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Telomere disorders have been associated with aging-related diseases, including diabetes, vascular, and neurodegenerative diseases. The main consequence of altered telomere is the induction of the state of irreversible cell cycle arrest. Though several mechanisms responsible for the activation of senescence have been identified, it is still unclear how a cell is indeed induced to become irreversibly arrested. Most tissues in the body will experience senescence throughout its lifespan, but intrinsic and extrinsic stressors, such as chemicals, pollution, oxidative stress (OS), and inflammation accelerate the process. Pregnancy is a state of OS, as the higher metabolic demand of the growing fetus results in increased reactive oxygen species production. As a temporary organ in the mother, senescence in fetal membranes and placenta is expected and linked to term parturition (>37 weeks of gestation). However, a persistent, overwhelming, or premature OS affects placental antioxidant capacity, with consequent accumulation of OS causing damage to lipids, proteins, and DNA in the placental tissues. Therefore, senescence and its main inducer, telomere length (TL) reduction, have been associated with pregnancy complications, including stillbirth, preeclampsia, intrauterine growth restriction, and prematurity. Fetal membranes have a notable role in preterm births, which continue to be a major health issue associated with increased risk of neo and perinatal adverse outcomes and/or predisposition to disease in later life; however, the ability to mediate a delay in parturition during such cases is limited, because the pathophysiology of preterm births and physiological mechanisms of term births are not yet fully elucidated. Here, we review the current knowledge regarding the regulation of telomere-related senescence mechanisms in fetal membranes, highlighting the role of inflammation, methylation, and telomerase activity. Moreover, we present the evidences of TL reduction and senescence in gestational tissues by the time of term parturition. In conclusion, we verified that telomere regulation in fetal membranes requires a more complete understanding, in order to support the development of successful effective interventions of the molecular mechanisms that triggers parturition, including telomere signals, which may vary throughout placental tissues.
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INTRODUCTION

Telomeres are a highly conserved system that plays a central role in maintaining the integrity of the genome and cell. In somatic cells, telomeres reach a critical short length over the lifespan, or under the influence of stressors. Therefore, telomere length (TL) is an important feature of cell aging or senescence, which suggests the idea of a “biological clock,” or a marker of cell replication (Hayflick, 1965; Blackburn, 2001).

In pregnancy, senescence has been related to term delivery mechanisms (Menon et al., 2014a; Behnia et al., 2015; Gomez-Lopez et al., 2017). The concept of placental cell aging in term delivery was first proposed in the 1970s; however, only lately has a relatively large number of studies examined the relationship between cell senescence and the consequent morphological changes in pregnancy. Placenta and fetal membranes constitute temporary tissues in the maternal body, and therefore, are “aged” and ready to be eliminated by the time of the term neonate is born. Thus, cellular senescence may be related to gestational complications if the process is activated prematurely (Behnia et al., 2015; Menon, 2016; Cox and Redman, 2017; Arias-Sosa, 2018). One of the main characteristics of senescent cells is the production of inflammatory cytokines, which indicates a possible role of cellular senescence as an effector pathway that converges to trigger parturition. Intrinsic and extrinsic stressors that induce variation in prenatal exposures and maternal states and conditions, such as cigarette smoking, air pollution, diabetes, obesity, oxidative stress, and inflammation are associated with cellular aging, evidenced by the shortening of telomeres in fetal cells (Whiteman et al., 2017). Thus, characteristics of maternal health status and behaviors during pregnancy may influence the individual’s susceptibility or propensity to disease in later life. However, few studies have shown a direct correlation between telomere dysfunction specifically in fetal membranes and fetal or developmental programming.

Thus, we begin this review with a brief overview of telomere structure and functions, followed by a description of telomere-related senescence mechanisms and the role of telomere dynamics in pregnancy. We then proceed to discuss the findings regarding fetal membranes telomere-senescence-mediated parturition and adverse gestational outcomes. We conclude by summarizing current knowledge blanks and future research directions.



