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ABSTRACT: The oocyte is considered to be the largest cell in mammalian species. Women hoping to become 

pregnant face a ticking biological clock. This is becoming increasingly challenging as an increase in life expectancy 

is accompanied by the tendency to conceive at older ages. With advancing maternal age, the fertilized egg will 

exhibit lower quality and developmental competence, which contributes to increased chances of miscarriage due 

to several causes such as aneuploidy, oxidative stress, epigenetics, or metabolic disorders. In particular, 

heterochromatin in oocytes and with it, the DNA methylation landscape undergoes changes. Further, obesity is a 

well-known and ever-increasing global problem as it is associated with several metabolic disorders. More 

importantly, both obesity and aging negatively affect female reproduction. However, among women, there is 

immense variability in age-related decline of oocytes’ quantity, developmental competence, or quality. Herein, 

the relevance of obesity and DNA-methylation will be discussed as these aspects have a tremendous effect on 

female fertility, and it is a topic of continuous and widespread interest that has yet to be fully addressed for the 

mammalian oocyte. 
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1. Introduction 

 

The oocyte is considered to be the largest cell in 

mammalian species, and very unique with regard to its 

lifespan since aging-related changes in ovaries are 

detectable very early in life [1]. Women are born with a 

large pool of oocytes in primordial follicles, arrested in 

prophase of the first meiotic division (Fig.1). Because 

oocytes are metabolically active, they experience the 

effects of chronic exposure to environmental influences. 

Due to attrition, ovulation, and apoptosis, the number of 

eggs decreases continuously throughout life, to 

approximately 300,000 at menarche. This number drops 

to nearly complete exhaustion by menopause. With 

important implications, women around the world 

increasingly postpone childbearing, leading to reduced 

fertility, more abortions, fetal abnormalities, and fewer 

children per family on average [2,3]. In parallel, the 

utilization of in vitro fertilization (IVF) has increased, 

along with a significant economic burden on society. 

There is an obvious lack of research on how to improve 

fertility in older women and most IVF centers routinely 

refer women to third-party egg donation after ages 42-43 

years [4]. Therefore, novel biomarkers of ovarian aging 

and new intervention techniques, would be desirable and 

epigenetics could play a significant role in this process. 

Despite rapidly improving our knowledge about the aging 

methylome, we have yet to fully understand the 

underlying mechanisms that underpin age-related 

epigenetic alterations that constitute one of the primary 

hallmarks of aging [5]. The methylation of cytosines (Fig. 
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1) has, for example, been well-investigated [6,7]. 5-

methyl cytosine (5mC) on promoters of genes almost 

invariably relate to transcriptional repression, in concert 

with other transcriptional silencing mechanisms such as 

the histone modifications. DNA methylation (DNAm) 

contributes to a multitude of biological processes, 

including regulation of gene expression, X-chromosome 

inactivation, and aging [7]. As the methylome acts as one 

of the important interfaces between the genome and the 

environment, it also responds to environmental stimuli 

from lifestyle factors such as diet and smoking [4].  

 
Figure 1. DNA methylation in human eggs with regards to aging. (A) Scheme showing the 

mechanism of methylation and demethylation of cytosine. (B) Scheme showing the consequences of 

advanced maternal age (especially in women at the age of 35 years and above) and how an accelerated 

and a deaccelerated aging process could impact the DNA-methylation age of oocytes. The oocytes in 

ovarian follicles are arrested in Prophase of the first meiotic division, and with advancing maternal 

age, more errors are likely after the resumption of meiosis what could lead to aneuploidies in the 

offspring (e.g., Trisomy 21/Down-Syndrome). Abbreviations: AMH=Anti-Muellerian Hormone, 

DNMT= DNA methyltransferase, TDG= Thymine DNA glycosylase, TET= ten-eleven translocation. 
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The recent development of novel DNA methylation 

microarrays enabled the investigation of DNA 

methylation in different mammalian species and cell types 

and has opened the possibility of developing third 

generation (multi-species) epigenetic clocks, which can 

serve as powerful tools to measure biological aging [6,7]. 

These methylation arrays can also be used for numerous 

purposes in reproductive medicine to advance the field 

and open new possibilities. Furthermore, obesity has been 

reported to be a risk factor for developing deficiencies 

[8,9]. Decreased embryo quality and impaired folliculo- 

and steroidogenesis are the main changes that occur in the 

female reproductive system as a result of obesity [10,11]. 

There is no doubt that due to ethical and legal issues, and 

limited availability, research on human oocytes is 

restricted in numerous countries. Therefore, quite often an 

adequate animal model is needed. Both bovine and murine 

oocytes are an attractive animal model but the degree of 

similarity to human oocytes differs. For instance, the 

murine IVF system and embryo culture are frequently 

taken into consideration as a model for human IVF [12]. 

With regard to DNA methylation, it is widely accepted 

that the oocyte undergoes re- and de-methylation during 

oocyte development. Noteworthy, there are two waves of 

genome-wide reprogramming in mammals, namely in 

germ cells and in preimplantation embryos. Interestingly, 

the step of epigenetic reprogramming in germline cells, 

including the egg cell, is essential for the phenomenon of 

imprinting [13]. Noteworthy, the big hyper- and 

hypomethylated domains which are associated with 

transcription appear to be similar in human and murine 

eggs. However, there is a significant difference with 

regard to the methylated regions in human and murine egg 

cells, reflecting contrary transcriptome profiles. In 

addition, the maternal genome appears to be demethylated 

at a lower level in human blastocysts when compared to 

murine counterparts (Fig. 2), and the active DNA 

demethylation by TET enzymes is conserved but is less 

pronounced in human zygotes [14]. Furthermore, it is well 

known that there are specific regulators which control 

global DNA methylation, histone modification, 

transposon elements, and the energy metabolism of the 

oocyte [15-18].  

