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Abstract

:

Association studies investigating miRNA in relation to diseases have consistently shown significant alterations in miRNA expression, particularly within inflammatory pathways, where they regulate inflammatory cytokines, transcription factors (such as NF-κB, STAT3, HIF1α), and inflammatory proteins (including COX-2 and iNOS). Given that endometriosis (EMS) is characterized as an inflammatory disease, albeit one influenced by estrogen levels, it is natural to speculate about the connection between EMS and miRNA. Recent research has indeed confirmed alterations in the expression levels of numerous microRNAs (miRNAs) in both endometriotic lesions and the eutopic endometrium of women with EMS, when compared to healthy controls. The undeniable association of miRNAs with EMS hints at the emergence of a new era in the study of miRNA in the context of EMS. This article reviews the advancements made in understanding the pathological role of miRNA in EMS and its association with EMS-associated infertility. These findings contribute to the ongoing pursuit of developing miRNA-based therapeutics and diagnostic markers for EMS.
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1. Introduction


Endometriosis (EMS), characterized by the presence of endometrial stromal and glandular tissue outside the uterine cavity, is a relatively common gynecologic disease affecting about 10% of women of reproductive age [1]. While the symptoms of EMS can vary, clinical manifestations such as pelvic pain, heavy or irregular menstrual bleeding, and gastrointestinal symptoms are frequently observed. Apart from the physical discomfort, EMS has been well noticed in infertility. It is noteworthy that approximately 10% of women of reproductive age are affected by EMS, and a striking 30–50% of women with EMS experience infertility, highlighting the significant role this condition plays in infertility [2]. Since severe adhesions can distort the pelvic anatomical structure in cases of severe EMS, the role of EMS in causing infertility can be easily explained. These anatomical abnormalities are not typically observed in cases of minimal and mild EMS, but a high frequency of infertility is still noted [3]. Surgical treatment with a laparoscopy in women with minimal or mild EMS increases their pregnancy rate to 30.7% from 17.7% in the non-treated group over a 20-week observational period [3,4]. Despite this increase, the pregnancy rates after surgical treatment in women with minimal or mild EMS are lower than those in normal fertile women, suggesting an association between EMS and infertility beyond anatomical abnormalities [5]. Mechanisms such as abnormal folliculogenesis [6], elevated oxidative stress [7], altered immune functions [8], and hormonal milieu in the follicular and peritoneal environment [9], and reduced endometrial receptivity [10] have been proposed to account for fertility impairment in women with EMS, especially mild EMS without anatomical abnormalities due to adhesion, but there is still no satisfactory explanation [11,12].



Considering the severity and prevalence, as well as the lack of solutions for EMS, the elucidation of the etiopathogenic mechanism of EMS becomes one of the critical issues in modern medicine. Recent studies have shown that microRNAs (miRNAs) play significant roles in the etiopathogenesis of diseases along with proteins. microRNfAs are small non-coding RNAs, approximately 21–22 nucleotides in length, known to serve an important function as modulators of gene expression by targeting mRNA for degradation or translation repression [13]. This post-transcriptional regulation of gene expression occurs both in physiological conditions, including cell growth, development, differentiation, proliferation, and cell death, and in pathological conditions, such as cancer and inflammatory diseases [14,15].



Despite the significant role of miRNAs in the pathogenesis of diseases, their importance has not received enough attention in medical research. This review aims to update the current knowledge on the pathogenic role of miRNA in EMS and EMS-associated infertility, as well as the possibility of using miRNA as miRNA-based therapeutics and diagnostic markers for EMS.




2. The Biology of miRNA


miRNAs are small, single-stranded, non-coding RNAs, averaging 22 nucleotides in length. These RNA molecules are highly conserved across eukaryotic species and do not encode proteins. Instead, they modulate post-transcriptional gene expression by binding to the untranslated regions (UTRs) of mRNA at either the 3′ or 5′ terminal ends, preventing protein production. Their critical role in gene regulation is underscored by the fact that approximately one-third of human gene expression is under the control of miRNA [16,17]. Despite their inability to produce proteins, miRNAs exert significant influence over a wide range of biological processes by participating in crucial pathways and contributing to the regulation of normal animal development [18]. The miRNA database (miRBase) has expanded its catalog, listing 434 miRNAs in Caenorhabditis elegans, 466 in Drosophila melanogaster, and a substantial 2588 in humans [19]. miRNA genes are located throughout the genome, spanning functional gene coding and noncoding regions. These genes can be expressed either in clusters or independently.



miRNA is synthesized by either RNA polymerase II or III, followed by the processing of RNA transcripts either post- or co-transcriptionally [20]. This process of miRNA biogenesis is categorized into canonical and noncanonical pathways. The canonical biogenesis pathway (Figure 1) is the dominant route through which miRNAs undergo processing. The biogenesis of miRNAs via the canonical pathway can be summarized in five key stages [21,22,23,24,25], described subsequently:



① Transcription: Canonical primary miRNAs are transcribed by polymerase II (although polymerase III-transcribed miRNA precursors are uncommon) to yield primary miRNA (pri-miRNA) transcripts. The pri-miRNA transcripts can arise within protein-coding genes or intergenic regions.



② DROSHA-Mediated Cleavage: The Drosha nuclease, in conjunction with the RNA-binding protein DGCR8 (forming the Microprocessor complex), initiates endoribonucleolytic cleavage, excising the 5′ and 3′ ends of the pri-miRNA. The outcome is a short hairpin structure known as pre-microRNA (pre-miRNA), typically comprising 60 to 70 nucleotides.



③ Nuclear Export via Exportin-5: Exportin-5, in association with Ran and GTP, binds to the pre-miRNA. This complex facilitates the movement of pre-miRNA through the nuclear pore, translocating it to the cytoplasm.



④ Dicer-Driven Cleavage: within the cytoplasm, Dicer, another enzyme, cleaves the pre-miRNA, generating a double-stranded miRNA duplex of approximately 22 bp in length.



⑤ Incorporation into the RNA-Induced Silencing Complex (RISC) and Strand Selection: one strand of the miRNA duplex, designated as the guide strand, is preferentially chosen to serve as the mature functional miRNA, while the passenger strand is usually degraded.



In addition, beyond the canonical route, several non-canonical miRNA biogenesis pathways have been unveiled. While these pathways exhibit structural and functional similarities to canonical miRNAs, they diverge in their maturation processes, often circumventing specific steps of the conventional biogenesis pathway [26]. These non-canonical pathways employ varying combinations of key proteins found in the canonical pathway, predominantly including Drosha, Dicer, exportin 5, and AGO2 [27]. Broadly, non-canonical miRNA biogenesis can be categorized into two groups: those that are independent of Drosha/DGCR8 and those that are independent of Dicer. The Drosha/DGCR8-independent pathway generates pre-miRNAs resembling Dicer substrates. Notably, “mirtrons” exemplify this type of pre-miRNA, originating from mRNA introns during splicing [28,29].




3. The Pathological Role of miRNA in Endometriosis


EMS is a common gynecological disorder characterized by pelvic pain, heavy menstruation, and infertility. Roughly half of women affected by EMS encounter difficulties with infertility [30,31]. Multiple studies indicate that women in the early stages of EMS face reduced prospects of natural conception, and there has been a growing prevalence of EMS among women experiencing infertility [5,32]. Among patients with this milder form of the disease, potential mechanisms leading to infertility include persistent inflammation, disrupted ovulation, impaired embryo implantation, and suboptimal receptivity of the endometrial lining [33]. Nonetheless, the precise underlying mechanism of infertility linked to EMS remains elusive.



Although the etiopathogenic mechanisms of EMS have not yet been fully elucidated, the current research indicates that miRNAs are involved in the disease. The differential expression of miRNAs has been repeatedly observed in endometrial tissues and in the extracellular body fluids of women with EMS in contrast to those without the condition [12,34]. This variance in miRNA expression signifies disrupted gene regulation. Profiling miRNAs in individuals with EMS holds the potential to provide valuable insights into understanding the mechanisms driving the development of the disease.



3.1. The Pathogenic Mechanisms of Endometriosis


While EMS is often linked to infertility [35], the precise mechanisms driving this association remain incompletely understood. Numerous investigations have been undertaken to shed light on this issue, with various authors proposing diverse mechanisms that could potentially contribute to infertility [36,37,38]. These mechanisms encompass anatomical and microenvironmental factors that may have detrimental effects on oocyte maturation, fertilization, zygote transportation within the fallopian tube, embryo implantation, and even sperms function.



3.1.1. Ovary Dysfunction


Patients with EMS exhibited the abnormal secretion of Luteinizing Hormone (LH), potentially leading to ovarian dysfunction [39]. Alterations in folliculogenesis among individuals with EMS may contribute to issues such as ovulatory dysfunction, diminished oocyte quality, reduced fertilization rates, the production of lower-grade embryos, and decreased implantation success [6,40]. In an observational in vitro fertilization (IVF) study involving natural cycles, it was observed that patients with minimal-to-mild EMS had significantly longer follicular phases and lower fertilization rates when compared to women with tubal factor infertility and unexplained infertility [39]. Women with EMS were also found to exhibit a slower rate of follicular growth [41] and smaller dominant follicles compared to women with unexplained infertility [42]. Additionally, EMS patients often experience abnormal follicle development, ovulation, and luteal function [43].




3.1.2. Dysregulated Immune Function, Hormonal Imbalance, and Oxygen Species in Follicular Fluid


EMS is linked to inflammatory changes in the follicular fluid (FF) environment. A case-controlled study comparing patients with EMS to those with other causes of infertility has noted an increased percentage of B lymphocytes, Natural Killer (NK) cells, and monocyte–macrophages in the FF. This suggests potential alterations in the immunological function within the FF of individuals with EMS [44]. Elevated concentrations of interleukins IL-6, IL-1b, IL-10, and Tumor Necrosis Factor-alpha (TNF-alpha), along with decreased Vascular Endothelial Growth Factor (VEGF), have been documented in the FF of EMS patients [45,46,47]. Immunological changes in the follicular fluid (FF) and serum of women with EMS may contribute, at least in part, to the pathological changes associated with infertility in these patients [8]. For instance, VEGF, known for enhancing follicular health and vascularization, is found in reduced levels in women with EMS [46], potentially associated with diminished embryo quality and implantation rates [6].



Notably, significantly elevated concentrations of TNF-alpha in granulosa cell cultures from women with EMS have been reported [48], which may also be linked to infertility [49]. A study demonstrated that the use of etanercept, an immunoglobulin fusion protein that hinders TNF-alpha activity, reduced the severity of EMS and the size of endometriotic foci in an animal study [50]. Unlike the effect on EMS, the inhibition of TNF-α did not appear to affect infertility [51]. However, the use of etanercept before in vitro fertilization (IVF) enhanced the success rate in cases of advanced EMS [51]. Cytokine changes may influence alterations in the granulosa cell cycle, as previously observed in EMS patients [7]. For example, elevated levels of IL-10 were shown to prevent the natural downregulation of p27, leading to a G0 phase arrest [52]. Several other cytokines, elevated in the FF of EMS patients, such as IL-6, IL-1b, IL-8, or IL-1a, likely contribute to various cell cycle abnormalities, further contributing to subfertility in these patients [7].



Additionally, increased levels of IL-6 in the preovulatory follicles of EMS patients have been found to result in decreased aromatase activity via the MAPK signal pathway. This reduced aromatase activity leads to the decreased intrafollicular conversion of androstenedione to estrone and the subsequently diminished conversion of androstenedione to testosterone, which is aromatized to estradiol (E2) [53,54]. This decrease in follicular E2 levels may result in fertility issues, including reduced fertilizing capacity [53]. Changes in progesterone levels have also been observed in the FF of EMS patients, suggesting that altered steroidogenesis likely plays a significant role in EMS-associated infertility. However, a direct relationship between infertility and modified progesterone levels has yet to be firmly established [6]. Some researchers have proposed impaired LH production as the primary pathophysiology underlying impaired ovulation [39]. It has been suggested that Gonadotropin-Surge Attenuating Factor (GnSAF), a small polypeptide primarily produced by small follicles in the FF, contributes to decreased LH levels in EMS patients. GnSAF decreases the ability of E2 to sensitize the pituitary to the gonadotropin-releasing hormone, thereby reducing the pituitary’s potential to produce LH. Since estrogen levels are lower in the FF of EMS patients, the antagonistic actions of GnSAF against LH production are likely to result in suboptimal LH levels and impaired ovulation [55].



Various studies have explored changes in the composition of follicular fluid (FF) in women with EMS, including cytokines [56,57], oxidative stress markers [58,59,60,61,62,63], metals [64], growth factors, prostaglandins [65], and macrophage activation patterns [66]. The evidence of oxidative stress (OS) in the follicular microenvironment of these women [58,59,60,61,62,63] suggests that both their peritoneal fluid (PF) and FF may contain substances detrimental to oocyte competence acquisition. In this regard, studies evaluating the effect of FF from infertile women with EMS on the in vitro maturation of bovine oocytes have shown spindle and chromosomal damage [67], which could be prevented by adding antioxidants to the maturation medium, implying a pro-oxidant microenvironment in the ovarian follicles of these women [68]. These alterations may result from OS-induced damage to oocyte cell structures. Evidence also indicates higher levels of 8-Hydroxy-2-Deoxy-Guanosine (8OHdG) in the FF of infertile women with EMS, suggesting oxidative DNA damage in cumulus-oocyte complexes and a possible mechanism contributing to impaired oocyte quality in these patients [59].




3.1.3. Dysregulated Immune Function, Hormonal Imbalance, and Oxygen Species in Peritoneal Fluid


Altered conditions within the peritoneal fluid (PF) environment of individuals with EMS typically lead to the growth, proliferation, and inflammation of ectopic endometrial tissue [69]. Changes in both humoral and cell-mediated immunity have been observed in the peritoneal environment of EMS patients [70].



A pronounced inflammatory response, accompanied by heightened reactive species and cytokines, can create an unfavorable pelvic environment, which is reflected in the composition of PF in these women [71,72,73,74]. Studies have indicated that changes in the PF composition of women with EMS, encompassing alterations in cellular and humoral mediators [75,76,77,78], including pro-inflammatory cytokines such as TNF-alpha, interleukin (IL)-1β, IL-6, IL-8, IL-10, IL-13, IL-17, IL-33, Monocyte Chemoattractant Protein (MCP)-1, Macrophage Migration Inhibitory Factor (MIF), and Regulated on Activation, Normal T Cell Expressed and Secreted (RANTES) [79,80,81,82,83,84,85], chemokines [86], angiogenic factors [84,87,88], and increased activated macrophages, T-lymphocytes, and NK cells [69], may lead to chronic inflammation, lesion proliferation, and local hormonal imbalances, which, in turn, can result in poor oocyte quality, impaired sperm motility, embryo toxicity, and reduced endometrial receptivity [89].



Increased levels of E2 in the PF of EMS patients have been shown to stimulate the cyclo-oxygenase-2 (COX-2) enzyme, which subsequently upregulates Prostaglandin E2 (PGE2) production. Prostaglandin E2 is the most potent stimulator of aromatase expression in endometriotic tissue [52], leading to elevated E2 production, further promoting its own proliferation and growth [7]. E2 and PGE2 then upregulate COX-2, initiating a positive feedback loop, resulting in a sustained endometriotic state [9]. Pregnancy-associated plasma protein (PAPP-A), produced by the endometrium, ovary, and placenta, exhibits protease activity towards insulin-like growth-factor-binding protein-4 (IGFBP-4), which normally suppresses follicular E2 production. The protease activity of PAPP-A reduces Insulin-like Growth-Factor-Binding Protein-4 (IGFBP-4) levels, leading to increased levels of free Insulin-like Growth Factors (IGF), which synergize with Follicle-Stimulating Hormone (FSH). IGF, in conjunction with LH, increases androstenedione and testosterone production, which are then aromatized under the influence of FSH into Estrone (E1) and E2, respectively [54,90]. Typically, this conversion would occur in the follicular aromatase. However, due to decreased aromatase activity in the follicles of EMS patients, the conversion takes place in the endometriotic tissue where there is an abnormally increased expression of aromatase, further accentuating the endometriotic state. This is supported by a study reporting increased PAPP-A levels in the peritoneal microenvironment of EMS patients, with the degree of elevation correlating with disease severity [91].