TELOMERES: STRUCTURE AND FUNCTIONS

Telomeres are nucleoprotein structures at the end of chromosomes that play a vital role in maintaining genomic stability and protecting the chromosomes against fusion and degradation (Blackburn, 1991; Blackburn et al., 2015). In humans, telomeres consist of 2–20 kb of non-coding double-stranded DNA formed by a conserved hexameric (TTAGGG) tandem repeat DNA sequence and a 3' overhang of the G-rich strand, which folds back into the double-stranded DNA, forming a structure known as the t-loop, important for protecting the genome from nucleolytic degradation, unnecessary recombination, repair, and interchromosomal fusion (Lu et al., 2013; Blackburn et al., 2015). Besides having a unique DNA sequence, the protection of chromosomes depends on the association and interaction of human telomeres with the shelterin complex, which contains six specific proteins (TRF1, TRF2, POT1, TIN2, TPP1, and RAP1). This network provides a compact chromatin structure that limits the accessibility of DNA damage repair (DDR) machinery and decreases its mistaken recognition at the telomere region (Bandaria et al., 2016; Fathi et al., 2019) (Figure 1A). Since DNA polymerase is unable to fully replicate the 3' end of the DNA strand, telomeres lose part of its sequence with each cell division and reach a critical short length, which, in turn, leads to cellular senescence (Stewart et al., 2003).
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FIGURE 1. (A) Telomere structure and telomere-binding proteins. The six shelterin proteins are depicted in the small box (Adapted from Lu et al., 2013). (B) Summary of the proposed mechanism for telomere shortening in fetal membranes in parturition. (C) Potential mechanisms of telomere-senescence-mediated parturition and adverse gestational outcomes in fetal membranes. (D) No evidence that telomeres dysfunction in fetal membranes has a direct effect on fetal programing (SASP, senescence-associated secretory phenotypes; ALT, alternative lengthening of telomeres; and pPROM, preterm premature rupture of membranes).


Stem cell compartments and embryonic stem cells present telomerase activity; this is a ribonucleoprotein complex, composed of telomerase reverse transcriptase (TERT) and rRNA telomerase component (TERC) subunits and serves as a template for the addition of telomeric repeats to chromosome ends. However, TERT expression and telomerase activity are often very low or undetectable in somatic cells, which explain, in part, the limited capacity of somatic cells to replicate (Rubtsova et al., 2012). Other pathways, such as the alternative lengthening of telomeres (ALT), have been reported in cancer cells (De Vitis et al., 2018). ALT is still not a well-known process, but it is related to telomeric recombination and may be activated when telomerase is repressed. Nonetheless, cultured cells over passages show limited replication capacity, which has been attributed mainly to the shortening of telomeres (Burton and Krizhanovsky, 2014).

Cell aging is a physiological process, as telomeres undergo steady attrition during the proliferation of normal cells; this can be either beneficial or detrimental to the organism. On one hand, it contributes to tumor suppression, limiting tissue damage, and possibly embryonic development, while on the other, it may be associated with aging-related diseases, impaired tissue regeneration, and cellular dysfunction, as well as pregnancy complications (Howcroft et al., 2013; Burton and Krizhanovsky, 2014; Menon et al., 2016; Arias-Sosa, 2018).



TELOMERE-RELATED SENESCENCE MECHANISMS

Replicative senescence is characterized by cellular proliferative capacity, which depends ultimately on progressive telomere shortening to a critically short length, responsible for the limited number of cell divisions (Bekaert et al., 2005). Therefore, TL is one the main inducers of cell aging or senescence, which suggests the idea of a “biological clock,” or “Hayflick limit,” first described in human fibroblasts cultured ex vivo as a proliferative limitation on cells, despite their viability (Hayflick, 1965; Campisi and D’Adda Di Fagagna, 2007; Xu et al., 2013).

The main telomere-related senescence mechanisms include DNA structure dysfunction and modifications. Chromatin and histones structure dysfunction is a key point associated with telomere shortening, which can be triggered by diverse pathways. First, a decrease in histone levels has been observed in human senescent fibroblasts compared to levels in younger cells, impairing processes such as replication, transcription, and DNA repair (O’Sullivan et al., 2010; Adams et al., 2013). Moreover, the majority of lysines on histones are physiologically hypoacetylated near telomeres, contributing to the genomic silencing of this region; thus, any histone modifications, such as acetylation, may interfere with the t-loop telomere structure. Such modification may also repress hTERT expression in human cells, such that senescence signaling is initiated (Cong and Bacchetti, 2000). Equally, changes in the structural and epigenetic integrity of telomeres throughout population doubling have an impact on core histones and their chaperones, which, in turn, ultimately lead to senescence (O’Sullivan et al., 2010).