Therefore, in this Review, we aim to provide a 

summary of recent research related to maternal aging, 

obesity, and DNA methylation in regard to their impact 

on the mammalian oocyte – the crucial female cell for 

procreation.  

 
Figure 2. Scheme showing potential outcomes in case of maternal obesity and Stella insufficiency. 

2. Epigenetic alterations as a hallmark of oocyte 

development and aging 

 

The epigenome and specifically, the DNA methylome 

undergoes very significant changes with oocyte growth 

and development. DNA of primordial germ cells is highly 

methylated. When these cells enter the genital ridge, 

global DNA methylation decreases drastically, except for 

primary imprinted regions, which escape this process, and 

retain their DNA methylation state. During 

gametogenesis, at the time when oocytes are formed, de 
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novo methylation of DNA occurs gradually with oocyte 

growth. This genome-wide demethylation and re-

methylation are defined as the first round of epigenetic 

reprogramming. The second round of such 

reprogramming occurs in the embryo after fertilization. 

DNA demethylation after fertilization occurs both 

actively and passively. Active demethylation is promoted 

by the ten-eleven translocation (TET) enzymes (Fig. 1) 

which catalyze the conversion of 5MC to 5-

hydroxmethylcytosine (5hMC). From the very early stage 

of development, methylation and demethylation of the 

DNA occur in very specific manner and locations. 

Depending on the specific chromatin context, some 

genomic loci gain heterochromatin and DNA 

methylation, and some heterochromatic regions lose their 

repressive marks with resulting de-repression of the locus 

[19]. For example, CpGs located in polycomb repressor 

type 2 complex targets tend to gain methylation with age, 

- particularly in peripheral tissues [6]. Strikingly, a recent 

study revealed that oocytes do not follow this pattern [20] 

suggesting a distinct epigenetic aging pattern in 

comparison to other organs. This may be related to the 

specific and specialized pattern of DNA methylation in 

oocytes. Interestingly, histone modifications dramatically 

change with age in oocytes. As demonstrated recently, 

mouse and human oocytes lose heterochromatin histone 

markers with age [19]. This loss results in a massive 

activation of transposable elements and retrotransposons 

which result in DNA damage. Consistent with this, it has 

been demonstrated that inhibition of reverse-transcriptase 

activity or artificially increasing heterochromatin levels in 

aging oocytes abrogates DNA damage and improves 

oocyte in-vitro maturation efficiency when applied to 

aged oocytes [19]. In addition, post-translational histone 

modifications (PTMs) modulate transcriptional activity 

[21] in the egg and, as part of their meiotic function, they 

are of importance for the processes of kinetochore 

formation and chromosome segregation [22]. 

Noteworthy, changes in histone PTM patterns and DNA 

methylation are typical for oocyte oogenesis and 

maturation [23], and appear to be sensitive in response to 

stress, stimulation, and aging [22]. A recent study 

provided evidence that the chromatin structure in post-

pubertal murine oocytes has fewer chromocenters than 

prepubertal counterparts, and heterochromatin marker 

values, such as H3K9me2, H3K27me3, or H4K20me1 

increase significantly at the onset of puberty [22]. In 

contrast to the latter-mentioned phenomenon, 

euchromatic markers behave in a different fashion, 

namely, H3K4me3 levels are elevated during puberty, 

whereas H3K27Ac shows lower values [22]. Moreover, 

the same study revealed that the application of follicle-

stimulating hormone (FSH) to pre-pubertal oocytes for 

24h impacts their chromatin structure to a post-pubertal 

configuration and elevates their histone methylation 

levels. In consequence, it appears that FSH plays a key 

role in chromatin regulation during the pubertal transition 

[22]. In addition, H3K9me3 is linked to transcriptionally 

silent heterochromatin, and it has been shown that 

KDM4A alters the entire H3K9me3 landscape in mature 

eggs at sites occupied by bdH3K4me3, emphasizing the 

crucial role of KDM4A in maintaining the integrity of the 

maternal epigenome, which is a prerequisite for adequate 

zygotic genome activation and the transfer of 

developmental control to the embryo [24]. It is worth 

mentioning that ribosomal DNA (rDNA) methylation 

seems to reflect functional changes in nucleolus biology 

during aging and aging-related pathologies [25], and 

aging-related rDNA methylation has been proposed as a 

universal predictor of age [26]. A recent study provided 

evidence that there is an aging-related elevation of rDNA 

methylation levels in murine eggs generated from 

advanced-age mothers [27]. In consequence, ovarian 

aging appears to be associated with increased values of 

rDNA methylation in meiotically arrested oocytes. 

However, eggs from the same woman can have different 

levels of rDNA methylation and, by extrapolation, 

different epigenetic age [27]. The latter-mentioned fact 

contributes among others to the variability of oocytes’ 

developmental competence even when generated from the 

same woman. As already mentioned in the Introduction, 

previous research provided evidence that transcriptional 

and epigenetic changes, particularly DNA methylation, 

appear to contribute to the deterioration in oocyte quality 

with regard to maternal age [28]. With advancing 

maternal age, there is a chronic exposure of oocytes in the 

ovary to a changing environment, such as altered hormone 

levels and changes in energy and single-carbon 

metabolism, which affect gene expression and epigenetic 

processes, and in consequence, may contribute to lower 

viability of oocytes [29]. The impact on the epigenetic 

quality of the oocyte is also important since it can 

potentially be inherited by the embryo, which is 

manifested in the later developmental outcomes of the 

offspring. Besides, one should keep in mind that gene 

expression in the oocyte is unique in that it contains many 

oocyte-specific transcripts that regulate pathways and 

functions not only in the oocyte itself but also during early 

embryonic development [30]. This has been emphasized 

in a recent study [30], in which a diminished complexity 

and elevated variability in the transcriptome of eggs from 

older women have been described. The transcriptome 

heterogeneity allows the division of oocytes with an 

immature chromatin configuration transcriptome into two 

groups. The first group is composed of those oocytes with 

reduced developmental competence, which is indicated 

by lower expression of maternal effect genes, and the 

other group contains those oocytes with a juvenile 
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transcriptome. The same study revealed that oocytes from 

older women had, on average, reduced CpG methylation, 

but the characteristic landscape of bimodal oocyte 

methylation was preserved [30]. For most differentially 

expressed transcripts, the lack of related methylation 

changes suggests that most age-related effects on the 

transcriptome are on a post-transcriptional basis. 

