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Editorial on the Research Topic
 Follicle-Stimulating Hormone: Fertility and Beyond



Propagating life to the next generation is a hormone-dependent process relying on the individual wish to generate own progeny and resulting in maintenance of species. This Research Topic is dedicated to Follicle–Stimulating Hormone (FSH) and its receptor (FSHR) and their role in reproduction.

FSH is a typical example of a drug which entered clinical use in the “pre-evidence-based medicine era,” just for its efficacy in stimulating gonadal function and fertility in hypogonadotropic hypogonadism. More recently, FSH entered clinical use in controlled ovarian stimulation in order to obtain multiple follicular growth for assisted reproduction. Given the progressive increase in couple infertility, the demand for assisted reproduction grows steadily and the FSH market is flourishing. Yet, very little was known about the FSH mode of action until a few years ago, and the therapeutic use of FSH is still far from being evidence-based. But great progress in our understanding of FSH action was made in the last two decades and, since not many scientists around the world are active in the gonadotropin/FSH research “niche,” we thought it was time to call them to report to tell us their view on the state-of-the-art. The result is this “Research Topic.”

Starting from the cover image, the illustration depicts “San Giuseppe con il Bambino” (Saint Joseph with his child son) by Gian Lorenzo Bernini (1598–1680), an almost unknown work by the great Italian renaissance artist painted using the “sanguigna” technique on the left wall of the private Chapel in Palazzo Chigi, Ariccia, near Rome. We chose this picture for its evocative power: a seemingly old man holds his sleeping son in his arms, looking at him in adoration. This picture reminds us of several actual aspects of reproduction: late paternity, fertility/infertility, perhaps even “assisted” reproduction, and the centrality of parenthood for life. All aspects related to FSH. We would like to thank architect Francesco Petrucci, the curator of the museum, for granting us permission to use Bernini's work for this issue.

We asked the authors who participated in this Research Topic to consider the following questions: Why is FSH absolutely necessary for fertility in some species and not in others? How does FSH interact with other hormone-receptor systems (e.g., -but not exclusively-Luteinizing Hormone and its receptor) in the cells where the FSHR is expressed? How do these interactions contribute to the apparent pleotropic and sometimes even redundant interplay between the LH and FSH? What is the current knowledge about FSH-mediated signaling and FSHR structure-functions? Is FSH helpful to increase fertility potential in infertile couples? Can we effectively base novel therapeutic approaches to infertility on genetic variants of FSH and its receptor (pharmacogenetics)? Can we develop low molecular weight, selective FSH analogs stimulating/modulating specific effects? Is it possible to block some specific action/mechanism of FSH for contraceptive purposes? Does FSH have a role in cancer and other diseases? The result of this call is a very comprehensive collection of 21 articles dealing with such aspects.


STRUCTURE-FUNCTION RELATIONSHIPS OF FSH AND FSHR

Ulloa-Aguirre et al. reviewed the seminal features of structure and function of the follicle-stimulating hormone receptor (FSHR). The roles of the different functional domains of FSHR, i.e., extracellular, hinge, transmembrane, and intracellular, are described in ligand binding, signal transmission, receptor trafficking and dimer/oligomerization.

FSH bioactivity is influenced by glycosylation. Two articles, by Bousfield et al. and by, Campo et al. respectively, reviewed the current knowledge about the naturally occurring FSH isoforms and the endocrine control thereof. FSH is really a fascinating molecule, and, while the biochemistry of glycosylation is relatively well-understood, its pathophysiological consequences require more investigation.

Riccetti et al. provided an experimental study comparing extensively the biochemical and signal transduction properties of the reference follitropin alfa (recombinant FSH) and two common biosimilars. The paper demonstrates that the tested preparations have some differences in glycosylation, as expected, but substantially similar signal transduction properties, at least at physiological concentrations (Riccetti et al.).



MECHANISM OF ACTION OF FSH

The molecular mechanism of action of FSH is reviewed by Casarini and Crepieux, who give a very comprehensive and updated view of the complexity of FSH action, much beyond the well-known cAMP- mediated signaling system (Casarini and Crepieux). It is now clear that FSH may act as a pro-apoptotic factor in steroidogenic cells, a new aspect of FSH action probably fundamental to govern follicular atresia.

Landomiel et al. have made an extensive discussion on the G protein-coupled receptor (GPCRs) structure and mechanism of activation, with particular attention to the efficacy in activating or inhibiting selective signaling pathways. They deeply developed these novel concepts in the understanding of the FSH-FSHR biology, opening to new classes of pharmacological tools able to bias FSHR signaling.

Gonadotropin receptors act as dimers/oligomers and there is evidence that the FSHR can heterodimerize with the LH/CG receptor in the cells where the two receptors are co-expressed (granulosa cells). This new aspect of FSH function is analyzed in the contribution by Szymanska et al., demonstrating how this characteristic can amplify/diversify the action of FSH, via biased signaling.

Sayers and Hanyaloglu provided an update on how gonadotropin hormone receptor activity is organized in intracellular compartments. This review comprehensively elucidated novel aspects on the role of cellular trafficking machinery and spatial organization of GPCR signaling in regulating physiological functions.



PHYSIOLOGICAL AND THERAPEUTIC EFFECTS OF FSH

The role of FSH in spermatogenesis has been a matter of debate for many years. Depending on the experimental model, the FSH role ranges from absolutely necessary to dispensable for fertility in the male.

Oduwole et al. review the experimental evidence of the role of androgens and FSH for spermatogenesis in mice. It appears that a strong FSH stimulus is able to support spermatogenesis even in the absence of androgens. While a certain degree of redundancy between FSH and LH action on spermatogenesis emerges, these findings suggest a possible role of high-dose FSH in treatment of spermatogenic failure.

Another approach to study FSH action is based on gain-of-function mouse models. McDonald et al., along with others, have generated genetically modified mouse models with gain-of-function mutations in FSH and its receptor. In this article, the existing mouse models for activation of FSH action are discussed, and additional novel genetic models are proposed to refine the information on FSH action.

FSH is important for quantitatively and qualitatively normal spermatogenesis. Muratori and Baldi describe the potential role of sperm DNA fragmentation (sDF) index in reproductive medicine, focusing on the beneficial effect of FSH administration on this parameter.



GENETICS OF FSH ACTION AND PHARMACOGENETICS

Laven reviewed the current evidence regarding the role of gonadotropin-related single nucleotide polymorphisms (SNPs) in polycystic ovarian syndrome (PCOS), suggesting that FSHR, FSHB, and LHCGR SNPs could influence the PCOS phenotype and the response to FSH administration.

In their review Conforti et al. dealt with the question whether the clinical use of FSH in women, essentially in assisted reproduction, could benefit from a pharmacogenetic approach. They concluded that a pharmacogenomic approach to ovarian stimulation could become a clinical reality in the future, with specific variants of FSH Beta and FSHR being promising genetic markers to better standardize controlled ovarian stimulation in women undergoing ovarian stimulation.

Schubert et al. reviewed the literature dealing with a FSH pharmacogenetic approach to male idiopathic infertility. They show that the current evidence is not univocal and propose a possible study design for future clinical trials for the pharmacogenetic use of FSH in male infertility.



FSH AND FSH ANALOGS FOR THERAPY

An historical overview about development of gonadotropins in general and FSH in particular could not be missing in this issue. We asked the pioneer of gonadotropin isolation and clinical use, Bruno Lunenfeld to contribute such a review (Lunenfeld et al.). The reader will find in this article the history of gonadotropins, demonstrating the long path that was required for the development of these drugs.

The position of FSH for therapy of male infertility was examined in the contribution of Behre, who reviewed critically the literature reporting use of FSH of idiopathic male infertility, concluding that the issue is still in need of further research, especially considering the previous attempts using a pharmacogenetic approach.

In his overview about the use of FSH in women undergoing ovarian stimulation for assisted reproduction, Broekmans challenges the view, popular among gynecologists, that the use of FSH needs to be personalized depending on ovarian reserve and response. He concludes that a standard dose of FSH can be used, with the option of triggering final oocyte maturation using a GnRH agonist, avoiding in this way the risk of ovarian hyperstimulation.

Alternative, non FSH-based approaches to modulate the activity of the FSHR have been developed. Kara et al. reported about the possibility to control gonadotropin activity by modulating antibodies. Antibodies were demonstrated to be useful to understand gonadotropin actions and, in other fields, they have shown their utility as therapeutics, e.g., in cancer (Kara et al.). The potential therapeutic applications of antibodies modulating FSH action were reviewed.

A disadvantage of FSH is that is needs to be injected daily. Orally active, small peptide agonist and antagonists have been developed to mimic FSH action. Anderson et al. discuss the major chemical classes of these molecules targeting the FSH receptor, documenting their activity profiles, current status of development, and potential future clinical applications.



EXTRAGONADAL EFFECTS OF FSH

The issue of extragonadal effects of FSH is quite controversial and is dealt with by two articles. Lizneva et al. provided support to the extragonadal action of FSH with a review summarizing recent studies showing how elevated serum FSH may play a significant role in the evolution of bone loss and obesity, as well as contributing to cardiovascular and cancer risk.

This view is strongly counter-argumented in the article by Chrusciel et al., in which a critical analysis of the results presenting extragonadal expression of FSHR and FSH action, is presented. The authors support the need for the validation of the extragonadal actions of FSH using additional, more accurate, and sensitive supplemental methods, including in vivo models and proper positive and negative controls.



CONCLUDING REMARKS

Closing this Research Topic, we sincerely thank all contributors in the hope that the readers will find some answers to their questions and lots of inspiration for new research on FSH/FSHR. While the use of FSH in women is a well-established practice, FSH therapy for male idiopathic infertility remains controversial. Coupling the current knowledge deriving form in vitro and animal studies to the genetics of FSH action may pave the way for novel approaches to both increase and inhibit fertility, e.g., for contraceptive purposes. The issue of extragonadal effects of FSH, while fascinating, remains highly controversial.
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The first commercially available gonadotropin product was a human chorionic gonadotropin (hCG) extract, followed by animal pituitary gonadotropin extracts. These extracts were effective, leading to the introduction of the two-step protocol, which involved ovarian stimulation using animal gonadotropins followed by ovulation triggering using hCG. However, ovarian response to animal gonadotropins was maintained for only a short period of time due to immune recognition. This prompted the development of human pituitary gonadotropins; however, supply problems, the risk for Creutzfeld–Jakob disease, and the advent of recombinant technology eventually led to the withdrawal of human pituitary gonadotropin from the market. Urinary human menopausal gonadotropin (hMG) preparations were also produced, with subsequent improvements in purification techniques enabling development of products with standardized proportions of follicle-stimulating hormone (FSH) and luteinizing hormone (LH) activity. In 1962 the first reported pregnancy following ovulation stimulation with hMG and ovulation induction with hCG was described, and this product was later established as part of the standard protocol for ART. Improvements in immunopurification techniques enabled the removal of LH from hMG preparations; however, unidentified urinary protein contaminants remained a problem. Subsequently, monoclonal FSH antibodies were used to produce a highly purified FSH preparation containing <0.1 IU of LH activity and <5% unidentified urinary proteins, enabling the formulation of smaller injection volumes that could be administered subcutaneously rather than intramuscularly. Ongoing issues with gonadotropins derived from urine donations, including batch-to-batch variability and a finite donor supply, were overcome by the development of recombinant gonadotropin products. The first recombinant human FSH molecules received marketing approvals in 1995 (follitropin alfa) and 1996 (follitropin beta). These had superior purity and a more homogenous glycosylation pattern compared with urinary or pituitary FSH. Subsequently recombinant versions of LH and hCG have been developed, and biosimilar versions of follitropin alfa have received marketing authorization. More recent developments include a recombinant FSH produced using a human cell line, and a long-acting FSH preparation. These state of the art products are administered subcutaneously via pen injection devices.

Keywords: recombinant gonadotropin, follicle stimulating hormone, luteinizing hormone, fertility, pregnancy, pre-clinical, clinical


INTRODUCTION

It was observed in 1927, by Ascheim and Zondek, that the blood and urine of pregnant women contained a gonad-stimulating substance, human chorionic gonadotropin (hCG) (1, 2). Seegar-Jones and colleagues demonstrated in the 1940s that hCG was produced by the placenta (3). In 1929, Zondek proposed, based on his experiments and those of Smith, that two hormones were produced by the pituitary gland, both of which stimulated the gonads (4–6). These hormones were described as gonadotropins and subsequently named follicle-stimulating hormone (FSH) and luteinizing hormone (LH), according to their specific actions. The biological activity of gonadotropins suggested that they might be useful for the treatment of patients who were infertile. These observations eventually led to the development of pure gonadotropin products that have enabled the birth of millions of children to people affected by infertility.

