disruptors to which trophoblast cells are very

sensitive. Exposure to BaP/BPDE may impair the function of

trophoblast cells through lncRNAs modified by m6A, thereby

inducing the occurrence of RSA. Several studies have shown

that novel lncRNAs, including lnc-HZ01, lnc-HZ09, and lnc-

HZ14, are significantly highly expressed in the villous tissue

of patients with RSA and trophoblast cells exposed to

BPDE.118—120 Among them, lnc-HZ01 can increase the mRNA

transcription and protein stability of MAX dimerization

protein 1 (MXD1) by up-regulating its transcription factor c-

JUN (activating protein-1 transcription factor subunit) and

deubiquitinase ubiquitin-specific protease 36 (USP36).118 In

addition, MXD1 can promote the transcription of METTL14,

thereby increasing the RNA stability and expression of lnc-

HZ01 by catalyzing m6A methylation. Therefore, lnc-HZ01

and MXD1 can form a significantly up-regulated positive

self-feedback loop in RSA trophoblast tissue, which can

inhibit the proliferation of trophoblast cells and induce the

occurrence of RSA. Dai et al show that exposure to BPDE

can increase the expression of METTL3, thereby increasing

the stability and expression of lncHZ09 by increasing the

m6A modification of its RNA and ultimately weakening the

SP1-mediated transcription and stability of the phospholi-

pase D1 (PLD1) mRNA.119 Moreover, lnc-HZ09 inhibits the

migration and invasion of trophoblast cells and subse-

quently induces RSA by inhibiting the PLD1/Rac family small

GTPase 1 (RAC1)/cell division cycle 42 (CDC42) pathway.

Wang et al show that exposure to BaP/BPDE can induce

pyroptosis in trophoblast cells by up-regulating the lnc-

HZ14/Z-DNA binding protein 1 (ZBP1)/NLRP3 axis, ulti-

mately leading to RSA.120 Mechanistically, lnc-HZ14 pro-

motes the transcription of the ZBP1 mRNA via interferon

regulatory factor 1 (IRF1), enhances the m6A modification

and stability of the NLRP3 mRNA through a mechanism

mediated by METTL3, and ultimately promotes pyroptosis

in trophoblast cells. These findings provide new insights

into the destruction of trophoblast cells induced by BaP/

BPDE and the pathogenesis of unexplained RSA.

Alterations in m6A regulation, including decreased

METTL3 expression and altered ALKBH5 expression, can

impair trophoblast cell proliferation, migration, and inva-

sion, potentially contributing to RSA. Environmental expo-

sures such as BaP/BPDE may exacerbate trophoblast

dysfunction through m6A-modified lncRNAs that interfere

with cellular functions. Key lncRNAs, including lnc-HZ01,

lnc-HZ09, and lnc-HZ14, are up-regulated in individuals

with RSA and promote trophoblast dysfunction by destabi-

lizing cellular homeostasis or inducing cell death. While

these findings position m6A as a potential therapeutic

target for RSA, critical knowledge gaps persist. Specifically,

the direct pathogenic roles and molecular mechanisms

linking reduced m6A methylation levels to impaired

trophoblast invasiveness remain incompletely understood.

Furthermore, current research lacks cell-type-specific m6A

mapping studies, particularly those focused on trophoblast

cells at the maternal—fetal interface, resulting in overly

generalized conclusions about the roles of m6A-mediated

regulatory networks in RSA pathogenesis.

Summary of the roles of m6A methylation in

different female reproductive diseases

The investigation of m6A regulation in reproductive disor-

ders has revealed several persistent challenges. First,

clinical translation remains challenging, as most studies are

confined to basic experiments or small-scale observational

investigations. Large-scale cohort validation and standard-

ized detection methods are notably absent, but the sensi-

tivity, specificity, and generalizability of m6A regulatory

factors as potential biomarkers across disease subtypes

remain inadequately validated. Second, the insufficient

exploration of m6A dynamics and reversibility under path-

ological conditions limits a comprehensive understanding.