Additionally, chromatin structure is also determined by DNA methylation and, although telomere sequence do not contain genes or CpG sequences, the subtelomeres regions (transition regions between the terminal telomeric repeats and the chromosome-specific regions) are notably CpG-rich, therefore, more prone to be physiologically highly methylated (Toubiana and Selig, 2020). Previous studies have shown that aberrant methylation of subtelomeric DNA exists in many diseases, and it has an impact on the TL regulation, as shorter telomeres are significantly associated with decreased methylation levels at most of CpG sites (Buxton et al., 2014; Hu et al., 2019). Changes in the methylation status of different CpG sites are typical in cancer cells (Joyce et al., 2018), but they have also been observed in senescent cells. This has been used by researchers to successfully predict the age of several different tissues and predispositions to aging-related diseases (Bell et al., 2019). This tool using a set of CpG sites is named epigenetic clock, which starts during development when fetal tissues, embryonic, and induced pluripotent stem cells reveal a DNA methylation age (DNAm age) (Horvath, 2013; Bell et al., 2019).

Besides replicative senescence, stress-induced senescence demonstrates that the Hayflick limit is no longer a constant but can vary depending on influencers of telomere loss, such as oxidative damage and/or decrease in antioxidative defense. Thus, the mechanisms described above can be influenced by stressors and accelerate the cell aging process. The accumulation of intrinsic and extrinsic stresses is a well-known pathway that triggers telomere dysfunction and impairs telomere end replication (Pickett and Reddel, 2012; Tan and Lan, 2017), mainly through oxidative stress (OS) (von Zglinicki, 2002; Tan and Lan, 2017).

Under conditions of genomic stability, DNA damage activates DDR complex that coordinates repair and cell cycle progression. Since the telomere is a guanine-rich region (triple structure), it is more vulnerable to OS damage compared to the general genome (von Zglinicki et al., 2000; Stewart et al., 2003; Xu et al., 2013); therefore, telomere dysfunction ultimately leads to cell cycle arrest (Rossiello et al., 2014). In mammalian cells, there are two main DDR mechanisms that address double strand breaks (DSBs): homologous recombination (HR) and non-homologous end joining (NHEJ); the latter is related to telomeric DNA. It has been suggested that NHEJ is inhibited by TRF2 shelterin, preventing chromosomal fusions, and, therefore, end-to-end fusion. Conversely, NHEJ is also the main mechanism for DNA ligase N-dependent chromosomal fusions that occur between uncapped telomeres, which suggests a selective regulatory switch, from preventing recombination to promoting it (Evans and Cooke, 2007). OS is known to accelerate telomere attrition in vitro and in vivo. Pineda-Pampliega et al. (2020) described how oxidative stress shortens telomeres in free-living white stork chicks. According to the authors, the administration of antioxidants had a functional effect on oxidative stress. Furthermore, environmental and behavioral stressors were found to induce OS-induced telomere damage. Exposure to different organic pollutants such as dioxins, furans, and polychlorinated biphenyls (PCBs) through food, water, and air, which occur during the human lifetime, may change TL in peripheral blood leukocytes (Shin et al., 2010; Mitro et al., 2016; Karimi et al., 2020). Serum levels of organochlorine pesticides can be associated with oxidative stress and systemic inflammation that lead to telomere shortening (Karimi et al., 2020). The cellular exposure to non-ortho PCBs and toxic equivalency was associated with increased leukocyte TL in a study population of American adults, contributing population-level findings to the evidence that exposure to environmental contaminants may influence telomere regulation (Mitro et al., 2016). In this same direction, Shin et al. (2010) analyzed the impact of low-dose exposure to persistent pollutants, i.e., lipophilic xenobiotics, on the TL of peripheral blood leukocytes in healthy persons. It was concluded that TL increases with low doses of exposure, suggesting that low doses may act as tumor promoters in carcinogenesis in humans.