Interestingly, the oocytes differed in the expression and 

methylation of genes, which may have contributed to the 

differential oocyte competence or penetrance of age-

related maternal phenotypes in the offspring [30]. 

 

3. An oocyte epigenetic estimator of chronological 

age 

 

Researchers have taken advantage of age-related DNA 

methylation changes to develop epigenetic estimators of 

chronological age, known as epigenetic clocks. 

Epigenetic age, which is the quantitative prediction of 

such clocks appears to capture some elements of 

biological age [20]. Epidemiological studies revealed that 

individuals with epigenetic ages that are older than their 

chronological ages have increased risks of various chronic 

diseases [31]. The application of epigenetic clocks is not 

limited to humans but can be extended to different 

mammalian species [32,33]. Recently, a universal 

mammalian methylation clock, based on highly conserved 

CpGs across mammals, was developed. This clock is able 

to estimate biological age of all mammalian species from 

DNA derived from different tissues and organs [6]. Due 

to ethical restrictions for research on human eggs [1], 

bovine eggs are a good model to facilitate future studies 

into the epigenetic underpinnings of human female 

reproductive aging. It has been observed that germinal 

vesicle stage oocytes exhibit a slower rate of epigenetic 

aging, but surprisingly, they start with an older 

developmental epigenetic age than a non-germline tissue 

such as blood [20]. This observation parallels our prior 

statement about a lack of methylation gain in the oocyte’s 

promoter regions, shedding new light on the phenomenon 

of oocyte aging. Evidently, oocytes are somehow 

protected from the gain of methylation in the regulatory 

regions. This observation also matches the reported 

oocyte protection against mitochondrial DNA point 

mutations and differs from aging of somatic tissues [34]. 

It thus appears that the epigenetic clock ticks differently 

in oocytes, even early in life, suggesting a rejuvenation 

event during early embryonic cleavage stages followed by 

aging, as shown in a recent study [35]. In this study, 

zygotes were reported to be epigenetically older than cells 

from blastocysts (Fig. 1). With the help   of   these   new 

insights   into   the   epigenetic   age   of mammalian 

oocytes, researchers will hopefully be able to address 

several open questions regarding the nature of 

reproductive aging in women. A blood-based oocyte 

epigenetic clock can be a scalable measure to examine 

oocyte aging and identify genetic variants or 

environmental factors (e.g., lifestyle and diet) 

contributing to healthy and extended reproductive 

lifespans. Reproductive aging does not only have 

significant relevance for women’s health but also 

profoundly affects society. Moreover, studies of 

reproductive aging may result in new knowledge about 

more fundamental pathways of aging involving epigenetic 

reprogramming, and genomic imprinting. To what extent 

epigenetic modifications in oocytes are driven by lifestyle 

changes, different environmental conditions, and the use 

of reproductive biotechnologies is important to 

understand. Interestingly, a recent mouse model provided 

evidence that the oocyte’s methylome is robust and is not 

drastically altered by artificial reproductive techniques 

(ART) [36]. To achieve breakthroughs, future studies of 

oocyte epigenetics should be directed toward epigenetic 

reprogramming and how oocytes are able to encode and 

store epigenetic information which has been set very 

early, even before birth. 

 

4. Relevance of Stella, TET3, UHRF1 for DNA 

methylation and the oocyte   

 

DNA methylation is not necessarily associated with 

oocyte developmental competence however, it is an 

essential factor for genomic imprinting [37], and disorders 

associated with abnormal methylation of given loci, cause 

disorders related to metabolism, placental and fetal 

growth [37]. This regulation takes place at so-called 

imprinting control regions, where the higher methylation 

of given loci, the more strongly the inhibition of a given 

gene is expressed. Therefore, the proper methylome status 

is crucial for genomic imprinting [38,39]. The DNA 

methyltransferase (DNMT) family, which consists of 6 

pillars, is responsible for maintaining the proper 

methylome status of both specific imprinting control loci 

and other genes: DNMT1, DNMT2, DNMT3A, 

DNMT3B, DNMT3L, and the male-specific DNMT3C. 

Altogether, they are crucial for epigenetic regulation [40]. 

DNMT3A and DNMT3B are known to be enzymes 

required for de novo methylation, but their knockout does 

not alter already established methylation patterns. 

DNMTL3 is known more as a cofactor for the previous 

two because it lacks active catalytic sites [41], but 

interestingly, it has a site on its C-terminal chain for 

DNMT3A and DNMT3B binding increasing its ability to 

bind chromatin in the oocyte which significantly 

improves their catalytic activity [42]. In the female 

oocyte, the knockout of DNMT3A and DNMTL3 binding 

gene is associated with the loss of maternal phenotype and 
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the failure of genomic imprinting [43]. Another enzyme 

responsible for de novo methylation is DNMT3C, but its 

action is reduced to male lineage methylation of 

evolutionarily young retrotransposons [44]. Moreover, 

mutation of this gene in mice can lead to diseases found 

in humans [45]. DNMT's role in epigenetic regulation is 

crucial for maintaining methylome balance and thus 

proper oocyte growth at least up to the metaphase II stage 

[46].   