The production of abundant amounts of Reactive Oxygen Species (ROS) by elevated numbers of macrophages and polymorphonuclear leukocytes in the PF of EMS patients has been documented [92]. Two studies have also found increased ROS in EMS PF, although the levels were not significantly different from those in disease-free controls [93,94]. Based on these studies, it is believed that the development of oxidative stress (OS) in the local peritoneal environment may be one of the contributing factors in the chain of events leading to EMS-associated infertility [95]. It has also been proposed that redox levels may modulate the severity, dynamics, and progression of the disease. The increase in both the number and activity of macrophages in EMS is accompanied by the release of additional cytokines and other immune mediators, such as nitric oxide (NO) [96]. Nitric oxide is a free radical and a regulator of apoptosis [97]. Low levels of NO play an essential role in ovarian function and implantation. However, higher levels of NO and nitric oxide synthase (NOS) are observed in the endometrium of women with EMS [98].



In the PF of women with EMS-associated infertility, the total antioxidant capacity is reduced, and individual antioxidant enzymes, such as superoxide dismutase, are significantly lower [99]. Moreover, lipid peroxide levels are highest among patients with EMS, suggesting a potential role for ROS in the development of EMS [71]. An imbalance between antioxidants and oxidants has been reported in many studies investigating PF from women with EMS. It has also been theorized that ROS may contribute to the formation of adhesions associated with EMS. Although adhesions due to EMS are known to reduce fertility, the precise mechanism remains incompletely understood [100]. Additionally, alterations in folliculogenesis, likely caused by OS, may impair oocyte quality and have been proposed as a cause of subfertility associated with EMS. Levels of the OS marker, 8-hydroxy 1-deoxyguanosine, were higher in patients with EMS compared to those with tubal, male-factor, or idiopathic infertility [101].



OS has also been shown to induce genomic and mitochondrial DNA damage [68], directly resulting in reduced fertility [102]. It was observed that spermatozoa exhibited heightened DNA fragmentation when exposed to peritoneal fluid (PF) from patients with EMS. Moreover, the degree of fragmentation increased in correlation with the stage of EMS and the duration of infertility [103]. Similarly, oocytes displayed increased DNA damage when subjected to PF from EMS patients, with the extent of damage being influenced by the duration of exposure to the PF [104]. As anticipated, embryos cultivated in the PF of EMS patients also exhibited DNA fragmentation [105]. This elevated DNA damage in sperm, oocytes, and resulting embryos is believed to contribute to the higher rates of miscarriages, as well as fertilization and implantation failures, observed in individuals with EMS [103].




3.1.4. Sperms Dysfunction


The presence of activated macrophages, cytokines, elevated TNF-alpha levels, heightened growth factors, and oxidative stress (OS) within the peritoneal fluid (PF) of infertile women affected by EMS can potentially exert toxic effects on sperm function [105,106,107,108]. These altered factors may lead to reduced sperm motility [107,109], induce sperm DNA fragmentation [108], promote abnormal sperm acrosome reactions [110], disrupt sperm membrane permeability or integrity [111], impair the interaction between sperm and the uterine tube epithelium [112], and hinder sperm–oocyte fusion [106]. These mechanisms represent additional potential contributors to infertility in individuals with EMS.




3.1.5. Implantation Failure and Impaired Endometrial Receptivity


Uterine receptivity refers to the capacity of the endometrium to facilitate the normal implantation of an embryo [113]. When uterine receptivity is compromised, it can lead to various reproductive issues, ranging from the inability of embryos to implant (resulting in infertility) to incomplete or insufficient implantation (which may result in miscarriages). Histologically, uterine receptivity is established during the mid-luteal phase, commonly referred to as the “window of implantation” (WOI). This critical period is characterized by the occurrence of decidualization, a process that takes place in each menstrual cycle independently of the presence of an embryo [114,115]. However, conditions like EMS can disrupt this delicate process. EMS can interfere with uterine receptivity through various mechanisms, including the dysregulation of important signaling pathways and molecules in endometrial stromal cells, alterations in the expression of genes within the endometrium, changes in cell physiology, and the development of vascular abnormalities, among other factors [114].



In a well-functioning endometrium, the signaling of progesterone (P4) and estrogen is intricately synchronized, following a pattern dictated by the phase of the menstrual cycle. This coordination plays a vital role to maintain a regular menstrual cycle, facilitating successful embryo implantation, and fostering the progression of pregnancy [116]. During the proliferative phase, estrogen stimulates the proliferation of epithelial cells, whereas P4 counters the effects of estrogen, marking the onset of the secretory phase. This phase change prompts stromal cells to undergo decidualization. The disruption in the balance of these hormones—characterized by P4 resistance and an overwhelming influence of estrogen dominance—leads to EMS-associated infertility [116,117].



P4 serves as a critical regulatory hormone, preparing the uterus for implantation and sustaining pregnancy. Its effects hinge on the progesterone receptor (PR), with two subtypes (PR-A and PR-B) acting as ligand-activated transcription factors. Their absence, as seen in PR-specific knockout, leads to pregnancy failure due to unchecked estrogen-driven epithelial cell growth and compromised stromal decidualization [118]. Female mice lacking both PRA and PRB experience reproductive issues, underscoring the importance of epithelial PR expression for successful embryo implantation, the containment of estrogen-driven epithelial proliferation, and stromal decidualization. When the endometrium responds inadequately to P4, it is termed P4 resistance, notably seen in EMS as an inability to activate PR [119]. This receptor expression links to various transcriptional pathways. Chromatin-remodeling protein ARID1A, integral to steroid hormone signaling, potentially regulates PR as a target gene. Reduced ARID1A levels are associated with infertile EMS patients’ endometrium [120].



The P4-triggered Ihh-COUP-TFII signaling axis orchestrates essential epithelial–stromal interactions for embryo implantation and stromal decidualization. Indian Hedgehog (Ihh) ligands engage patched receptors (Ptch1 and Ptch2), heightening COUP-TFII expression in stromal cells. COUP-TFII, an orphan nuclear receptor, influences proper embryo implantation and decidualization. Ihh’s orchestration of uterine receptivity and decidualization, via pathways like Ihh-Ptch1-COUP-TFII-Hand2-Bmp2 and Wnt4 signaling, is hindered in EMS [121]. EMS-associated molecular signaling disruptions, such as KRAS activation and elevated SIRT1/BCL6, may impede Ihh signaling in the endometrium. This signaling axis significantly mediates PR, thus impaired Ihh signaling contributes to EMS-associated progesterone resistance [122].



Wnt signaling, particularly the Wnt/β–catenin pathway, significantly contributes to blastocyst activation, uterine development, and decidualization. During mouse uterine decidualization, Wnt signaling dynamically expresses diverse Wnt ligands, Frizzled Receptors (Fzd), inhibitors (Dkk1, Sfrps), and transcriptional activators (β-catenin, etc.). Bone morphogenetic protein 2 (Bmp2), the downstream of PR, acts as a key paracrine factor, transmitting embryonic adhesion signals from the epithelium to stroma, initiating decidualization. Bmp2’s role in decidualization through FK506-binding proteins (Fkbps) and Wnt ligands is evident in conditional knockout mouse models. Uterine β-catenin knockout impairs endometrial decidualization [123]. PR interacts with nuclear transcription factors to regulate decidual processes. FOXO1 collaborates with PR to promote the expression of decidua-related genes (IGFBP1, PRL). Reduced FOXO1 expression in EMS patients’ secretory endometrium is attributed to hyperactive PI3K/AKT pathways [124,125]. Mutations in PR lead to sterility in mice, characterized by diminished or absent ovulation, uterine hyperplasia, the absence of endometrial decidualization, and the restricted development of mammary glands [116].



Estrogen plays a pivotal role in regulating the transition of the endometrium into a receptive state. In a mice model of delayed implantation treated with P4, researchers observed that the receptive window’s duration was extended with lower estrogen levels, but rapidly shortened with higher concentrations [126]. Thus, the estrogen levels dictate the receptive window’s duration in the uterus. EMS is an estrogen-dependent gynecological disorder characterized by excessive estrogen signaling, leading to an elevated production of 17-β estradiol (E2). This affects both the eutopic endometrium and ectopic sites. Dysregulated 17β-HSD1 expression, rather than aromatase anomalies, has been linked to hyperestrogenism [127].



Maintaining an optimal balance between pro- and anti-inflammatory factors at the maternal–fetal interface is crucial for a successful pregnancy. Excessive inflammation is unfavorable for embryo implantation. Both peripheral blood (PB) and peritoneal fluid (PF) in EMS patients contain an array of substances secreted by endometriotic implants and immune cells, such as growth factors, steroid hormones, and inflammatory agents, creating an inflammatory microenvironment [128,129]. The profile of pro- and anti-inflammatory cytokines evolves dynamically in EMS patients. In EMS, the cytokine profile in PF shifts from unfavorable (e.g., IL-1β, IFN-γ, and TNF-alpha) to favorable (e.g., IL-4, IL-10, and TGFβ) for pregnancy as the condition progresses [130,131]. Elevated levels of TNF-alpha, IL-1, IL-6, and IL-17 in PF are generally observed in EMS patients [83]. Research by Lessey et al. revealed that PF negatively affects the endometrium (specifically LIF and integrin αvβ3) in EMS-afflicted women [132], suggesting that inflammatory cytokines in PF directly impact the endometrium. The study also found higher levels of pro-inflammatory cytokines (IL-1α, IL-1β, and IL-6) in the endometrial fluid of EMS patients [133].



The immune cells implicated in the initiation and progression of endometrial lesions encompass macrophages, neutrophils, NK cells, dendritic cells, and regulatory T cells (Treg). These immune cells release chemokines and cytokines, crucial for communication that influences endometrial receptivity for embryo implantation. Emerging evidence suggests the altered immune status in both endometrium and peritoneal environment in EMS patients, contributing to infertility and pregnancy failure [134,135]. Uterine NK (uNK) cells are crucial for successful embryo implantation and pregnancy. They contribute in embryo bio-sensing and impact endometrial fate decisions during implantation [136]. In cases of EMS, elevated CD16+ uNK cells might lead to an increased infertility risk due to an adverse inflammatory environment affecting implantation and decidualization [137].



Methylation changes in the Human Homeobox A10 (HOXA10) genes are significant as their dysregulation can contribute to EMS. HOXA10 expression is regulated by estrogen and progesterone [130]. These genes are pivotal for normal endometrial changes during the menstrual cycle, governing growth, differentiation, and embryo implantation [137,138]. In EMS patients, reduced HOXA10 expression during the secretory phase leads to decreased uterine receptivity and related infertility [136,138].





3.2. The Pathological Role of miRNAs in Endometriosis


Recent research has illuminated the presence of an abnormal array of miRNAs characterizing EMS, exerting a significant influence on the expression of relevant target mRNAs [139]. miRNAs encompass a diverse range, contributing to various stages of EMS. These molecules exhibit remarkable stability and can be found both intracellularly and in various body fluids [140,141]. Their altered expression in both blood and endometrial tissues suggests their potential relevance to the pathology of the EMS as well as EMS-associated infertility.



Several studies have reported changes in the expression of specific miRNAs in endometriotic lesions. These miRNAs include miR-1, miR-29c, miR-34c, miR-100, miR-141, miR-145, miR-183, miR-196b, miR-200a, miR-200b, miR-200c, miR-202, miR-365, and miR-375 [142]. Some of these miRNAs are known to play roles in processes such as Epithelial-Mesenchymal Transition (EMT), angiogenesis, cell proliferation, cell adhesion, and invasion [142,143]. EMT and angiogenesis are crucial components of the pathophysiology of endometriotic lesion formation. EMT is associated with cell migration and invasion during lesion development, while angiogenesis is required to establish a blood supply for the growing lesions.



In a related discussion by Nothnick, additional dysregulated miRNAs are highlighted, including miR-15, miR-20a, miR-23a/b, miR-29c, miR-126, miR-142, miR-145, miR-183, miR-199a, and miR-451. Distinctions are drawn between miRNAs that likely serve as key drivers of the disease, influencing cell proliferation, invasion, and angiogenesis [144].



Ohlsson Teague et al. analyzed paired samples of eutopic and ectopic endometrial tissue in EMS patients. Microarray analysis revealed the differential expression of 22 miRNAs, with 14 being upregulated (miR 145, miR 143, miR 99a, miR 99b, miR 126, miR 100, miR 125b, miR 150, miR 125a, miR 223, miR 194, miR 365, miR 29c, and miR 1) and 8 downregulated (miR 200a, miR 141, miR 200b, miR 142 3p, miR 424, miR 34c, miR 20a, and miR 196b). Among these, miR-145 was the most upregulated, while miR-141 was the most downregulated [145].



Cho et al. compared miRNA expression in serum samples of women with and without EMS. They found that miRNAs miR-135b, let-7b, let-7d, and let-7f were expressed at lower levels in EMS patients. They suggested that let-7b’s role in EMS might involve the dysregulation of the p53 pathway and cell cycle control [146].



Profiling peripheral blood in women with Stage III and IV EMS compared to those without EMS revealed the differential expression of 27 miRNAs. Six of these (miR-17-5p, miR-20a, miR-22, miR-15b-5p, miR-21, and miR-26a) were significantly downregulated in EMS. This study also observed altered levels of angiogenesis-related factors like VEGF A and TSP-1 [147,148]. miR-20a’s role in EMS remains controversial, with some studies indicating its upregulation in EMS [149]. Its function in angiogenic gene regulation requires further investigation to clarify its role in EMS pathogenesis.



Braza Boïls et al. found the lower expression of miR-449b-3p in ovarian endometriomas compared to eutopic endometrium. Additionally, diseased eutopic endometrial tissue showed lower levels of miRNAs miR-202-3p, miR-424-5p, miR-449b-3p, and miR-556-3p, along with higher levels of VEGF A. These findings suggest a potential role of miRNAs in regulating angiogenic activity in EMS [150]. Zolbin et al. conducted a study on adipocyte cells transfected with miRNA mimics and inhibitors (let-7b and miR-342-3p). They found that altered miRNA levels may alter the expression of genes involved in brown adipocyte differentiation, appetite, insulin sensitivity, and fat metabolism, potentially contributing to the low BMI phenotype observed in EMS patients [151].



Enhanced miR-146 levels marked EMS patients, with a greater expression in those suffering from pain symptoms and reduced Interferon Regulatory Factor 5 (IRF5) expression, which negatively regulates inflammation. This finding suggested an important role of the miR-146b level and variants in EMS [152]. Another individual study of miRNA related to EMS showed that a lower level of miR-126-5p combined with elevated BCAR3 expression facilitated the migration and invasion of EMS stromal cells [153]. Research showed that the miR-200 family, pivotal in EMT, which is crucial for endometriotic lesion development, showed reduced expression in both endometriomas and endometriotic lesions [154,155]. Moreover, miR-214-3p downregulation was tied to inhibiting EMS lesion fibrosis by targeting Connective tissue growth factor (CCN2) [156]. The downregulation of miRNA-34a-5p in endometrial stem cells led to the increased expression of VEGFA, which in turn promoted angiogenesis and contributed to the development and progression of EMS [157].




3.3. The Pathological Role of miRNA in Endometriosis-Associated Infertility


Extensive research has firmly established the adverse effects of EMS on fertility. Within this context, miRNA investigations have played a pivotal role (Table 1) in elucidating the intricacies of how EMS contributes to infertility.



Microarray assessments spotlighted diminished miR-543 expression in endometrial tissue from individuals grappling with EMS-associated infertility during the Window of Implantation (WOI), suggesting potential repercussions for embryo implantation [158]. Elevated miR135a and miR135b were identified in the endometrial tissue of EMS patients, highlighting how their overexpression downregulates implantation-related genes, including HOXA10 [159]. Increased miR-29c expression in the endometrial tissue of EMS patients correlated with impaired FK506 Protein Binding 4 (FKBP4) (Decidualization marker) expression, potentially contributing to progesterone resistance [160]. miR-194-3p plays a role in the development of progesterone resistance in EMS, leading to impaired fertility. This occurs through its suppression of PR levels and the decidualization process in the eutopic endometrium [161]. The expression of miR-2861 was found to be downregulated in endometriotic tissues. Decreased levels of miR-2861 might encourage the growth of ectopic endometrial cells in EMS by promoting cell proliferation and inhibiting apoptosis. Research has revealed a significant impairment in the regulation of apoptosis within the endometrium of infertile women with tubal factor and endometriosis. They have observed a significant inhibition of apoptosis in the endometrium of infertile women with EMS during the implantation window [162,163].