This review provides an overview of the major milestones in the development of gonadotropin products (Figure 1), as well as issues that may have affected decision making during the development processes, and summarizes the available evidence supporting the use of recombinant gonadotropin products for the treatment of infertility.


[image: image]

FIGURE 1. Time line of major events in the development of gonadotropins. CHO, Chinese hamster ovary; FSH, follicle-stimulating hormone; hCG, human chorionic gonadotropin; hMG, human menopausal gonadotropin; LH, luteinizing hormone; r-hCG, recombinant human chorionic gonadotropin; r-hFSH, recombinant human follicle-stimulating hormone; r-hLH, recombinant human luteinizing gonadotropin.





HUMAN CHORIONIC GONADOTROPIN

The first commercially available gonadotropin was an hCG extract launched by Organon in 1931 (4). However, the original product was of limited use owing to a lack of reproducibility, in part due to the use of animal units (mouse or rat) to measure bioactivity (7). Reproducibility was greatly improved in 1939 when the League of Nations developed the international standard for hCG; one International Unit (IU) of hCG was defined as the activity contained in 0.1 mg of the reference hCG preparation which was pooled from six sources (8). Following the introduction of this standard, purified hCG preparations extracted from the urine of women during the first half of pregnancy, with bioactivity up to 8,500 IU/mL, became available (9, 10).


Clinical Use

In women, hCG is used during infertility treatment to trigger final follicular maturation and ovulation, as well as for luteal phase support. In men, it is used to stimulate production of testosterone by the Leydig cells in cases of hormone deficiency as well as in male hypogonadism.




ANIMAL PITUITARY GONADOTROPINS

The first animal pituitary gonadotropin was swine pituitary gonadotropin [containing both FSH and LH (11, 12)], followed by hog and sheep pituitary extracts and pregnant mare serum gonadotropin (2, 4, 7, 13). With the availability of both placental and pituitary hormones, the two-step protocol for ovarian stimulation using an animal gonadotropin followed by final maturation and triggering with hCG, was introduced for women in 1941 by Mazer and Ravetz (2, 14). However, owing to their non-human origin, the ovarian response to animal gonadotropins was only maintained in women for a limited duration because of human–animal immune recognition (2, 15).

As a result of the limited clinical value of the animal gonadotropins, human pituitary gonadotropins extracted either post-mortem from human pituitaries or from the urine of postmenopausal women were investigated (2).



CADAVERIC HUMAN PITUITARY GONADOTROPINS

In 1958, Gemzell extracted FSH from pituitaries obtained from human cadavers and reported successful follicle development using this preparation, which was later given to women together with hCG to induce ovulation (16, 17). In 1963, ovarian stimulation with cadaveric human pituitary gonadotropin in hypophysectomised individuals was successfully performed by Bettendorf et al. (7). Owing to their source, these products were produced by several government agencies. Although used successfully for a number of years, these human pituitary preparations were discontinued in the 1980s because of supply problems and the risk for Creutzfeldt-Jakob disease that resulted from the source of these products (human cadavers) (2, 4, 18–20).



HUMAN MENOPAUSAL GONADOTROPIN

Human menopausal gonadotropin (hMG), which contains two gonadotropin components corresponding to the pituitary-related hormones, FSH and LH, was first successfully extracted from the urine of post-menopausal women in 1950. In 1953 hMG was shown to produce ovarian stimulation in female hypophysectomised infantile rats, and Leydig cell stimulation and full spermatogenesis in male hypophysectomised infantile rats (2, 4, 21). These experiments suggested that hMG would be useful in humans; however, to enable clinical testing, large-scale extraction and purification methods were required, in addition to an agreed standard to enable reproducibility. Furthermore, the starting dose for humans needed to be established. The first hMG preparations were registered by Serono in Italy in 1950, but these were impure in terms of protein content and did not have standardized proportions of FSH and LH. Subsequent preparations contained equal proportions of FSH and LH (for example, Pergonal 75 contained 75 IU FSH and 75 IU LH), in addition to other unwanted urinary proteins (2, 4). Additionally, the bioactivity of the first hMG preparations was measured in “animal” units (mouse or rat); a “rat unit” was the minimum amount of preparation required to induce oestrus in 28-day old female rats (“mouse units” were defined in a similar manner). The bioactivity, therefore, varied depending on the strain of animal used and a uniform standard was required to facilitate clinical use.

The first reference standard for hMG was based upon batches produced by kaolin extraction of menopausal urine (hMG 20, hMG 20a, and hMG 24) and provided by Organon Newhouse (2, 7). However, by 1959, most of the reference product had been used and further batches could not be provided. At this time, the Serono Institute in Rome offered 50 g of Pergonal 23 (containing equal proportions of FSH and LH) to act as the reference preparation and this material was subsequently used as the International Reference Preparation (IRP) (2, 7, 22). As well as facilitating greater reproducibility in clinical testing, the study of day-to-day variation of gonadotropins and steroid secretion during the normal menstrual cycle and during pregnancy was enabled by the availability of a reference product (2, 4, 7, 23). The aim of these studies was to understand the fundamental variability of gonadotropins in women so that these physiological concepts or patterns could be applied in future clinical tests.

Clinical trials were initiated and, in 1959, hMG (150 U/d for 4 days) was demonstrated to induce the expected, desirable changes in the endometrium and vaginal epithelium (24) and to induce steroid secretion, in women with anovulatory, hypogonadotropic hypopituitary and primary amenorrhea (2, 4, 22, 24–26). This was followed 3 years later by a report from Lunenfeld et al. of the first pregnancy in a patient with hypopituitary hypogonadotropic amenorrhea following ovulation induction with hMG and final oocyte maturation with hCG, no adverse events were reported for this pregnancy (26). This approach subsequently became the standard protocol for ovulation induction treatment of infertility (2, 26, 27).

The World Health Organization (WHO) Expert Committee of Biological Standardization defined, in 1972, the IU for both FSH and LH (then named interstitial cell stimulating hormone [ICSH]) as the respective activities contained in 0.2295 mg of the IRP of hMG (28). The use of IU depends upon determination of the linearity of the bioactivity of the gonadotropin product. The bioactivity of FSH, for example, is determined by the Steelman–Pohley bioassay. This bioassay is based on comparison between the test FSH preparation and the international reference standard (defined by the WHO) of FSH-induced augmentation of ovarian weight in immature female rats co-treated with a high dose of hCG (29). One year later, in 1973, the WHO issued their first guidance on the diagnosis and management of infertile couples, recommending an effective daily dose of 150–225 IU hMG for hypogonadotropic patients (WHO Group I), and 75–150 IU for anovulatory normogonadotropic patients (WHO Group II) (24, 26, 30).

Steptoe and Edwards pioneered in vitro fertilization (IVF) procedures using natural cycles, achieving the first live birth in 1978 (31); one pregnancy was reported following 101 attempts (32). However, in 1981, Jones and Jones established hMG/hCG protocols as described by Lunenfeld et al. (26) as the standard approach for ovarian stimulation in assisted reproductive technologies (ART), achieving one pregnancy after three attempts (33, 34). These protocols were later revised when the outcome of ovarian stimulation in ART treatment changed from mono-follicular to multi-follicular development (4).

Improvements in purification techniques enabled the development of an hMG preparation with fewer impurities. However, these extraction steps also removed LH activity (22) and hCG had to be added to re-establish the FSH:LH ratio, resulting in highly purified hMG containing approximately 30% identified impurities that varied from batch to batch (2). Polyclonal immunopurification techniques also resulted in an FSH preparation devoid of LH activity (35). However, this preparation still contained many unwanted urinary proteins. The development of monoclonal FSH antibodies to replace the polyclonal antibodies allowed greater purification of urinary products resulting in a highly purified FSH preparation (Metrodin HP [EU]; Fertinex [USA]; highly purified urofollitropin) containing about 9000 IU of FSH per mg of protein, <0.1 IU LH activity and <5% unidentified urinary proteins. This enabled the formulation of smaller injection volumes and subcutaneous, rather than intramuscular, administration (2). The currently available hMG preparations are considered safe with the most common adverse events, as reported by clinical trials, being ovarian hyperstimulation, abdominal pain, headache, enlarged abdomen, inflammation at the injection site, pain at the injection site and nausea; the incidence rate of these events was 2–7% (36).

Despite these advances in the preparation of urinary gonadotropin products, supplies were limited owing to the finite donor supply, and batch-to-batch variability was an issue because of the source (2). These issues were overcome by the development of recombinant human FSH (r-hFSH) and subsequently recombinant human LH (r-hLH) and hCG (r-hCG) (2).


Clinical Use

hMG is approved for development of a single Graafian follicle in women with anovulation and multifollicular development in women undergoing controlled ovarian hyperstimulation as part of ART treatment. hMG has also been demonstrated to be effective for the induction or restoration of secondary sexual development and fertility due to androgen deficiency in males with hypogonadotropic hypogonadism, when used in combination with hCG (37–39).




RECOMBINANT GONADOTROPINS

Recombinant biological products are proteins produced using recombinant DNA technology that utilize biological processes to produce large molecule drugs that cannot be produced using synthetic chemistry. Recombinant gonadotropins were developed to avoid the limitations inherent to the earlier urine-derived gonadotropin products, since recombinant products can be produced in large volumes with high purity and without variability in composition. As with hMG, the recombinant products can be used for the treatment of both male and female infertility.


Follicle-Stimulating Hormone

There are currently three r-hFSH products on the market: follitropin alfa, follitropin beta, and follitropin delta. A fourth product, follitropin epsilon, has been reported as being in development (40). Follitropin alfa and follitropin beta are produced in Chinese hamster ovary (CHO) cell lines, whereas follitropin delta is produced in human fetal retinal cells; all these r-hFSH products have an amino acid sequence identical to that of endogenous human FSH. FSH has a relatively short biological half-life of about 1 day (40), necessitating daily administration. There has therefore been interest in long-acting formulations, and one such product is available, the long-acting r-hFSH analog corifollitropin alfa [elimination half-life: corifollitropin alfa, 70 (59–82) hours (41); follitropin alfa, terminal elimination half-life 24 h (42)].



Follitropin Alfa and Follitropin Beta

The originator follitropin alfa (GONAL-f; Merck KGaA, Darmstadt, Germany) was first produced by Serono (a predecessor company of Merck KGaA) in 1988 and received a marketing license for clinical use in both women and men in the EU in 1995 (40) and in the USA in 2004 (42). Subsequently, two biosimilar versions of follitropin alfa have become available, for use in both women and men, Ovaleap (Teva B.V., Haarlem, the Netherlands), which received marketing authorization in Europe in 2013 (43), and Bemfola (Afolia, Finox Biotech AG, Balzers, Liechtenstein), which received marketing authorization in Europe in 2014 (44). The biosimilars are not currently approved in the USA. The safety profile of the biosimilar follitropin alfa preparations is similar to that of the originator product (43, 44). Follitropin beta (Puregon; Merck & Co., Kenilworth, NJ) received marketing authorization in Europe in 1996 and in the USA (Follistim AQ) in 2004 (45, 46). The risk/benefit balance of follitropins alfa and beta are considered positive, with the main adverse events reported being headache, ovarian cysts, local injection site reactions (e.g., pain, erythema, hematoma, swelling, and/or irritation at the site of injection) and mild or moderate OHSS (40, 43, 44).

Although both follitropin alfa and follitropin beta are produced in CHO cells, the vectors used for gene expression differ. Follitropin alfa is produced in CHO cell lines that have been transfected with separate expression vectors for the α- and β-FSH genes, the master cell cultures having been selected to co-amplify both genes (47), whereas follitropin beta (Puregon) is produced in CHO cell lines transfected with a single expression vector containing both α- and β-FSH genes (48). Culture processes also differ, in that large-scale culture of follitropin alfa occurs in a bioreactor, followed by purification of the culture supernatant by an ultrafiltration step and five chromatographic steps, with the main chromatographic purification step achieved through immunoaffinity (using a murine-derived anti-FSH monoclonal antibody) (47). Following large-scale culture of follitropin beta, r-hFSH is isolated from culture supernatant by a series of chromatographic steps including anion and cation exchange chromatography, hydrophobic interaction chromatography and size exclusion chromatography (48).