The Stella protein, also known as Dppa3 and Pgc7, is 

highly expressed in primordial germ cells [16,47]. Its 

main action is based on the specific control of global DNA 

demethylation enabling the epigenetic remodelling 

process immediately after fertilisation [48]. While 

demethylation in the male pronuclei is almost 

instantaneous, this process is delayed in the female 

pronuclei of the zygote [18,49]. Thus, a model of 

epigenetic asymmetry between the female and male 

pronuclei is drawn. The establishment of global 

hypomethylation occurs through the oxidation of 5-

methylcytosine (5-mc) to 5-hydroxymethylcytosine (5-

hmc) [17,50]. This reaction is tightly controlled by the 

Stella protein by which an extended demethylation time is 

possible (Fig.  2) [16]. Oocytes from mice fed on a high-

fat diet (HFD) have shown a strong signal for 5-mc, while 

the signal for 5-hmc was markedly reduced, suggesting a 

severe disruption of DNA demethylation [18]. Some 

research reported that the conversion of 5-mc to 5-hmc is 

possible due to the binding of Stella to demethylated 

lysine 9 on histone H3 (H3K9me2) [51], which was not 

confirmed by other studies, indicating that H3K9me2 

does not appear to be the main fraction interacting with 

Stella in delayed DNA demethylation. There is no doubt 

that adequate levels of maternal global DNA methylation 

are crucial for proper oocyte development and survival 

[52]. In early embryos, transposable elements play a 

particular role by dynamically re-organising the 

arrangement of available chromatin [53]. Given the 

critical role of the Stella protein for the oocyte, its 

deficiency in a HFD mouse model has led to 

hypomethylation of transposable elements [54]. 

Interestingly, inducing overexpression of the Stella 

protein may prevent the above defects to some extent by 

inhibiting overaccumulation of 5-hmc, but some genomic 

loci did not respond to the increase in Stella activity [55]. 

These data suggest that despite the important function of 

Stella in maintaining DNA methylation, there may be 

other factors contributing to global hypomethylation in 

oocytes of obese mothers. 

 

 
Figure 3. Scheme showing the working mechanism of the so-called writers and erasers. Writers are the MTTL3-14 complex, 

and the so- called erasers, are FTO and ALKBH5, which are necessary for the transfer of methyl groups between adenosine 

(A)and N6-methyladenosine (m6A).    
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The TET3 dioxygenase is considered to be one of the 

critical control points catalysing the conversion of 5-mc 

to 5-hmc only in the male pronucleus (Fig. 3) [49]. In 

addition to its catalytic function, TET enzymes play a key 

role in the expression of transposable elements as well as 

chimeric transcripts, both of which are important 

processes for the completion of zygotic genome activation 

(ZGA) [56]. HFD-fed mouse oocytes showed increased 

levels of TET3, suggesting that reduced Stella expression 

in HFD oocytes contributes to the activation of pathways 

for TET3 leading to overly rapid demethylation of the 

transgenome [55]. Additionally, after deletion of the gene 

encoding for TET3, a reduction in γ-H2AX was observed 

[55], which, in consequence, illustrates the extent of 

double-strand DNA damage in mouse oocytes [57].  

Uhrf1 (ubiquitin-like, containing PHD and RING 

finger domains 1), also known as NP95 in mice and 

ICBP90 in humans, is a protein involved in DNA 

methylation. To maintain an appropriate level of DNA 

methylation, the interaction of UHRF1 protein with DNA 

methyltransferase 1 (DNMT1) takes place [15]. It has 

been shown that the Stella protein can attenuate the action 

of UHRF1 protein thus indicating another pathway for the 

regulation of global DNA methylation in mouse oocytes 

[47]. Recently, attempts have been made to understand the 

exact interaction between the Stella protein and UHRF1 

protein. Interestingly, the knockout of the gene encoding 

for Stella resulted in a marked increase in global DNA 

methylation, where 22% of the CpG islands were 

hypermethylated, and the location of UHRF1 protein was 

detected almost exclusively in the nucleus [58]. Such an 

increase in global DNA methylation may be due to 

occupying binding sites of inactive regions of the 

transgene by DNMT1 during oocyte maturation [58,59]. 

In addition, there is another mechanism whereby the 

PHD-UHRF1 domain and the Stella protein compete for 

the same binding site on the Histone H3K9 tail, 

particularly the trimethylated one [47]. Interestingly, it 

has been revealed that the Stella protein through a strong 

binding to the PHD-UHRF1 domain, displaces the latter-

mentioned complex from its binding site on H3K9me0-3, 

thus preventing DNA methylation [47]. Ectopic 

overexpression of Stella has been shown to largely restore 

the normal state of global DNA methylation in oocytes 

[58]. Stella protein deficiencies may also lead to severe 

consequences in the pre-implantation period (Fig. 2). 

Stella knockout led to a developmental interruption of 

two-cell embryos, and only 15% developed into 

blastocysts [58,60], which is consistent in another 

research [61]. In summary, the before-mentioned results 

indicate that the absence of Stella leads to an excessive 

DNA methylated oocyte. Knowing the importance of the 

interaction between the Stella protein and UHRF1 protein 

in future studies will be worthwhile to highlight the state 

of global methylation regulated by UHRF1. For instance, 

by using a HFD mouse model, this could further elucidate 

the defective mechanisms of global DNA methylation 

regulated by Stella in obese mothers. 