In the context of EMS, overexpressed miR-33b decreases Wnt/β-catenin signaling and inhibits the zinc finger E box-binding homeobox 1 (ZEB1) protein expression, which seemingly instigates EMS progression and impaired endometrial decidualization [164,165]. Moreover, miR-488 has been found to have inhibitory effects on certain aspects of cell behavior in EMS. Specifically, miR-488 targets a protein called Frizzled-7 (FZD7), which is a part of the Wnt signaling pathway. The Wnt pathway is important for cell proliferation, migration, and invasion also. In EMS, miR-488 overexpression reduced the levels of FZD7, which in turn downregulated the Wnt pathway. This led to a decrease in the proliferation, migration, and invasion of endometrial glandular epithelial cells in mice with EMS [166].



In the analysis of the ectopic endometrium, researchers observed a notable decrease in the expression of miR-141-3p compared to both the eutopic endometrium and endometrium samples from healthy controls. This particular miRNA appears to play a crucial role in the regulation of apoptotic processes. Its reduced expression led to an increase in BCL-2 levels while decreasing bax expression, thereby inhibiting apoptosis. This effect is achieved through the targeting of Krüppel-like factor 12 (KLF-12). Notably, the downregulation of miR-141-3p had a significant impact on elevating the protein levels of KLF-12 [167,168,169,170]. Moreover, several studies have indicated that KLF-12 functions as a negative regulator during the decidualization of endometrial stromal cells (ESCs) [171,172,173]. Downregulated miR-205-5p reduced apoptosis and promoted migration and invasion in the ectopic endometrium by targeting the angiopoietin-2 (ANGPT2) [163,174].



The downregulation of miR-138 expression induced inflammation through the NF-κB signaling pathway and reduced apoptosis via the NF-κB/VEGF signaling pathway in EMS. Some studies have investigated the implications of immune dysfunction and the inhibition of apoptosis in endometriosis-associated infertility, highlighting how immune system dysfunction and the reduction of apoptosis can affect fertility in individuals with EMS [6,89,128,163,175]. The increased expression of miR-370-3p induced apoptosis and suppressed cell proliferation in endometriotic cells. Simultaneously, Steroidogenic factor 1 (SF-1) inhibited the decidualization process in the endometrium, leading to infertility. This also led to the abnormal development of uterine glands, shifts in immune homeostasis, and physiological inflammatory responses [176,177]. Among EMS patients, the miR-34 family exhibited downregulated expression across three members, implying that miR-34a reduced apoptosis and miR-34c, and miR-34b downregulation potentially governed progesterone resistance, promoting proliferation and ectopic tissue survival [171,172]. In the eutopic endometrium of patients with EMS, overexpressed miR-196a upregulated MEK/ERK signaling through PR downregulation and inhibited decidualization [173].



Downregulated miR-9 has been identified as a regulator targeting BCL-2, an anti-apoptotic protein that exhibits increased expression in females diagnosed with EMS [163,178]. miR-451 showed downregulation in the eutopic endometrium with EMS and YWHAZ, OSR1, TTN, and CDKN2D were the potential target genes of the miRNA. This downregulation expression of the miRNA could be responsible for the proliferation promotion and apoptosis inhibition [163,179]. Progesterone has been demonstrated to exert regulatory control over miR-125b. By modulating the expression of one of its target genes, MMP26, this regulatory mechanism can influence endometrial receptivity in women undergoing in vitro fertilization procedures [180]. Upregulated miR-139-5p in ectopic stromal cells with EMS suppressed the impact of the HOX genes HOXA9 and HOXA10 [181]. A study showed that the endometrium expressed both HOXA9 and HOXA10 genes at elevated levels, and these genes had crucial functions in regulating endometrial receptivity [182].



miR-210-3p has been implicated in the pathogenesis of EMS, with research indicating its upregulation in both the eutopic and ectopic endometrial tissues of women diagnosed with EMS when compared to the endometrial tissues of healthy women. This specific miRNA is believed to play a role in processes such as cell proliferation and the response to DNA damage caused by oxidative stress through targeting the BARD1 gene [102,183]. miR22-5p was found to be downregulated in the eutopic endometrium of women with EMS during the secretory phase. During the implantation window in the human endometrium, there is a notable upregulation of ten-eleven translocation (TET2), a key marker involved in DNA hydroxy-methylation. This upregulation of TET2 and estrogen receptor 2 (ESR2) expression are directly controlled by miR22-5p [184]. Increasing the expression of miR-27b-3p led to the inhibition of HOXA10 expression, ultimately leading to increased proliferation, migration, and invasion capabilities in EMS cells [185,186].



In progesterone-resistant EMS, there was an observed increase in the expression of miR-92a. This higher miR-92a expression was found to be inversely associated with reduced PTEN (Phosphate and Tension Homolog Deleted on Chromosome 10) expression. The elevated levels of miR-92a were linked to enhanced cell proliferation and the development of progesterone resistance in EMS patients [187]. A reduction in the levels of long noncoding RNA H19, leading to its binding with miRNA let-7, had resulted in increased let-7 activity within the eutopic endometrium in EMS patients. Research had demonstrated the significant roles played by H19 and let-7 in influencing the IGF signaling pathway. As a consequence, the diminished IGF1 signaling pathway had hindered stromal cell proliferation in the eutopic endometrium, ultimately leading to impaired endometrial receptivity [188]. Figure 2 illustrates the pivotal role of miRNA in EMS-associated infertility.





 





Table 1. Role of Dysregulated Key miRNAs in Endometriosis-associated Infertility.
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	miRNAs
	Dysregulation
	Target Gene/Signaling Pathway
	Effects
	Ref.





	miR-543
	Downregulated
	-
	Affect embryo implantation
	[158]



	miR-135a/b
	Upregulated
	HOXA10
	Downregulate the expression of implantation-related genes, including HOXA10
	[159]



	miR-29c
	Upregulated
	FKBP4
	Lead to impaired expression of FKBP4 (Decidualization marker)—progesterone resistance
	[160]



	miR-194-3p
	Upregulated
	PR
	Progesterone resistance, inhibit decidualization
	[161]



	miR-2861
	Downregulated
	STAT3,

MMP2
	Upregulate STAT3 and MMP2 expression and thus promote proliferation and inhibit apoptosis of ectopic endometrial cells in EMS
	[162,163]



	miR-33b
	Upregulated
	Wnt/β-catenin
	Decrease Wnt/β-catenin signaling, inhibit the zinc finger E-box-binding homeobox 1 (ZEB1) protein expression, impair endometrial decidualization
	[123,164,165]



	miR-488
	Downregulated
	Wnt signaling
	Suppress Wnt signaling, inhibit endometrial glandular cell proliferation, migration, and invasion
	[123,166]



	miR-141-3p
	Downregulated
	KLF12
	Inhibit apoptosis, induce cell proliferation and migration decrease decidualization in ectopic endometrial stromal cells (ESCs)
	[167,168,169,170]



	miR-205-5p
	Downregulated
	ANGPT2
	Reduce apoptosis and promote migration and invasion in ectopic endometrium
	[163,174]



	miR-138
	Downregulated
	NF-κB/VEGF
	Induce inflammation, reduce apoptosis via inhibition of nuclear factor-NF-κB and VEGF signaling pathway
	[175]



	miR-370-3p
	Downregulated
	SF-1
	Reduce apoptosis, induce cell proliferation, inhibit decidualization—results in infertility
	[176,177]



	miR-34a/b/c
	Downregulated
	SIRT1
	Progesterone resistance, enhance proliferation and ectopic tissue survival
	[171,172]



	miR-196a
	Upregulated
	MEK/ERK
	Progesterone resistance, decrease decidualization
	[173]



	miR-9
	Downregulated
	BCL-2
	Reduce apoptosis
	[163,178]



	miR-451
	Downregulated
	YWHAZ, OSR1, TTN, and CDKN2D
	Promote proliferation and inhibit apoptosis
	[163,179]



	miR-125b
	Upregulated
	MMP26
	Change progesterone level and influence endometrial receptivity
	[180]



	miR-139-5p
	Up-regulated
	HOXA9, HOXA10
	Impair endometrial receptivity
	[181,182]



	miR-210-3p
	Up-regulated
	BARD1
	Promote cell proliferation, response to DNA damage caused by oxidative stress
	[102,183]



	miR22-5p
	Downregulated
	TET2
	Regulate estrogen receptor 2 expression, DNA methylation
	[184]



	miR-27b-3p
	Upregulated
	HOXA10
	Enhance cell proliferation, migration, and invasion
	[185,186]



	miR-92a
	Upregulated
	PTEN
	Progesterone resistance, higher cell proliferation
	[187]



	miRNA

Let-7 family
	Upregulated
	H19

IncRNA, IGF1R, KRAS
	Inhibit eutopic endometrial cell proliferation, leading to impaired endometrial receptivity
	[188]










4. A Possibility of Using miRNA as a Diagnostic Marker for Endometriosis


miRNAs have highly stable structures and play a significant role in regulating various pathological processes during the formation of EMS, they are involved in controlling the adhesion, invasion, apoptosis, angiogenesis, and proliferation of endometriotic cells [185,189,190]. Within the cells, miRNAs directly participate in the post-transcriptional regulation of target genes, while outside the cells, they can bind to proteins or extracellular vesicles, thus avoiding degradation by ribonucleases [165,191]. This allows them to remain stable in the bloodstream, suggesting that miRNAs have the potential to serve as ideal diagnostic markers. Over the past decade, the application of miRNA in the diagnosis of EMS is one of the hot topics in the field of miRNA research. Numerous studies have reported various miRNA types that could be utilized for diagnosing EMS. Among these, miR-451, the miR-200 family, miR-199, miR-125, and let-7-family have consistently demonstrated good diagnostic performance in multiple studies, making them promising candidate biomarkers for diagnosing EMS [146,192,193,194,195].



4.1. miR-451


Multiple studies have demonstrated that the expression levels of miR-451 are upregulated in both the blood and tissue of patients with EMS. In the year 2020, a prospective clinical study was conducted by Sarah and colleagues [196]; the study included 100 patients who required gynecological laparoscopic surgery for various reasons. These patients were divided into two groups, the EMS group and the control group, based on whether endometriotic lesions were found during laparoscopy. Prior to the surgery, peripheral blood samples were collected from these 100 patients, serum was obtained from the peripheral blood through centrifugation, and real-time quantitative PCR was employed to examine the levels of miRNAs in the subjects’ serum. The results revealed significant increases in the levels of miR-451a, miR-125b-5p, miR-150-5p, and miR-324-3p in the EMS group. Conversely, the levels of miR-3613-5p and let-7b were significantly decreased in this group. When miR-451a was used as a standalone diagnostic marker for EMS, the area under the curve (AUC) was 0.84, and the sensitivity and specificity were 90.0% and 91.2%, respectively. These findings suggest that miR-451a could serve as a promising biomarker for predicting EMS. In another two previous studies, the Receiver Operating Characteristic (ROC) curves for miR-451a were 0.835 and 0.86 [197,198], demonstrating the favorable reproducibility of miR-451a as a biomarker. Furthermore, this study included patients who underwent treatment with estrogen and progestin hormones, in contrast to many previous studies which had excluded patients receiving hormonal treatment, and the results indicated that there was no significant difference in the serum miRNA levels based on whether hormonal treatment was administered. This further broadens the scope of using miRNAs as biomarkers for diagnosing EMS across different patient populations.



Reportedly, 30% to 50% of patients with EMS also experience infertility. In these types of patients, the levels of miR-451a in the serum are also significantly elevated [199]. This suggests that miR-451a can serve as a potential biomarker for predicting both EMS-associated infertility patients.




4.2. miR-199


Research has confirmed a significant elevation in the levels of miR-199a in the blood of patients with EMS. In 2017, Ahmed M and colleagues conducted a prospective cohort study in Egypt, which for the first time incorporated a substantial sample size (45 cases in the group and 35 cases in the control group) for investigation [200]. The results demonstrated a marked increase in miR-199a levels in both the serum and peritoneal fluid of the EMS group, and sensitivity and specificity for diagnosing EMS were both 100%, with an AUC value of 1 in the ROC curve, indicating that miR-199a could serve as a reliable indicator for diagnosing EMS. These findings align with the value of miR-199a in the EMS diagnosis, as first published by Wang et al., in 2013 [201]. Wang’s research indicated a correlation between elevated miR-199a levels and the severity of lesions. However, this correlation was not confirmed in Ahmed M’s study, where the authors speculated that this discrepancy might be attributed to differences in age, ethnicity, and sample sources among the participants.




4.3. miR-125


The expression of miRNA-125b is significantly upregulated in the serum of patients with EMS. In a clinical study conducted in 2016 by Cosar E and colleagues [198], which included 48 study subjects, 24 of whom were patients with EMS (the experimental group) and 24 were patients undergoing laparoscopic surgery for various benign gynecological conditions (the control group). The levels of ten miRNAs in the serum of both groups were analyzed and the results showed that in the serum of patients with EMS, miRNA-125b-5p, miRNA-150-5p, miRNA-342-3p, miRNA-143-3p, miRNA-145-5p, miRNA-500a-3p, miRNA-451a, and miRNA-18a-5p were upregulated by more than 10-fold, while the miRNA-3613-5p and miRNA-6755-3p levels were significantly decreased. Among these, miRNA-125b-5p had the highest AUC value (0.97). When miRNA-125b-5p, miRNA-451a, and miRNA-3613-5p were combined for diagnostic purposes, they achieved a sensitivity of 100% and a specificity of 96%, with an AUC of 1, indicating an excellent diagnostic value. Subsequent research also confirmed the aberrant expression of miRNA-125b-5p in the serum of patients with EMS. Abdel-Rasheed M and colleagues compared the expression profiles of miRNAs in the serum of patients with severe EMS and normal females [202]. They identified 32 differentially expressed miRNAs, among which miRNA-125b was upregulated by 12-fold, suggesting that miRNA-125b could serve as a novel marker for diagnosing EMS.




4.4. Let-7 Family


Let-7b is one of the earliest studied miRNA groups and plays a role in gene regulation within cells. By binding to the mRNA of target genes, it inhibits the translation or degradation of those genes, participating in biological processes such as cell cycle regulation, cell differentiation, cell migration, and growth [203]. Existing research has confirmed its association with various malignant tumors, kidney diseases, brain disorders, and reproductive system disorders [204,205,206,207]. Due to Let-7’s negative regulation of the Ras oncogene family, it is classified as a tumor suppressor, and the downregulation of the Let-7 family has been observed in many malignant tumors.



The pathological processes of EMS involve abnormal adhesion, invasion, angiogenesis, proliferation, and apoptosis of endometrial cells in other tissues, exhibiting biological behaviors similar to malignant tumors [208]. In many studies, the abnormal expression of the Let-7 family has been found in the peripheral blood serum of patients with EMS. Narges and colleagues discovered that in the peripheral blood serum of EMS patients [193], the levels of Let-7d-3p and miR-224-5p were significantly downregulated, while the level of miR-199b-3p was significantly elevated. When used individually for diagnosing EMS, their AUC values were 0.694, 0.914, and 0.843, respectively. However, when these three were combined for diagnosing EMS, the AUC increased to 0.992 (sensitivity 96%, specificity 100%), indicating that a combined diagnostic approach can enhance the accuracy of early EMS diagnosis.



EMS is a hormonally dependent condition and, theoretically, the levels of miRNAs in the peripheral blood of patients should vary with the menstrual cycle. Cho S and colleagues [193] showed that Let-7b/c/d/e expression significantly decreased in the proliferative phase in patients with EMS based on a stratified study of the menstrual cycle.




4.5. miR-200 Family


The miR-200 family consists of miR-200a/b/c, miR-141, and miR-429. The initial research indicated that members of the miR-200 family play a crucial role in regulating an epithelial–mesenchymal transition (EMT). EMT involves the transformation of cells from an epithelial type to a mesenchymal type, enabling cancer cells to acquire invasive and metastatic capabilities [209]. EMS involves pathological physiological processes such as abnormal adhesion, invasion, proliferation, and apoptosis of endometrial cells, sharing biological behaviors similar to cancer cells. Therefore, it has been suggested that the miR-200 family participates in the development of EMS by mediating the EMT process. Compared to in situ endometrial tissue, the expression of miR-200a/b and miR-141 is downregulated in ectopic endometrial tissue [210].



