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Abstract

:

Endometrial receptivity is a state of the endometrium defined by its readiness for embryo implantation. When the receptivity of the endometrium is impaired due to hyperandrogenism or androgen excess, this condition can lead to pregnancy loss or infertility. Hyperandrogenism encompasses a wide range of clinical manifestations, including polycystic ovary syndrome (PCOS), idiopathic hirsutism, hirsutism and hyperandrogaenemia, non-classical congenital adrenal hyperplasia, hyperandrogenism, insulin resistance, acanthosis nigricans (HAIR-AN), ovarian or adrenal androgen-secreting neoplasms, Cushing’s syndrome, and hyperprolactinaemia. Recurrent miscarriages have been shown to be closely related to elevated testosterone levels, which alter the endometrial milieu so that it is less favourable for embryo implantation. There are mechanisms for endometrial receptivity that are affected by excess androgen. The HOXA gene, aVβ3 integrin, CDK signalling pathway, MECA-79, and MAGEA-11 were the genes and proteins affect endometrial receptivity in the presence of a hyperandrogenic state. In this review, we would like to explore the other manifestations of androgen excess focusing on causes other than PCOS and learn possible mechanisms of endometrial receptivity behind androgen excess leading to pregnancy loss or infertility.
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1. Introduction


Infertility studies conducted in 190 countries between 1990 and 2010 found 48.5 million infertile couples, of whom 19.2 million had primary infertility problems and 29.3 million had secondary infertility problems [1]. In about 15% of infertile couples, the underlying cause cannot be determined [2]. Understanding endometrial receptivity is fundamental to understand unexplained infertility and pregnancy loss. Recently, a study has shown that endometrial receptivity is altered in patients with polycystic ovary syndrome (PCOS), suggesting that hyperandrogenism, along with insulin resistance and obesity, is an explanation for poorer embryo implantation and pregnancy outcome [3]. Numerous publications have highlighted the association between hyperandrogenism and infertility in PCOS patients. However, in this review, we would like to explore the other phenotypes of androgen excess in addition to PCOS and learn of possible mechanisms of endometrial receptivity behind androgen excess leading to pregnancy loss or infertility.



1.1. Normal Androgen Physiology


Physiologically, androgens in women are produced in the ovaries, adrenal glands and peripheral tissues. Under normal circumstances, the ovaries and adrenal glands contribute approximately equally to testosterone production. Almost all testosterone is produced by direct testosterone secretion from the adrenal glands. A small portion of testosterone production is formed by peripheral conversion of circulating androstenedione, which is secreted into tissues mainly from the ovaries by the enzyme 17-β-hydroxysteroid dehydrogenase (HSD) [4].



Testosterone, dehydroepiandrosterone sulphate (DHEAS), dehydroepiandrosterone (DHEA), androstenedione, and androstenediol are the androgens released by the endocrine glands [5]. Androstenedione, which is synthesised in the ovaries and adrenal glands, is a direct precursor of testosterone [5]. DHEAS and DHEA are also precursors of testosterone [6]. DHEAS (produced in the adrenal glands) and DHEA (produced in both the ovaries and adrenal glands) are converted into androstenedione, which is then converted into testosterone. DHEAS is an essential measure of adrenal androgen production because it is produced exclusively in the adrenal glands [5]. These androgens are secreted in response to luteinising hormone (LH) in the ovaries and adrenocorticotropic hormone (ACTH) in the adrenal glands.



In addition to the ovaries and adrenal glands, androgens are also produced by the peripheral conversion of prohormones of adrenal and ovarian origin in non-endocrine tissues. In women, androstenedione is the predominant precursor of serum testosterone, making it the most important prohormone [7]. In addition, 5-alpha-reductase, found in the liver, hair follicles, and other androgenic target cells, convert testosterone into dihydrotestosterone (DHT), a potent androgen [8]. Figure 1 below shows a summary of the interconversion of testosterone and testosterone precursors [9].



Although the sites of androgen synthesis are clearly known, the regulation of androgen production is unclear. Currently, testosterone secretion is thought to be a by-product of oestrogen production in the ovaries and glucocorticoid production in the adrenal glands. It has been shown that androgen secretion in the adrenal glands is related to factors that influence cortisol secretion in addition to ACTH levels. Thus, an increase in cortisol and ACTH leads to an increase in serum androgens [7,10]. In contrast, the control of hypothalamic, pituitary, and ovarian hormones is more complex, with oestradiol and progesterone playing an important role in the regulation of gonadotropins.



Metabolic clearance of androgens also plays an important role in regulating serum testosterone levels. In addition to increased production of androgens, decreased androgen clearance results in increased serum androgen levels. Conditions associated with decreased androgen clearance include oestrogen treatment [4,11], barbiturate treatment [4,12], hyperthyroidism [4,13], hypogonadism [4,14], and ageing [15].



Besides oestrogen and progesterone, androgen also plays an important role in the menstrual cycle. During the oestrogen-dominated proliferative phase, stromal fibroblasts in the functional (upper) layer of the human endometrium exhibit the highest expression of AR [16], which is down-regulated during the secretory phase but is maintained in stromal cells within the basal compartment throughout the cycle [17,18]. Expression of AR is also increased in glandular epithelial cells and is up-regulated during the mid-secretory phase [19]. Furthermore, expression of AR has been detected in both stromal and epithelial cells in the first trimester decidua [19]. In contrast, AR has been identified in the perivascular stromal cells in the functional layer, but not in the endothelial cells [6]. With this knowledge, we can assume that the effects of progestins and androgens are mediated indirectly by perivascular stromal cells, whereas the direct effects of oestrogens on endometrial vasculature, including angiogenesis and permeability, are likely to be mediated by the oestrogen receptor (ER).