Owing to differences in the production and purification of follitropin alfa and follitropin beta there are differences in their glycosylation, and they have different sialic acid residue compositions and isoelectric coefficients. The isoelectric point band (pI) for follitropin alfa is narrower than that of follitropin beta (4–5 and 3.5–5.5, respectively), furthermore, follitropin alfa contains fewer isoforms with a pI <4 (9 and <24%, respectively) (49). These variations result in follitropin alfa being slightly more acidic and follitropin beta more basic, which influences their metabolic clearance, half-life (Table 1), and biological activity (48, 49, 54). The variance in mean specific FSH activity between follitropin alfa and follitropin beta (13,645 and 7,000–10,000 U/mg protein, respectively) affects the amount of protein required per injection (55). Follitropin alfa was originally dosed in IU based on its bioactivity in the Steelman-Pohley assay. However, owing to the consistency of the preparation it was possible to determine its specific activity, which is the ratio of the bioactivity (IU) to the protein content (mg, determined by size exclusion HPLC). Follitropin alfa can therefore be provided in injection devices filled-by-mass, which resulted in more consist ovarian response and reduced cycle cancelation rate, intra-cycle dose adjustment and repetitive monitoring (56, 57).



Table 1. Pharmacokinetics of a single dose of subcutaneous follitropin alfa 150 IU, follitropin beta 150 IU, follitropin delta (individualized dose), follitropin epsilon 150 IU and corifollitropin alfa in healthy women (46, 50–53).
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Despite the disparities between follitropin alfa and follitropin beta, results of head-to-head clinical studies and retrospective studies comparing the two products for ovarian stimulation in women undergoing IVF have shown no significant differences between the preparations in terms of efficacy or safety (58–61). In the largest randomized prospective comparison, conducted in 172 women treated with follitropin alfa and 172 women treated with follitropin beta, a dose of 150 IU/day resulted in 13.0 and 12.4 oocytes obtained with each treatment (primary outcome), respectively, whereas at a dose of 300 IU/day, numbers were 6.1 and 7.1, respectively (60). Clinical pregnancy rates (secondary outcome) were similar with both preparations; 33.5% per cycle and 37.4% per embryo transfer with follitropin alfa 150 IU/day and 32.9% per cycle and 36.4% per embryo transfer with follitropin beta 150 IU/day (60).

The two biosimilar follitropin alfa products (Ovaleap and Bemfola) are considered to be similar to the reference product, GONAL-f; however, as a result of post-translational modifications, their structures are not identical. This is the result of differences in the processes used for their production and purification, including the cell line (despite all being produced using CHO cells) (43, 44). Specifically, differences in glycosylation were observed between the biosimilars and GONAL-f, with Bemfola showing higher antennarity, higher sialylation and higher batch-to-batch variability in activity compared with GONAL-f (62), whereas Ovaleap has a higher amount of the sialic acid N-glycolyl neuraminic acid compared with GONAL-f (63). For both biosimilars, the differences compared with GONAL-f were considered by regulatory agencies as minor and acceptable. Furthermore, a recent report on validation procedures for the Ovaleap manufacturing process showed the processes to be both robust and consistent, and that the resulting r-hFSH had similar characteristics to GONAL-f when molecular mass, primary structure, secondary structure, biological activity and product-related impurities were considered (64). Nevertheless, the observed differences may have a biological impact, including on FSH receptor activation, which has generated discussion regarding the potential clinical impact of these differences, particularly in “non-ideal” patients (i.e., older, poor or suboptimal responders or with worse prognosis factors), as by their nature there is always variation in biologics (65).

EMA guidelines recommend that, to determine clinical comparability, the efficacy of the reference and the similar biologic should be assessed in a randomized, parallel-group clinical trial, with number of oocytes retrieved as the primary endpoint, and ovarian hyperstimulation syndrome (OHSS) as an adverse reaction of special interest (66). Both Bemfola and Ovaleap have demonstrated equivalence to GONAL-f in terms of the number of oocytes retrieved (primary outcome) in women receiving ART (67, 68). Other outcomes (secondary outcomes), including pregnancy and live birth rate (LBR), have been reported as comparable to, or not statistically significantly different from, the originator product (GONAL-f) (69, 70).

A post-hoc pooled analysis of data obtained from randomized controlled trials (RCTs) indicated that treatment with GONAL-f is associated with a higher LBR (p = 0.037; primary endpoint) and lower OHSS (p = 0.011; secondary endpoint) than treatment with the biosimilars (Bemfola or Ovaleap) (69). However, further meta-analysis of data obtained from RCTs, ongoing post marketing real-world data studies and pharmacovigilance data concerning the use of these biosimilars are needed to ensure comparable clinical efficacy of these therapies to the originator in clinical practice.



Follitropin Delta

Follitropin delta (Rekovelle; Ferring Pharmaceuticals, St. Prex, Switzerland) is produced using a human cell line, PER.C6 human fetal retinal cells, and received a marketing license in Europe in 2016 (51). It has a different glycosylation pattern from both follitropin alfa and follitropin beta (71). Follitropin delta has a higher proportion of tri- and tetra-sialylated glycans than follitropin alfa and also has both α2,3- and α2,6-linked sialic acid whereas follitropin alfa only has α2,3-linked sialic acid (72). In vitro, follitropin delta was observed to be equivalent to follitropin alfa in a cell-free FSH-receptor binding assay and in transfected Human Embryonic Kidney (HEK) 293 cells and cultured human granulosa cells (73). The differing pharmacokinetic (PK) and pharmacodynamic (PD) profiles of follitropin alfa and follitropin delta are likely to contribute to the observed differences in the properties of the two products in women, as well as to influence their efficacy for the treatment of infertility (71). In contrast with follitropin alfa, the bioactivity of follitropin delta determined by the Steelman-Pohley bioassay, which uses an international reference standard of CHO-produced r-hFSH, does not directly predict the PD activity (71). This has been attributed to more rapid clearance of follitropin delta compared with follitropin alfa in rats, resulting in lower apparent potency (73). This means that follitropin delta cannot be dosed according to bioactivity or specific bioactivity, as other follitropins are, and is instead dosed by mass (μg). Additionally, the pharmacological differences between follitropin delta and follitropin alfa suggest that these agents cannot be directly substituted in clinical practice.

The risk/benefit balance of follitropin delta was considered positive by the regulatory agencies and the most frequent adverse reactions reported during clinical trials were headache, pelvic discomfort, OHSS, pelvic pain, nausea, adnexa uteri pain and fatigue (51). In healthy female volunteers, follitropin delta demonstrated higher exposure and lower serum clearance compared with follitropin alfa (72). A phase 3 study (ESTHER-1) compared individualized doses of follitropin delta (fixed-dose throughout treatment; start dose individualized based on BMI and body weight) with follitropin alfa (starting dose of 150 IU, with potential for subsequent adjustment, with a maximum allowed daily dose of 450 IU) for ovarian stimulation in 1,326 women. The starting dose of follitropin delta was 12 μg in patients with AMH <15 pmol/L and 0.10–0.19 μg/kg (maximum daily dose: 12 μg) in patients with AMH ≥15 pmol/L. This study demonstrated non-inferiority of follitropin delta to follitropin alfa for the co-primary endpoints of ongoing pregnancy rate (30.7 and 31.6%, respectively; difference −0.9% [95% confidence interval (CI) −5.9, 4.1%]) and ongoing implantation rate (35.2% and 35.8%, respectively; difference −0.6% [95% CI −6.1, 4.8%]), with fewer women treated with follitropin delta requiring OHSS preventative measures (74). The live birth rate was also similar with follitropin alfa and follitropin delta (29.8 and 30.7%, respectively; difference −0.9% [95% CI −5.8, 4.0%]). However, the initial follitropin alfa dose allowed in this study (150 IU) was at the lower end of the recommended range in the SmPC for women undergoing multifollicular development prior to ART (150–225 IU daily) (42) and this starting dose could not be individualized, whereas the dose in the follitropin delta arm was individualized according to clinical markers which reduces the comparability of outcomes (75). The EMA assessment report states that, in the ESTHER-1 trial, the non-inferiority of follitropin delta compared with follitropin alfa for ongoing pregnancy can be explained by the heterogeneity of responses in different age groups; non-inferiority was driven by the 15% of the study population aged ≥38 years (75), with non-inferiority not demonstrated for women aged ≤37. It has also been noted that there were a greater number of canceled cycles for poor response in the follitropin delta arm (76).



Follitropin Epsilon

Follitropin epsilon (FSH-GEX; Glycotope, Germany) is a recombinant FSH produced using a human blood cell line derived from a myeloid leukemia cell line and is currently not marketed (77). The cell lines used result in a high degree of bisecting N-acetlyglucosamine, a high antennarity and a high degree of sialylation, in particular after enrichment of the acidic isoforms (78). In addition, follitropin epsilon is highly fucosylated and has a ratio of 2,3 to 2,6 sialylation of about 1:1 (78). This is different from follitropin alfa and follitropin beta, which do not have any bisecting N-acetylgalactosamines or 2,6 sialylation. In phase 1 studies, follitropin epsilon and follitropin alfa had similar PK (Table 1), whereas PD activity (follicle growth and serum inhibin B levels) was increased with follitropin epsilon compared with follitropin alfa (77). No Phase III studies have been registered in publicly-available clinical trial repositories for this product.



Corifollitropin Alfa

Due to its short half-life FSH has to be injected daily, which may be inconvenient and an unacceptable burden to patients; longer-acting r-hFSH preparations are, therefore, being investigated (79). The only approved longer acting r-hFSH (FSH-CTP, corifollitropin alfa, Elonva; Merck Sharp Dohme, Kenilworth, NJ, USA) was developed via addition of the carbonyl-terminal peptide (CTP) of the β-subunit of hCG to the β-subunit of FSH, generating a chimeric protein. This prolonged the half-life of the r-hFSH without impacting on assembly with the α-subunit, or the secretion or action of the dimer (50, 80). Corifollitropin alfa received marketing approval in the EU in 2010 for use in women undergoing fertility treatment, it is currently not approved for use in men or in the USA (41). The risk/benefit balance of corifollitropin alfa is considered positive, with the most frequently reported adverse reactions during clinical trials being pelvic discomfort, OHSS, headache, pelvic pain, nausea, fatigue and breast tenderness. Corifollitropin alfa can be administered as a single subcutaneous injection to replace the first 7 days of daily FSH therapy, simplifying treatment, as it has a 2-fold longer half-life and almost four-fold longer time to peak serum level than other available FSH preparations (Table 1) (81, 82). Meta-analyses of RCTs comparing corifollitropin alfa and daily injections of r-hFSH in women receiving ART treatment found no significant differences in LBR, ongoing pregnancy rate (OPR) or clinical pregnancy rate (CPR) between the treatments (79, 83, 84). There was evidence of reduced LBR (co-primary endpoint) in women receiving a low dose (60 to 120 μg) of long-acting FSH compared with daily FSH (79). There was no significant increase in OHSS, however, a higher number of oocytes were stimulated with corifollitropin alfa than with r-hFSH, and there was higher cycle cancellation due to overstimulation with corifollitropin alfa (79, 83, 84). Further research is needed to determine whether long-acting FSH is safe and effective for use in hyper-responders and poor ovarian responders and in women with all causes of subfertility (79).

Other methods for prolonging the half-life of FSH have been attempted. These include increasing elimination time by adding the Fc domain of IgG to the FSH molecule (85, 86), addition of new glycosylation sites and N-terminal extensions, which result in larger molecules with increased charge (87) and tethering two copies of the N-linked glycosylation signal sequence between the α- and β-subunits of hFSH, creating a single-chain fusion hormone analog (88).



Differences Between Recombinant and Urinary Follicle-Stimulating Hormone Preparations

Two systematic reviews have compared r-hFSH (any preparation) with urinary gonadotropins (89, 90). The first compared r-hFSH with urinary gonadotropins (hMG, purified urinary FSH [u-FSH] or highly-purified u-FSH) in women undergoing ART, and included 42 trials (9,606 patients); there was no significant difference in LBR (28 trials [7,339 patients]; odds ratio [OR] 0.97, 95% CI 0.87, 1.08) or OHSS incidence (32 trials [7,740 patients]; OR 1.18, 95% CI 0.86, 1.61) between the two types of FSH preparation (89). When only fresh cycles were considered the difference in LBR (25 trials [4,952 patients]; odds ratio [OR] 0.97, 95% CI 0.85, 1.11) remained (89). Similarly, in a comparison of r-hFSH with urinary gonadotropins (hMG or u-FSH) for ovulation induction in patients with polycystic ovary syndrome (PCOS), there was no difference in LBR (co-primary endpoint; five trials [505 patients]; OR 1.21, 95% CI 0.83, 1.78) or CPR (secondary endpoint; eight trials [1,330 patients]; OR 1.05, 95% CI 0.88, 1.27) with the two FSH preparations (90). There was also no difference in the incidence of OHSS (co-primary endpoint) between r-hFSH and u-FSH (10 trials [1,565 patients]; OR 1.52, 95% CI 0.81, 2.84) or between r-hFSH and hMG (two trials [52 patients]; OR 9.95, 95% CI 0.47, 210.19) (90). Although authors of both reviews concluded that there was likely to be little if any clinical difference between r-hFSH and urinary gonadotropins (89, 90), authors of the latter review considered the available evidence to be of low or very low quality (90).