A more recent study has investigated miR-202 in exosomes from vaginal discharge as a possible indicator of EMS. Exosomes are small vesicles released by cells and can contain biomolecules, such as microRNAs, which can be used as diagnostic markers for various conditions. Further research is likely required to validate the efficacy of this potential biomarker [211].



In a study conducted in 2015 by Rekker K et.al [212], it was found that the levels of miR-200a/b and miR-141 in the peripheral blood of EMS patients were significantly reduced, with miR-200a showing the most pronounced decrease in stage III-IV EMS patients, demonstrating superior diagnostic potential. Furthermore, this study also discovered variations in the levels of miR-200a/b and miR-141 at different times of the day. In patients with stage I-II EMS, the peripheral blood levels of miR-200a/b and miR-141 significantly decreased at night. Therefore, the authors suggested considering the timing of sample collection when using miRNAs as diagnostic markers.



One of the most significant harms of EMS to women is infertility, and the mechanisms underlying infertility associated with EMS are a current research focus. With the important role of miRNAs in the occurrence and development of EMS being discovered, many miRNAs that can be used for diagnosing infertility related to EMS have gradually emerged. In 2017, Xu and colleagues conducted a comparative analysis of the uterine endometrium in the luteal phase of eight EMS-related infertility patients and six other infertility patients using high-throughput sequencing [213]. They identified 57 newly dysregulated miRNAs and 61 known miRNAs, among which three upregulated miRNAs (hsa-miR-1304-3P, hsa-miR-5446, and hsa-miR-3684) were not expressed in the control group, and two downregulated miRNAs (hsa-miR-3935 and hsa-miR-4427) were undetectable in the patient group. This suggests that these five miRNAs may have a stronger relationship with infertility related to EMS compared to other miRNAs, warranting further investigation into their role in the diagnosis of EMS-related infertility.



A recent study analyzed miRNAs in saliva samples from 153 EMS patients (36 infertile and 117 fertile) and identified 34 dysregulated miRNAs [214]. Their sensitivity for diagnosing infertility ranged from 0% to 97.2%, specificity from 1.7% to 100%, and AUC from 34.6% to 65.4%. Among these, miR-6818-5p, miR-498, miR-1910-3p, miR-3119, and miR-501-5p showed a higher diagnostic value. For the first time, this study analyzed differences in miRNA expression in saliva samples from patients with EMS-associated infertility, which could aid in the early detection of EMS-associated infertility and facilitate timely treatment.



In summary, current research has reported numerous miRNAs (Table 2) that can be used for the diagnosis of EMS and EMS-related infertility. When summarizing the results of various studies, miR-451, the miR-200 family, miR-199, miR-125, and let-7a-f have shown good repeatability and diagnostic efficiency, potentially serving as candidate biomarkers for the diagnosis of EMS [147,215,216,217,218]. However, due to differences in clinical sample selection and experimental methods, there is still no widely recognized marker for diagnosing EMS. Research on the use of miRNA for the diagnosis of EMS-related infertility is limited, and larger prospective studies are needed to identify specific miRNAs that can be used for the early diagnosis of EMS-related infertility.





5. Therapeutic Perspective of miRNA in Endometriosis


Research has shown that certain miRNAs are associated with the pathogenesis of EMS, such as their involvement in regulating cell proliferation, inflammatory responses, and angiogenesis. The abnormal expression of these miRNAs is related to the development of EMS. Researchers are exploring the use of miRNAs as a novel approach for treating EMS, wherein experiments involve modulating the activity of specific miRNAs using miRNA mimics or miRNA inhibitors.



Previous studies have confirmed the downregulation of miRNA-200 expression in ectopic endometrial tissue. In vitro cell experiments conducted by Liang Z and colleagues demonstrated that the exogenous overexpression of miRNA-200c could inhibit the proliferation and expansion of primary endometrial stromal cells [219]. This process was achieved through the regulation of metastasis-associated lung adenocarcinoma transcript 1 (MALAT1). Furthermore, additional animal experiments showed that rats injected with miRNA-200c mimics exhibited a significant reduction in the volume of endometriotic lesions compared to rats receiving miRNA-200c inhibitors. This suggests that miRNA-200c mimics could serve as a novel therapeutic approach for EMS.



Some progress has been made in using miRNAs to address EMS-associated infertility. Research has revealed the relationship between miRNA expression levels and infertility in patients with EMS [145,220]. There have been attempts to use miRNA mimics or miRNA inhibitors to modulate the expression of these miRNAs, thereby improving the reproductive capabilities of patients with EMS-related infertility [221]. EMS is commonly associated with inflammation or immune system abnormalities, and certain miRNAs have been found to play a crucial role in inflammation and immune regulation. By modulating inflammatory responses and immune cell activity, miRNAs contribute to alleviating fertility issues caused by EMS [2]. Another issue often associated with EMS is the formation of new blood vessels. miRNAs can participate in the regulation of blood vessels by modulating genes related to angiogenesis or maintenance, inhibiting the formation of new blood vessels, and thereby aiming to treat EMS-related infertility [222].



Nayak R and colleagues retrieved four microarray datasets from the GEO databases [223], focusing on gene expression profiles in EMS and recurrent implantation failure. They screened for differentially expressed miRNAs (DE-miRNAs) in these databases, followed by an analysis of differentially expressed genes (DEGs) to identify key miRNAs that could be targeted to discover drugs capable of altering their expression. A total of 22 DE-miRNAs (11 upregulated and 11 downregulated) were identified in both EMS and infertile patients, these DE-miRNAs are considered to be highly influential in regulating EMS-related infertility. The expression of DE-miRNAs can be modulated by various types of upstream regulators. Four transcription regulators (CCND1, FOXO1, CREB1, and HDAC4) were found to be targeted by DE-miRNAs, suggesting that they could be critical regulators in events associated with EMS and may play a role in infertility. In the end, drugs were selected that could regulate these target transcription regulators (TRs). The results indicated that BRD-K17953061 maximally downregulated FOXO1 and CGP-60474 maximally upregulated CREB1. This suggests that these two drugs have the potential to reverse the effects of these two TRs implicated in EMS-associated infertility.




6. Conclusions and Future Direction


Alterations in the expression levels of numerous miRNAs have been observed in both endometriotic lesions and the eutopic endometrium of women with EMS compared to those without the condition [12,224]. These miRNAs appear to play a contributory role in the pathogenesis of EMS, influencing processes such as cell proliferation, apoptosis, immune responses, and inflammatory pathways [69,162,163]. While the association of miRNAs with EMS is undeniable, it is important to acknowledge that these associations are primarily based on observational findings rather than concrete proof-of-concept research. Currently, due to the absence of definitive proof-of-concept animal experiments, it remains unclear whether the alterations in miRNA expression in EMS are a consequence of the disease’s effects or if they actively participate in the underlying etiopathogenic mechanisms of EMS. To address this critical question, there is an urgent need for comprehensive proof-of-concept animal experiments within the field of EMS research. These experiments would help elucidate the precise role of miRNAs in the development and progression of EMS, shedding light on their true significance in the disease. Furthermore, the insights gained from such research could pave the way for the development of therapeutic agents based on miRNAs, offering new avenues for the treatment of EMS in the future.



While the precise etiopathogenetic role of miRNAs in EMS remains to be fully elucidated, the current findings regarding alterations in miRNA expression offer a promising opportunity for the development of miRNAs as diagnostic markers in EMS. miRNAs, once released from cells, circulate in stable forms in the bloodstream, protected from degradation [225]. They are encapsulated in extracellular vesicles, such as exosomes, or bound to proteins before being released into the extracellular space, ensuring their remarkable stability in various body fluids, including blood, urine, saliva, and cerebrospinal fluid [226]. Given this stability, circulating miRNAs can serve as valuable indicators of the pathological state of the endometrial tissue from which they originate. This stability factor facilitates the easy and non-invasive collection and analysis of miRNAs, rendering them highly attractive candidates for diagnostic markers. Consequently, it is now opportune to conduct large-scale statistical analyses correlating the clinical progression of EMS with the expression levels of miRNAs, paving the way for the development of miRNAs as diagnostic markers for this condition.







Author Contributions


Conceptualization, writing—original draft preparation, and editing, M.I.A.B. and L.C.; review and supervision, S.-T.H. and H.-S.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by Fund of Biomedical Research Institute, Jeonbuk National University Hospital.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kajiyama, H.; Suzuki, S.; Yoshihara, M.; Tamauchi, S.; Yoshikawa, N.; Niimi, K.; Shibata, K.; Kikkawa, F. Endometriosis and cancer. Free. Radic. Biol. Med. 2019, 133, 186–192. [Google Scholar] [CrossRef]

	



Shan, J.; Li, D.-J.; Wang, X.-Q. Towards a Better Understanding of Endometriosis-Related Infertility: A Review on How Endometriosis Affects Endometrial Receptivity. Biomolecules 2023, 13, 430. [Google Scholar] [CrossRef]

	



Li, H.; Han, Y.; Cai, Y.; Su, X.; Tan, L. Clinical effects of laparoscopic surgery for the treatment of endometriosis and endometriosis-infertility: A retrospective study of 226 cases. Front. Surg. 2023, 9, 1049119. [Google Scholar] [CrossRef] [PubMed]

	



Marcoux, S.; Maheux, R.; Bérudé, S.; Canadian Collaborative Group on Endometriosis. Laparoscopic surgery in infertile women with minimal or mild endometriosis. N. Engl. J. Med. 1997, 337, 217–222. [Google Scholar] [CrossRef] [PubMed]

	



Akande, V.A.; Hunt, L.P.; Cahill, D.J.; Jenkins, J.M. Differences in time to natural conception between women with unexplained infertility and infertile women with minor endometriosis. Hum. Reprod. 2004, 19, 96–103. [Google Scholar] [CrossRef] [PubMed]

	



Pellicer, A.; Albert, C.; Garrido, N.; Navarro, J.; Remohí, J.; Simόn, C. The pathophysiology of endometriosis-associated infertility: Follicular environment and embryo quality. J. Reprod. Fertil. Suppl. 2000, 55, 109–119. [Google Scholar]

	



Saito, H.; Seino, T.; Kaneko, T.; Nakahara, K.; Toya, M.; Kurachi, H. Endometriosis and oocyte quality. Gynecol. Obstet. Invest. 2002, 53 (Suppl. S1), 46–51. [Google Scholar] [CrossRef]

	



Lucena, E.; Cubillos, J. Immune abnormalities in endometriosis compromising fertility in IVF-ET patients. J. Reprod. Med. 1999, 44, 458–464. [Google Scholar]

	



Attar, E.; Bulun, S.E. Aromatase and other steroidogenic genes in endometriosis: Translational aspects. Hum. Reprod. Update 2006, 12, 49–56. [Google Scholar] [CrossRef]

	



Lessey, B.A.; Castelbaum, A.J.; Sawin, S.W.; Buck, C.A.; Schinnar, R.; Bilker, W.; Strom, B.L. Aberrant integrin expression in the endometrium of women with endometriosis. J. Clin. Endocrinol. Metab. 1994, 79, 643–649. [Google Scholar]

	



Agarwal, S.K.; Chapron, C.; Giudice, L.C.; Laufer, M.R.; Leyland, N.; Missmer, S.A.; Singh, S.S.; Taylor, H.S. Clinical diagnosis of endometriosis: A call to action. Am. J. Obstet. Gynecol. 2019, 220, 354.e1–354.e12. [Google Scholar] [CrossRef] [PubMed]

	



Bjorkman, S.; Taylor, H.S. MicroRNAs in endometriosis: Biological function and emerging biomarker candidates. Biol. Reprod. 2019, 100, 1135–1146. [Google Scholar] [CrossRef] [PubMed]

	



Wahid, F.; Shehzad, A.; Khan, T.; Kim, Y.Y. MicroRNAs: Synthesis, mechanism, function, and recent clinical trials. Biochim. Biophys. Acta 2010, 1803, 1231–1243. [Google Scholar] [CrossRef]

	



Ambros, V. The functions of animal microRNAs. Nature 2004, 431, 350–355. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S.; Wu, W.; Claret, F.X. Mutual regulation of microRNSs and DNA methylation in human cancers. Epigenetics 2017, 12, 187–197. [Google Scholar] [CrossRef]

	



Lu, T.X.; Rothenberg, M.E. MicroRNA. J. Allergy Clin. Immunol. 2018, 141, 1202–1207. [Google Scholar] [CrossRef]

	



Correia de Sousa, M.; Gjorgjieva, M.; Dolicka, D.; Sobolewski, C.; Foti, M. Deciphering miRNAs’ Action through miRNA Editing. Int. J. Mol. Sci. 2019, 20, 6249. [Google Scholar] [CrossRef]

	



Fu, G.; Brkic, J.; Hayder, H.; Peng, C. MicroRNAs in human placental development and pregnancy complications. Int. J. Mol. Sci. 2013, 14, 5519–5544. [Google Scholar] [CrossRef]

	



Ha, M.; Kim, V.N. Regulation of microRNA biogenesis. Nat. Rev. Mol. Cell Biol. 2014, 15, 509–524. [Google Scholar] [CrossRef]

	



O’Brien, J.; Hayder, H.; Zayed, Y.; Peng, C. Overview of MicroRNA Biogenesis, Mechanisms of Actions, and Circulation. Front. Endocrinol. 2018, 9, 402. [Google Scholar] [CrossRef]

	



Saliminejad, K.; Khorram Khorshid, H.R.; Soleymani Fard, S.; Ghaffari, S.H. An overview of microRNAs: Biology, functions, therapeutics, and analysis methods. J. Cell Physiol. 2019, 234, 5451–5465. [Google Scholar] [CrossRef]

	



Pu, M.; Chen, J.; Tao, Z.; Miao, L.; Qi, X.; Wang, Y.; Ren, J. Regulatory network of miRNA on its target: Coordination between transcriptional and post-transcriptional regulation of gene expression. Cell. Mol. Life Sci. 2019, 76, 441–451. [Google Scholar] [CrossRef]

	



Chen, L.; Heikkinen, L.; Wang, C.; Yang, Y.; Sun, H.; Wong, G. Trends in the development of miRNA bioinformatics tools. Brief. Bioinform. 2019, 20, 1836–1852. [Google Scholar] [CrossRef] [PubMed]

	



Komatsu, S.; Kitai, H.; Suzuki, H.I. Network Regulation of MicroRNA Biogenesis and Target Interaction. Cells 2023, 12, 306. [Google Scholar] [CrossRef]

	



Vishnoi, A.; Rani, S. MiRNA Biogenesis and Regulation of Diseases: An Overview. Methods Mol. Biol. 2017, 1509, 1–10. [Google Scholar] [PubMed]

	



Moturu, T.R.; Sinha, S.; Salava, H.; Thula, S.; Nodzyński, T.; Vařeková, R.S.; Friml, J.; Simon, S. Molecular Evolution and Diversification of Proteins Involved in miRNA Maturation Pathway. Plants 2020, 9, 299. [Google Scholar] [CrossRef] [PubMed]

	



Pong, S.K.; Gullerova, M. Noncanonical functions of microRNA pathway enzymes—Drosha, DGCR8, Dicer and Ago proteins. FEBS Lett. 2018, 592, 2973–2986. [Google Scholar] [CrossRef] [PubMed]

	



Ruby, J.G.; Jan, C.H.; Bartel, D.P. Intronic microRNA precursors that bypass Drosha processing. Nature 2007, 448, 83–86. [Google Scholar] [CrossRef]

	



Babiarz, J.E.; Ruby, J.G.; Wang, Y.; Bartel, D.P.; Blelloch, R. Mouse ES cells express endogenous shRNAs, siRNAs, and other Microprocessor independent, Dicer-dependent small RNAs. Genes Dev. 2008, 22, 2773–2785. [Google Scholar] [CrossRef] [PubMed]

	



Giudice, L.C. Clinical practice. Endometriosis. N. Engl. J. Med. 2010, 362, 2389–2398. [Google Scholar] [CrossRef]

	



Cousins, F.L.; McKinnon, B.D.; Mortlock, S.; Fitzgerald, H.C.; Zhang, C.; Montgomery, G.W.; Gargett, C.E. New concepts on the etiology of endometriosis. J. Obstet. Gynaecol. Res. 2023, 49, 1090–1105. [Google Scholar] [CrossRef] [PubMed]

	



Prescott, J.; Farland, L.V.; Tobias, D.K.; Gaskins, A.J.; Spiegelman, D.; Chavarro, J.E.; Rich-Edwards, J.W.; Barbieri, R.L.; Missmer, S.A. A prospective cohort study of endometriosis and subsequent risk of infertility. Hum. Reprod. 2016, 31, 1475–1482. [Google Scholar] [CrossRef]