 

5. N6-methyladenosine: An epitranscriptomic 

mRNA modification 

 

During oocyte development, mRNA undergoes 

continuous epigenetic modifications which enable normal 

embryonic growth and development [62]. Through 

methylation of the relevant nucleobase pairs, tight control 

of gene expression is possible [62]. The most abundant 

modification is the methylation of the sixth nitrogen at 

adenosine, which is transferred from the S-

adenosylmethionine moiety of the RNA chain resulting in 

N6-methyladenosine (m6a) [63]. This modification is 

enabled by a complex of methyltransferases known as 

'writers', such as the METTL3/14 complex (Fig. 3) [64], 

and associated fractions including WTAP [65], KIA1429 

[66], RBM15 [67], ZCH13 [68,69], and METTL16 [70]. 

Excessive methylation is associated with excessive 

silencing of gene expression, so demethylases termed 

'erasers' remain in close correlation with the 

methyltransferase complex [71]. Prominent among these 

are the obesity-related protein (FTO) [72] and ALKBH5 

(Fig. 3) [73,74]. Recently described important regulatory 

sites of the m6a formation, are the YTH domain-

containing binding proteins [75], and the IGF2 mRNA 

binding protein subfamily [76]. Interestingly, 

abnormalities in the expression of the METTL3 gene, the 

so-called m6a subunit, are associated with high fetal 

mortality and impaired oocyte development. Inactivation 

of the METTL3 gene leads to early embryonic lethality, 

with all embryos being lost in the METTL-cKO group and 

232 being born in the F1 generation of the control group 

[77], confirming the previous studies [78]. Interestingly, 

deletion of the METTL3 gene had no effect on the 

follicles of 6-week-old murine pups; however, a 

decreased number of follicles was observed when 

growing old [77]. METTL3 has been reported to maintain 

high activity in terminal follicles, thus sustaining oocyte 

development by stabilizing functional maternal mRNA. 

Previous research provided evidence that there is an 

essential link between Intersectin1, which has a crucial 

function in microtubule formation and normal meiosis 

[79], and IGF2BP3, a cofactor that maintains levels of 

Itsn1 in terminal follicles. Interestingly, as the gene for 

METTL3 was knocked out, impaired meiotic maturation 

in oocytes was present, suggesting the disruption of the 

before-mentioned link between Itsn1 and IGF2BP3. 

Similar conclusions have been drawn by Zhang et al. [80], 

who reported high levels of double-stranded DNA breaks 
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after METTL3 gene knockout. Among the components of 

the m6a heterodimer (Figure 3), KIA1429 has been 

identified as a maternal gene [81]. Although its function 

remains elusive, previous studies have provided insight 

into its essential interaction in the deposition of m6a onto 

maternal mRNA during activation of the zygotic genome 

[82]. Another important regulator of proper mRNA 

methylation is FTO [83]. It is known to be a key control 

of early embryonic development and is essential for 

normal adipogenesis [84]. A recent study by Wei et al. 

[85] reported the important role of FTO in maintaining 

proper methylation of chromatin-associated RNA in 

embryonic stem cells. The induced inactivation of the 

FTO gene revealed significant defects in oocytes with 

regard to the hypermethylation of RNA transcriptomes, 

particularly in the long interacting element 1 (LINE1), 

which is an important regulator of global chromatin 

availability in developing early embryos [86]. Given that 

most mRNA modifications are regulated by m6a, this 

complex has attracted particular interest among 

researchers in recent years, since its critical role in 

embryonic development has been demonstrated. Previous 

research provided strong evidence that the m6a complex 

is a critical regulator of maternal mRNA expression and 

ovarian follicle growth [80,82]. Deletions of key factors 

for normal mRNA methylation caused severe mRNA 

methylation disruption leading to oocyte growth 

inhibition, impaired oocyte development and the 

occurrence of early embryonic lethality [87]. As obesity 

induces serious problems related to global DNA 

methylation of growing oocytes and pre-implantation 

embryos [18,55], future studies regarding obesity and its 

effects on the m6a complex may provide further insights 

into infertility problems in obese women.  

 

6. Impact of obesity and metabolic changes on oocyte 

development 

 

Nowadays, obesity among women is becoming a more 

and more serious problem globally [88]. It is a well-

known fact that obesity significantly affects women's 

health leading among others to polycystic ovary 

syndrome, premature menopause, or impairment to 

maintain pregnancy [89]. Besides, it leads to in-utero 

abnormalities of the developing fetus, leading to 

macrosomia, stillbirth, or intensive care of the newborn 

[88]. Obesity negatively affects the microenvironment of 

ovarian follicles and the oocyte itself through energy 

deficiencies of the oocyte, or disorganization and 

misalignment of chromosomes [90-92]. Obesity-related 

mechanisms by which the oocyte developmental 

competence is disrupted are for instance chronic 

inflammation, oxidative stress, or energy imbalances. 

Triglyceride accumulation in adipocytes leads to their 

hypertrophy and consequent necrosis which stimulates 

macrophages and T lymphocytes to produce pro-

inflammatory cytokines i.e., IL-1, IL-6, and TNF-alpha. 

Thus, latent chronic inflammation negatively affects all 

tissues of the body, including ovarian tissue and, 

consequently, oocytes [93]. This is confirmed by a study 

by Nteeb et al. [94] who postulated that mice fed a high-

fat diet showed a high immune activity within the ovary 

which negatively affected its function. Remodeling of the 

intestinal microbiota leads to increased permeability for 

enterocytes, allowing the release of lipopolysaccharides 

into the bloodstream. Furthermore, the binding to toll-like 

receptor 4 induces a cascade leading to the activation of 

the pathway for NFκB phosphorylation p65 and another 

pathway for the synthesis of pro-inflammatory cytokines 

namely TNF-alpha and IL-6. In addition, this pathway 

leads to the activation of reactive oxygen species in the 

form of O2-, which are then catalyzed to hydrogen 

peroxide due to the action of superoxide dismutase [90]. 

Together, these mechanisms act in a positive feedback 

loop, establishing a state of chronic inflammation that 

does not necessarily produce clinical symptoms, but 

significantly affects a number of body systems, including 

the female reproductive system.  