These results are in general agreement with those of a meta-analysis that compared r-hFSH with highly-purified hMG in ART using data from a total of 16 studies (4,040 patients) (91). When adjusted for baseline conditions, hMG treatment was associated with fewer oocytes (primary endpoint; −2.10, 95% CI −2.83, −1.36) and a higher required dose (secondary endpoint; mean difference 235 IU, 95% CI: 16.62, 454.30) but a similar pregnancy rate (secondary endpoint; risk ratio [RR] 1.10, 95% CI 0.97, 1.25) (91).

These meta-analyses predominantly included fresh cycles, for example, the meta-analysis by van Wely et al. only included three trials that studied frozen-thawed embryo transfer in addition to fresh embryo transfer (89). This is because, for many years, IVF success was measured per fresh cycle or embryo transfer. As freezing and thawing technology has improved, this definition has been challenged and it has been suggested that IVF success should instead be evaluated as cumulative live birth rates (CLBR), defined as the first live birth following the use of all fresh and frozen embryos derived from a single ovarian stimulation cycle (92, 93). A positive correlation has been observed between live birth rate per cycle and number of oocytes retrieved, up to 15 oocytes (p < 0.001 for comparison between age groups) (94–97). When the association between CLBR and number of oocytes was evaluated, the association remained (98–100). For example, in an analysis by Polyzos et al. the OR (95% CI) for live birth in the second and third cycle was 1.18 (1.07–1.30) for women with 4–9 aspirated oocytes in the first cycle, 1.41 (1.27–1.57) for women with 10–15 aspirated oocytes and 1.63 (1.42–1.88) for women with more than 15 aspirated oocytes compared with patients with 0–3 aspirated oocytes. In several studies a greater number of oocytes were retrieved when r-hFSH rather than urinary gonadotropins were used (101). This suggests that owing to the higher number of oocytes retrieved with r-hFSH compared with urinary gonadotropins, CLBR might be higher when r-hFSH is used.

In clinical trials comparing originator follitropin alfa (GONAL-f) with highly-purified u-FSH (Metrodin HP) in women undergoing ART, the mean number of oocytes obtained with r-hFSH was significantly higher than that obtained with u-FSH (102, 103). There was no difference in CPR (secondary endpoint; 45 and 48%, respectively) (102) or LBR (secondary endpoint; 36 and 36%, respectively) (103), but singleton pregnancies were more common with u-FSH (102, 103). When follitropin beta (Puregon) and highly-purified u-FSH (Metrodin HP) were compared in women undergoing IVF, the mean number of oocytes (primary endpoint; 9.7 vs. 8.9; 95% CI for the difference: −1.7, 3.2) and CPRs did not differ significantly between treatment groups (secondary endpoints; per attempt, 35.4 vs. 26.6%, respectively [95% CI for the difference: −12.1, 29.6]; per transfer, 40.8 vs. 28.6%, respectively [95% CI for the difference: −10.3, 34.8]) (104).



r-hFSH for the Treatment of Male Infertility

FSH plays an important role in spermatogenesis, stimulating the Sertoli cells to facilitate germ cell differentiation. Follitropin alfa and follitropin beta are approved for clinical use in males who have congenital or acquired hypogonadotropic hypogonadism, for the stimulation of spermatogenesis with concomitant hCG therapy (42, 46). In a small study (N = 8), r-hFSH (follitropin alfa) was observed to induce testicular growth, spermatogenesis and fertility, with acceptable tolerability, in men with gonadotropin deficiency; the magnitude of effect was considered to be similar to that achieved historically with u-FSH when used to restore normal fertility in men with gonadotropin deficiency (105). In a second larger study, 15 of 19 men treated with r-hFSH and hCG achieved spermatogenesis (106). A Cochrane review evaluating gonadotropins for idiopathic male factor subfertility, identified six RCTs including 456 patients, and observed a higher spontaneous pregnancy rate per couple with gonadotropin treatment compared with placebo/no treatment (five studies [412 patients]; OR 4.94, 95% CI 2.13, 11.44) (107). This review noted that reporting of adverse event data was sparse. However, the risk/benefit balance in males is considered positive (40).



Human Chorionic Gonadotropin

Recombinant hCG (r-hCG) is produced in a CHO cell line in a similar manner to r-hFSH (55, 108) and is suitable for subcutaneous injection and self-administration (109). In healthy subjects, the PK (Table 2) and PD profiles of r-hCG are consistent with endogenous hCG physiology and similar to those seen with urinary hCG (u-hCG) (111). The elimination half-lives of r-hCG and u-hCG are comparable (29–30 h for r-hCG 250 μg vs. 35 h for u-hCG 5000 IU) as are the areas under the concentration-time curve; however, u-hCG tends to be distributed and eliminated slightly slower than r-hCG (111).



Table 2. Pharmacokinetics of a single dose of subcutaneous choriogonadotropin alfa (r-hCG; dose and population not reported) and lutropin alfa (r-hLH) 75 IU to 40,000 IU in female volunteers (109, 110).
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In the late 1990s, Duffy et al. observed that r-hCG and u-hCG were equally effective for stimulating steroidogenic and peptidergic activities of the corpus luteum during simulated early pregnancy in rhesus monkeys (112). The equipotency of r-hCG and u-hCG was also demonstrated in macaque monkeys, with the numbers of oocytes resuming meiosis and undergoing IVF being similar in animals treated with either the recombinant or urinary product (113). However, the bioactivity of r-hCG was greater than that of u-hCG, when administered at the same dose (measured in IU), as determined by a mouse Leydig cell bioassay validated for macaque serum (p < 0.05) (113). Subsequently, in 2001, r-hCG (choriogonadotropin alfa, Ovitrelle; Merck KGaA, Darmstadt, Germany) was licensed for clinical use as a trigger for final follicular maturation/ovulation and luteinisation after stimulation of follicular growth (109).

Three randomized, double-blind, double-dummy, parallel-group, multicentre trials have confirmed the similar efficacy of r-hCG and u-hCG. In one, there were no observed differences following treatment with r-hCG or u-hCG in the number of oocytes retrieved (primary endpoint; mean ± standard deviation [SD] 10.8 ± 4.5 vs. 10.3 ± 5.1) or the number of patients pregnant (secondary endpoint; 10 in each group) and adverse events were generally mild or moderate among the 84 women undergoing IVF or intracytoplasmic sperm injection (ICSI) and embryo transfer (114). Similarly, a multinational study in anovulatory or oligo-ovulatory patients showed that r-hCG administration resulted in the same rates of ovulation and pregnancy as u-hCG administration (115). Overall, 162 of the 177 patients (91.5%) in the per protocol population ovulated (primary endpoint): 95.3% receiving r-hCG and 88.0% receiving u-hCG; however, in this study, r-hCG was better tolerated than u-hCG (115). The European Recombinant Human Chorionic Gonadotropin Study Group compared the efficacy and safety of r-hCG and u-hCG for inducing final follicular maturation and early luteinisation in 172 evaluable women undergoing ovulation induction for ART (116). The primary endpoint, the mean number of oocytes retrieved per patient was not significant between treatments (11.6 for r-HCG and 10.6 for u-hCG; two-sided 90% CI for the difference: −0.841, 1.515). Patients treated with r-hCG demonstrated better outcomes for number of mature oocytes (9.4 and 7.1 with r-hCG and u-hCG, respectively; p = 0.027), serum progesterone (day 1 post hCG administration: 30.1 vs. 23.3 nmol/L [p = 0.04]; day 6–7 post hCG administration: 391.9 vs. 315.9 nmol/L [p = 0.03]) and hCG (day of embryo transfer: 2.1 μg/L vs. 1.6 μg/L [p = 0.0001]) levels, CPR (32 [33.0%] and 23 [24.7%] with r-hCG, and u-hCG, respectively), and LBR (26 [26.8%] and 21 [22.6%] with r-hCG and u-hCG, respectively). While both treatments were well tolerated, the incidence of adverse events was significantly higher in patients treated with u-hCG. Injection site reactions being the most common adverse events in with both treatments in these latter two studies (115, 116). Investigators concluded, that for triggering ovulation, r-hCG may have significant advantages over u-hCG (116).

Treatment with r-hCG and u-hCG was also shown to result in similar numbers of oocytes (primary endpoint) and 2PN oocytes (secondary endpoint) obtained in a prospective, open, randomized study in 275 women requiring induction of final follicular maturation and luteinisation for IVF with embryo transfer (117). In this study, the tolerability of r-hCG and u-hCG was similar, with >95% of injections with either hCG producing no adverse reactions. More recently, Bellavia et al. reported that highly purified u-hCG was not inferior to r-hCG with regard to the mean number of oocytes retrieved (13.3 vs. 12.5), with no differences observed in fertilization rate (57.3% [467/815] vs. 61.3% [482/787]) or tolerability between the hCG preparations (118).



Luteinizing Hormone

Recombinant human luteinizing hormone (r-hLH, lutropin alfa, Luveris; Merck KGaA, Darmstadt, Germany) received marketing authorization for clinical use in 2000 in Europe and 2004 in the US (subsequently withdrawn at Merck KGaA's request in 2016) (110). r-hLH is produced in a similar manner to FSH in CHO cells transfected with vectors encoding the α and β subunits (119), and is suitable for subcutaneous injection and self-administration (110). The PK of r-hLH is almost identical to the LH component of hMG (Pergonal; Laboratoires Serono, Aubonne, Switzerland) with a terminal half-life of ~10–12 h (Table 2) (120). It should be highlighted that at the time of this analysis the LH component of hMG preparations was predominantly the LH component of post-menopausal urine, rather than hCG as is more common in later and currently available more highly purified preparations. r-hLH is approved for use in women with severe LH and FSH deficiency, in combination with r-hFSH (121). In specific countries outside Europe (Russia, Mexico) r-hLH is also approved for patients with suboptimal ovarian response in the context of ART treatment (122). To improve convenience, a 2:1 fixed-ratio combination of r-hFSH and r-hLH has also been developed (Pergoveris; Merck KGaA, Darmstadt, Germany), which received marketing approval in Europe in 2007 (123). Pergoveris is not currently approved in the US.

In women with severe FSH and LH deficiency, r-hLH has been shown to support r-hFSH-induced follicular development (124, 125). In an open-label, dose-finding study, in which women with hypogonadotropic hypogonadism were randomized to receive r-hLH in combination with r-hFSH 150 IU, 0, 14.3, 66.7, and 88.0% of women treated with r-hLH 0 IU (n = 8), 25 IU (n = 7), 75 IU (n = 9) and 225 IU (n = 10), respectively, had good or excessive follicular growth (p < 0.01 by Cochran-Armitage trend test for difference between groups) (125). This study demonstrated that although LH requirements varied, a minimum effective daily dose of 75 IU provides adequate follicular development and steroidogenesis. A second study confirmed that r-hFSH 150 IU plus r-hLH 75 IU is the most appropriate dose schedule for hypogonadotropic anovulatory women, with sufficient follicular growth observed in 94% (79/84) of initiated cycles (five cycles in three patients required a dose increase) and pregnancy achieved by 15 of the 38 treated women (39.5%) (126). A study in 169 women aged 38–42 years randomized to receive a combination of r-hFSH:r-hLH in one of four ratios: 1:0, 1:1, 2:1, or 3:1 (127). The starting dose of r-hFSH was 225 IU, with r-hLH dosed according to the ratio, and the dose of r-hFSH could be adjusted up to 450 IU. A greater mean number of oocytes was retrieved in the group receiving 2:1 r-hFSH:r-hLH compared with those receiving 1:1 and 3:1 r-hFSH:r-hLH (8.4, 7.4, and 7.5, respectively), and the adjusted clinical pregnancy rate was higher in the groups receiving 3:1 or 2:1 r-hFSH:r-hLH (12.2 and 12.0%, respectively) compared with those receiving 1:0 and 1:1 r-hFSH:r-hLH (4.6 and 2.4%, respectively).The 2:1 fixed-ratio is supported by the dose-finding and confirmatory studies in women with hypogonadotropic hypogonadism, as well as the ART study summarized here.