	



Haydardedeoglu, B.; Zeyneloglu, H.B. The impact of endometriosis on fertility. Women’s Health 2015, 11, 619–623. [Google Scholar] [CrossRef]

	



Zhang, Y.; Zhang, H.; Yan, L.; Liang, G.; Zhu, C.; Wang, Y.; Ji, S.; He, C.; Sun, J.; Zhang, J. Exosomal microRNAs in tubal fluid may be involved in damage to tubal reproductive function associated with tubal endometriosis. Reprod. Biomed. Online 2023, 47, 103249. [Google Scholar] [CrossRef] [PubMed]

	



ASRM—Practice Committee of the American Society for Reproductive Medicine. Endometriosis and infertility: A committee opinion. Fertil. Steril. 2012, 98, 591–598. [Google Scholar] [CrossRef]

	



Rosales, A.A.L.; Rodríguez, J.A.L.; Mendoza, A.A.; Medina, A.L.; González, E.M.; Rodríguez, R.A. Factors Causing Infertility in Women Diagnosed with Endometriosis. Int. J. Med. Sci. Clin. Res. 2022, 2, 1099–1103. [Google Scholar] [CrossRef]

	



Gupta, S.; Goldberg, J.M.; Aziz, N.; Goldberg, E.; Krajcir, N.; Agarwal, A. Pathogenic mechanisms in endometriosis-associated Infertility. Fertil. Steril. 2008, 90, 247–257. [Google Scholar] [CrossRef] [PubMed]

	



Gruber, T.M.; Mechsner, S. Pathogenesis of Endometriosis: The Origin of Pain and Subfertility. Cells 2021, 10, 1381. [Google Scholar] [CrossRef] [PubMed]

	



Cahill, D.J.; Wardle, P.G.; Maile, L.A.; Harlow, C.R.; Hull, M.G. Pituitary–ovarian dysfunction as a cause for endometriosis-associated and unexplained infertility. Hum. Reprod. 1995, 10, 3142–3146. [Google Scholar] [CrossRef]

	



Garrido, N.; Pellicer, A.; Remohi, J.; Simon, C. Uterine and ovarian function in endometriosis. Semin. Reprod. Med. 2003, 21, 183–192. [Google Scholar]

	



Doody, M.C.; Gibbons, W.E.; Buttram, V.C., Jr. Linear regression analysis of ultrasound follicular growth series: Evidence for an abnormality of follicular growth in endometriosis patients. Fertil. Steril. 1988, 49, 47–51. [Google Scholar] [CrossRef]

	



Tummon, I.S.; Maclin, V.M.; Radwanska, E.; Binor, Z.; Dmowski, W.P. Occult ovulatory dysfunction in women with minimal endometriosis or unexplained infertility. Fertil. Steril. 1988, 50, 716–720. [Google Scholar] [CrossRef] [PubMed]

	



Trinder, J.; Cahill, D.J. Endometriosis and infertility: The debate continues. Hum. Fertil. 2002, 5, S21–S27. [Google Scholar] [CrossRef] [PubMed]

	



Lachapelle, M.H.; Hemmings, R.; Roy, D.C.; Falcone, T.; Miron, P. Flow cytometric evaluation of leukocyte subpopulations in the follicular fluids of infertile patients. Fertil. Steril. 1996, 65, 1135–1140. [Google Scholar] [CrossRef] [PubMed]

	



Pellicer, A.; Albert, C.; Mercader, A.; Bonilla-Musoles, F.; Remohi, J.; Simon, C. The follicular and endocrine environment in women with endometriosis: Local and systemic cytokine production. Fertil. Steril. 1998, 70, 425–431. [Google Scholar] [CrossRef]

	



Garrido, N.; Navarro, J.; Remohi, J.; Simon, C.; Pellicer, A. Follicular hormonal environment and embryo quality in women with endometriosis. Hum. Reprod. Update 2000, 6, 67–74. [Google Scholar] [CrossRef] [PubMed]

	



Wunder, D.M.; Mueller, M.D.; Birkhauser, M.H.; Bersinger, N.A. Increased ENA-78 in the follicular fluid of patients with endometriosis. Acta Obstet. Gynecol. Scand. 2006, 85, 336–342. [Google Scholar] [CrossRef]

	



Carlberg, M.; Nejaty, J.; Froysa, B.; Guan, Y.; Soder, O.; Bergqvist, A. Elevated expression of tumour necrosis factor alpha in cultured granulosa cells from women with endometriosis. Hum. Reprod. 2000, 15, 1250–1255. [Google Scholar] [CrossRef]

	



Naz, R.K.; Butlera, A.; Witta, B.R.; Barad, D.; Menge, A.C. Levels of interferon-gamma and tumor necrosis factor-alpha in sera and cervical mucus of fertile and infertile women: Implication in infertility. J. Reprod. Immunol. 1995, 29, 105–117. [Google Scholar] [CrossRef] [PubMed]

	



Barrier, B.F.; Bates, G.W.; Leland, M.M.; Leach, D.A.; Robinson, R.D.; Propst, A.M. Efficacy of anti-tumor necrosis factor therapy in the treatment of spontaneous endometriosis in baboons. Fertil. Steril. 2004, 81, 775–779. [Google Scholar] [CrossRef] [PubMed]

	



Shakiba, K.; Falcone, T. Tumour necrosis factor-a blockers: Potential limitations in the management of advanced endometriosis? A Case Report. Hum. Reprod. 2006, 21, 2417–2420. [Google Scholar] [CrossRef] [PubMed]

	



Perrin, G.Q.; Johnson, H.M.; Subramaniam, P.S. Mechanism of interleukin-10 inhibition of T-helper cell activation by superantigen at the level of the cell cycle. Blood 1999, 93, 208–216. [Google Scholar] [CrossRef]

	



Yoshida, S.; Harada, T.; Iwabe, T.; Taniguchi, F.; Mitsunari, M.; Yamauchi, N.; Deura, I.; Horie, S.; Terakawa, N. A combination of interleukin-6 and its soluble receptor impairs sperm motility: Implications in infertility associated with endometriosis. Hum. Reprod. 2004, 19, 1821–1825. [Google Scholar] [CrossRef] [PubMed]

	



Ulukus, M.; Cakmak, H.; Arici, A. The role of endometrium in endometriosis. J. Soc. Gynecol. Investig. 2006, 13, 467–476. [Google Scholar] [CrossRef] [PubMed]

	



Dafopoulos, K.; Kotsovassilis, C.G.; Milingos, S.; Kallitsaris, A.; Galazios, G.; Zintzaras, E.; Sotiros, P.; Messinis, I.E. Changes in pituitary sensitivity to GnRH in estrogentreated post-menopausal women: Evidence that gonadotrophin surge attenuating factor plays a physiological role. Hum. Reprod. 2004, 19, 1985–1992. [Google Scholar] [CrossRef] [PubMed]

	



Singh, A.K.; Dutta, M.; Chattopadhyay, R.; Chakravarty, B.; Chaudhury, K. Intrafollicular interleukin-8, interleukin-12, and adrenomedullin are the promising prognostic markers of oocyte and embryo quality in women with endometriosis. J. Assist. Reprod. Genet. 2016, 33, 1363–1372. [Google Scholar] [CrossRef] [PubMed]

	



Wu, G.; Bersinger, N.A.; Mueller, M.D.; von Wolff, M. Intrafollicular inflammatory cytokines but not steroid hormone concentrations are increased in naturally matured follicles of women with proven endometriosis. J. Assist. Reprod. Genet. 2017, 34, 357–364. [Google Scholar] [CrossRef]

	



Choi, Y.S.; Cho, S.; Seo, S.K.; Park, J.H.; Kim, S.H.; Lee, B.S. Alteration in the intrafollicular thiol-redox system in infertile women with endometriosis. Reproduction 2015, 149, 155–162. [Google Scholar] [CrossRef]

	



Da Broi, M.G.; de Albuquerque, F.O.; de Andrade, A.Z.; Cardoso, R.L.; Jordão Junior, A.A.; Navarro, P.A. Increased concentration of 8-hydroxy-2′-deoxyguanosine in follicular fluid of infertile women with endometriosis. Cell Tissue. Res. 2016, 366, 231–242. [Google Scholar] [CrossRef]

	



Huang, B.; Li, Z.; Ai, J.; Zhu, L.; Li, Y.; Jin, L.; Zhang, H. Antioxidant capacity of follicular fluid from patients undergoing in vitro fertilization. Int. J. Clin. Exp. Pathol. 2014, 7, 2273–2282. [Google Scholar]

	



Liu, F.; He, L.; Liu, Y.; Shi, Y.; Du, H. The expression and role of oxidative stress markers in the serum and follicular fluid of patients with endometriosis. Clin. Exp. Obstet. Gynecol. 2013, 40, 372–376. [Google Scholar]

	



Singh, A.K.; Chattopadhyay, R.; Chakravarty, B.; Chaudhury, K. Markers of oxidative stress in follicular fluid of women with endometriosis and tubal infertility undergoing IVF. Reprod. Toxicol. 2013, 42, 116–124. [Google Scholar] [CrossRef] [PubMed]

	



Nasiri, N.; Moini, A.; Eftekhari-Yazdi, P.; Karimian, L.; Salman-Yazdi, R.; Arabipoor, A. Oxidative Stress Statues in Serum and Follicular Fluid of Women with Endometriosis. Cell J. 2017, 18, 582–587. [Google Scholar]

	



Liu, M.; Wu, K.; Wu, Y. The emerging role of ferroptosis in female reproductive disorders. Biomed. Pharmacother. 2023, 166, 115415. [Google Scholar] [CrossRef] [PubMed]

	



Minami, T.; Tsuzuki, Y.; Tanaka, Y.; Kitawaki, J.; Mori, T. The Tpl2-MEK pathway plays a critical role in spheroid-cultured endometriotic stromal cells. Am. J. Reprod. Immunol. 2023, 89, e13689. [Google Scholar] [CrossRef] [PubMed]

	



Lamaita, R.M.; Pontes, A.; Belo, A.V.; Caetano, J.P.; Andrade, S.P.; Cândido, E.B.; Carneiro, M.M.; Silva-Filho, A.L. Evaluation of N-acetilglucosaminidase and myeloperoxidase activity in patients with endometriosis-related infertility undergoing intracytoplasmic sperm injection. J. Obstet. Gynaecol. Res. 2012, 38, 810–816. [Google Scholar] [CrossRef]

	



Da Broi, M.G.; Malvezzi, H.; Paz, C.C.; Ferriani, R.A.; Navarro, P.A. Follicular fluid from infertile women with mild endometriosis may compromise the meiotic spindles of bovine metaphase II oocytes. Hum. Reprod. 2014, 29, 315–323. [Google Scholar] [CrossRef]

	



Giorgi, V.S.; Da Broi, M.G.; Paz, C.C.; Ferriani, R.A.; Navarro, P.A. N-Acetyl-Cysteine and l-Carnitine Prevent Meiotic Oocyte Damage Induced by Follicular Fluid from Infertile Women with Mild Endometriosis. Reprod. Sci. 2016, 23, 342–351. [Google Scholar] [CrossRef] [PubMed]

	



Lebovic, D.I.; Mueller, M.D.; Taylor, R.N. Immunobiology of endometriosis. Fertil. Steril. 2001, 75, 1–10. [Google Scholar] [CrossRef]

	



Oosterlynck, D.J.; Meuleman, C.; Waer, M.; Koninckx, P.R.; Vandeputte, M. Immunosuppressive activity of peritoneal fluid in women with endometriosis. Obstet. Gynecol. 1993, 82, 206–212. [Google Scholar]

	



Szczepańska, M.; Koźlik, J.; Skrzypczak, J.; Mikołajczyk, M. Oxidative stress may be a piece in the endometriosis puzzle. Fertil. Steril. 2003, 79, 1288–1293. [Google Scholar] [CrossRef]

	



Didzoiokaite, G.; Bitiute, G.; Gudaite, J.; Kvedariene, V. Oxidative Stress as a Potential Underlying Cause of Minimal and Mild Endometriosis-Related Infertility. Int. J. Mol. Sci. 2023, 24, 3809. [Google Scholar] [CrossRef] [PubMed]

	



Gupta, S.; Agarwal, A.; Krajcir, N.; Alvarez, J.G. Role of oxidative stress in endometriosis. Reprod. Biomed. Online 2006, 13, 126–134. [Google Scholar] [CrossRef]

	



Ruder, E.H.; Hartman, T.J.; Blumberg, J.; Goldman, M.B. Oxidative stress and antioxidants: Exposure and impact on female fertility. Hum. Reprod. Update 2008, 14, 345–357. [Google Scholar] [CrossRef]

	



Eisermann, J.; Gast, M.J.; Pineda, J.; Odem, R.R.; Collins, J.L. Tumor necrosis factor in peritoneal fluid of women undergoing laparoscopic surgery. Fertil. Steril. 1988, 50, 573–579. [Google Scholar] [CrossRef]

	



Chen, S.; Liu, Y.; Zhong, Z.; Wei, C.; Liu, Y.; Zhu, X. Peritoneal immune microenvironment of endometriosis: Role and therapeutic perspectives. Front. Immunol. 2023, 14, 1134663. [Google Scholar] [CrossRef]

	



Cheong, Y.C.; Shelton, J.B.; Laird, S.M.; Richmond, M.; Kudesia, G.; Li, T.C.; Ledger, W.L. IL-1, IL-6 and TNF-alpha concentrations in the peritoneal fluid of women with pelvic adhesions. Hum. Reprod. 2002, 17, 69–75. [Google Scholar] [CrossRef] [PubMed]

	



Jørgensen, H.; Hill, A.S.; Beste, M.T.; Kumar, M.P.; Chiswick, E.; Fedorcsak, P.; Isaacson, K.B.; Lauffenburger, D.A.; Griffith, L.G.; Qvigstad, E. Peritoneal fluid cytokines related to endometriosis in patients evaluated for infertility. Fertil. Steril. 2017, 107, 1191–1199. [Google Scholar] [CrossRef]

	



Ahn, S.H.; Edwards, A.K.; Singh, S.S.; Young, S.L.; Lessey, B.A.; Tayade, C. IL-17A Contributes to the Pathogenesis of Endometriosis by Triggering Proinflammatory Cytokines and Angiogenic Growth Factors. J. Immunol. 2015, 195, 2591–2600. [Google Scholar] [CrossRef] [PubMed]

	



Bersinger, N.A.; von Roten, S.; Wunder, D.M.; Raio, L.; Dreher, E.; Mueller, M.D. PAPP-A and osteoprotegerin, together with interleukin-8 and RANTES, are elevated in the peritoneal fluid of women with endometriosis. Am. J. Obstet. Gynecol. 2006, 195, 103–108. [Google Scholar] [CrossRef]

	



Harada, T.; Yoshioka, H.; Yoshida, S.; Iwabe, T.; Onohara, Y.; Tanikawa, M.; Terakawa, N. Increased interleukin-6 levels in peritoneal fluid of infertile patients with active endometriosis. Am. J. Obstet. Gynecol. 1997, 176, 593–597. [Google Scholar] [CrossRef]

	



Sikora, J.; Mielczarek-Palacz, A.; Kondera-Anasz, Z. Imbalance in cytokines from interleukin-1 family–role in pathogenesis of endometriosis. Am. J. Reprod. Immunol. 2012, 68, 138–145. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.M.; Ma, Z.Y.; Song, N. Inflammatory cytokines IL-6, IL- 10, IL-13, TNF-α and peritoneal fluid flora were associated with infertility in patients with endometriosis. Eur. Rev. Med. Pharmacol. Sci. 2018, 22, 2513–2518. [Google Scholar] [PubMed]

	



Yoshino, O.; Osuga, Y.; Koga, K.; Hirota, Y.; Tsutsumi, O.; Yano, T.; Morita, Y.; Momoeda, M.; Fujiwara, T.; Kugu, K.; et al. Concentrations of interferon-gamma-induced protein-10 (IP-10), an antiangiogenic substance, are decreased in peritoneal fluid of women with advanced endometriosis. Am. J. Reprod. Immunol. 2003, 50, 60–65. [Google Scholar] [CrossRef] [PubMed]

	