In the context of endometrial receptivity, androgen receptor (AR) expression is restricted to the stroma of the endometrium and changes during the menstrual cycle, gradually decreasing from the early proliferative to the mid-secretory phase [20]. Regulation of uterine androgen receptors (AR) contributes to the normal pregnancy process. This reduction has been found to correlate with significant differential expressions of the Spp1, Prl, Igfbp1, and Hbegf genes that are associated with endometrial receptivity and endometrial decidualisation [21]. Hyperandrogenism leads to increased expression of AR and implantation failure due to aberrant expression of genes related to implantation and mitochondrial function.




1.2. Hyperandrogenism


In a healthy woman, androgen is secreted in almost equal amounts by the ovaries or the adrenal gland. Despite intensive research, however, we know of only a few causes of androgen excess in women. In order to better understand and classify hyperandrogenism, the source of the androgen excess must be determined.



The source of hyperandrogenism may be the ovaries and the adrenal glands. Typically, androgen secreted by the adrenal gland predominates in non-classical congenital adrenal hyperplasia (NC-CAH), while the ovary is the main source of androgens in polycystic ovary syndrome (PCOS) and idiopathic hyperandrogenism [22,23]. However, previous data suggest that 35% of PCOS cases, 50% of idiopathic hyperandrogenism cases, and about 70% of patients with NC-CAH have excess androgens from more than one source [24]. A more detailed explanation of the non-PCOS causes is discussed in the next section.



The primary source of androgens in PCOS, the most common disorder with androgen excess, is the ovaries. Ovarian hyperandrogenism is the primary pathogenetic mechanism for the syndrome, although no genetic impairment of ovarian enzymes has been identified [25]. In addition, both increased primary androgen secretion by the theca cells and increased drive by luteinising hormone (LH) (and insulin) contribute to increased ovarian androstenedione and testosterone production [26,27]. Theca cells from polycystic ovaries even produce more androstenedione both under basal conditions and during stimulation by gonadotrophins [26,27].



However, in many women with PCOS, there are multiple causes of androgen hypersecretion. About 50% of women with PCOS have elevated circulating levels of dehydroepiandrosterone sulphate (DHEAS) and 11β-hydroxyandrostenedione, two androgens secreted almost exclusively by the zona reticularis of the adrenal glands [28,29]. The elevated DHEAS levels in women with PCOS are likely due to the cumulative effect of several factors, including increased circulating unbound oestradiol levels and altered cortisol metabolism [30,31]. Indeed, decreased peripheral cortisol has been observed in PCOS, due to increased inactivation of this steroid by 5-alpha-reductase or impaired reactivation of cortisol from cortisone by 11beta-hydroxysteroid dehydrogenase type 1 [32,33]. Therefore, the decrease in peripheral cortisol would lead to decreased negative feedback on ACTH, so that the activity of the pituitary–adrenal–androgen axis would increase to maintain normal cortisol levels.



Elevated insulin levels are also thought to be the main cause of increased adrenal androgen secretion in women with PCOS [34]. However, serum DHEAS levels are typically lower in obese women with PCOS [35], and serum DHEAS correlates negatively with serum insulin in hyperandrogenic women [24]. Therefore, it is unlikely that hyperinsulinemia is the primary cause of elevated DHEAS levels. However, this does not rule out a role for insulin in adrenal androgen excess in women with PCOS.



In general, the source of androgen is not thought to affect the phenotype of diseases with androgen excess. While there are many differences in phenotype between the various androgen disorders, particularly between severe (PCOS) and mild syndromes [36], these differences appear to be determined primarily by other features of the syndrome (mainly insulin resistance). However, regardless of the type of androgen excess disorder (PCOS or idiopathic hyperandrogenism), hyperandrogenic patients with elevated DHEAS tend to be leaner, and have lower insulin levels and a better metabolic profile [36]. These findings have yet to be confirmed, but they raise the possibility that elevated DHEAS levels may have a protective effect on metabolic syndrome or that elevated insulin levels suppress DHEAS secretion [37].





2. Hyperandrogenic Syndromes


2.1. Androgen-Secreting Tumours


Pure androgen-secreting adrenal tumours were found less frequently compared to other adrenal tumours. Most adrenal tumours are clinically silent, but when functional they usually secrete cortisol, aldosterone, or catecholamines. This leads to the symptoms of androgen-secreting tumours, which can be divided into three categories: hirsutism, virilisation, and menstrual cycle disorders [15]. On the other hand, only about 1% of ovarian tumours secrete androgens, resulting in clinical hyperandrogenism. The most common androgen-secreting ovarian tumour is the Sertoli–Leydig cell tumour, which accounts for about 0.5% of all ovarian tumours. In women of reproductive age, this tumour is usually benign and unilateral.