The ESPART study was an RCT evaluating the effect of fixed-ratio (2:1) combination r-hFSH:r-hLH compared with r-hFSH alone for controlled ovarian stimulation in 939 women with POR (128, 129). In the ESPART study, to be defined as having POR, women had to meet at least two of the following criteria: advanced maternal age (≥40–<41 years); a previous ART cycle with ≤3 oocytes retrieved with a conventional stimulation protocol; an abnormal ovarian reserve test characterized by an AMH level between 0.12 and 1.3 ng/ml, inclusive. There were no differences observed in efficacy outcomes (number of oocytes retrieved [primary endpoint]; biochemical pregnancy rate, CPR, OPR; and LBR) between patients receiving r-hFSH/r-hLH and those receiving r-hFSH alone. However, a post-hoc analysis of the ESPART study observed a higher live birth rate with r-hLH supplementation in patients with moderate or severe POR, while a higher live birth rate was observed with r-hFSH alone in patients with mild POR (130).

Five recent meta-analyses have evaluated whether supplementation of FSH with LH for controlled ovarian stimulation (COS) might improve ART outcomes (131–135). While LBR is the preferred outcome, reality has shown that LBR is only reported in a small proportion of available studies, and most papers report intermediate pregnancy outcomes (such as CPR or OPR), representing relevant outcomes to measure clinical treatments benefits in reproductive medicine when pregnancy losses are not impacted (136–139). These meta-analyses have reported some conflicting results, despite there being overlap among the studies included.

These meta-analyses have relied on RCTs conducted in the general population, and either suggest that there is no beneficial effect from LH supplementation or that LH supplementation to FSH results in improvements in some outcomes in these patients. A higher number of oocytes were retrieved without LH supplementation (primary endpoint; 29 studies [5,840 patients] standard mean difference −0.20, 95% CI −0.38, −0.02; p = 0.03) in one meta-analysis (135), whereas no difference in this endpoint was observed in another meta-analysis (primary endpoint; 43 studies [6,341 patients]; RR 1.17, 95% CI 0.42, 1.92; p = 0.002) (133). A higher pregnancy rate (secondary endpoint; 29 studies [5,565 patients] OR 1.20, 95% CI 1.06, 1.37) was observed by one meta-analysis (135), whereas in other meta-analyses a higher CPR (secondary endpoint; 43 studies [6,393 patients]; RR 1.3, 95% CI 1.05, 1.62; p = 0.016) (133), higher OPR (secondary endpoint: 19 studies [3,129 patients] OR 1.20, 95% CI 1.01, 1.42) (134) and higher LBR (primary endpoint: 4 studies [499 patients] OR 1.32, 95% CI 0.85, 2.06; secondary endpoint: 39 studies [6,237 patients] RR 1.11, 95% CI 1.01, 1.21) (133, 134) were observed with LH supplementation to FSH compared with FSH alone. These findings may reflect the different characteristics of the pooled populations, depending on the trials included.

It has been suggested that the benefits of LH supplementation may occur in subpopulations characterized by LH insufficiency, including hypo–responders (133, 134). Hypo-response is characterized by an unexpected resistance to ovarian stimulation with standard doses of gonadotropins. This resistance might be diagnosed in women with otherwise normal ovarian reserve during ovarian stimulation who demonstrate an initial slow response and observed through serum estradiol levels and follicular growth or diagnosed retrospectively where higher-than-expected gonadotropin doses have been used (140). In patients with poor ovarian response (POR; including hypo-responders), supplementation with LH results in increased CPR (post-hoc analysis: RR 1.3, 95% CI 1.05, 1.62; p = 0.016) (133), OPR (subgroup analysis: 3 trials [79 patients] OR 2.06, 95% CI 1.20, 3.53) (134) and LBR (post-hoc analysis: RR 1.30, 95% CI 0.95, 1.78) (133).

When only hypo-responders were considered, supplementation with LH did not increase the number of oocytes retrieved (two RCTs and one cohort study [319 patients] OR 1.98, 95% CI 0.17, 3.80; p = 0.03), but did increase implantation rate (four RCTS and one cohort study [766 patients] OR 2.62, 95% CI 1.37, 4.99; p = 0.004), and CPR (three RCTs and one cohort study [361 patients] OR 2.03, 95% CI 1.27, 3.25; p = 0.003) (132) compared with FSH alone. LBR could not be evaluated by this meta-analysis as it was only included as an endpoint in one study (132).

A systematic review (without meta-analysis) that assessed the effect of r-hLH supplementation in COS as part of ART in six different patient populations (prevention of OHSS; women with profoundly suppressed LH levels after administration of a gonadotropin-releasing hormone [GnRH] agonist; women co-treated with a GnRH antagonist; women with a hypo-response to r-hFSH; women of advanced reproductive age; and women with POR, including women meeting the ESHRE Bologna criteria) identified two populations that may benefit from this treatment approach (131). In women with a hypo-response to r-hFSH the evaluated literature suggests that a greater number of oocytes might be retrieved and a higher implantation rate obtained with LH plus FSH compared with FSH alone (based on two studies). In women of advance reproductive age a higher implantation rate may be obtained with LH plus FSH compared with FSH alone (based on four studies). A lower proportion of patients with OHSS were observed with LH supplementation in patients when used for prevention of OHSS. No difference between treatment with LH plus FSH and FSH alone was observed in women with profoundly suppressed LH levels after administration of a GnRH agonist, women co-treated with a GnRH antagonist and poor ovarian responders.




ORAL GONADOTROPINS

All gonadotropin preparations have to be injected, which increases the treatment burden for patients. There has therefore been interest in producing a product that can be dosed orally. It is not possible to dose gonadotropins orally because they are proteins and will not be absorbed, rather they are digested by enzymes. As a result of this, attempts to produce an oral drug for ovarian stimulation have focussed on FSH agonists. One oral FSH agonist has been evaluated in healthy females but no effect on follicular development was observed, which was eventually attributed to the low doses used (141). Non-conclusive data is available for this option nowadays.



INJECTION DEVICES

Animal-derived and urinary gonadotropin products had to be injected intramuscularly using a syringe and vial, with reconstitution required before injection. Owing to the increased purity of recombinant products, a smaller injection volume is required and these can be injected subcutaneously using smaller gauge needles. In addition, these products have greater stability and liquid formulations of recombinant products have been produced, removing the need for reconstitution before injection. This in turn has enabled the development of pen injection devices, which are designed to improve ease-of-use and patient convenience, including the ability to both select the starting dose with greater precision (in increments as low as 12.5 IU) and adapt the dose during treatment, based on treatment response in small increments (12.5 IU) (142–144).



CONCLUSIONS

ART has come a long way since 1927, when gonadotropins were first identified, and currently available gonadotropin preparations better enable treatment individualization as part of patient-centered care. Patient-centeredness should be an aspect of all consultations and treatment decisions relating to medically assisted reproduction treatment. This should include discussions of whether treatment is appropriate, and if it is appropriate, which treatment would be most favorable. This treatment should be individualized according to the characteristics of the patient(s) and monitored to ensure that effectiveness is optimal, based on treatment response and safety, with treatment adjusted during treatment if it is not. The availability of recombinant products, which provide a pure form of the gonadotropin and can be accurately dosed, has improved the ability of medical practitioners to individualize treatment in this manner. Currently available products can be injected subcutaneously rather than intramuscularly, and pen injection devices are available, improving ease-of-use and more precise dose selection and adaption (in 12.5 IU dose increments). Work to develop new preparations is continuing, and a goal must remain the development of orally active FSH agonists and antagonists.
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Human follicle-stimulating hormone (FSH) exhibits both macro- and microheterogeneity in its carbohydrate moieties. Macroheterogeneity results in three physiologically relevant FSHβ subunit variants, two that possess a single N-linked glycan at either one of the two βL1 loop glycosylation sites or one with both glycans. Microheterogeneity is characterized by 80 to over 100 unique oligosaccharide structures attached to each of the 3 to 4 occupied N-glycosylation sites. With respect to its receptor, partially glycosylated (hypo-glycosylated) FSH variants exhibit higher association rates, greater apparent affinity, and greater occupancy than fully glycosylated FSH. Higher receptor binding-activity is reflected by greater in vitro bioactivity and, in some cases, greater in vivo bioactivity. Partially glycosylated pituitary FSH shows an age-related decline in abundance that may be associated with decreased fertility. In this review, we describe an integrated approach involving genetic models, in vitro signaling studies, FSH biochemistry, relevance of physiological changes in FSH glycoform abundance, and characterize the impact of FSH macroheterogeneity on fertility and reproductive aging. We will also address the controversy with regard to claims of a direct action of FSH in mediating bone loss especially at the peri- and postmenopausal stages.
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STRUCTURAL ATTRIBUTES OF FOLLICLE-STIMULATING HORMONE (FSH) AND ITS SUBUNITS

Follicle-stimulating hormone is one of three gonadotropins in the human glycoprotein hormone family. This hormone family is part of the cystine knot growth factor superfamily, a large group of homo- and heterodimeric signaling molecules (1). FSH plays a central role in reproduction, particularly in females. In the ovary, FSH stimulates follicle development and estrogen synthesis. In the testis, FSH maintains Sertoli cell function, which supports spermatogenesis. Although currently controversial (2, 3), FSH has been claimed to play a direct role in osteoporosis by stimulating differentiation of osteoclasts, which are responsible for removing bone (4). The idea put forth is that in the postmenopausal period when FSH levels rise, activation of osteoclasts results in bone loss. Reports of non-gonadal actions of FSH have recently been summarized (5).

Follicle-stimulating hormone is composed of two dissimilar, cystine knot motif glycoprotein subunits: a common α-subunit and hormone-specific β-subunit (Figure 1) (6). The FSHα subunit amino-acid sequence and disulfide bond organization, including a cystine knot motif, are identical to those in the other glycoprotein hormones, luteinizing hormone (LH), thyroid-stimulating hormone (TSH), and chorionic gonadotropin (CG) (7). However, the N-glycan populations at both glycosylated residues, Asn52 and Asn78, differ from those of the other glycoprotein hormone α-subunits such that these otherwise identical subunits can be distinguished from each other and from free α-subunit by their oligosaccharide populations (8–10). The hormone-specific FSHβ subunit shares 34–40% sequence homology, six conserved disulfide bonds, cystine knot motif, and seatbelt loop with the other human glycoprotein hormone β-subunits (7, 11, 12). While there are two potential N-glycosylation sites in FSHβ, partially glycosylated variants exist that are missing either one of these oligosaccharides (13). These contribute to an unknown degree of charge variation in FSH preparations and result in the classic FSH isoforms (14, 15). The classic interpretation of FSH isoforms was based solely on the notion that variant patterns of negatively charged sialic acid or, to a much lesser extent, sulfate residues terminated oligosaccharide branches, which gave rise to differentially charged isoforms. The observation of hypo-glycosylation further refines our understanding of isoforms, in that net charge may vary, due to presence or absence of entire glycans.
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FIGURE 1 | Follicle-stimulating hormone (FSH) subunit peptide moieties. Wire-frame models of FSH subunits extracted from pdb 1FL7 using MacPyMOL v1.8.2.3. FSHα backbone is green and FSHβ backbone is cyan. Disulfide bonds are indicated as yellow sticks. Cystine knot loops are designated by subunit (α or β) and number (1–3). Pairs of numbers refer to Cys residues involved in a disulfide bond. Bold numbers indicate Cys Knot disulfide bonds.




FSH GLYCOSYLATION HETEROGENEITY

Follicle-stimulating hormone glycosylation exhibits both macro- and microheterogeneity (Table 1). Macroheterogeneity herein refers to the presence or absence of glycosylation at any one potential glycosylation site. Examples of FSH macroheterogeneity involve the absence of either FSHβ Asn7 or Asn24 oligosaccharides in a population of fully processed and secreted FSH. Microheterogeneity herein refers to as many as 80 to over 100 unique oligosaccharide structures, which can be detected once released from each of the 3–4 glycan-occupied Asn residues in FSH.