Therefore, how does oxidative stress cause telomere shortening? Although there are many suggested pathways for answering this question, the increase of reactive oxygen species and/or decrease in the antioxidant capacity mainly lead to damage in cellular structures, mostly inducing oxidized base in the DNA and consequent DDR defects. Kawanishi and Oikawa (2004) have reported DNA damage caused by the treatment of fibroblast with UVA irradiation, including 8-hydroxy-2'-deoxyguanosine (8-OHdG) formation, specifically at the GGG sequence in the telomere sequence, which was correlated with a decreased in TL. The enzyme responsible for repairing this DNA damage is an 8-oxoG-DNA glycosylase (OGG1), and its action begins by excising the damaged base and subsequent replacement of the modified base (Rosenquist et al., 1997). This local DNA damage can disrupt cell replication; consequently, if the repair mechanism by OGG1 is impaired, a damage to single-stranded DNA strand in the telomere region occurs, which contributes to its shortening. Under the repair failure, mechanisms of DDR by sensor proteins such as the ataxia telangiectasia mutated (ATM) kinase is activated, which regulates the early step(s) of DNA damage signaling, and thereby controls DDR. Persistent DNA damage in response to overwhelming OS causes DNA breaks followed by the phosphorylation of the histone H2AX (γ-H2AX). This via induces mechanism of cellular damage involving p53 activation, as well described in cells such as fibroblasts. Alternatively, the route that leads to senescence can be p53-independent, through the activation of mitogen-activated protein kinases (MAPKs) pathway (Iwasa et al., 2003). Salminen et al. (2012) have reported either pathway converges to a downstream activation of NF-κB signaling. In turn, NF-κB system is linked to inflammatory responses in cellular senescence. It is important to note that senescent cells acquire many changes in gene expression, resulting in changes in secreted proteins, such as growth factors, proteases, chemokines, and cytokines, that, together, characterizes the senescence-associated secretory phenotype (SASP; Davalos et al., 2010; Freund et al., 2010; Rodier and Campisi, 2011) (Figure 2).
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FIGURE 2. Reactive oxygen species induction of telomere shortening (8-OHdG, 8-hydroxy-2'-deoxyguanosine; OGG1, 8-oxoG-DNA glycosylase; ATM, ataxia telangiectasia mutated kinase; DDR, DNA damage response; MAPK, mitogen-activated protein kinases; and SASP, senescence-associated secretory phenotypes).


Additionally, a newly discovered telomere-related stressor is sex hormone concentrations, but a direct relation between sex hormones and TL, if any, remains uncertain. Preliminary evidence suggests that sex steroid hormones could be involved in enhancing telomerase activity since serum dihydrotestosterone and estradiol are positively correlated with leukocyte TL independently of age (Yeap et al., 2016, 2020). However, other studies have demonstrated no association of short TL with sex hormones in healthy men and women (Coburn et al., 2018; Gu et al., 2020).

As a result of telomere-related OS disorders, some pathological conditions have been described, including diabetes and vascular disease (Blackburn et al., 2015). Primary cultures of fibroblasts were used to examine the impact of a diabetic environment on telomeres and, under elevated glucose conditions, relative TL loss was observed in this model (Sutanto et al., 2019). On the other hand, type 2 diabetes mellitus patients with non-alcoholic fatty liver disease have a significantly longer leukocyte TL than patients without non-alcoholic fatty liver disease (Zhang et al., 2019). Telomere shortening has been associated with premature vascular aging, which may be involved in lower-extremity amputation in patients with type 1 diabetes at high vascular risk (Sanchez et al., 2020). Of particular interest here, telomere dysfunctions are associated with placental aging in the etiology of parturition and adverse pregnancy outcomes, in which fetal membranes and gestational tissue play a crucial role.