Androgen-secreting tumours are a rare cause of hirsutism. In more than half of the reported cases, the tumours proved to be malignant and may be of ovarian or adrenal origin [38]. The typical presentation is hirsutism (excessive hair growth in androgen-sensitive areas such as the face, chest, nipples, buttocks, and external genitalia). Increasing musculature, a deeper voice, breast atrophy, male pattern baldness, and clitoromegaly are signs of virilisation. [15,38].



Physical examination may indicate abdominal or pelvic masses; if these originate from the adrenal gland, there is often concomitant hypercortisolaemia and elevated levels of dehydroepiandrosterone and dehydroepiandrosterone sulphate (DHEAS), leading to Cushing’s syndrome [38]. In a patient with suspected hyperandrogenism associated with an androgen-secreting tumour, a thorough examination should be performed to assess the severity, timing of onset, and progression of symptoms. In postmenopausal women with an unknown cause of increased testosterone and virilisation, the suspicion of an androgen-secreting tumour should be suspected, whether it is ovarian or adrenal in origin [39].




2.2. Congenital Adrenal Hyperplasia


Congenital adrenal hyperplasia (CAH) is inherited in an autosomal recessive manner and disrupts adrenal steroidogenesis [40,41]. It is caused by the absence of one of the enzymes involved in the synthesis of adrenal steroid hormones, usually a deficiency of 21-hydroxylase, which diverts the precursors into the androgen pathway [41,42]. The specific mutation of the genes involved in the disruption of adrenal steroidogenesis results in different clinical features. In 21-hydroxylase deficiency, the clinical spectrum ranges from salt-wasting to simple or mild virilisation.



In classical CAH (CCAH), features of both salt wasting and simple virilisation are observed [40]. The mild variant is called non-classical CAH (NC-CAH). CAH is characterised by cortisol deficiency, with or without aldosterone deficiency, and androgen excess [41]. Physiologically, the hypothalamic–pituitary–adrenal (HPA) axis regulates cortisol secretion from the adrenal cortex. Corticotrophin-releasing hormone (CRH) produced by the hypothalamus regulates the release of adrenocorticotrophic hormone (ACTH), which subsequently stimulates the adrenal cortex. When the adrenal gland releases cortisol, a negative feedback mechanism signals the hypothalamus to regulate the secretion of CRH and ACTH [42].



In CCAH, impaired cortisol synthesis leads to loss of negative feedback inhibition of cortisol, an increase in hypothalamic CRH, and an increase in ACTH secretion in the pituitary. The excessive ACTH secretion leads to an accumulation of cortisol. The hyperandrogenic element associated with these enzyme deficiency disorders is the result of altered metabolism of cortisol [40]. Decreased enzymatic activity of 21-hydroxylase impairs the biosynthesis of cortisol, leading to an increase in the concentration of 17-hydroxyprogesterone (17-OHP) and progesterone. This leads to poor cardiac function, increased secretion of antidiuretic hormone (ADH), and exacerbated mineralocorticoid deficiency in affected individuals [43].



In CAH, the concentration of the substrates in close proximity to 21-hydroxylase, progesterone and 17-OHP, is increased due to the deficiency of 21-hydroxylase. In addition, the defective proteins are confined to the adrenal cortex. The androgen receptor in the adrenal cortex affects steroid metabolism and response to steroids. Apart from this, an increase in the concentration of dihydrotestosterone, DHT (17-OHP, which is converted to DHT by 5α-reductase) from alternative pathways of steroidogenesis further aggravates the symptoms of androgen excess. This pathway is probably the cause of the prenatal virilisation seen in affected female foetuses due to androgen excess [40].



In affected infants, CCAH usually occurs in the neonatal period. Symptoms vary depending on the sex of the infants [40]. Diagnosis of the disease is difficult, especially in affected neonates, who are at higher risk of hyponatraemia, hypokalaemia, and hypotension with an unknown, possibly fatal, outcome [44]. Prenatal virilisation also makes it difficult to determine the “true” sex of the newborn at birth. In most cases, they have ambiguous genitalia [40]. Therefore, a higher index of suspicion for 21-OHD is required to be excluded in this case.



Children with NC-CAH often show premature puberty (premature development of pubic hair, axillary hair, or apocrine odour before the age of 8 or 9 in girls and boys, respectively). Girls may have the enlargement of the clitoris, while boys may have phallic enlargement with testes of prepubertal size. Although premature puberty is common in children with CAH, it is a rare cause of premature adrenarche [45]. CAH is diagnosed when testosterone, 17-OHP, and androstenedione are elevated, with or without advanced bone age [40,46].



Common symptoms in female adolescents and adults with NC-CAH include irregular menstruation, chronic anovulation, infertility, acne, and hirsutism, which is reported as the most common symptom [47,48,49,50]. Distinguishing between NC-CAH and polycystic ovary syndrome (PCOS) is quite difficult due to the similarity of symptoms [43,51]. It has been shown that women with NC-CAH are more likely to have elevated 17-OHP and progesterone levels compared to women with PCOS [52]. Women with PCOS usually have oligomenorrhoea, biochemical or clinical signs of hyperandrogenism, obesity, insulin resistance, polycystic ovarian morphology, and an increased LH/FSH ratio. However, even with these features, it is difficult to distinguish women suffering from NC-CAH from PCOS [53]. In a previous study, it was reported that the women on NC-CAH did not suffer from symptoms of androgen excess. They achieved normal body size without adrenal insufficiency and also suffered from infertility [54].