TABLE 1 | Macro- and microheterogeneity of hFSH preparations.
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Differences in electrophoretic mobility of FSH subunits, revealed by subunit-specific Western blots, provide a convenient means to distinguish four FSH variants resulting from macroheterogeneity. Fully glycosylated hFSHβ migrates as a 24-kDa band (hereinafter, 24k-FSHβ), desN24glycan-FSHβ migrates as a 21-kDa band (21k-FSHβ), and desN7glycan-FSHβ migrates as an 18-kDa band (18k-FSHβ). The FSH heterodimers that incorporate these β-subunit variants are designated, FSH24, FSH21, and FSH18, respectively (19), and are shown in Figure 2. Pituitary extracts also possess a non-glycosylated, 15-kDa FSHβ variant (20). However, the corresponding FSH15 does not appear to be physiologically relevant, because subunit association is extremely inefficient when both FSHβ glycans are missing, and little, if any, FSH heterodimer is secreted (21). FSH24 and FSH21 are detected in FSH derived from human pituitary extracts, as well as from urinary protein preparations (Table 1). When FSH is separated into fully- and hypo-glycosylated fractions, the latter often include FSH18, which can constitute as much as 40% of the hypo-glycosylated FSH preparation (13). As most hFSH21 preparations also possess hFSH18, and are not easily separated, it has become a convention to abbreviate the mixture of physiologically relevant hypo-glycosylated FSH preparations as hFSH21/18.
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FIGURE 2 | Follicle-stimulating hormone (FSH) glycoform models. Models of FSH heterodimers extracted from pdb 4AY9 decorated with the most abundant glycan observed at each N-glycosylation site by nano-ESI-ion mobility-MS (Bousfield, G. R. and Harvey, D. J., unpublished). Subunits are shown as cartoons rendered by MacPyMOL with subunits and their oligosaccharides colored as in Figure 1; FSHα green and FSHβ cyan. Oligosaccharides shown as sticks were created and attached to the FSH model using GLYCAM [Woods Group. (2005–2017) GLYCAM Web. Complex Carbohydrate Research Center, University of Georgia, Athens, GA, USA. (http://glycam.org)]. (A) FSH18, which lacks Asn24 glycan. (B) FSH21, which lacks Asn7 glycan. (C) FSH24, which possesses all four N-glycans.


Follicle-stimulating hormone microheterogeneity results from a structurally heterogeneous population of oligosaccharides attached to each glycosylated Asn residue of the four glycosylation sequons in FSH. Microheterogeneity in this hormone has largely been evaluated at the whole hormone level in studies of pituitary and urinary FSH preparations (16, 22–25). Human pituitary FSH oligosaccharides are 85–98% complex-type, 88–99% are sialylated, 36–46% are biantennary, 30–49% are triantennary, 5–15% are tetra-antennary, while only 4–7% are sulfated (Table 1). The low extent of oligosaccharide sulfation appears to be a human-specific characteristic (no data exist for nonhuman primate FSH glycans), as FSH preparations from cattle, pigs, sheep, and horses possess higher levels of sulfated oligosaccharides, ranging from 13 to 58% (23, 26). Accordingly, a major factor in determining hFSH clearance rates is the extent of sialic acid termination at the non-reducing ends of oligosaccharide branches. As compared with naturally occurring hFSH preparations, recombinant hFSH preparation oligosaccharides exhibit a reduced degree of branching, consisting of largely (55%) biantennary glycans. However, the degree of sialylation in these preparations lags that of urinary hFSH to a lesser extent, because the most abundant urinary FSH triantennary and tetra-antennary glycans are one sialic acid residue short of a full complement (16, 25, 27).

As mentioned above, microheterogeneity contributes to charge variation in FSH, and this has been reported to alter FSH biological activity (14, 28, 29). Comparisons of microheterogeneity in early studies were challenged not only by the large number of oligosaccharide structures encountered, but also by the different analytical methods each group employed, as each of these exhibited bias toward or against specific families of oligosaccharides. We recently characterized microheterogeneity in three purified human pituitary FSH glycoform preparations, as well as highly purified pituitary, urinary, and recombinant hFSH preparations using nano-electrospray mass spectrometry (13, 16–18). Because over 33–109 structures were detected in each sample, comparing oligosaccharide populations derived from different FSH preparations proved challenging.

The oligosaccharide structures shown in Figure 3 represent those present in at least 1% relative abundance in at least FSH preparation. Using this criterion, a total of 54 glycans were selected for comparison. The glycans are organized by position in the N-glycan biosynthetic pathway or by the number of complex branches. Within each antennary group, 2-, 3-, or 4-branch glycans, monosaccharide composition is the basis of organization. Structures 1–7 are oligomannose glycan intermediates found in ER and cisGolgi-derived glycoprotein precursors (Figure 3A). In multi-glycosylation site glycoproteins, these can be found in glycoproteins possessing mature glycans at other sites, when glycan processing at individual sites differs (30). Structures 8 and 9 exhibit the beginnings of complex oligosaccharide synthesis (Figure 3A), structures 10–34 are biantennary glycans (Figures 3A–C), structures 35–48 are triantennary glycans (Figures 3C,D), and structures 49–54 are tetra-antennary glycans (Figure 3D). The oligosaccharide populations of fully glycosylated FSH24 and hypo-glycosylated FSH21 preparations, F and D, respectively, possessed 51 of the 54 major glycans identified in these studies, and 45 of these, representing 88% of these more abundant glycans, were detected in both preparations. Pituitary and urinary FSH preparations P and U, respectively, both possessed 38 glycans (75%) in common with glycoforms F and D, while the hypo-glycosylated hFSH21/18 preparation L, possessed 35 glycans (68%) found in glycoform preparations F and D. Recombinant hFSH preparation G, expressed by stably transfected GH3 cells, displayed the lowest qualitative similarity to FSH24 and FSH21, possessing only 28 (55%) of the glycans found in glycoforms F and D. Moreover, the triantennary recombinant hFSH oligosaccharides displayed a different branching pattern.
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FIGURE 3 | Human follicle-stimulating hormone (FSH) oligosaccharide microheterogeneity. Summary of results of nano-ESI mass spectrometry studies showing only those oligosaccharides present at >1% relative abundance in at least one hFSH preparation. The glycan diagram indicates it was detected in the preparation. The Consortium for Functional Glycomics monosaccharide symbols are used in conjunction with Oxford Glycobiology Institute linkage indicators (1–2, —; 1–3, \; 1–4, |; 1–6,/; solid lines indicate β-linkage and dashed lines indicate α-linkage). The bar graphs at the bottom of each panel indicate the relative abundance of the structure in each preparation. The preparations are indicated by single letters as follows: G is GH3-recombinant hFSH; U is urinary hFSH; P is pituitary hFSH; F is fully glycosylated pituitary hFSH24; H is hypo-glycosylated pituitary hFSH21/18; and L is hFSH21/18 isolated from hLH preparations. The structures are distributed across four panels beginning with the high mannose precursors and ending with tetra-antennary oligosaccharides, the largest found in hFSH. (A) Structures 1–14. (B) Structures 15–28. (C) Structures 29–42. (D) Structures 43–54.


Raising the cutoff to 4% relative abundance identified four groups of highly abundant glycans. The first group revealed a unique pattern of glycosylation for hFSH21/18 preparation L, consisting of a series of high mannose oligosaccharide intermediates possessing 9, 8, 7, 6, 5, and 3 mannose residues (structures 1–7, Figure 3A). Taken in isolation, this observation suggests that these glycoforms may not have exited the biosynthetic pathway. However, complex oligosaccharides, identical to those found in all other FSH preparations examined in this study, were also present in hFSH-L, suggesting oligosaccharide processing occurred at least at one glycosylation site in the Golgi. Glycosylation site-specific glycan analysis, when sufficient samples are available, or top–down proteomics for limited samples, have the potential to demonstrate the presence of both oligomannose and complex glycans in the same hypo-glycosylated hFSH molecule to support this hypothesis. Oligosaccharide structures 2–7 were also found in two pituitary glycoform preparations, hFSH24 and hFSH21. However, in both cases, these glycans were present in very low abundance, consistent with their being N-glycan biosynthetic intermediates. Moreover, both secreted hFSH preparations, urinary hFSH and recombinant hFSH, were devoid of oligomannose structures 1–7. In the case of urinary hFSH, this could have resulted either from rapid clearance of oligomannose-containing hFSH from the circulation or bias during purification.

As only secreted recombinant hFSH was recovered from conditioned medium, the absence of oligomannose glycans indicated that mature hFSH secreted by the GH3 cell line possessed only complex N-glycans. Moreover, the antibody used to capture recombinant hFSH appeared to capture all FSH forms, reducing the likelihood of purification biasing the oligosaccharide population (13). The high abundance of biosynthetic intermediate and low abundance of complex glycans in hFSH21/18 preparation L was notable because it exhibited the highest receptor binding-activity of any hFSH preparation we have studied. This led to the concern that we were studying a physiologically irrelevant glycoform. However, subsequent demonstration of significant biological activity differences between other pituitary and recombinant FSH glycoform preparations eliminated this concern (18, 31, 32).

Three clusters of high-abundance, complex glycans were noted in the other five hFSH preparations comprising oligosaccharide structures 22–23, 31–34, and 38–42. Group 2 structure 23, a disialylated, biantennary glycan possessing one GalNAc substituted for Gal, was highly abundant in all five preparations. This was notable, because the absence of sulfated GalNAc from hFSH N-glycans has been attributed to impaired recognition of a Pro-Leu-Arg motif in the common α-subunit of hFSH by β1,4-N-acetylgalactosaminyltransferase-T3 and -T4 (βGalNAct-T3 and βGalNAc-T4, respectively), as compared with hCG and hLH. The resulting reduction in FSH oligosaccharide sulfation was proposed as a consequence of altered motif access in this hormone, probably due to conformational change (33).

Comparison of Pro-Leu-Arg motifs in both hCG crystal structures, 1hcn (12) and 1hrp (11), with those in the two hFSH structures found in 1fl7 (6) showed positions of the Pro40 and Leu41 residue side chains were very similar in all six possible alignments (Figure 4). The Arg42 side chains were closely aligned in only one comparison, u-hCGα2:r-hFSHα1 (Figure 4D), suggesting flexibility in that region of the subunit (6, 34). Indeed, molecular dynamics simulations of FSH bound and unbound to the FSH receptor (FSHR) high-affinity binding site support flexibility in residue 40–47 region as unbound FSH exhibits root mean square fluctuations >1 Å (35). Unbound FSH is the form of the heterodimer recognized by β4GalNAc transferases. When FSH is bound to FSHR, this region loses flexibility, indicating it can achieve a stable conformation when bound to another protein. Thus, pituitary βGalNAc transferases are likely to bind this motif in both hLH and hFSH, consistent with the widespread distribution of GalNAc in hFSH oligosaccharides. The frequent appearance of GalNAc in sulfate-deficient glycans suggests an alternative hypothesis to explain reduced sulfation; human sialyltransferases compete more effectively with sulfotransferase in the human pituitary, leading to preferential addition of Neu5Ac to GalNAc. As N-glycan branches terminated with Neu5Ac-GalNAc were first reported for hLH oligosaccharides, finding this type of glycan is not unprecedented (36).
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FIGURE 4 | Comparison of Pro-Leu-Arg motif in hCG and follicle-stimulating hormone (FSH) crystal structures. Cystine knot loop αL2 in the common α-subunits from each hormone structure were aligned using MacPyMOL. The backbone traces are shown and the side chains for Pro40, Leu41, and Arg42 shown as sticks. The residues are labeled because the flattening effect of printing appears to invert the order of Leu41 and Arg42. Chemically deglycosylated recombinant selenomethionine hCGα is r-hCGα1 (1hcn), chemically deglycosylated urinary hCGα is u-hCGα2 (1hrp), recombinant insect cell hFSH (1fl7) resulted in two models identified as r-hFSHα1 and r-hFSHα2, respectively. (A–F) α-subunit models aligned as indicated.


In fact, hLH possesses the greatest abundance of sialic acid of all characterized mammalian LH preparations (23, 36, 37). Moreover, structure 23 is part of a series of 15 GalNAc-containing, biantennary glycans observed in at least one of the six hFSH preparations (structures 10–25, Figures 3A,B). While two other structures are possible for the m/z 1130.9 ion associated with structure 23 (17), they do not permit addition of the two sialic acid residues associated with this oligosaccharide because the 5th hexosamine in the alternative structures is a bisecting GlcNAc residue and the single antenna possessing a Gal residue provides attachment for only one Neu5Ac residue. Group 3 glycan structures 31–34, are conventional, disialylated, biantennary oligosaccharides in which Neu5Ac residues are attached to Gal residues (Figure 3C). Structures 31 and 32 were the most abundant oligosaccharides derived from recombinant, urinary, and pituitary hFSH (Figure 3C). As 85–100% core-fucosylated glycans are found on the other human pituitary hormone LHβ and TSHβ subunits, structure 31 most likely reflects FSHα subunit glycosylation, while structure 32 reflects FSHβ subunit glycosylation (36, 38). The 4th high abundance glycan cluster, comprising structures 38–42, includes triantennary oligosaccharides possessing only two sialic acid residues. For this group of oligosaccharides, recombinant hFSH differed in the location of the two branch-mannose residues. In pituitary hFSH, GlcNAc transferase IV initiated a third glycan branch on Man (α1–3), while in recombinant hFSH GlcNAc transferase V initiated a third branch on Man (α1–6) (Figure 3C, compare row G with the other five rows). This suggested a difference in the relative activities of GlcNAc transferases IV and V between pituitary gonadotropes and somatotrope-derived GH3 cells, despite the expression of both transferase genes in GH3 cells (18). Another feature of recombinant hFSH glycans was antenna-linked fucose residues, such as observed in structure 43, one of the >1% abundance class of oligosaccharides (18).