FETAL MEMBRANES TELOMERE-SENESCENCE IN PARTURITION AND ADVERSE GESTATIONAL OUTCOMES

In recent years, new evidences have shown that cell senescence is related to term delivery mechanisms (Menon et al., 2014b; Behnia et al., 2015; Gomez-Lopez et al., 2017). The concept of placental cell aging in term delivery was first proposed in the 1970s (Rosso, 1976); however, until recently few studies had reported on cellular senescence related to oxidative stress and its consequent morphological changes (Menon et al., 2012; Polettini et al., 2015b). This process is believed to be physiological since the placenta and fetal membranes constitute temporary tissues in the maternal body, and therefore, would be “aged” and ready to be eliminated after the birth of the neonate (Behnia et al., 2015; Menon, 2016; Cox and Redman, 2017; Arias-Sosa, 2018).

Recent investigations have revealed that term pregnancies are characterized by increased OS that induces DNA damage (Menon, 2016; Cox and Redman, 2017; Arias-Sosa, 2018); therefore, TL is affected. Gestational tissues show evidence of senescence, given that the telomere attrition rate is negatively correlated with gestational age, thus the closer to term, the shorter the telomeres in fetal and placental cells (Gielen et al., 2014; Casavant et al., 2019). Accordingly, recent findings have demonstrated that fetal membranes from term in labor pregnancies had shorter TL than both preterm and term not in labor pregnancies, suggesting the senescence of term placentas along with labor (Menon et al., 2012; Polettini et al., 2015a; Colatto et al., 2020). The same results were observed in fetal membranes and placenta in mouse (Phillippe et al., 2019), providing support for the hypothesis that shorter telomeres at term potentially function as a biologic clock for parturition.

Besides TL analysis, term labor tissues show features and markers of senescence, such as histological enlarged cells and organelles, granulated nuclei, and more intense staining of senescence-associated β-galactosidase (a lysosomal enzyme; Menon et al., 2014a; Behnia et al., 2015) that strengthens the indication of fetal membranes senescence by parturition time. Among the changes in senescent cells, the production of inflammatory mediators is of particular interest (Freund et al., 2010), as they induce parturition. Fetal membranes play a crucial role in this process, as these tissues are in close contact with the amniotic fluid and, consequently, the fetus (Parry and Strauss, 1998). In the third trimester of pregnancy, chorioamniotic cells increase their production of mediators, especially pro-inflammatory cytokines, immunomodulatory cytokines, neutrophil recruitment chemokines, and arachidonic acid metabolites (Kamel, 2010; Hua et al., 2013; Romero et al., 2018). These mediators are essential to stimulate the production of prostaglandins and consequent uterine contractility (Romero et al., 2006).

Therefore, as is well-known, inflammation is a key point in parturition, even in the absence of intrauterine infection, and, in such cases, inflammation may come from the senescence of fetal membranes (Behnia et al., 2016; Martin et al., 2017). Behnia et al. (2015) found higher concentrations of pro-inflammatory SASP markers (granulocyte macrophage colony-stimulating factor and interleukin-6 and -8) in the amniotic fluid of women in labor at term than in women not in labor. Additionally, bioinformatics analysis has shown, under both term and preterm conditions, that maternal exosomes (30–150 nm particles that propagate to distant sites) carry proteins associated with inflammatory and metabolic signaling (Menon et al., 2019). Besides cellular alterations to the pro-inflammatory profile, the inflammasome might be activated during the parturition process by senescent cells with shortened telomeres. Recent findings have revealed telomere dysfunction as a cause of macrophage mitochondrial abnormalities, OS and hyperactivation of the NOD-like receptor family pyrin domain-containing protein 3 (NLRP3) inflammasome (Kang et al., 2018). Likewise, fetal membranes from women who underwent term labor had higher concentrations of NLRP3 (Romero et al., 2018); thus, dysfunctional telomeres might work as a primary factor and cooperate to amplify inflammasome signaling related to parturition signaling. Crosstalk between these pathways may prove to be a key molecular mechanism of immunosenescence that has been reviewed elsewhere (Jose et al., 2017; Ventura et al., 2017) (Figure 1B).