As mentioned earlier, women with NC-CAH have many similarities with PCOS individuals. One mechanism of PCOS is disruption of the hypothalamic-pituitary-ovarian (HPO) axis, which can also occur in individuals with NC-CAH. It has been postulated that androgen overexposure in the uterus leads to changes in the mechanisms that control GnRH and kisspeptin. In another study, it was found that an increase in LH concentrations with an increase in LH pulse amplitude was highly associated with high androgen concentrations in women with NC-CAH [55,56].



Ovarian function can be directly influenced by androgens. The occurrence of polycystic ovarian morphology is highly influenced by excessive androgens, which may arise either from endogenous androgens as in CAH or from exogenous androgens as in illicit steroid abuse in female-to-male transgender or female athletes [56,57]. Androgen receptors are expressed in granulosa cells, theca cells, and oocytes [58]. A study using tissue-specific androgen receptor knockout mice revealed that androgens regulate follicular growth via androgen receptors at different stages of follicular development [59,60]. Physiologically, the function of androgens is to promote the initial growth of small antral follicles. However, hyperandrogenism leads to follicular arrest and the inability to select the dominant follicle [61]. Androgens can stimulate the extracellular matrix, leading to stromal hyperplasia. Thus, disruption of the HPO axis by androgens can occur at multiple sites [62].



Excess circulating androgens and progesterone may impair HPO axis function and endometrial receptivity. Increased progesterone concentrations impair the quality of cervical mucus, accelerate endometrial maturation, reduce endometrial receptivity, decrease sperm penetration, and impair embryo implantation [63]. Therefore, to ensure ovulation, proliferation of endometrium and implantation of the embryo, adequate suppression of progesterone (<60 ng/dL) and plasma renin activity is required in both CCAH and NC-CAH. Fertility rates are higher when glucocorticoid therapy is administered [50].




2.3. Hyperandrogenic Insulin-Resistant Acanthosis Nigricans (HAIR-AN) Syndrome


Hyperandrogenic insulin-resistant acanthosis nigricans (HAIR-AN) is a subtype of PCOS characterised by high insulin resistance [64]. Obesity, genetic, and environmental variables are associated with the development of HAIR-AN. Diagnosis is predominantly clinical, with laboratory studies providing further support. HAIR-AN syndrome is observed in 1 to 3 percent of hyperandrogenic women [45]. When triggered by LH or HCG, ovarian stromal cells synthesise androgens, depending on the pathophysiology. It has also been found to increase the steroidogenic activity of these cells. The latter is an important factor in determining the extent of hirsutism. There may be a closer relationship between the extent of hirsutism and the degree of hyperandrogenism observed. Insulin-like growth factor-1 (IGF1), a proteic peptide with close similarity to insulin, has the same steroidogenesis capacity as the latter [65].



It has been reported that maternal history of metabolic syndrome and the presence of acanthosis nigricans may lead to insulin resistance and be responsible for hyperandrogenism and virilisation. The approach to reduce insulin resistance was lifestyle modification. Treatment to reduce ovarian hyperandrogenism, such as combined oestrogen and progestin pills, are used because of their antigonadal effect, which inhibits LH, leading to a reduction in ovarian androgens; their increase in sex hormone-binding globulin is also known to reduce bioavailable testosterone [65].



Genetic insulin resistance disorders of type A are characterised by hyperandrogenism, insulin resistance, and acanthosis nigricans (AN). Type B IR is caused by circulating antibodies directed against the insulin receptor and is associated with other autoimmune diseases [66,67]. The HAIR-AN syndrome occurs in 1 to 5% of young women with hyperandrogenism, mainly in young black African women. Because of its subtle symptoms, its prevalence may be underestimated. It is a rare syndrome that causes an unusual multisystem disorder in women and is misdiagnosed in many cases [66].



Excess circulating insulin leads to increased expression of insulin growth factor receptors (IGFR) on epidermal keratinocytes and melanocytes, leading to AN [68]. Circulating insulin can also activate ovarian stromal cells and granulosa cells to produce excess androgens, which are responsible for the symptoms of hyperandrogenism. In addition to AN, clinical examination reveals indicators of virilisation, such as hirsutism, android obesity, clitoral hypertrophy, muscle hypertrophy and increased desire. Other symptoms of hyperandrogenism, besides virilisation, are amenorrhoea, hypofertility or infertility, retention acne, and androgenetic alopecia [69,70].




2.4. Hirsutism


Hirsutism is the excessive development of terminal hair in females in a typically male pattern [36]. It is usually a symptom of high androgen levels. Hirsutism occurs in 5–15% of women and is often associated with a lower quality of life and severe psychological distress. Hirsutism should be distinguished from hypertrichosis, which is defined as increased development of vellus hair in a general, non-sex-specific distribution independent of androgens. However, hyperandrogenism may exacerbate the condition [49].