IMPACT OF FSH GLYCOSYLATION HETEROGENEITY ON COGNATE RECEPTOR BINDING

The FSHR is a G-protein-coupled receptor (GPCR) with a leucine-rich repeat extracellular domain comprising 358 amino-acid residues. This ligand binding domain is connected to a 337-residue, hepta-helical transmembrane domain (39, 40). Crystal structures of the high-affinity FSH binding domain in complex with FSH revealed that the interface of the complex involves contacts exclusively via protein–protein interactions (41, 42). FSH oligosaccharides added by modeling do not appear to interact with the extracellular domain engaged with FSH, as they are located on a face of the hormone, which is oriented away from the hormone receptor interface (Figure 5). Since it is well established that FSH carbohydrate is necessary for full FSHR activation (43–46), it seems reasonable to assume that the carbohydrate affects hormone conformation, which in turn modulates activity. The structure of the entire FSHR (extracellular domain and transmembrane domains) in complex with FSH has yet to be determined, and until then, carbohydrate interaction with the transmembrane domain cannot be ruled out. Alternatively, carbohydrate modulation of FSH conformation may affect the final disposition of FSHR extracellular domain (FSHRECD) hinge region putative interactions with extracellular loops of the transmembrane domains (34, 47). Consistent with the absence of FSH carbohydrate interaction with FSHRECD, isolated hybrid-type oligosaccharides related to structure 12 in Figure 3 have no effect on FSHR binding (48). Nevertheless, these oligosaccharides significantly inhibit both basal granulosa cell steroidogenesis, as well as FSH-stimulated steroidogenesis (48). The low affinity of carbohydrate–protein interactions requires sufficiently high oligosaccharide concentrations in inhibition studies that hormone contamination can inhibit binding assays. In our hands, a minimum of two purification steps is necessary to eliminate residual hormone assay interference (48). Accordingly, we attributed hormone contamination in the oligosaccharide preparation as the reason for a report that hCG-derived oligosaccharides inhibited both receptor binding and cellular activation (49).
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FIGURE 5 | Follicle-stimulating hormone (FSH) glycoform models bound to monomeric FSH receptor (FSHR) extracelluar domain model (FSHRECD). FSH glycoform models are oriented as in Figure 2. The FSHRECD model was extracted from pdb 4AY9 and rendered as cartoon using MacPyMOL. The FSH glycoform models were aligned to the FSH model extracted from the pdb file along with the FSHRECD to illustrate the positions of oligosaccharides relative to the high-affinity binding site in the FSHR. (A) Glycosylated model of FSH18 and FSHR extracellular domain. (B) Glycosylated model of FSH21 and FSHR extracellular domain. (C) Glycosylated model of FSH24 and FSHR extracellular domain.


Loss of a single FSHβ oligosaccharide has three effects on FSH binding to its receptor. First, hypo-glycosylated hFSH immediately engages FSHR preparations, whereas fully glycosylated hFSH24 exhibits about a 30-min lag before FSHR binding begins in earnest (13). Second, hypo-glycosylated hFSH21/18 exhibits a 2.8- to over 14-fold higher apparent affinity for the FSHR as compared with hFSH24 (Table 2). Third, hypo-glycosylated hFSH21/18 occupies 2- to threefold more FSHRs than FSH24 (13, 18). A glance at the structures of FSH glycoforms bound to the FSHRECD immediately raises the question of how loss of either FSHβ N-glycan facilitates FSH association with the receptor, as neither glycan is close to the binding site (Figure 5). This leaves yet to be defined hindrance by the FSHR transmembrane domain or FSHR oligomerization as potential mechanisms.


TABLE 2 | Follicle-stimulating hormone (FSH) receptor-binding activities of pituitary and recombinant hFSH glycoform preparations.
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The crystal structure of the high-affinity binding site of the FSHRECD comprised two FSHR domains associated back to back, sandwiched by FSH ligands (41). There was no indication of FSH oligosaccharide interaction with the receptor. The crystal structure of the entire FSHRECD with FSH bound revealed a strikingly different FSHRECD conformation as trimeric FSHR–FSH complexes (42). To obtain diffractable crystals in both studies, endoglycosidase-F digestion reduced FSH and FSHRECD N-glycans to single GlcNAc residues, which eliminated oligosaccharide influence on hormone-receptor binding. The trimeric FSHR crystal structure suggested FSH αAsn52 oligosaccharide, when present, would restrict ligand binding to one glycosylated FSH ligand per FSHR trimer as a biantennary glycan attached to this Asn residue would occupy the center of the trimeric complex (47). While no subsequent studies supporting the dimeric FSHR model have been reported, several lines of evidence appear to support the trimeric FSHRECD model. Biochemical data in support of the trimeric FSHR model were provided when recombinant-mutant des-αN52-hFSH exhibited threefold greater binding to CHO cells expressing hFSHRs as compared with recombinant wt-hFSH (47). Small molecule allosteric FSHR modulators were reported to increase FSH binding ~threefold, suggesting trimeric FSHR complexes dissociating to form FSHR monomers (50–52). Incorporating a transmembrane domain model to the FSHRECD trimer model predicted that only a single β-arrestin could bind to the trimeric FSHR. Addition of an allosteric modulator to β-arrestin binding assays produced a threefold increase in β-arrestin binding, supporting a model that allosteric small molecule FSHR modulators dissociate FSHR trimers into monomers, thereby increasing FSH access (47). However, a superresolution microscopic technique, dual-color photoactivatable dyes, and localization microscopy (PD-PALM) revealed the closely related LHR existed as a variety of oligomeric forms as well as monomers in the cell membrane (53). Docking of complete LHR models in this study provided a variety of conformations of LHR oligomers, including trimeric LHRs. Similar studies with FSHRs would help clarify the relationship of FSHRs.

As greater FSHR occupancy is directly proportional to FSH-stimulated cAMP production by target cells, increased hypo-glycosylated hFSH binding to FSHR is expected to provide a correspondingly greater cellular activation than fully glycosylated hFSH (54). However, since the model of an FSHR trimer can only accommodate one G protein, it is unlikely that the increase in cAMP is due to occupancy alone. Another possibility is that occupancy by hypo-glycosylated FSH fails to engage the GRK/arrestin pathway which would otherwise attenuate the reengagement of G protein subsequent to activation of adenyl cyclase. Another possibility is that hypo-glycosylated FSH creates a more stable complex with FSHR such that during intracellular trafficking, cAMP- and arrestin-mediated persistent signaling (55) is enhanced. Finally, one may also suggest that since the FSH/FSHR complex appears to recycle to the cell surface (56, 57), the high-affinity binding of hypo-glycosylated FSH may have a proclivity for FSHR, thus failing to dissociate upon relocation to the plasma membrane and perhaps reformation of the putative trimeric structures. This could affect the dynamic stoichiometry of the cell surface unoccupied receptor cohort whose ontogeny resets not only with new FSHR synthesis but also by occupancy/recycling engaged by other members of the orchestra1 of glycoforms.



FSHR-MEDIATED SIGNALING IN VITRO AND IN VIVO

Biased signaling has underpinned GPCR drug development for years but only recently has the mechanism of this phenomenon been revealed in the GPCR field, including the FSHR (51, 58–60). The realization that one GPCR can activate several effector proteins to activate different pathways has prompted the challenging of previously accepted dogma and may help to explain previously unexplained observations. An example of such dogma is that both FSHR and LH/CGR primarily signal via Gαs leading to the activation of the cAMP/protein kinase A (PKA) pathway and subsequently leading to steroidogenesis (51, 61–64). Alternative pathways, such as phospholipase C/inositol trisphosphate metabolism were first recognized over 25 years ago (65, 66); however, most studies examining the actions of gonadotropin glycosylation variants remain fixed on the primary pathway. The concept of biased signaling predicts that the specificity of signal transduction depends on, at least in part, the structure of the ligand [reviewed in Ref. (58, 59)]. In support of this idea, a partially deglycosylated eLH variant (67) (eLHdg) was found to exhibit biased signaling through the FSHR (68). While incapable of activating the cAMP/PKA pathway and eliciting steroidogenesis in granulosa cells, binding of eLHdg to FSHR recruited β-arrestins and activated ERK MAPK signaling via a cAMP-independent pathway (68).

Another recent study showed that the oligosaccharide complexity of recombinant hFSH preparations differentially affected gene expression and steroidogenesis in human granulosa cells (69). Our own studies with hFSH glycoforms have found evidence for biased signaling, albeit in different cell types. The hFSH21/18 glycoforms were more active than hFSH24 in activating the cAMP/PKA pathway and phosphorylation of PKA substrates via Gαs in human KGN granulosa cells (31). The actions of FSH21/18 were 10-fold greater than FSH24 on induction of CYP19A1 and estrogen (31). The obvious next step is to determine if this biased signaling by hFSH24 occurs in gonadal cells, which is an active area of pursuit using both in vitro and in vivo genetic approaches.



GENETIC MODELS TO STUDY THE PHYSIOLOGY OF FSH GLYCOFORMS


Fshb Knockout Mice

As mentioned above, hypo-glycosylated FSH21/18 has been shown to be more avid compared with fully glycosylated FSH24 in several receptor binding assays (13, 18), and more potent when tested using primary granulosa cell- or immortalized granulosa cell-based in vitro assays (31). Translation of these in vitro observations from biochemistry to physiology required the development of new models as well as implementation of existing mouse models. Accordingly, in vivo effects of FSH glycoforms FSH21/18 and FSH24 were evaluated using the experimental design of an in vivo pharmacological rescue approach. In this experimental paradigm, first, immature Fshb null female mice (at 21 days of age) were injected i.p. with different doses of FSH glycoforms separately and at different times postinjection, ovaries were collected for subsequent selected gene expression analysis by quantitative real-time PCR. In these studies, hypo-glycosylated FSH21/18 elicited in vivo bioactivity comparable to that of FSH24; however, these analyses also indicated that differences exist between FSH21/18 and FSH24 glycoforms in inducing a unique subset of FSH-responsive genes (32). Second, to assess the upstream signaling pathways which control FSH-induced gene expression, immunofluorescence analysis was performed on ovarian sections obtained from Fshb null female mice injected with FSH21/18 and FSH24 glycoforms using p-CREB and p-PKA substrate antibodies. At three different time points tested (0.5, 1, and 2 h), both glycoforms were equally effective and significantly upregulated p-PKA and p-PKA substrates (nuclear accumulation in granulosa cells) over PBS-injected controls, with maximal induction observed at the 1-h time point (32).

In a third set of experiments, ovarian protein extracts were obtained from Fshb null female mice at different time points after injecting with FSH glycoforms separately. These extracts were subjected to Western blot analysis followed by densitometry quantification. When induction of p-CREB, p-PKA substrate and p-p38, p-p44/42, and p-AKT was compared, FSH21/18 hypo-glycosylated FSH, similar to the above assays, was as active as that of FSH24, the fully glycosylated FSH (32). Finally, in ovarian weight gain response assays, FSH21/18 was equally potent as that of the FSH24, although FSH21/18 elicited better estradiol induction compared with that by FSH24 (32). Thus, the in vivo pharmacological rescue experiments suggest biased agonism exhibited by different FSH glycoforms and, as would be expected, these are nuanced. In addition to determining if this phenomenon occurs in vivo as a function of age (particularly in regard to bone density given the correlation of age with changing FSH glycoform abundance), it will also be critical to determine if these nuances correlate with fertility or embryo quality, having great potential impact on therapeutic use.

In vivo pharmacological rescue of Fshb null male mice was also performed using recombinant human FSH glycoforms and measurement of testicular weight gain between postnatal day 5 and 10 in Fshb null male mice (32). When injected separately into Fshb null male mice at postnatal day 5, both FSH glycoforms significantly induced testicular weight gain by day 10 compared with that in PBS-injected controls (32). Testis weight correlated well with testis tubule size, as well as number of germ cells per tubule. Hypo-glycosylated FSH21/18 was more active than FSH24 (32). Similarly, a subset of FSH-responsive genes in mouse Sertoli cells responded much better to hypo-glycosylated FSH21/18 than fully glycosylated FSH24. Furthermore, the number of BrdU+ Sox9+ proliferating Sertoli cells was also found significantly higher in testes of mice injected with FSH21/18 compared with FSH24 (32). It is likely that different human FSH glycoforms act via different FSHR-mediated downstream signaling pathways in mouse Sertoli cells, similar to granulosa cells, and elicit distinct gene/protein expression changes. These observations suggest there may be a therapeutic potential advantage of using glycoform-specific hFSH preparations for treatment of male factor fertility, such as marginal sperm counts.