Energy supply and balance for proper oocyte 

maturation and spindle assembly are of paramount 

importance. During oocyte development, the number of 

mitochondria can reach up to 160,000 [95] due to the fact 

that they are essential for the formation of the karyokinetic 

spindle, the polarization of chromosomes and the ejection 

of first and second polar bodies [96]. Hence, mice fed a 

high-fat diet experience a number of structural changes in 

mitochondria manifesting as changes in energy 

availability and thus oocyte incompetence [97]. In 

addition to structural changes, abnormalities in the 

expression of specific proteins for the maintenance of 

energy homeostasis in the oocyte have also been 

observed. Sirtuin 3 (SIRT3) is involved in maintaining 

constant energy levels in maturing oocytes, thereby 

preventing DNA damage through ROS accumulation 

[98]. Superoxide dismutase 2 (SOD2) has been shown to 

be closely related to SIRT3, where its activation and 

reduction of ROS occurs through SIRT3-regulated 

deacetylation [99]. In HFD-fed mice, there is a decrease 

in SIRT3 expression, and consequently what raises 

SOD2K68 acetylation levels contributes to ROS 

accumulation in the oocyte [100]. In addition, 

chromosome misalignment and disorganization of the 

karyokinetic spindle with dysfunction of the SIRT3-

SOD2 axis has been observed in HFD mice [101]. An 

important regulator of oocyte and non-oocyte energy 

metabolism is the TIGAR gene, involved in DNA repair 

and upregulation of reactive oxygen species [102]. 
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Previous research indicates that reduced expression of the 

TIGAR gene in an obesity mouse model led to similar 

negative effects of a high-fat diet [103]. However, the 

aforementioned work focused on the effect of SIRT3 

expression in HFD mice on in vitro cells, but Iljas et al., 

[104] indicated that mice lacking SIRT3 did not show 

abnormalities in spindle assembly or chromosome 

alignment. More interestingly, these parameters in HFD-

fed mice as above remained unchanged, and elevated ROS 

levels did not degrade ATP levels in the oocyte. To what 

extent these results can be extrapolated to human clinical 

practice and which exact relevance the described 

mechanisms could have in women needs to be elucidated.  

 

7. Fibrosis and ER stress in the aged ovary and their 

impact on the oocyte 

 

Fibrosis occurs in numerous aging-related diseases and as 

we grow older, it is known to cause increased rigidity in 

the heart, lungs, liver, and also ovary upon an excess 

accumulation of the extracellular matrix [105]. Recent 

research provided strong evidence that the stiffness of the 

ovarian tissue seems to be important for follicular 

development, growth, and ovulation in advanced-age 

mothers [106]. As a logical consequence, it appears that 

the older the mother the lower the chances for an adequate 

follicular expansion during maturation due to the 

restricted softness of the ovarian tissue, and the lower the 

chances that the follicle ruptures at ovulation. However, 

the molecular and cellular pathways that are responsible 

for ovarian fibrosis are still not widely investigated. 

Another important factor that prompted the interest of 

aging researchers and reproductive medicine is ER stress. 

The latter-mentioned stress leads to an accumulation of 

unfolded or misfolded proteins in the ER [107], and in 

consequence, results in the activation of a specific signal 

transduction cascade, which is also known as the unfolded 

protein response (UPR) [107]. Noteworthy, ER stress is 

activated in oocytes, granulosa cells of growing follicles, 

and in pre-implantation embryos [107]. ER stress seems 

to be also relevant to the pathogenesis of the polycystic 

ovarian syndrome (PCOS) [108-110].  

The folding of secretory proteins is mainly processed 

by a crucial organelle, the endoplasmic reticulum. Once 

the latter-mentioned process is disturbed, upon for 

instance inflammation or oxidative stress, and unfolded or 

misfolded proteins are accumulated, the so-called ER 

stress takes place [111-113]. The UPR that is activated 

during ER stress, consists of three branches: the double-

stranded RNA-activated protein kinase-like ER kinase 

(PERK), the inositol-requiring enzyme 1 (IRE1), and the 

activating transcription factor 6 (ATF6) [114] (Fig.1). In 

general, the pathway of UPR aims to correct imbalances 

of homeostasis and supports in a certain way the survival 

of cells by three essential processes: 1) attenuation of 

protein translation, 2) ER chaperones synthesis activation, 

and 3) ER-associated degradation (ERAD) factors are 

recruited [107] (Fig. 4). Though the activation of UPR is 

not always successful to reduce or eliminate ER stress, the 

pathway of programmed cell death is induced. It is known 

that activated ER stress induces apoptosis in granulosa 

cells and cumulus-oocyte-complexes what diminishes the 

egg´s developmental competence and fertilization 

chances. Furthermore, ER stress influences 

steroidogenesis, and therefore, reduces follicular health 

and luteal function [107]. Interestingly, a moderate degree 

of ER stress in granulosa- or cumulus cells appears to be 

beneficial for oocyte maturation [107]. Noteworthy, 

previous studies provided strong evidence that in 

granulosa cells of advanced-age women there is an 

accumulation of so- called advanced glycation end 

products (AGE). In consequence, an increase of AGE in 

ovarian follicles of aged women appears to decrease the 

developmental competence of the egg by triggering 

inflammation in the surrounding microenvironment [115]. 