Hirsutism is a clinical diagnosis, and the prevalence varies according to the diagnostic criteria used. The modified Ferriman–Gallwey scoring system, which consists of nine androgen-sensitive body regions, is commonly used to diagnose hirsutism [71]. Cut-off scores vary by race and ethnicity: hirsutism is defined as a score of 8 or higher in black and white women in the United Kingdom and the United States, and a score of 9 or higher in Mediterranean women. Hispanic and Middle Eastern women have a score of 6 or higher; South American women have a score of 2 or higher, and Asian women have a score of 2 or higher. Scores between 15 and 25 indicate mild hirsutism, while scores above 25 indicate severe hirsutism. The subjective nature of this scoring method, and the fact that locally high scores or previous cosmetic treatments cannot be taken into account, are two of the limitations of this method. The Endocrine Society advocates the treatment of patient-relevant hirsutism, i.e., excessive hair growth in the genital area from which patients suffer [38].



Idiopathic hirsutism is a diagnosis of exclusion that occurs in approximately 10% of women with regular menstruation, normal ovarian morphology, and normal serum androgen levels. Data suggest that almost half of all women with mild hirsutism have “idiopathic hirsutism”.





3. Endometrial Receptivity


The term “endometrial receptivity” refers to the brief window of endometrial maturation in which the trophectoderm of the blastocyst can adhere to the epithelial cells of the endometrium before invading the endometrial stroma and vasculature [72]. Since Rock and Bartlett described the criteria for dating and the histological changes of the endometrium, the receptivity of the endometrium and the characteristics of the implantation window have been the subject of extensive research [73]. Although aberrant endometrial receptivity is usually investigated in infertility, it is actually responsible for a whole spectrum of reproductive diseases, ranging from complete failure to implant (infertility) to severe implantation failure (miscarriage) to mildly abnormal implantation and invasion (e.g., pre-eclampsia).



Most women become ready to conceive in the mid-luteal phase due to the sequential effects of the steroid hormones, namely oestrogen and progesterone. Both oestrogen and progesterone play an important role in the establishment of the endometrial transition, which promotes embryo implantation. This is evidenced by the compartmentalised expression of the oestrogen receptor (ER) and the progesterone receptor (PR) at different periods of peri-implantation, providing insight into where the coordinated actions of oestrogen and progesterone occur in preparing the uterus for implantation and decidualisation during early pregnancy [74].



Decidualisation is a necessary process for embryo implantation in which proliferating fibroblasts transform into specialised secretory cells responsible for producing factors that promote endometrial receptivity [75]. This process depends on activation of cyclic adenosine monophosphate (cAMP) and progesterone signalling pathways and inhibition of oestrogen signalling, resulting in decreased cellular proliferation and DNA synthesis, as well as a reduction in cellular mitotic activity [76]. Successful decidualisation leads to significant morphological and biochemical changes, including glandular secretion, extensive vascular remodelling, and an influx of natural killer (uNK) cells from the uterus [77].



Implantation of the embryo occurs in three phases, namely (i) apposition, (ii) adhesion, and (iii) invasion [78]. During apposition, the blastocyst juxtaposes with the endometrial implantation site rendering the blastocyst immobile and the embryo shows signs of polarity about 2–4 days after the morula enters the cavity. In the adhesion phase, the trophoblast cells of the blastocyst attach to the receptive endometrium, mediated by pinopodes of the luminal epithelium, adhesion molecules, and signalling factors. Thereafter, in the invasion phase, the invading trophoblast cells navigate through the endometrial basement membrane, invade the endometrial stroma and then migrate into the maternal decidua, bringing nutrients from the maternal circulation into the embryo [78,79]. During these phases, a multitude of molecular mediators plays a role in the initial maternal-foetal connection, which is regulated by ovarian steroid hormones. These mediators include lipids, cytokines, growth factors, adhesion molecules, and others [80,81].



Adequate maturation of the endometrium is vital for endometrial receptivity, which is led by oestrogen and progesterone. Oestrogen stimulates the basal layer of the endometrium to grow rapidly (proliferation phase) at both the glandular and stromal levels. By stimulating the stromal cells to produce growth factors such as IGF1 and epidermal growth factor (EGF), which interact with receptors produced by the epithelial tissue, oestrogen causes glandular proliferation [82]. After the corpus luteum has started to produce oestrogen and progesterone after ovulation, the endometrial glandular epithelium shows secretory changes. Progesterone, through its action on the endometrium, stimulates the active secretion of glycoproteins and peptides into the endometrial cavity and inhibits proliferation of the endometrial epithelium due to progesterone-mediated blockade of oestrogen receptor expression [83] as well as activation of 17β-hydroxysteroid dehydrogenase and sulfotransferase activity, which convert oestradiol to oestrone [84]. The peak of secretion activity occurs about 7 days after the luteinising hormone (LH) spike, the endometrial stroma becomes highly oedematous, and vascular proliferation occurs. Under the influence of progesterone, decidualisation occurs, characterised by increased mitosis and differentiation of stromal cells, as well as progesterone-dependent infiltration of specific leukocyte subsets into the endometrial stroma, including natural killer cells, T cells, and macrophages [84,85]. The decidualised stroma provides protection and supports conceptus implantation [82]. In the absence of fertilisation, the corpus luteum degenerates between the 24th and 28th day, resulting in a marked decrease in progesterone and the detachment of the stratum functionalis, which marks the beginning of the menstrual cycle.



The primary morphological change that characterises endometrial receptivity is undoubtedly the presence of pinopodes, bleb-like structures of variable length that project into the uterine lumen just above the microvilli level of adjacent cells and are present on the apical surface of the endometrial epithelium [78,79]. Endometrial pinopodes are considered morphological markers of endometrial receptivity and are only present for a short period of time corresponding to the implantation window [86].