Huang, X.; Wu, L.; Pei, T.; Liu, D.; Liu, C.; Luo, B.; Xiao, L.; Li, Y.; Wang, R.; Ouyang, Y.; et al. Single-cell transcriptome analysis reveals endometrial immune microenvironment in minimal/mild endometriosis. Clin. Exp. Immunol. 2023, 212, 285–295. [Google Scholar] [CrossRef]

	



Margari, K.M.; Zafiropoulos, A.; Hatzidaki, E.; Giannakopoulou, C.; Arici, A.; Matalliotakis, I. Peritoneal fluid concentrations of β-chemokines in endometriosis. Eur. J. Obstet. Gynecol. Reprod. Biol. 2013, 169, 103–107. [Google Scholar] [CrossRef]

	



Cosín, R.; Gilabert-Estellés, J.; Ramón, L.A.; Gómez-Lechón, M.J.; Gilabert, J.; Chirivella, M.; Braza-Boïls, A.; España, F.; Estellés, A. Influence of peritoneal fluid on the expression of angiogenic and proteolytic factors in cultures of endometrial cells from women with endometriosis. Hum Reprod. 2010, 25, 398–405. [Google Scholar] [CrossRef]

	



Kianpour, M.; Nematbakhsh, M.; Ahmadi, S.M.; Jafarzadeh, M.; Hajjarian, M.; Pezeshki, Z.; Safari, T.; Eshraghi-Jazi, F. Serum and peritoneal fluid levels of vascular endothelial growth factor in women with endometriosis. Int. J. Fertil. Steril. 2013, 7, 96–99. [Google Scholar]

	



Miller, J.E.; Ahn, S.H.; Monsanto, S.P.; Khalaj, K.; Koti, M.; Tayade, C. Implications of immune dysfunction on endometriosis associated infertility. Oncotarget 2017, 8, 7138–7147. [Google Scholar] [CrossRef]

	



Fortune, J.E.; Rivera, G.M.; Yang, M.Y. Follicular development: The role of the follicular microenvironment in selection of the dominant follicle. Anim. Reprod. Sci. 2004, 82–83, 109–126. [Google Scholar] [CrossRef]

	



Arici, A.; Matalliotakis, I.; Goumenou, A.; Koumantakis, G.; Fragouli, Y.; Mahutte, N.G. Increased pregnancy-associated plasma protein-A (PAPP-A) concentrations in peritoneal fluid of women with endometriosis. Am. J. Reprod. Immunol. 2003, 49, 70–74. [Google Scholar] [CrossRef]

	



Zeller, J.M.; Henig, I.; Radwanska, E.; Dmowski, W.P. Enhancement of human monocyte and peritoneal macrophage chemiluminescence activities in women with endometriosis. Am. J. Reprod. Immunol. Microbiol. 1987, 13, 78–82. [Google Scholar] [CrossRef]

	



Bedaiwy, M.A.; Falcone, T.; Sharma, R.K.; Goldberg, J.M.; Attaran, M.; Nelson, D.R.; Agarwal, A. Prediction of endometriosis with serum and peritoneal fluidmarkers: A prospective controlled trial. Hum. Reprod. 2002, 17, 426–431. [Google Scholar] [CrossRef] [PubMed]

	



Wang, Y.; Sharma, R.K.; Falcone, T.; Goldberg, J.; Agarwal, A. Importance of reactive oxygen species in the peritoneal fluid of women with endometriosis or idiopathic infertility. Fertil. Steril. 1997, 68, 826–830. [Google Scholar] [CrossRef] [PubMed]

	



Dai, Y.; Lin, X.; Liu, N.; Shi, L.; Zhuo, F.; Huang, Q.; Gu, W.; Zhao, F.; Zhang, Y.; Zhang, Y.; et al. Integrative analysis of transcriptomic and metabolomic profiles reveals abnormal phosphatidylinositol metabolism in follicles from endometriosis-associated infertility patients. J. Pathol. 2023, 260, 248–260. [Google Scholar] [CrossRef]

	



Dong, M.; Shi, Y.; Cheng, Q.; Hao, M. Increased nitric oxide in peritoneal fluid from women with idiopathic infertility and endometriosis. J. Reprod. Med. 2001, 46, 887–891. [Google Scholar]

	



Chung, H.T.; Pae, H.O.; Choi, B.M.; Billiar, T.R.; Kim, Y.M. Nitric oxide as a bioregulator of apoptosis. Biochem. Biophys. Res. Commun. 2001, 282, 1075–1079. [Google Scholar] [CrossRef] [PubMed]

	



Khorram, O.; Lessey, B.A. Alterations in expression of endometrial endothelial nitric oxide synthase and alpha(v)beta (3) integrin in women with endometriosis. Fertil. Steril. 2002, 78, 860–864. [Google Scholar] [CrossRef] [PubMed]

	



Osman, H.G.; El-Refaey, A.A.A.; Aziz, A.A.F.A.; El-Sokkaryl, A.M.A.; El-Saeed, R.A. Leptin and antioxidant profile in infertile women with endometriosis. J. Endometr. 2010, 2, 135–143. [Google Scholar] [CrossRef]

	



Alpay, Z.; Saed, G.M. Diamond MP. Female infertility and free radicals: Potential role in adhesions and endometriosis. J. Soc. Gynecol. Investig. 2006, 13, 390–398. [Google Scholar] [CrossRef] [PubMed]

	



Aitken, R.J.; Krausz, C. Oxidative stress, DNA damage and the Y chromosome. Reproduction 2001, 122, 497–506. [Google Scholar] [CrossRef]

	



Guerin, P.; El Mouatassim, S.; Menezo, Y. Oxidative stress and protection against reactive oxygen species in the pre-implantation embryo and its surroundings. Hum. Reprod. Update 2001, 7, 175–189. [Google Scholar] [CrossRef]

	



Mansour, G.; Goldberg, J.; Agarwal, A.; Sharma, R.; Mahfouz, R.; Falcone, T. Correlation between sperm DNA damage, stage of endometriosis and the duration of infertility. In Proceedings of the American Society of Reproductive Medicine 63rd Annual Meeting, Washington, DC, USA, 13–17 October 2007. [Google Scholar]

	



Mansour, G.; Agarwal, A.; Radwan, E.; Sharma, R.; Goldberg, J.; Falcone, T. DNA damage in metaphase II oocytes is induced by peritoneal fluid from endometriosis patients. In Proceedings of the American Society of Reproductive Medicine 63rd Annual Meeting, Washington, DC, USA, 13–17 October 2007. [Google Scholar]

	



Mansour, G.; Radwan, E.; Sharma, R.; Agarwal, A.; Falcone, T.; Goldberg, J. DNA damage to embryos incubated in the peritoneal fluid of patients with endometriosis: Role in infertility. In Proceedings of the American Society of Reproductive Medicine 63rd Annual Meeting, Washington, DC, USA, 13–17 October 2007. [Google Scholar]

	



Aeby, T.C.; Huang, T.; Nakayama, R.T. The effect of peritoneal fluid from patients with endometriosis on human sperm function in vitro. Am. J. Obstet. Gynecol. 1996, 174, 1779–1783. [Google Scholar] [CrossRef]

	



Liu, Y.; Luo, L.; Zhao, H. Changes of cytokines levels in peritoneal fluids of patients with endometriosis and its effect on reproductive activity. J. Tongji. Med. Univ. 2000, 20, 163–165. [Google Scholar]

	



Mansour, G.; Aziz, N.; Sharma, R.; Falcone, T.; Goldberg, J.; Agarwal, A. The impact of peritoneal fluid from healthy women and from women with endometriosis on sperm DNA and its relationship to the sperm deformity index. Fertil. Steril. 2009, 92, 61–67. [Google Scholar] [CrossRef] [PubMed]

	



Oral, E.; Arici, A.; Olive, D.L.; Huszar, G. Peritoneal fluid from women with moderate or severe endometriosis inhibits sperm motility: The role of seminal fluid components. Fertil. Steril. 1996, 66, 787–792. [Google Scholar] [CrossRef] [PubMed]

	



Arumugam, K. Endometriosis and infertility: Raised iron concentration in the peritoneal fluid and its effect on the acrosome reaction. Hum. Reprod. 1994, 9, 1153–1157. [Google Scholar] [CrossRef]

	



Said, T.M.; Agarwal, A.; Falcone, T.; Sharma, R.K.; Bedaiwy, M.A.; Li, L. Infliximab may reverse the toxic effects induced by tumor necrosis factor alpha in human spermatozoa: An in vitro model. Fertil. Steril. 2005, 83, 1665–1673. [Google Scholar] [CrossRef] [PubMed]

	



Reeve, L.; Lashen, H.; Pacey, A.A. Endometriosis affects sperm-endosalpingeal interactions. Hum. Reprod. 2005, 20, 448–451. [Google Scholar] [CrossRef]

	



Lessey, B.A.; Young, S.L. What exactly is endometrial receptivity? Fertil. Steril. 2019, 11, 611–617. [Google Scholar] [CrossRef]

	



Ticconi, C.; Di Simone, N.; Campagnolo, L.; Fazleabas, A. Clinical consequences of defective decidualization. Tissue Cell 2021, 72, 101586. [Google Scholar] [CrossRef] [PubMed]

	



Lédée, N.; Petitbarat, M.; Prat-Ellenberg, L.; Dray, G.; Cassuto, G.-N.; Chevrier, L.; Kazhalawi, A.; Vezmar, K.; Chaouat, G. The uterine immune profile: A method for individualizing the management of women who have failed to implant an embryo after IVF/ICSI. J. Reprod. Immunol. 2020, 142, 103207. [Google Scholar] [CrossRef] [PubMed]

	



Marquardt, R.M.; Kim, T.H.; Shin, J.H.; Jeong, J.W. Progesterone and estrogen signaling in the endometrium: What goes wrong in endometriosis? Int. J. Mol. Sci. 2019, 20, 3822. [Google Scholar] [CrossRef] [PubMed]

	



Kapoor, R.; Stratopoulou, C.A.; Dolmans, M.M. Pathogenesis of endometriosis: New insights into prospective therapies. Int. J. Mol. Sci. 2021, 22, 11700. [Google Scholar] [CrossRef]

	



Fernandez-Valdivia, R.; Jeong, J.; Mukherjee, A.; Soyal, S.; Li, J.; Ying, Y.; Demayo, F.; Lydon, J. A mouse model to dissect progesterone signaling in the female reproductive tract and mammary gland. Genesis 2010, 48, 106–113. [Google Scholar] [CrossRef] [PubMed]

	



McKinnon, B.; Mueller, M.; Montgomery, G. Progesterone Resistance in Endometriosis: An Acquired Property? Trends Endocrinol. Metab. 2018, 29, 535–548. [Google Scholar] [CrossRef]

	



Kim, H.; Kim, T.; Yoo, J.; Young, S.; Lessey, B.; Ku, B.; Jeong, J. ARID1A and PGR proteins interact in the endometrium and reveal a positive correlation in endometriosis. Biochem. Biophys. Res. Commun. 2021, 550, 151–157. [Google Scholar] [CrossRef]

	



Zhou, Y.; Peng, Y.; Xia, Q.; Yan, D.; Zhang, H.; Zhang, L.; Chen, Y.; Zhao, X.; Li, J. Decreased Indian hedgehog signaling activates autophagy in endometriosis and adenomyosis. Reproduction 2021, 161, 99–109. [Google Scholar] [CrossRef]

	



Yoo, J.; Kim, T.; Fazleabas, A.; Palomino, W.; Ahn, S.; Tayade, C.; Schammel, D.; Young, S.; Jeong, J.; Lessey, B. KRAS Activation and over-expression of SIRT1/BCL6 Contributes to the Pathogenesis of Endometriosis and Progesterone Resistance. Sci. Rep. 2017, 7, 6765. [Google Scholar] [CrossRef]

	



Zhang, L.; Patterson, A.; Zhang, L.; Teixeira, J.; Pru, J. Endometrial stromal beta-catenin is required for steroid-dependent mesenchymal-epithelial cross talk and decidualization. Reprod. Biol. Endocrinol. 2012, 10, 75. [Google Scholar] [CrossRef]

	



Vasquez, Y.; Mazur, E.; Li, X.; Kommagani, R.; Jiang, L.; Chen, R.; Lanz, R.; Kovanci, E.; Gibbons, W.; DeMayo, F. FOXO1 is required for binding of PR on IRF4, novel transcriptional regulator of endometrial stromal decidualization. Mol. Endocrinol. 2015, 29, 421–433. [Google Scholar] [CrossRef]

	



Yin, X.; Pavone, M.; Lu, Z.; Wei, J.; Kim, J. Increased activation of the PI3K/AKT pathway compromises decidualization of stromal cells from endometriosis. J. Clin. Endocrinol. Metab. 2012, 97, E35–E43. [Google Scholar] [CrossRef] [PubMed]

	



Ma, W.; Song, H.; Das, S.; Paria, B.; Dey, S. Estrogen is a critical determinant that specifies the duration of the window of uterine receptivity for implantation. Proc. Natl. Acad. Sci. USA 2003, 100, 2963–2968. [Google Scholar] [CrossRef] [PubMed]

	



Anupa, G.; Sharma, J.; Roy, K.; Sengupta, J.; Ghosh, D. An assessment of the multifactorial profile of steroid-metabolizing enzymes and steroid receptors in the eutopic endometrium during moderate to severe ovarian endometriosis. Reprod. Biol. Endocrinol. 2019, 17, 111. [Google Scholar] [CrossRef]

	



Kalu, E.; Sumar, N.; Giannopoulos, T.; Patel, P.; Croucher, C.; Sherriff, E.; Bansal, A. Cytokine profiles in serum and peritoneal fluid from infertile women with and without endometriosis. J. Obstet. Gynaecol. Res. 2007, 33, 490–495. [Google Scholar] [CrossRef]

	



Skrzypczak, J.; Szczepańska, M.; Puk, E.; Kamieniczna, M.; Kurpisz, M. Peritoneal fluid cytokines and sICAM-1 in minimal endometriosis: Search for discriminating factors between infertility and/or endometriosis. Eur. J. Obstet. Gynecol. Reprod. Biol. 2005, 122, 95–103. [Google Scholar] [CrossRef] [PubMed]

	



Banerjee, P.; Jana, S.; Pasricha, P.; Ghosh, S.; Chakravarty, B.; Chaudhury, K. Proinflammatory cytokines induced altered expression of cyclooxygenase-2 gene results in unreceptive endometrium in women with idiopathic recurrent spontaneous miscarriage. Fertil. Steril. 2013, 99, 179–187. [Google Scholar] [CrossRef]

	



Raghupathy, R. Th1-type immunity is incompatible with successful pregnancy. Immunol. Today 1997, 18, 478–482. [Google Scholar] [CrossRef]

	



Illera, M.; Juan, L.; Stewart, C.; Cullinan, E.; Ruman, J.; Lessey, B. Effect of peritoneal fluid from women with endometriosis on implantation in the mouse model. Fertil. Steril. 2000, 74, 41–48. [Google Scholar] [CrossRef]

	



Llarena, N.; Richards, E.; Priyadarshini, A.; Fletcher, D.; Bonfield, T.; Flyckt, R. Characterizing the endometrial fluid cytokine profile in women with endometriosis. J. Assist. Reprod. Genet. 2020, 37, 2999–3006. [Google Scholar] [CrossRef] [PubMed]

	



Patel, B.; Lenk, E.; Lebovic, D.; Shu, Y.; Yu, J.; Taylor, R. Pathogenesis of endometriosis: Interaction between Endocrine and inflammatory pathways. Best Pract. Res. Clin. Obstet. Gynaecol. 2018, 50, 50–60. [Google Scholar] [CrossRef]

	



Lessey, B.; Lebovic, D.; Taylor, R. Eutopic endometrium in women with endometriosis: Ground zero for the study of implantation defects. Semin. Reprod. Med. 2013, 31, 109–124. [Google Scholar] [CrossRef]

	



Kong, C.; Ordoñez, A.; Turner, S.; Tremaine, T.; Muter, J.; Lucas, E.; Salisbury, E.; Vassena, R.; Tiscornia, G.; Fouladi-Nashta, A.; et al. Embryo biosensing by uterine natural killer cells determines endometrial fate decisions at implantation. FASEB J. 2021, 35, e21336. [Google Scholar] [CrossRef]

	



Giuliani, E.; Parkin, K.; Lessey, B.; Young, S.; Fazleabas, A. Characterization of uterine NK cells in women with infertility or recurrent pregnancy loss and associated endometriosis. Am. J. Reprod. Immunol. 2014, 72, 262–269. [Google Scholar] [CrossRef] [PubMed]