Although it is known that ER stress is linked to the 

elevation of pro-inflammatory and profibrotic cytokines 

in granulosa cells [115,116], it is still elusive if and how 

ER stress is responsible for changes in the ovarian stroma 

during maternal aging [117-119].  Per se, fibrosis can be 

characterized as a pathological state or mechanism upon 

an aberrant inflammatory injury, or an enormous 

accumulation of fibrous connective tissue occurring in 

numerous human organs while growing old. Moreover, 

excessive or progressive fibrosis might lead to severe 

tissue architecture destruction and even organ failure 

[105]. Interestingly, an elevated collagen accumulation 

reflecting symptoms of aging-related stromal fibrosis has 

been shown both in human, post-menopausal ovaries 

[118,120] as well as in reproductively aged animals 

[117,118,121].  Although in other organs the cause of 

fibrosis is well described, the pathways leading to ovarian 

fibrosis remain in some parts elusive. Furthermore, the 

question if there is a correlation between the aging- related 

fertility drop and changing ovarian architecture needs 

further elucidation. It appears likely that a chronic 

accumulation of collagen in the ovarian 

microenvironment with advancing maternal age restricts 

a proper ovulation process. There is a clear consensus 

about the fact that a physiologic ovulation process 

necessitates the remodeling of the extracellular matrix in 

such a way that the ruptured ovarian follicle releases 

adequately the oocyte to the fallopian tube. Therefore, 

there is no doubt that excessive collagen in the ovary- in 

other words, a high tissue stiffness, works like a barrier. 

Interestingly, fibrosis has been also characterized as a pre-

metastatic niche for cancer metastasis in models for lung 



 Kordowitzki P., et al.                                                                          The multifactorial phenomenon of oocyte aging

   

Aging and Disease • Volume 15, Number 1, February 2024                                                                              14 

 

fibrosis, and fibrosis in the mammary gland [122,123]. 

However, the reason why these metastases are attached to 

the ovary remains unknown. How the level of fibrosis in 

the ovary can be diminished will be discussed in the 

following section.  

 

 
Figure 4. Scheme showing the three pathways of unfolded protein response (UPR) during ER stress. The branches of 

the UPR are characterized by: (left branch) ATF6 passes from the lumen of the ER into the cytosol in the Golgi apparatus, 

where it is cleaved by site 1 protease (S1P) and site protease 2 (S2P). The cytosolically active fragment of ATF6 migrates 

to the cell nucleus and activates transcription of UPR target genes involved in ER protein folding homeostasis; (middle 

branch) PERK phosphorylates the α-subunit of eukaryotic translation initiation factor 2 (eIF2α). Some selective mRNAs, 

for example, ATF4 mRNA, are preferentially translated when eIF2α is phosphorylated; (right branch) RNase IRE1α is able 

to cleave ER-bound mRNA or miRNA upon degradation via IRE1-dependent regulated cleavage (RIDD), affecting protein 

folding charge, cellular metabolism, and inflammatory signaling pathways. The cytosolic domain ofIRE1α may also 

provide a scaffold for the recruitment of adapter proteins, such as members of the tumor necrosis factor receptor-associated 

factor (TRAF) family. In addition, IRE1α RNase combines mRNA from XBP1, which encodes a potent transcription factor 

that activates the expression of UPR target genes involved in ER proteostasis and cellular pathophysiology. Notably, 

unfolded or misfolded proteins that accumulate in the lumen of the ER can be degraded by proteasome-based ER-associated 

protein degradation (ERAD).    

8. ER stress and fibrosis as therapeutic targets to 

extend ovarian lifespan 

 

So far, anti-fibrotic compounds such as pirfenidone and 

nintedanib have been approved and used for the treatment 

of pulmonary diseases, to slow down the fibrosis 

progression [124,125]. Previous studies showed that (O-

[3-piperidino-2-hydroxy-1-propyl]-nicotinic amidoxime) 

BGP-15 improves the mitochondrial function in several 

disease models [126,127]. Besides, metformin appears to 

reduce fibrosis in different pre-clinical studies via the 

AMPK-mediated pathway [128,129]. Interestingly, in a 

very recent mouse model, it has been shown that both anti-

fibrosis compounds pirfenidone and BGP-15 are able to 

reduce the level of fibrotic collagen, and restored 

ovulation rate in aged females when compared to 

untreated counterparts [106]. The BGP-15 treatment did 

also elevate the levels of extracellular matrix remodeling 

enzymes such as matrix metalloproteinase Mmp13, 

indicating its possible role in the process of collagen 

removal [106]. Moreover, in the same study, authors have 

shown that BGP-15 reverses mitochondrial dysfunction, 

oxidative damage, and ER stress in aged mice what in 

consequence, has also positive effects on the oocyte [106]. 

The use of metformin has been shown to prevent ovarian 

fibrosis related to maternal aging [120]. Interestingly, in 

the latter-mentioned study, the authors postulate that 

ovarian fibrosis seems to correlate with immune and 
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stromal properties which are known as a tumor-

permissive niche [120]. As a logical consequence, these 

findings could help to answer the question of why 

metastases of other primary tumors are localized in the 

ovary. Noteworthy, probiotics also appear to have a 

positive effect when used to treat cystic fibrosis, and 

reduce ER stress, too [130-132]. In conclusion, above-

mentioned compounds have a certain potential to extend 

the ovarian life span via the modulation of ER stress and 

fibrotic collagen.  

 

9. Future research directions and conclusions 

 

Novel research data raised the question of whether the 

modulation of epigenetic reprogramming, for instance 

with the help of gene therapy (or DNA methylation 

editing), could support tissue repair in the ovary and could 

therefore enable a partial reversal of the aging-related 

quality decline in oocytes. Interestingly, in a recent study 

in mice, researchers have postulated that a reduction of 

ovulation cycles minimizes the risk of oocyte aneuploidy 

in advanced-age mothers; in other words, keeps their 

oocytes young [133]. Aberrant chromosome segregation, 

such as the before-mentioned aneuploidy, can lead to 

miscarriage or birth defects. The elucidation of novel 

pathways crucial for mammalian oocyte spindle 

assembly, particularly in eggs from donors of advanced 

reproductive age, could lead to the development of 

adequate medical interventions. Noteworthy, a high 

degree of aneuploidy in human oocytes is a major cause 

of pregnancy loss and infertility in women [134]. 