4. Assessment of Endometrial Receptivity


There are no specific tests to determine endometrial receptivity. However, some methods have been suggested, including the use of ultrasound, hysteroscopy inspection, and uterine natural killer cells, as well as endometrial receptivity array.



Ultrasonography, particularly transvaginal ultrasonography, offers fairly reliable, non-invasive methods for assessing endometrial receptivity. Several ultrasound parameters and patterns have been proposed. The most commonly used parameter is endometrial thickness, i.e., the maximum distance between the endometrial–myometrial interface on the anterior and posterior uterine walls in a median longitudinal plane of the uterus. In contrast, the endometrial pattern is usually divided into three common patterns: the three-line pattern consisting of a central hyperechogenic line surrounded by two hypoechogenic layers, the intermediate isoechogenic pattern with the same reflectivity as the surrounding myometrium, and a poorly defined central echogenic line, a homogeneous hyperechogenic endometrium [87]. Endometrial thickness assessment with a cut-off of 6 mm had the highest sensitivity in predicting receptive endometrium [88]. The triple-line pattern, on the other hand, showed the highest accuracy in predicting receptive endometrium [88]. In assisted reproduction, endometrial thickness and pattern are usually determined on the day of human chorionic gonadotropin (hCG) administration [87]. In addition, an endometrial volume greater than 2 mL measured by ultrasound on the day of hCG injection is also useful for predicting receptive endometrium [89]. The use of Doppler to determine blood flow prior to hCG administration resulted in higher clinical pregnancy rates and implantation rates [88,90]. Although data were limited, a low frequency of uterine contractions (less than two contractions) 5 min after embryo transfer showed a significantly higher probability of clinical pregnancy [91].



Hysteroscopic examination of the uterus also helps to identify the receptive endometrium. The mid-luteal endometrium has been classified as ‘good’ during hysteroscopic assessment due to the ring type aspect of the glandular openings and the presence of well-developed varicose-like vessels [88].



The majority of white blood cells in the endometrium are uterine natural killer (NK) cells, whose numbers change according to the phase of the menstrual cycle. Their numbers increase dramatically when progesterone levels rise, particularly during the secretory phase [92]. Therefore, they have been extensively studied as a possible marker for the receptive endometrium. The role of uterine NK cells in reaching the receptive endometrium is in remodelling the maternal spiral artery as well as maintaining immune tolerance and suppressing inflammation by inhibiting TH17 [93,94]. The phenotype of uterine NK cells determined by immunohistochemistry is predominantly CD56brightCD16−, in contrast to the phenotype of peripheral NK cells of CD56dimCD16+. These CD56bright NK cells, preferably uNK, produce cytokines and have little cytotoxicity, despite their abundant intracellular granules containing granzymes, granulysin, and perforin [95]. The maintenance of immune tolerance is crucial for the survival of the embryo in utero; however, the value of uterine NK cells in relation to endometrial receptivity is not yet well defined.



Advances in molecular testing led to the development of the Endometrial Receptivity Array (ERA), which determines endometrial receptivity by analysing endometrial biopsies for the expression of 238 selected genes with 134 transcriptomic signatures. These analyses classify the endometrium as receptive, pre-receptive, and proliferative [96]. The transcriptome reflects the actively expressed genes at each time point within the specific tissue types analysed. Thus, it allows a sample-specific molecular profile at the mRNA level, also known as a transcriptomic signature, to characterise tissue function. Therefore, the first study on gene expression profiles during the natural cycle to determine the transcriptomic signature as a basis for identifying the receptive endometrium was conducted by Mirkin et al. [97]. Since then, in another study, Diaz-Gimeno et al. subdivided the additional transcriptomic profile into late pre-receptive, optimal receptive, late receptive, and post-receptive using 238 sub-signatures. They also found that an optimal receptive signature was associated with a sustained pregnancy rate of 80%, and that a late receptive signature was associated with a 50% risk of biochemical pregnancy [98]. Since then, ERA has become the gold standard for diagnosing implantation windows in patients with implantation failure [99,100], as well as for investigating endometrial receptivity [101,102,103].



A meta-analysis of previous studies has shown that hyperandrogenism results in a significantly thinner endometrium compared to patients with normal androgen levels [104,105,106]. In addition, women with PCOS who have clinical or biochemical hyperandrogenism showed significant impaired blood flow to the subendometrium and endometrium, but there was no significant difference in endometrial volume in patients with hyperandrogenism [107].



Table 1 shows a summary of the methods used to determine endometrial receptivity and the associated parameters for receptive endometrium.




5. Mechanism of Hyperandrogenism Affecting Endometrial Receptivity


Androgens regulate endometrial receptivity by binding to androgen receptors (AR), which are widely distributed in glands, luminal epithelium, and stroma of the uterus [109]. Biologically, the conversion of androgens (testosterone and androstenedione) into oestrogens (oestrone and oestradiol) is catalysed by aromatase [110]. Aromatase belongs to the member of the cytochrome P450 family [111] and is produced by the CYP19 gene [112]. It has been found that a hyperandrogenic state (testosterone level of more than 2.44 nmol/L), especially in polycystic ovary syndrome (PCOS), significantly inhibits aromatase activity [113]. The HA-WT1 signalling pathway is also responsible for the impairment of endometrial receptivity. An increase in androgen receptors led to a decrease in the Wilms tumour suppressor gene (WT1). This decrease inhibits the epidermal growth factor receptor (EGFR) whose combination with its ligand EGF is associated with embryo implantation [109,114].