	



Koukoura, O.; Sifakis, S.; Spandidos, D.A. DNA methylation in endometriosis (Review). Mol. Med. Rep. 2016, 13, 2939–2948. [Google Scholar] [CrossRef] [PubMed]

	



Teague, E.M.; Print, C.G.; Hull, M.L. The role of microRNAs in endometriosis and associated reproductive conditions. Hum. Reprod. Update 2010, 16, 142–165. [Google Scholar] [CrossRef] [PubMed]

	



Weber, J.A.; Baxter, D.H.; Zhang, S.; Huang, D.Y.; How Huang, K.; Jen Lee, M.; Galas, D.J.; Wang, K. The microRNA spectrum in 12 body fluids. Clin. Chem. 2010, 56, 1733–1741. [Google Scholar] [CrossRef] [PubMed]

	



Fehlmann, T.; Ludwig, N.; Backes, C.; Meese, E.; Keller, A. Distribution of microRNA biomarker candidates in solid tissues and body fluids. RNA Biol. 2016, 13, 1084–1088. [Google Scholar] [CrossRef]

	



Antonio, L.G.L.; Meola, J.; Rosa-e-Silva, A.C.J.d.S.; Nogueira, A.A.; Candido dos Reis, F.J.; Poli-Neto, O.B.; Rosa-e-Silva, J.C. Altered Differential Expression of miRNAs Related to Adhesion and Apoptosis Pathways in Patients with Different Phenotypes of Endometriosis. Int. J. Mol. Sci. 2023, 24, 4434. [Google Scholar] [CrossRef]

	



Braicu, O.-L.; Budisan, L.; Buiga, R.; Jurj, A.; Achimas-Cadariu, P.; Pop, L.; Braicu, C.; Irimie, A.; Berindan-Neagoe, I. miRNA expression profiling in formalin-fixed paraffin-embedded endometriosis and ovarian cancer samples. OncoTargets Ther. 2017, 10, 4225–4238. [Google Scholar] [CrossRef] [PubMed]

	



Nothnick, W.B. MicroRNAs and endometriosis: Distinguishing drivers from passengers in disease pathogenesis. Semin. Reprod. Med. 2017, 35, 173–180. [Google Scholar] [CrossRef] [PubMed]

	



Ohlsson Teague, E.M.; Van der Hoek, K.H.; Van der Hoek, M.B.; Perry, N.; Wagaarachchi, P.; Robertson, S.A.; Print, C.G.; Hull, L.M. MicroRNA-regulated pathways associated with endometriosis. Mol. Endocrinol. 2009, 23, 265–275. [Google Scholar] [CrossRef]

	



Cho, S.; Mutlu, L.; Grechukhina, O.; Taylor, H.S. Circulating microRNAs as potential biomarkers for endometriosis. Fertil. Steril. 2015, 103, 1252–1260. [Google Scholar] [CrossRef]

	



Jia, S.-Z.; Yang, Y.; Lang, J.; Sun, P.; Leng, J. Plasma miR-17-5p, miR-20a and miR-22 are down-regulated in women with endometriosis. Hum. Reprod. 2013, 28, 322–330. [Google Scholar] [CrossRef] [PubMed]

	



Ramón, L.A.; Braza-Boïls, A.; Gilabert-Estellés, J.; Gilabert, J.; España, F.; Chirivella, M.; Estellés, A. MicroRNAs expression in endometriosis and their relation to angiogenic factors. Hum. Reprod. 2011, 26, 1082–1090. [Google Scholar] [CrossRef] [PubMed]

	



Lin, S.C.; Wang, C.C.; Wu, M.H.; Yang, S.H.; Li, Y.H.; Tsai, S.J. Hypoxia-induced microRNA-20a expression increases ERK phosphorylation and angiogenic gene expression in endometriotic stromal cells. J. Clin. Endocrinol. Metab. 2012, 97, 515–523. [Google Scholar] [CrossRef]

	



Braza-Boïls, A.; Marí-Alexandre, J.; Gilabert, J.; Sánchez-Izquierdo, D.; España, F.; Estellés, A.; Gilabert-Estellés, J. MicroRNA expression profile in endometriosis: Its relation to angiogenesis and fibrinolytic factors. Hum. Reprod. 2014, 29, 978–988. [Google Scholar] [CrossRef]

	



Goetz, L.G.; Mamillapalli, R.; Taylor, H.S. Low body mass index in endometriosis is promoted by hepatic metabolic gene dysregulation in mice. Biol. Reprod. 2016, 95, 115. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Z.; Li, H.; Zhao, Z.; Gao, B.; Meng, L.; Feng, X. miR-146b level and variants is associated with endometriosis related macrophages phenotype and plays a pivotal role in the endometriotic pain symptom. Taiwan. J. Obstet. Gynecol. 2019, 58, 401–408. [Google Scholar] [CrossRef]

	



Meng, X.; Liu, J.; Wang, H.; Chen, P.; Wang, D. MicroRNA-126-5p downregulates BCAR3 expression to promote cell migration and invasion in endometriosis. Mol. Cell. Endocrinol. 2019, 494, 110486. [Google Scholar] [CrossRef]

	



Yang, Y.M.; Yang, W.X. Epithelial-to-mesenchymal transition in the development of endometriosis. Oncotarget 2017, 8, 79–89. [Google Scholar] [CrossRef]

	



Viganò, P.; Ottolina, J.; Bartiromo, L.; Bonavina, G.; Schimberni, M.; Villanacci, R.; Candiani, M. Cellular components contributing to fibrosis in endometriosis: A literature review. J. Minim. Invasive Gynecol. 2020, 27, 287–295. [Google Scholar] [CrossRef]

	



Zhang, Y.; Chang, X.; Wu, D.; Deng, M.; Miao, J.; Jin, Z. Down-regulation of exosomal miR-214-3p targeting CCN2 contributes to endometriosis fibrosis and the role of exosomes in the horizontal transfer of miR-214-3p. Reprod. Sci. 2020, 28, 715–727. [Google Scholar] [CrossRef]

	



Ma, Y.; Huang, Y.-X.; Chen, Y.-Y. miRNA-34a-5p downregulation of VEGFA in endometrial stem cells contributes to the pathogenesis of endometriosis. Mol. Med. Rep. 2017, 16, 8259–8264. [Google Scholar] [CrossRef] [PubMed]

	



Yang, P.; Wu, Z.; Ma, C.; Pan, N.; Wang, Y.; Yan, L. Endometrial miR-543 Is Downregulated during the Implantation Window in Women with Endometriosis-Related Infertility. Reprod. Sci. 2019, 26, 900–908. [Google Scholar] [CrossRef] [PubMed]

	



Petracco, R.; Grechukhina, O.; Popkhadze, S.; Massasa, E.; Zhou, Y.; Taylor, H. MicroRNA 135 regulates HOXA10 expression in endometriosis. J. Clin. Endocrinol. Metab. 2011, 96, 925–933. [Google Scholar] [CrossRef]

	



Joshi, N.; Miyadahira, E.; Afshar, Y.; Jeong, J.; Young, S.; Lessey, B.; Serafini, P.; Fazleabas, A. Progesterone Resistance in Endometriosis Is Modulated by the Altered Expression of MicroRNA-29c and FKBP4. J. Clin. Endocrinol. Metab. 2017, 102, 141–149. [Google Scholar] [CrossRef]

	



Pei, T.; Liu, C.; Liu, T.; Xiao, L.; Luo, B.; Tan, J.; Li, X.; Zhou, G.; Duan, C.; Huang, W. miR-194-3p Represses the Progesterone Receptor and Decidualization in Eutopic Endometrium from Women with Endometriosis. Endocrinology 2018, 159, 2554–2562. [Google Scholar] [CrossRef] [PubMed]

	



Yu, H.; Zhong, Q.; Xia, Y.; Li, E.; Wang, S.; Ren, R. MicroRNA-2861 targets STAT3 and MMP2 to regulate the proliferation and apoptosis of ectopic endometrial cells in endometriosis. Pharmazie 2019, 74, 243–249. [Google Scholar]

	



Antsiferova, Y.S.; Sotnikova, N.Y.; Bogatova, I.K.; Boitsova1, A.V. Changes of apoptosis regulation in the endometrium of infertile women with tubal factor and endometriosis undergoing in vitro fertilization treatment. JBRA Assist. Reprod. 2014, 18, 2–6. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Q.; Yan, J. Update of Wnt signaling in implantation and decidualization. Reprod. Med. Biol. 2016, 15, 95–105. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, H.; Li, G.; Sheng, X.; Zhang, S. Upregulation of miR-33b promotes endometriosis via inhibition of Wnt/β-catenin signaling and ZEB1 expression. Mol. Med. Rep. 2019, 19, 2144–2152. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, H.; Cao, X.X.; Liu, J.; Hua, H. MicroRNA-488 inhibits endometrial glandular epithelial cell proliferation, migration, and invasion in endometriosis mice via Wnt by inhibiting FZD7. J. Cell. Mol. Med. 2019, 23, 2419–2430. [Google Scholar] [CrossRef]

	



Zhang, Y.; Yan, J.; Pan, X. miR-141-3p affects apoptosis and migration of endometrial stromal cells by targeting KLF-12. Pflugers Arch. 2019, 471, 1055–1063. [Google Scholar] [CrossRef]

	



Huang, S.; Wa, Q.; Pan, J.; Peng, X.; Ren, D.; Huang, Y.; Chen, X.; Tang, Y. Downregulation of miR-141-3p promotes bone metastasis via activating NF-kappaB signaling in prostate cancer. J. Exp. Clin. Cancer. Res. 2017, 36, 173. [Google Scholar] [CrossRef]

	



Shen, X.; Hu, Y.; Jiang, Y.; Liu, H.; Zhu, L.; Jin, X.; Shan, H.; Zhen, X.; Sun, L.; Yan, G.; et al. Kruppel-like factor 12 negatively regulates human endometrial stromal cell decidualization. Biochem. Biophys. Res. Commun. 2013, 433, 11–17. [Google Scholar] [CrossRef]

	



Zhang, Q.; Zhang, H.; Jiang, Y.; Xue, B.; Diao, Z.; Ding, L.; Zhen, X.; Sun, H.; Yan, G.; Hu, Y. MicroRNA-181a is involved in the regulation of human endometrial stromal cell decidualization by inhibiting Kruppel-like factor 12. Reprod. Biol. Endocrinol. 2015, 13, 23. [Google Scholar] [CrossRef]

	



Rezk, N.A.; Lashin, M.B.; Sabbah, N.A. MiRNA 34-a regulate SIRT-1 and Foxo-1 expression in endometriosis. Non-Coding RNA Res. 2021, 6, 35–41. [Google Scholar] [CrossRef] [PubMed]

	



Burney, R.; Hamilton, A.; Aghajanova, L.; Vo, K.; Nezhat, C.; Lessey, B.; Giudice, L. MicroRNA expression profiling of eutopic secretory endometrium in women with versus without endometriosis. Mol. Hum. Reprod. 2009, 15, 625–631. [Google Scholar] [CrossRef]

	



Zhou, M.; Fu, J.; Xiao, L.; Yang, S.Y.; Song, Y.; Zhang, X.H.; Feng, X.; Sun, H.Q.; Xu, W.M.; Huang, W. miR-196a overexpression activates the MEK/ERK signal and represses the progesterone receptor and decidualization in eutopic endometrium from women with endometriosis. Hum. Reprod. 2016, 31, 2598–2608. [Google Scholar] [CrossRef]

	



Zhou, C.-F.; Liu, M.-J.; Wang, W.; Wu, S.; Huang, Y.-X.; Chen, G.-B.; Liu, L.-M.; Peng, D.-X.; Wang, X.-F.; Cai, X.-Z.; et al. miR-205-5p inhibits human endometriosis progression by targeting ANGPT2 in endometrial stromal cells. Stem. Cell. Res. Ther. 2019, 10, 287. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, A.; Wang, G.; Jia, L.; Su, T.; Zhang, L. Exosome-mediated microRNA-138 and vascular endothelial growth factor in endometriosis through inflammation and apoptosis via the nuclear factor-κB signaling pathway. Int. J. Mol. Med. 2019, 43, 358–370. [Google Scholar] [CrossRef] [PubMed]

	



Hu, Z.Y.; Mamillapalli, R.; Taylor, H.S. Increased circulating miR-370-3p regulates steroidogenic factor 1 in endometriosis. Am. J. Physiol. Endocrinol. Metab. 2019, 316, 373–382. [Google Scholar] [CrossRef]

	



Vasquez, Y.M.; Wu, S.P.; Anderson, M.L.; Hawkins, S.M.; Creighton, C.J.; Ray, M.; Tsai, S.Y.; Tsai, M.J.; Lydon, J.P.; DeMayo, F.J. Endometrial expression of steroidogenic factor 1 promotes cystic glandular morphogenesis. Mol. Endocrinol. 2016, 30, 518–532. [Google Scholar] [CrossRef] [PubMed]

	



Burney, R.O.; Talbi, S.; Hamilton, A.E.; Vo, K.C.; Nyegaard, M.; Nezhat, C.R.; Lessey, B.A.; Giudice, L.C. Gene Expression Analysis of Endometrium Reveals Progesterone Resistance and Candidate Susceptibility Genes in Women with Endometriosis. Endocrinology 2007, 148, 3814–3826. [Google Scholar] [CrossRef] [PubMed]

	



Gao, S.; Liu, S.; Gao, Z.-M.; Deng, P.; Wang, D.-B. Reduced microRNA-451 expression in eutopic endometrium contributes to the pathogenesis of endometriosis. World J. Clin. Cases 2019, 7, 2155–2164. [Google Scholar] [CrossRef]

	



Chen, C.; Zhao, Y.; Yu, Y.; Li, R.; Qiao, J. MiR-125b regulates endometrial receptivity by targeting MMP26 in women undergoing IVF-ET with elevated progesterone on HCG priming day. Sci. Rep. 2016, 6, 25302. [Google Scholar] [CrossRef]

	



Rekker, K.; Tasa, T.; Saare, M.; Samuel, K.; Kadastik, Ü.; Karro, H. Differentially-Expressed miRNAs in Ectopic Stromal Cells Contribute to Endometriosis Development: The Plausible Role of miR-139-5p and miR-375. Int. J. Mol. Sci. 2018, 19, 3789. [Google Scholar] [CrossRef]

	



Xu, B.; Geerts, D.; Bu, Z.; Ai, J.; Jin, L.; Li, Y.; Zhang, H.; Zhu, G. Regulation of endometrial receptivity by the highly expressed HOXA9, HOXA11 and HOXD10 HOX-class homeobox genes. Hum. Reprod. 2014, 29, 781–790. [Google Scholar] [CrossRef]

	



Dai, Y.; Lin, X.; Xu, W.; Lin, X.; Huang, Q.; Shi, L.; Pan, Y.; Zhang, Y.; Zhu, Y.; Li, C.; et al. MiR-210-3p protects endometriotic cells from oxidative stress-induced cell cycle arrest by targeting BARD1. Cell. Death Dis. 2019, 10, 144. [Google Scholar] [CrossRef]

	



Xiao, L.; Pei, T.; Huang, W.; Zhou, M.; Fu, J.; Tan, J. MicroRNA22-5p targets ten-eleven translocation and regulates estrogen receptor 2 expression in infertile women with minimal/mild endometriosis during implantation window. PLoS ONE 2020, 15, e0234086. [Google Scholar] [CrossRef] [PubMed]

	



Li, L.; Guo, X.; Liu, J.; Chen, B.; Gao, Z.; Wang, Q. The role of miR-27b-3p/HOXA10 axis in the pathogenesis of endometriosis. Ann. Palliat. Med. 2021, 10, 3162–3170. [Google Scholar] [CrossRef] [PubMed]

	



Zanatta, A.; Rocha, A.M.; Carvalho, F.M.; Pereira, R.M.A.; Taylor, H.S.; Motta, E.L.A.; Baracat, E.C.; Serafini, P.C. The role of the Hoxa10/HOXA10 gene in the etiology of endometriosis and its related infertility: A review. J. Assist. Reprod. Genet. 2010, 27, 701–710. [Google Scholar] [CrossRef] [PubMed]

	



Li, M.; Peng, J.; Shi, Y.; Sun, P. miR-92a promotes progesterone resistance in endometriosis through PTEN/ AKT pathway. Life Sci. 2020, 242, 117190. [Google Scholar] [CrossRef]