Although m6A modifications exhibit spatiotemporal dy-

namics, current research predominantly focuses on static

differences. For example, EM involves distinct disease

stages, and RSA encompasses gestational phase transitions;

however, longitudinal analyses of m6A modification dy-

namics during these processes are lacking. Furthermore,

therapeutic development lags behind mechanistic

research. Despite accumulating evidence of the patholog-

ical roles of m6A, targeted drug discovery and clinical

translation efforts remain critically underdeveloped,

creating substantial barriers to practical applications.

Discussion

In recent years, with the widespread application of high-

throughput sequencing technologies and highly specific
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antibodies targeting m6A, m6A methylation has been

recognized to play an increasingly important role in pro-

moting RNA sorting and regulation within cells. This process

facilitates organized cellular metabolism and functional

regulation while enhancing the precise control of gene

expression.121 The female reproductive process is a com-

plex physiological phenomenon involving multiple factors,

including oocyte development, GC function, endometrial

receptivity, the immune system, and overall biological

conditions. This article provides a comprehensive summary

of the roles of m6A methylation across various aspects of

female reproductive system diseases, aiming to analyze the

impact of imbalanced m6A methylation on female infertility

from a systemic and holistic perspective. These findings

may provide valuable insights for advancing clinical treat-

ment strategies.

However, some common issues still need to be addressed

in current studies. First, most studies rely on bioinformatics

analyses to study the expression profiles of m6A regulators

and identify the characteristics of m6A regulators in specific

diseases, and these studies often follow repetitive and

formulaic approaches that provide limited research value.

Second, few reports are available on the molecular mech-

anisms of m6A methylation and its regulators, including

site-specific modifications and precise regulatory path-

ways, which are only satisfactory for a phenotypic explo-

ration. In addition, studies of targeted agonists or inhibitors

of these m6A regulators are lacking. Only a few reports on

inhibitors of METTL3, FTO, and ALKBH5 have been pub-

lished, all of which are focused on the field of oncology, and

no study has been reported on women’s diseases. Finally,

most studies have focused on in vitro experiments with

little in vivo validation and a lack of specific clinical ap-

plications, which severely hampers translational progress.

Addressing these challenges will deepen our understanding

of the intrinsic role of m6A methylation in the female

reproductive system while providing more validated in-

sights into disease treatment strategies.

Considering these issues, future research should fully

explore changes in the upstream and downstream pathway

involved in m6A regulation by combining more advanced

multimodal genomics technologies, develop m6A-regulated

drugs that are more suitable for treating women’s diseases

through better in vivo experimental studies, and then

validate whether these therapies can achieve the expected

therapeutic effects through multi-center and large-scale

studies. The dynamic changes in m6A levels and its

involvement in the whole process of reproduction indicate

that the regulation of m6A must be individualized, specific,

and continuously adjusted according to the stage of the

patient, which may be a major difficulty in the clinical

application of m6A; however, with the continuous progress

of this research, a solution can certainly be found.

Conclusions

In summary, m6A methylation serves as a dynamic and

versatile regulatory mechanism that profoundly influences

female reproductive physiology and pathology. This review

highlights its indispensable roles in oocyte maturation, GC

dynamics, endometrial receptivity, immune homeostasis,

and systemic adaptations during pregnancy. The dysregu-

lation of m6A modifications disrupts critical gene networks,

contributing to infertility-associated conditions such as

endometriosis, polycystic ovary syndrome, and recurrent

miscarriage. Key enzymes such as METTL3, FTO, and

ALKBH5 play dual roles in disease progression, underscoring

the complexity of m6A-mediated regulation. Notably, m6A

modifiers have strong potential as diagnostic biomarkers

and therapeutic targets. However, challenges remain,

including limited clinical validation, unresolved mecha-

nistic details of specific m6A sites, and an insufficient

exploration of m6A—immune interactions in reproductive

contexts. Future research should prioritize translational

studies to harness m6A pathways for clinical interventions,

alongside mechanistic investigations into cell-type-specific

roles and crosstalk with epigenetic or metabolic networks.

Addressing these gaps will advance our understanding of

m6A in reproductive health and pave the way for innovative

strategies to combat female infertility, a globally signifi-

cant medical issue.
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