Hyperandrogenism and the resulting high expression of AR have been found to lead to defects in uterine cells due to aberrant expression of genes related to implantation and mitochondrial function. The resulting downstream effects of hyperandrogenism lead to mitochondrial dysfunction via increased expression of the protein for oxidative phosphorylation (OXPHOS) in the uterus in conjunction with low expression of Nrf1 mRNA, as well as mitochondrial functional proteins VDAC, PHB1. The effects also extended to aberrant expression of implantation-related genes, where there is high expression of Nr2f2, Ptch, Pgr, and Hbegf, as well as low expression of Spp1, Igfbp1, Hoxa11, and p21WAF1/CIP1 Hoxa11. These aberrant expressions lead to abnormal implantation and ultimately compromise pregnancy outcomes [21].



In each reproductive cycle, genes from HOX are responsible for the growth, differentiation, and receptivity of the endometrium by mediating some sex steroid functions. Both HOXA10 and HOXA11 mRNA are found in the epithelial and stromal cells of the human endometrium, and their expression is significantly increased in the mid- and late secretory phases. This coincides with high levels of oestrogen and progesterone, which are favourable for embryo implantation [115,116]. Physiologically, HOXA-10 was increased in response to an increase in oestrogen and progesterone. However, increased androgen levels had the opposite effect. The expression of avβ3 integrin, HOXA-10, HOXA-11, and IGFBP-1 is decreased during the secretory phase in PCOS patients [115,116,117]. Testosterone caused a dose-dependent decrease in HOXA-10 mRNA demonstrated in vitro [117], suggesting a role for androgen reduction in improving endometrial receptivity. In PCOS, androgen receptors are highly expressed, resulting in the inability to down-regulate the oestrogen receptor-α in the implantation window [116,118]. In addition, overexpression of the steroid receptor coactivators AIB1 (Nuclear Receptor Coactivator 3) and TIF2 (Transcriptional Intermediary Factor 2) can enhance oestrogen activity in the endometrial cells of PCOS [118]. Dysregulation of steroid receptor expression and decreased expression of uterine receptivity markers and activity may contribute to the high infertility or recurrent miscarriages observed in women with PCOS. Remission of hyperandrogenism was achieved following improvement in HOXA-10 and HOXA-11 levels after laparoscopic ovarian drilling [119].



In addition, the androgen also influences the expression of various proteins in the endometrial cells. Hyperandrogenism leads to a reduction in CDKN2a which, in turn, impairs cyclin-dependent kinase (CDK) activity [109]. This inhibition of CDKN2a also leads to a significant decrease in the expression of CDKN2a protein in Ishikawa cells and a decrease in invasion, proliferation, as well as the rate of attachment of Jar spheroids to the Ishikawa cell monolayer [120]. This study suggests that supraphysiological androgen levels may affect the expression of proteins responsible for endometrial development and embryo implantation, which could be a cause of impaired endometrial receptivity and pregnancy loss [120]. Elevated testosterone has also been found to down-regulate the expression and distribution of L-selectin ligand (MECA-79) in the uterus, as well as reduce implantation sites [121].



Hyperandrogenism, in combination with up-regulation of AR expression, also leads to antiproliferative effects in glandular epithelium by suppressing oestrogen-dependent glandular mitosis despite the presence of oestrogen [122]. Thus, this effect delays endometrial proliferation and differentiation that is vital for endometrial receptivity.



Particularly in PCOS patients, hyperandrogenism also increases the expression of the androgen receptor (AR) and the AR co-regulatory protein MAGEA11 in endometrial tissue, leading to a delay in endometrial decidualisation due to impaired differentiation of endometrial stromal cells [123]. As a result, the critical timing process of embryo implantation is disrupted, ultimately affecting human reproduction. Similarly, hyperandrogenism has been found to decrease the expression of αvβ3-integrin, E-cadherin, and mucin-1 (commonly referred to as receptivity markers) in the uterus during the receptivity period, thereby impairing successful embryo implantation and the establishment of pregnancy [124]. Hyperandrogenism also impairs endometrial receptivity by affecting intercellular tight junctions. In addition, the expression and distribution of claudin-4, a key protein component of endometrial tight junctions, and occludin were reduced in hyperandrogenism [125]. This leads to a porous tight junction that allows fluid movement through paracellular pathways which, in turn, can disrupt the implantation process. Figure 2 summarises the mechanisms involved in endometrial receptivity related to hyperandrogenism.



Furthermore, the combination of hyperandrogenism and insulin resistance activates ferroptosis due to decreased levels of glutathione peroxidase 4 (GPX4) and glutathione, increased glutathione + glutathione disulfide and malondialdehyde, aberrant expression of ferroptosis-associated genes (Acsl4, Tfrc, Slc7a11, and Gclc), increased iron deposition, and activated ERK/p38/JNK phosphorylation in the gravid uterus and placenta [126]. This process leads to a higher risk of early miscarriage.