	



Ghazal, S.; McKinnon, B.; Zhou, J.; Mueller, M.; Men, Y.; Yang, L.; Mueller, M.; Flannery, C.; Huang, Y.; Taylor, H.S. H19 lncRNA alters stromal cell growth via IGF signaling in the endometrium of women with endometriosis. EMBO Mol. Med. 2015, 7, 996–1003. [Google Scholar] [CrossRef]

	



Pang, Q.-X.; Liu, Z. miR-17-5p mitigates endometriosis by directly regulating. VEGFA J. Biosci. 2020, 45, 78. [Google Scholar] [CrossRef]

	



Nothnick, W.B.; Graham, A. Dissecting the miR-451a-Mif Pathway in Endometriosis Pathophysiology Using a Syngeneic Mouse Model: Temporal Expression of Lesion Mif Receptors, Cd74 and Cxcr4. Biomedicines 2022, 10, 1699. [Google Scholar] [CrossRef]

	



Brunty, S.; Wright, K.R.; Mitchell, B.; Santanam, N. Peritoneal Modulators of EZH2-miR-155 Cross-Talk in Endometriosis. Int. J. Mol. Sci. 2021, 22, 3492. [Google Scholar] [CrossRef]

	



Misir, S.; Hepokur, C.; Oksasoglu, B.; Yildiz, C.; Yanik, A.; Aliyazicioglu, Y. Circulating serum miR-200c and miR-34a-5p as diagnostic biomarkers for endometriosis. J. Gynecol. Obstet. Hum. Reprod. 2021, 50, 102092. [Google Scholar] [CrossRef] [PubMed]

	



Zafari, N.; Tarafdari, A.M.; Izadi, P.; Noruzinia, M.; Yekaninejad, M.S.; Bahramy, A.; Mohebalian, A. A Panel of Plasma miRNAs 199b-3p, 224–225p and Let-7d-3p as Non-Invasive Diagnostic Biomarkers for Endometriosis. Reprod. Sci. 2021, 28, 991–999. [Google Scholar] [CrossRef]

	



Hajimaqsoudi, E.; Darbeheshti, F.; Kalantar, S.M.; Javaheri, A.; Mirabutalebi, S.H.; Sheikhha, M.H. Investigating the expressions of miRNA-125b and TP53 in endometriosis. Does it underlie cancer-like features of endometriosis? A case-control study. Int. J. Reprod. Biomed. 2020, 18, 825–836. [Google Scholar] [CrossRef]

	



Papari, E.; Noruzinia, M.; Kashani, L.; Foster, W.G. Identification of candidate microRNA markers of endometriosis with the use of next-generation sequencing and quantitative real-time polymerase chain reaction. Fertil. Steril. 2020, 113, 1232–1241. [Google Scholar] [CrossRef]

	



Moustafa, S.; Burn, M.; Mamillapalli, R.; Nematian, S.; Flores, V.; Taylor, H.S. Accurate diagnosis of endometriosis using serum microRNAs. Am. J. Obstet. Gynecol. 2020, 223, 557. [Google Scholar] [CrossRef]

	



Nothnick, W.B.; Falcone, T.; Joshi, N.; Fazleabas, A.T.; Graham, A. Serum miR-451a levels Are Significantly Elevated in Women with Endometriosis and Recapitulated in Baboons (Papio anubis) With Experimentally-Induced Disease. Reprod. Sci. 2017, 24, 1195–1202. [Google Scholar] [CrossRef] [PubMed]

	



Cosar, E.; Mamillapalli, R.; Ersoy, G.S.; Cho, S.; Seifer, B.; Taylor, H.S. Serum microRNAs as diagnostic markers of endometriosis: A comprehensive array based analysis. Fertil. Steril. 2016, 106, 402–409. [Google Scholar] [CrossRef]

	



Wang, L.; Zhang, J.; Sun, H.; Ji, X.; Zhang, S. Effect of miR-451 on IVF/ICSI-ET outcome in patient with endometriosis and infertility. Am. J. Transl. Res. 2021, 13, 13051–13058. [Google Scholar] [PubMed]

	



Maged, A.M.; Deeb, W.S.; El Amir, A.; Zaki, S.S.; El Sawah, H.; Al Mohamady, M.; Metwally, A.A.; Katta, M.A. Diagnostic accuracy of serum miR-122 and miR-199a in women with endometriosis. Int. J. Gynaecol. Obstet. 2018, 141, 14–19. [Google Scholar] [CrossRef] [PubMed]

	



Wang, W.-T.; Zhao, Y.-N.; Han, B.-W.; Hong, S.-J.; Chen, Y.-Q. Circulating microRNAs identified in a genome-wide serum microRNA expression analysis as noninvasive biomarkers for endometriosis. J. Clin. Endocrinol. Metab. 2013, 98, 281–289. [Google Scholar] [CrossRef] [PubMed]

	



Abdel-Rasheed, M.; Eldeen, G.N.; Mahmoud, M.; ElHefnawi, M.; Abu-Shahba, N.; Reda, M.; Elsetohy, K.; Nabil, M.; Elnoury, A.; Taha, T.; et al. MicroRNA expression analysis in endometriotic serum treated mesenchymal stem cells. EXCLI J. 2017, 16, 852–867. [Google Scholar] [PubMed]

	



Cho, S.; Mutlu, L.; Zhou, Y.; Taylor, H.S. Aromatase inhibitor regulates let-7 expression and let-7f–induced cell migration in endometrial cells from women with endometriosis. Fertil. Steril. 2016, 106, 673–680. [Google Scholar] [CrossRef]

	



Balzeau, J.; Menezes, M.R.; Cao, S.; Hagan, J.P. The LIN28/let-7 Pathway in Cancer. Front. Genet. 2017, 8, 31. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, H.; Shyh-Chang, N.; Segrè, A.V.; Shinoda, G.; Shah, S.P.; Einhorn, W.S.; Takeuchi, A.; Engreitz, J.M.; Hagan, J.P.; Kharas, M.G.; et al. The Lin28/let-7 axis regulates glucose metabolism. Cell 2011, 147, 81–94. [Google Scholar] [CrossRef] [PubMed]

	



Ma, Y.; Shen, N.; Wicha, M.S.; Luo, M. The Roles of the Let-7 Family of MicroRNAs in the Regulation of Cancer Stemness. Cells 2021, 10, 2415. [Google Scholar] [CrossRef] [PubMed]

	



Bernstein, D.L.; Jiang, X.; Rom, S. let-7 microRNAs: Their role in Cerebral and Cardiovascular Diseases, Inflammation, Cancer, and Their Regulation. Biomedicines 2021, 9, 606. [Google Scholar] [CrossRef] [PubMed]

	



Starzinski-Powitz, A.; Zeitvogel, A.; Schreiner, A.; Baumann, R. In search of pathogenic mechanisms in endometriosis: The challenge for molecular cell biology. Curr. Mol. Med. 2001, 1, 655–664. [Google Scholar] [CrossRef]

	



Luo, Y.; Wang, D.; Chen, S.; Yang, Q. The role of miR-34c-5p/Notch in epithelial-mesenchymal transition (EMT) in endometriosis. Cell Signal. 2020, 72, 109666. [Google Scholar] [CrossRef] [PubMed]

	



Agrawal, S.; Tapmeier, T.; Rahmioglu, N.; Kirtley, S.; Zondervan, K.; Becker, C. The miRNA Mirage: How Close Are We to Finding a Non-Invasive Diagnostic Biomarker in Endometriosis? A Systematic Review. Int. J. Mol. Sci. 2018, 19, 599. [Google Scholar] [CrossRef]

	



Zheng, L.; Sun, D.F.; Tong, Y. Exosomal miR-202 derived from leucorrhea as a potential biomarker for endometriosis. J. Int. Med. Res. 2023, 51, 03000605221147183. [Google Scholar] [CrossRef]

	



Rekker, K.; Saare, M.; Roost, A.M.; Kaart, T.; Sõritsa, D.; Karro, H.; Sõritsa, A.; Simόn, C.; Salumets, A.; Peters, M. Circulating miR-200–family micro-RNAs have altered plasma levels in patients with endometriosis and vary with blood collection time. Fertil. Steril. 2015, 104, 938–946. [Google Scholar] [CrossRef] [PubMed]

	



Xu, X.; Li, Z.; Liu, J.; Yu, S.; Wei, Z. MicroRNA expression profiling in endometriosis-associated infertility and its relationship with endometrial receptivity evaluated by ultrasound. J. X-ray Sci. Technol. 2017, 25, 523–532. [Google Scholar] [CrossRef]

	



Dabi, Y.; Suisse, S.; Puchar, A.; Delbos, L.; Poilblanc, M.; Descamps, P.; Haury, J.; Golfier, F.; Jornea, L.; Bouteiller, D.; et al. Endometriosis-associated infertility diagnosis based on saliva microRNA signatures. Reprod. Biomed. Online 2023, 46, 138–149. [Google Scholar] [CrossRef] [PubMed]

	



Marí-Alexandre, J.; Barceló-Molina, M.; Belmonte-López, E.; García-Oms, J.; Estellés, A.; Braza-Boïls, A.; Gilabert-Estellés, J. Micro-RNA profile and proteins in peritoneal fluid from women with endometriosis: Their relationship with sterility. Fertil. Steril. 2018, 109, 675–684. [Google Scholar] [CrossRef] [PubMed]

	



Ruan, Y.; Qian, W.-P.; Zhang, C.-H.; Zhou, L.; Hou, Z.-H. Study on microRNA expression in endometrium of luteal phase and its relationship with infertility of endometriosis. Zhonghua Fu Chan Ke Za Zhi 2013, 48, 907–910. [Google Scholar] [PubMed]

	



Bashti, O.; Noruzinia, M.; Garshasbi, M.; Abtahi, M. miR-31 and miR-145 as Potential Non-Invasive Regulatory Biomarkers in Patients with Endometriosis. Cell J. 2018, 20, 84–89. [Google Scholar]

	



Wang, F.; Wang, H.; Jin, D.; Zhang, Y. Serum miR-17, IL-4, and IL-6 levels for diagnosis of endometriosis. Medicine 2018, 97, e10853. [Google Scholar] [CrossRef] [PubMed]

	



Liang, Z.; Chen, Y.; Zhao, Y.; Xu, C.; Zhang, A.; Zhang, Q.; Wang, D.; He, J.; Hua, W.; Duan, P. miR-200c suppresses endometriosis by targeting MALAT1 in vitro and in vivo. Stem. Cell Res. Ther. 2017, 8, 251. [Google Scholar] [CrossRef]

	



Pokrovenko, D.A.; Vozniuk, V.; Medvediev, M.V. MicroRNA let-7: A promising non-invasive biomarker for diagnosing and treating external genital endometriosis. Turk. J. Obstet. Gynecol. 2021, 18, 291–297. [Google Scholar] [CrossRef]

	



Hosseini, M.; Hammami, B.; Kazemi, M. Identification of potential diagnostic biomarkers and therapeutic targets for endometriosis based on bioinformatics and machine learning analysis. J. Assist. Reprod. Genet. 2023, 40, 2439–2451. [Google Scholar] [CrossRef]

	



Cheng, F.; Lu, L.; Wang, H.; Cheng, H.; Zhang, D. Expression and Significance of miR-126 and miR-145 in Infertility due to Endometriosis. J. Coll. Physicians Surg. Pak. 2019, 29, 585–587. [Google Scholar] [CrossRef] [PubMed]

	



Nayak, R.; Chattopadhyay, T.; Mallick, B. Identification of potential repurposed drugs for treating endometriosis-associated infertility among women. Chem. Biol. Interact. 2022, 365, 110110. [Google Scholar] [CrossRef]

	



Kolanska, K.; Bendifallah, S.; Canlorbe, G.; Mekinian, A.; Touboul, C.; Aractingi, S.; Chabbert-Buffet, N.; Daraï, E. Role of miRNAs in Normal Endometrium and in Endometrial Disorders: Comprehensive Review. J. Clin. Med. 2021, 10, 3457. [Google Scholar] [CrossRef] [PubMed]

	



Creemers, E.E.; Tijsen, A.J.; Pinto, Y.M. Circulating microRNAs novel biomarkers and extracellular communicators in cardiovascular disease? Circ. Res. 2012, 110, 481–495. [Google Scholar] [CrossRef] [PubMed]

	



Xu, D.; Di, K.; Fan, B.; Wu, J.; Gu, X.; Sun, Y.; Khan, A.; Li, P.; Li, Z. MicroRNAs in extracellular vesicles: Sorting mechanisms, diagnostic value, isolation, and detection technology. Front. Bioeng. Biotechnol. 2022, 10, 948959. [Google Scholar] [CrossRef] [PubMed]








[image: Biomedicines 11 03087 g001] 





Figure 1. The miRNA biogenesis pathways. (a) Canonical Pathway of miRNA biogenesis: (1) The miRNA precursor is transcribed by RNA Polymerase II, giving rise to primary miRNA (pri-miRNA). (2) The pri-miRNA undergoes maturation processing involving nuclear cleavage by the Drosha enzyme, in conjunction with the cofactor DGCR8. This step results in the formation of pre-miRNA. (3) The pre-miRNA is transported from the nucleus to the cytoplasm via Exportin-5. (4) In the cytoplasm, the pre-miRNA undergoes additional maturation as Dicer cleaves one end of the miRNA, leading to the creation of a mature miRNA duplex. (5) Helicase action converts the mature miRNA duplex into single-stranded transcripts. The single-stranded miRNA transcript binds with a ribonucleoprotein complex called the RNA-induced silencing effector complex (RISC). This complex guides the miRNA to complementary mRNA sequences, resulting in diverse outcomes such as mRNA degradation, translational repression, or inhibition. (b) Non-Canonical Pathway of miRNA biogenesis: (1) The pre-mRNA is transcribed by RNA Polymerase II. (2) Spliceosome, a large RNA-protein complex removes introns from a transcribed pre-mRNA. (3) There is no involvement of Drosha activity; Pre-miRNAs are produced directly through the debranching of introns. (4), (5), and (6) Once pre-miRNAs are transported, they undergo processing similar to what occurs in the canonical pathway. 
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Figure 2. Summary of the Pathogenic Role of miRNA in Endometriosis-associated Infertility. 
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Table 2. miRNA Biomarkers for the Diagnosis of Endometriosis and Endometriosis-associated Infertility.
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	miRNAs
	Dysregulation
	EMS-Associated

Infertility
	Sensitivity

(%)
	Specificity

(%)
	AUC
	Ref.





	miR-106b-3p
	Upregulated
	Y
	N/A
	N/A
	N/A
	[215]



	miR-451a
	Upregulated
	
	
	
	
	



	miR-486-5p
	Upregulated
	
	
	
	
	



	miR-1304-3p
	Upregulated
	Y
	N/A
	N/A
	N/A
	[213]



	miR-544b
	Upregulated
	
	
	
	
	



	miR-3684
	Upregulated
	
	
	
	
	



	miR-3935
	Downregulated
	
	
	
	
	



	miR-29c
	Downregulated
	Y
	N/A
	N/A
	N/A
	[216]



	miR-200a
	Upregulated
	
	
	
	
	



	miR-145
	Upregulated
	
	
	
	
	



	miR-31
	Downregulated
	N/A
	N/A
	N/A
	N/A
	[217]



	MiR-145
	Upregulated
	
	
	
	
	



	miR-199a
	Upregulated
	N/A
	78.33
	76.00
	0.825
	[201]



	miR-122
	Upregulated
	
	80.00
	76.00
	0.835
	



	miR-145
	Upregulated
	
	70.00
	96.00
	0.883
	



	miR-542-3p
	Downregulated
	
	79.66
	92.00
	0.854
	



	miR-17-5p
	Downregulated
	Y
	combine
	combine
	combine
	[195]



	miR-20a-5p
	Downregulated
	
	of the
	of the
	of the
	



	miR-199a-3p
	Downregulated
	
	five
	five
	five
	



	miR-143-3p
	Downregulated
	
	0.96
	0.79
	0.93
	



	Let-7b-5p
	Downregulated
	
	
	
	
	



	miR-125-5p
	Upregulated
	N/A
	100.00
	96.00
	0.97
	[198]



	miR-451a
	Upregulated
	
	N/A
	N/A
	0.84
	



	miR-3613-3p
	Downregulated
	
	N/A
	N/A
	0.86
	