In this context, telomere-related cellular aging may be linked to gestational complications if the process is activated prematurely (Biron-Shental et al., 2010; Menon et al., 2012; Smith et al., 2013). Adverse pregnancy outcomes, such as stillbirth, intra uterine growth restriction, and preeclampsia are related to trophoblast dysfunction and attributed to placental villous telomere shortening (Biron-Shental et al., 2014; Ferrari et al., 2016; Paules et al., 2019). As mainly of these adversities are linked to placental dysfunction, the role of senescence in fetal membranes has been poorly investigated in these complications.

One of the firsts reports in fetal membranes demonstrated shorter TL from preterm premature rupture of membranes (pPROM) compared to preterm labor (PTL) with intact membranes pregnancies at the same gestational age, and the first was similar to term (Menon et al., 2012). More recently, structural and histological changes in fetal membranes from women undergoing pPPROM were found to be compatible with senescence, suggesting its role in disrupting membranes remodeling and homeostasis, with overwhelming ROS-associated inflammation (Menon et al., 2014a; Behnia et al., 2015; Menon, 2016; Menon and Richardson, 2017). Mechanistically, telomere shortening in pPROM is likely a result of senescence activators, such as MAPKs, that are increasingly expressed in fetal membranes in pregnant women with pPROM (Lappas et al., 2011). Dutta et al. (2016) have reinforced that prosenescence stress kinase (p38MAPK) activation, OS damage, and signs of senescence are pronounced in fetal membranes from pPROM in comparison with PTL with no rupture of membranes. Accordingly, the induction of OS caused significant protein peroxidation in the amniotic sac in mouse, which was associated with p38MAPK activation and senescence, in addition to increased concentrations of pro-inflammatory cytokines in amniotic fluid (Polettini et al., 2018). Commonly, OS activates a specific p53 transcriptional response in diverse tissues, which regulates the cellular response to DNA damage; however, fetal membranes fail in activating p53 under OS, suggesting a diverse pathway triggering senescence in this tissue (Polettini et al., 2015a) (Figure 1B).

Important to note that stressed and injured cells and tissue release stimulatory molecules, such as host-derived damage-associated molecular patterns (DAMPs), that signaling through toll-like receptors (TLRs) and activates cellular response. Therefore, telomere shortening in fetal membranes may also provide additional signs to initiate parturition. In senescent fetal membranes, two DAMPs have been reported, the high mobility group box 1 (HMGB1) and cell-free fetal telomere fragments (Bredeson et al., 2014; Polettini et al., 2015a). Detection of circulating nucleic acids in maternal plasma and serum, such as cell free fetal DNA, has emerged as a predictor marker or monitoring tool for the most common and severe pregnancy complications (Phillippe, 2015). One hypothesis is that DNA telomere fragments from senescent amnion cells are shed into the amniotic fluid, and these fragments can accelerate senescence in healthy gestational tissue, as a fetal signal at term that can cause labor-associated changes (Polettini et al., 2015a). Such observation has been supported by recent in vitro experiments, as amniotic cells under OS produce exosomes packed with fetal telomere fragments (Sheller-Miller et al., 2017). The recognition of these molecules was speculating to be through TLR-9 that is known to trigger maternal immune cells activation in response to placenta-derived DNA (Hahn et al., 2014). However, no difference in TLR-9 expression was observed in amnion cells treated with telomere fragments compared to controls (Polettini et al., 2015a). Thus, further experiments are needed to address the specific mechanism by which telomere fragments activate intracellular signaling in fetal and maternal cells.

Regarding methylation, chorionic villi, maternal decidua, fetal membranes, and embryonic tissues have a unique DNAm setting (Robinson and Price, 2015). Particular alterations in DNAm signatures were observed in placentas and fetal membranes with acute chorioamnionitis (Konwar et al., 2018). Moreover, many investigators have described cord blood DNAm related to prematurity and inflammation (Liu et al., 2013; de Goede et al., 2017), but data on telomere-associated methylation are scarce. Wilson et al. (2016) found a correlation between shorter TL and decreased DNAm in genes associated with the telomerase regulation in placentas. The authors have described that almost 20% of the probes within TERT gene showed significant alterations in DNAm associated with TL, but they discuss epigenetic regulation of the TERT is complex, and such changes should be observed throughout the entire TERT gene region in order to elucidate the biological relevance of DNA methylation in this region. In fetal membranes, epigenetic modifications have been described, such as non-coding RNA (lncRNA) that has also been linked to pPROM (Luo et al., 2013). However, as our knowledge, there are yet no studies that have demonstrated telomere-related methylation in fetal membranes and the possible association with parturition and gestational outcomes.