6. Impact of Uterine Anomalies in the Endometrial Molecular Expressions Affecting Endometrial Receptivity


Besides hyperandrogenism, there are many other causes that affect the receptivity of the endometrium and lead to infertility. Of all the causes, polyps, adenomyosis, and leiomyomas are associated with an increased likelihood of abnormal molecular expression of the endometrium, which is thought to interfere with implantation and early embryonic development [127].



Common benign uterine tumours, such as uterine myomas, are also called leiomyomas, fibroids, fibromyomas, fibroleiomyomas, and leiomyofibromas [128]. A primary cause for these tumours is a point mutation of the mediator complex subunit 12 (MED12) gene or the high-mobility group AT-hook2 (HMGA2) gene of a single leiomyoma cell [127]. A mutated MED12 gene resulted in inhibition of β-catenin transactivation in response to WNT signalling. TGF-β3 level is elevated when WNT/β-catenin pathway is activated. TGF-β3 is thought to mediate the production of BMP-2, which is responsible for mediating HOXA-10 [127]. A previous study demonstrated that HOXA-10 and LIF are decreased in submucosal leiomyomas, resulting in impaired decidualisation and reduced implantation success [129].



Adenomyosis is an ectopic, benign endometrial stroma and glands resides in the myometrium [130]. Adenomyosis impairs the receptivity of the endometrium, leading to poor outcomes, particularly with assisted reproductive technology. It has been hypothesised that adenomyosis may lead to impaired decidualisation due to abnormal concentrations of implantation markers, ultimately negatively affecting endometrial receptivity. It has also been suggested that the anatomical structure and function of the myometrium in adenomyosis alters normal endometrial peristalsis and impairs sperm motility, resulting in poor endometrial receptivity. LIF and FOXO-1A, which are important molecules in decidualisation, have been found to be down-regulated in adenomyosis patients. In addition, HOXA-10 was found to be down-regulated in women with adenomyosis, as well as in experimental adenomyosis in mouse models. Elevated levels of some inflammatory markers, such as IL -6, NK cells, macrophages and other cytokines, were found in adenomyotic tissue. Proteins such as β-catenin and L-selectin were also found to be increased in adenomyotic tissue [127].



A polyp is an abnormal growth typically consisting of fibrous tissue, the endometrium, stroma, and blood vessels. They can occur as either sessile or pedunculated forms and are present throughout the uterine cavity in varying sizes and numbers [131]. Approximately 32% of infertile women have polyps and two studies showed that the rate of artificial intrauterine insemination (IUI) improved after hysteroscopic polypectomy [132]. The possible mechanisms linking polyps to infertility are the release of chemicals or mechanical interference that may affect sperm motility or embryo implantation. Previous studies have shown that inflammatory markers, glycodelin, and aromatase are increased in patients with endometrial polyps and levels of HOXA-10 and HOXA-11, which are responsible for endometrial receptivity, are decreased [127].




7. Conclusions


In summary, the relationship between hyperandrogenism and endometrial receptivity in women without PCOS has not been adequately investigated. However, given the increased risk of both conditions in women with PCOS, it is likely that these associations are important. Further studies are needed to understand the mechanisms underlying this association and to develop interventions that may improve endometrial health in these women, particularly those of childbearing potential. Furthermore, the emphasis on endometrial function in hyperandrogenism-related infertility as well as uterine anomaly-related infertility may be more realistic given the widespread use of assisted reproductive technology. Overall, these findings highlight the importance of identifying and treating all factors contributing to the development of hyperandrogenism and endometrial receptivity, as this can improve health outcomes for women.
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Figure 1. Interconversion of testosterone and testosterone precursors. a, 17-β-hydroxysteroid dehydrogenase; b, 5α-reductase; c, P450 aromatase; d, 16α- hydroxylase; e, 3β-hydroxysteroid dehydrogenase; f, DHEA sulfotransferase; g, 3β-hydroxysteroid dehydrogenase type 1; h, 17, 20 lyase; i, 17α-hydroxylase; j, cholesterol side chain cleavage. 
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Figure 2. Possible mechanisms affecting the endometrial receptivity related to hyperandrogenism. 
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Table 1. Methods used to determine endometrial receptivity and the associated parameters for receptive endometrium.
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	Endometrial Receptivity Marker
	Receptive

Endometrium
	Less Receptive Endometrium
	Accuracy
	References





	Endometrial thickness
	>7 mm
	<7 mm
	Sensitivity: 99%

Specificity: 3%
	[88]



	Endometrial volume
	>2 mL
	<2 mL
	Sensitivity: 93%

Specificity: 7%
	[88]



	Endometrial pattern
	Presence of triple line pattern
	Absence of triple line pattern
	Sensitivity: 87%

Specificity: 15%
	[88]



	Endometrial blood flow
	Presence of flow
	Absence of flow
	Sensitivity: 100%

Specificity: 8%
	[88]



	Endometrial contractions
	Contractions

absent
	Contractions

present
	Sensitivity: 7%

Specificity: 94%
	[88]



	Endometrial receptivity array (ERA)
	[image: Ijms 24 12026 i001]
	[image: Ijms 24 12026 i002][image: Ijms 24 12026 i003]
	Insufficient data available
	[88,108]







Transcriptomic analysis using heatmap analysis of Endometrial Receptivity Array (ERA) gene expression profiles utilising Babelomics platform.
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