Especially, defects in spindle assembly have been 

associated with high levels of aneuploidy in human eggs 

[135]. However, the mechanisms that facilitate spindle 

assembly in human oocytes remain elusive. Spindle 

microtubule nucleation after nuclear envelope 

disintegration (NEBD) is significantly delayed in human 

oocytes compared to mitotic cells, and human oocyte 

chromosomes undergo rapid movement after NEBD and 

before spindle assembly begins [135]. Moreover, it has 

been reported that an error-prone chromosome-mediated 

spindle assembly favors chromosome segregation defects 

in oocytes of women [136]. Worth mentioning, previous 

research provided strong evidence that the possibility of 

aneuploidy increases by more than 50% in parallel to 

increasing maternal age both in human and mouse oocytes 

[137]. With regard to the process of chromosome 

segregation, it is important to know that kinesins 

hydrolyze approximately 125 ATP molecules for each 

microtubule binding event [13]. This clearly demonstrates 

the enormous need for a continuous high energy supply in 

the oocyte during the spindle assembly which is provided 

by mitochondrial oxidative phosphorylation (OXPHOS) 

[13]. However, the latter-mentioned supply of ATP by 

mitochondria decreases with advancing maternal age 

[13], and it has been shown that oxidative stress was 

accompanied by a significant reduction in mitochondrial 

ATP production and oocyte spindle assembly impairment 

[138]. Interestingly, the entire meiotic apparatus appears 

to be negatively affected by decreased mitochondrial 

potential (ΔΨm) levels such as during mitochondrial 

dysfunction [139]. Using in vitro models of murine oocyte 

maturation, metformin has been reported to improve 

chromosomal segregation accuracy once oxidative stress 

and mitochondrial dysfunction were reduced upon 

treatment, [140]. In recent years, various mechanisms 

have been described that play a role in age-related 

maternal aneuploidy, which has been reviewed elsewhere 

[141].   

Interestingly, the production line theory states that the 

best oocytes are released from follicles first at relatively 

young reproductive ages, while those with diminished 

quality are ovulated at a more advanced age.   Lowering   

the   frequency of   ovulations and protecting   youthful 

epigenetic marks could represent a novel strategy to 

postpone the effects of aging upon oocytes.  This gives 

hope of future interventions to counteract the negative 

effects of epigenetic aging in oocytes, specifically in IVF 

of reproductively aged patients. In conclusion, the power 

of epigenetics did lay a cornerstone for a new era of 

research and medicine and opened new possibilities to 

decipher the molecular codes of oocyte longevity. The 

constantly increasing number of people with associated 

metabolic diseases is a difficult challenge for clinicians. 

Maternal age, DNA methylation, and obesity are factors, 

which have a significant impact on female mammalian 

gamete and embryonic development. Importantly though, 

attention should be paid to genes and proteins involved in 

the regulation of epigenetic mechanisms and the oocyte’s 

development including Stella, TET3, UHRF1, SIRT3 as 

well as m6a, and components of its complex. As it turns 

out, disorders related to the functioning of the 

aforementioned structures lead to impaired oogenesis, 

early embryonic development, and epigenetic 

reprogramming mechanisms in the embryo. Taken 

together, elucidating the molecular mechanisms which 

take place in the oocytes under the influence of aging, 

obesity, and DNA methylation will help to implement 

adequate interventions which are able to reduce the 

negative effects of the before-mentioned factors. 

Furthermore, in our Review, we aimed to connect the 

recent findings of these factors, which are mainly made in 

animal models, and emphasize their relevance for the 

mammalian egg. To what extent these findings are 

translational for the human egg needs further elucidation. 

However, the animal results could be a first hint to 

identify therapeutic targets to improve oocyte health. 
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Therefore, this commentary aimed to stimulate new 

interesting research projects to decipher the code of the 

oocyte’s health- and life span. The above-mentioned 

effects of pirfenidone, BGP-15, and other substances in 

animal models of ovarian aging have to be treated with 

caution since the used concentrations are often very high 

compared to the physiological levels. Compounds, like 

for instance senolytics, that are targeting not only aging-

related fibrosis, but also mitochondrial dysfunction could 

be an interesting therapeutic strategy to maintain ovarian 

function in women with premature ovarian aging or 

metabolic disorders. Noteworthy, the use of senolytics in 

different trials or models for aging-related pathologies 

needs further elucidation, before these compounds could 

be safely used to prevent, delay or reverse the aging 

phenotype and related diseases. However, research on 

senolytics is rapidly advancing, and rigorous pre-clinical 

and translational experiments, also with regard to the 

ovary, should be performed. Since the birth of the world’s 

first IVF baby born in 1978, there is still a big need to 

assess the long-term consequences of assisted 

reproductive technologies, particularly on age-related 

phenotypes, in children conceived with the help of these 

techniques. Especially, the two cornerstones such as 

excessive body weight and aging are common symptoms 

in infertile or subfertile women. This still leads to a 

dilemma for doctors and specialists in human 

reproductive medicine of whether to encourage weight 

loss first or to start infertility treatment immediately. 

Despite their well-known effects on fertility, studies 

evaluating the combined effect of women's age and body 

mass index (BMI) on cumulative live birth rates are still 

rare and conflicting. According to a very recent study, an 

intervention to induce weight loss in women prior to ART 

appears to be beneficial, particularly in women younger 

than 35 years with a BMI ≥ 25 kg/m2. Therefore, for 

clinical practice, an individualized strategy that takes into 

account maternal age, patient’s weight, diet, and lifestyle 

may be the best course of action [142].  
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