Additionally, low levels of telomerase activity have been associated with TL reduction in the placentas of babies with delayed fetal development in term pregnancies, attributed to accelerated telomere DNA loss and cellular senescence (Davy et al., 2009). Fetal membranes, in particular, maintain characteristics of pluripotent cells; therefore, it would be expected to find telomerase activity in such tissues (Zhou et al., 2013). However, potency, cellular transition capability, and migratory potential are lost in fetal membranes as gestation progresses and/or in response to OS-inducing factors (Richardson and Menon, 2018), and low telomerase activity was detected in fetal membranes regardless term or PTL (Colatto et al., 2020). Accordingly, amniotic fluid derived cells, including amniotic cells, also lack telomerase activity (Chen et al., 2013). Alternatively, ALT can be activated when telomerase is suppressed; however, to date, ALT activity has not been investigated in gestational tissues. ALT regulation is influenced by telomeric repeat-containing RNA (TERRA), a lncRNA, which works as a telomerase-telomere binding inhibitor. In turn, TERRA expression is directly controlled by DNA methylation at the CpG rich gene promoters (Nabetani and Ishikawa, 2011; Coluzzi et al., 2017). In placentas, Novakovic et al. (2016) have demonstrated higher TERRA expression compared to matched somatic cells from cord blood, which was correlated to very low levels of hTERT in first trimester cytotrophoblasts. These data suggest that additional pathways might be involved in TL regulation other than telomerase activity in fetal membranes, but this requires further investigation.



DISCUSSION

A vast literature demonstrates that telomere-dependent replicative senescence in placental and fetal membranes is involved with parturition and gestational adversities. We have summarized that OS, inflammation, methylation, telomerase, and ALT are the main described mechanisms in telomere biology in fetal membranes to date (Figure 1C). Diverse DNA methylation are detectable for most cancer-CpG sites beginning 4 years of pre-diagnosis (Joyce et al., 2018); thus, similarly, the understanding of telomere biology, shortening of TL mechanisms, and methylation regulation in fetal membranes might provide early evidences during gestational periods in relation to telomere alterations and the propensity for pregnancy outcomes. Moreover, telomerase and ALT regulation are not fully understood in fetal membranes, which reinforces that further investigation is needed regarding telomere dysfunction in fetal membranes.

The mean TL set during intra uterine development likely has an impact on later extrauterine life, as variation in prenatal exposures and maternal states and conditions may impact fetal developmental trajectories. Subsequently, fetal or developmental programming may influence an individual’s susceptibility or propensity for disease in later life (Entringer et al., 2018). A recent systematic review demonstrated that maternal factors such as age, exposure to chemicals (e.g., smoking), and maternal stress during pregnancy and nutritional and sleep disorders are related to the stimulation of telomeres in fetal cells (Whiteman et al., 2017). Also, it has been documented that if TL is reduced in the newborn, the susceptibility to the development of chronic diseases in adulthood is increased (Entringer et al., 2012). Thus, in terms of fetal programming of the telomere system, the maternal-placental-fetal immune activation, characterized by the increased expression of pro-inflammatory cytokines in response to various adverse conditions during pregnancy, may have the potential to impact fetal TL. Although the maternal and the environmental exposure during the intrauterine period is correlated to the postnatal period, as well as with the outcomes of newborn infants, there is lack of such relation in fetal membranes studies and more studies are required to understand whether telomeres dysfunction in fetal membranes has a direct effect on fetal programing (Figure 1D).

Unfortunately, the ability to mediate a delay in parturition during pregnancy complications is limited, and the development of successful effective interventions requires a more complete understanding of the molecular mechanisms that trigger parturition, including telomere signals, which may vary throughout placental tissues.
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