Evaluation of FSH15 in Fshb Null Mice

In vitro expression, purification and characterization of recombinant human FSH glycoforms in somatotrope-derived GH3 cells often results in FSH21/18 and FSH24 as the most abundant FSH glycoforms identified by mass spectrometry (18). However, according to the all or none FSHβ glycosylation concept, FSH dimers containing non-glycosylated FSHβ (expected to be 15 kDa in denaturing gels) could also exist in pituitaries (20). To test the biological significance of non-glycosylated FSHβ, separate lines of transgenic mice were first generated that expressed, either a human FSHB-mutant transgene (HFSHB7Δ24Δ) encoding a glycosylation defective 15k-FSHβ subunit or a human FSHB WT transgene (HFSHBWT)-encoding wild-type (WT) FSHβ subunit, specifically in gonadotropes. The transgenes were subsequently introduced onto an Fshb null genetic background by intercrossing using a genetic rescue strategy (70).

Real-time qPCR assays, immuno co-localization, and Western blot analyses under denaturating conditions confirmed that the transgene encoded mRNA and the corresponding subunits were abundantly expressed in pituitaries (21). While WT human FSHβ subunit-containing, inter-species hybrid FSH was readily detectable by Western blot analysis under non-denaturing conditions of HFSHB WT mouse pituitaries, FSH dimer containing double N-glycosylation-mutant human FSHβ subunit was barely detectable in pituitaries of HFSHBWT mice on an Fshb null genetic background (21). Consistent with these expression data, mutant FSHβ subunit-containing FSH dimer was not detectable in either short-term pituitary organ culture media or serum samples by specific RIAs (21). Furthermore, gonad histology, gonad gene expression, and fertility assays all indicated that the double N-glycosylation-mutant HFSHB transgene failed to rescue Fshb null mice (21). Taken together, these genetic experiments confirmed that the double N-glycosylation-mutant human FSHβ subunit-containing FSH dimer is unstable in vivo. Such a dimer is also secretion incompetent and even when secreted in low amounts, it fails to rescue mice lacking FSH. Thus, at least one N-glycosylation site on human FSHβ subunit is essential for efficient FSH dimer assembly, secretion, and biological activity in vivo.




SUMMARY OF INTEGRATED RESULTS


Implementation of Glycoforms in ART/IVF

Fundamental and heretofore unrecognized differences in human FSH relating to the number and location of FSH glycans resulting in FSH glycoforms, FSH24, FSH21, and FSH18 (16, 19) have been summarized. Moreover, the seminal observation from analysis of individual human pituitaries was that the abundance of FSH21 declines with age in women [Table 3 and (16)] raises the question whether this had implications for therapeutic intervention. FSH21 is elevated in young women of reproductive age, but declines thereafter leading to a condition of FSH24 dominance. Thus, the active reproductive period is characterized by the presence of FSH21, while the period of declining fertility and reproductive senescence is characterized by significantly diminished FSH21 along with FSH24 dominance.


TABLE 3 | Relative abundance of FSH21 in individual human pituitaries.
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In this regard, it is noteworthy that current hFSH products available commercially for clinical use, whether they are of menopausal or recombinant origin, consist overwhelmingly of FSH24 (18). Thus, despite the general success of IVF, there has not been a systematic clinical trial which considers that a form of the hormone associated physiologically with a period of decreased reproductive function rather than the form of the hormone present during the reproductive period may be compromising both yield and quality of embryos. It is believed that the clinical utilization of hypo-glycosylated FSH21/18 preparations for IVF would represent a paradigm shift in the treatment of infertility. The use of something truly different, an apparently more active and more physiologically relevant FSH, might provide the basis for improved ovarian stimulation and overall pregnancy outcome. Thus, an emerging question is whether the shift from FSH21 to FSH24 dominance occurs as a result of normal aging or a premature change and represents an underlying cause of subfertility/infertility. To place this in context, a brief overview of controlled ovarian stimulation (COS) is warranted.

The use of COS began in the 1980s as a means to enhance/improve the chances of generating a pregnancy via the combination of procedures involved in in vitro fertilization (IVF). Prior to this, “natural cycle” IVF was utilized, which generated on average, a single utilizable oocyte (71). Not surprisingly, success via this method was severely limited. COS was developed as a means to generate multiple oocytes, which would increase the chances for successful fertilization, enhance embryo development, and coupled with multiple embryo transfer to the uterus, increase pregnancy rates. Indeed, COS proved invaluable as the preferred mechanism underlying IVF (72, 73). In parallel to COS, increased focus on IVF Laboratory practice coupled with IVF Laboratory Certification greatly moved IVF from “experimental procedure” status to that of standard of care (74). At the core of COS is the utilization of hFSH, the fundamental endocrine driver of ovarian follicle development (72).

The history of COS has witnessed a number of modifications aimed at increasing IVF success. Among these are: the utilization of GnRH agonist or antagonists to block endogenous gonadotropin production; utilization of urinary-derived human menopausal gonadotropin or well-controlled recombinant cDNA-driven expression of hFSH produced primarily using cells of Chinese hamster ovary origin; the use of FSH alone or the combined use of FSH coupled with LH; variable gonadotropin dosage and administration regimens; and utilization of supplemental progesterone to offset or oppose estradiol levels (72, 73, 75). Often, modifications have been undertaken to treat women with special conditions that impact success including women with PCOS, older women, and women with cancer (76). Indeed, a women’s age is one of the most predictive factors underlying success with IVF due in large part to the diminishing pool of primordial follicles. The common and overriding feature of the above modifications is the utilization of FSH.

The mechanistic functions and potential differences among FSH glycoforms remain largely unknown. As noted above, differences in receptor binding and the subsequent impact upon certain intracellular signaling systems and cell function can and have been demonstrated (77, 78). The fundamental mechanisms underlying female fertility in terms of producing a viable oocyte still remain largely unknown. However, there are clearly defined stages, which offer targets for differential regulation. These stages include primordial follicle activation, preantral follicle growth, antral follicle growth, and dominant follicle selection. An intriguing hypothesis is that hFSH glycoforms function during different stages of follicle development. This might explain in part, the reported differences in glycoform stimulation of ovarian gene expression and cellular signaling pathways observed in the immature Fshb null mice (32).

Follicle development up to the antral stage is not dependent upon FSH in the mouse (79, 80). Nevertheless, preantral follicles are responsive to FSH (81, 82). Owing to the recently reported in vivo activities of the glycoforms, could FSH21/18 preparations function to drive preantral follicle development to provide follicles appropriately responsive to FSH24? Might supplementation with FSH21/18 for one or two cycles prior to COS overcome what appears to be a natural decline in fertility with age concomitant with a decline in the levels of hFSH21/18? One proposes supplementation in the event that FSH21/18 drives preantral follicle development, so that replacement of FSH24 by FSH21/18 under standard COS strategies may not provide for improved results if FSH21/18 is needed during the earlier stages of follicle development and ineffective in later stages. Furthermore, such treatment paradigms might serve to ameliorate the decreased responsiveness of older women to COS with commercially available FSH, which is essentially FSH24. There is, for example, some evidence that microheterogeneity differences affect estradiol production (78).

FSH21/18 supplementation over an extended period to promote preantral follicle development, which would serve to provide appropriately developed follicles for continued development, perhaps with either glycoform. Owing to potential differences in uptake and circulating half-life, and whether the glycoforms are under episodic as opposed to a more tonic secretion, differences in hFSH glycoform dose and administration regimen may be needed to provide for a more physiological representation. Clearly, the discovery of FSH21/18 and the initial characterization of its activity provide the basis for new ideas concerning COS and IVF. These data indicate that FSH21/18 and FSH24 exist, and they exhibit differences in both in vitro and in vivo activities, and their relative abundance changes with age. These data provide a compelling basis for continued investigation. Central to the improvement of IVF outcomes will be the understanding of how and when these two glycoforms function to promote the proper developmental program of the follicle.



Implementation of FSH Glycoforms to Preserve Bone

Follicle-stimulating hormone has been reported to have direct effects on bone, attributed to FSH-driven (83–85) osteoclast development and activity (86–89). During the premenopausal period, when ovarian reserve is waning and FSH levels are rising because of the lack of negative feedback by ovarian estrogen (90), the abundance of fully glycosylated hFSH24 in the pituitary also rises. It is well established that declining levels of estradiol during the menopausal transition affects bone mineral density, and other metabolic parameters (91). Since the 1940s it has been assumed that reduced bone mineral density was due to a simple sex steroid deficiency (92). Previous reports, largely from one laboratory, have challenged this view by providing evidence that elevated FSH during menopause or ovarian deficiency might explain the bone loss (86, 93). A number of observations highlight the potential importance of FSH in mediating, at least in part, bone loss in humans (94) not associated with changes in steroid hormones (84). A recent study found that FSH, but not estrogen, was strongly associated with bone loss in postmenopausal women treated for breast cancer (95). Furthermore, polymorphisms in the FSHR are associated with accelerated bone loss in women (96). As such, the levels of estrogen and FSH may contribute in multiple ways to bone mineral density during aging.

It should be appreciated that the extra-gonadal actions of FSH have only been recently identified and the actions of FSH on bone have been controversial [reviewed in Ref. (97)]. Allan et al. (98) reported that FSH produced anabolic effects on bone that correlated with inhibin and testosterone levels. Ritter et al. (99) found that treatment of mice with FSH had no effect on bone loss or gain and did not increase osteoclast formation. Two other groups found little correlation of FSH levels and bone mineral density (2, 100). In contrast, other studies provide evidence that FSH can promote the development of human osteoclast precursor cells (89) and induce the production of bone-resorbing cytokines (87, 88, 93). These are relevant observations since the immune system plays a role in a variety of disease states linking inflammatory responses and bone loss (101). Furthermore, several lines of evidence support the initial observations that loss of either Fshb or Fshr confers protection from bone loss in mice (86).

Geng et al. (102) showed that exogenous FSH enhanced osteoclast differentiation and treatment with neutralizing antibodies to FSH or a GST–FSHβ fusion protein prevented bone loss in ovariectomized rats. Likewise, Zhu et al. (103) reported that treatment of ovariectomized mice with an FSH antibody prevented bone loss. Our data show that treatment of murine and human osteoclast precursor cells with FSH24, but not FSH21, increases the formation of multi-nucleated, TRAP (tartrate-resistant acid phosphatase-5b, a bone resorption marker) positive osteoclasts (Davis et al., unpublished). FSH also works together with receptor activator of nuclear factor-κB (NFκB) ligand (RANKL) to induce expression of MMP9 and cathepsin-k (CTSK) in osteoclasts. These data are in agreement with our own and indicate that FSH24 increases TNFα and IRAK mRNA in human CD14+ osteoclast precursors. TNFα is important for osteoclast formation (93, 104, 105). These findings indicate that the age-related increase in hFSH24 may regulate bone, a nontraditional FSH target. Evidence points to the ability of FSH to activate Gαi in bone cells, resulting in a reduction in cAMP levels (86), which contrasts to the activation of Gαs and increase in cAMP in granulosa cells. In bone, FSH stimulates MAPK and NFκB osteoclastogenic intracellular signaling pathways (86). Our data indicate that FSH24 is responsible for activating these signaling pathways and formation of osteoclasts. Hence, there is a critical need to settle the controversy regarding a role for FSH in targeting osteoclasts in women.
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1Each of the FSH molecules is analogous to a member of the orchestra. Their seat is the receptor and their glycoforms are the instruments which they bring to play. The role of each molecule in the orchestra performance will be dependent on the glycoform instrument they bring with them. Like an orchestral performance, one must envision FSH signaling as a complex symphony which may be deconstructed but with loss to the nuance and impact of the full symphony.
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The Follicle-Stimulating Hormone plays an important role in the regulation of gametogenesis. It is synthesized and secreted as a family of glycoforms with differing oligosaccharide structure, biological action, and half-life. The presence of these oligosaccharides is absolutely necessary for the full expression of hormone bioactivity at the level of the target cell. The endocrine milieu modulates the glycosylation of this hormone. During male sexual development a progressive increase in FSH sialylation and in the proportion of glycoforms bearing complex oligosaccharides are the main features in this physiological condition. In late puberty, FSH oligosaccharides are largely processed in the medial- and trans-Golgi cisternae of the gonadotrope and remain without changes throughout adult life. In experimental models, the absence of gonads severely affects FSH sialylation; androgen administration is able to restore the characteristics observed under physiological conditions. The expression of ST6 beta-galactoside alpha-2,6-sialyltransferase 1 is hormonally regulated in the male rat; it decreases after short periods of castration but increases markedly at longer periods of androgen deprivation. Although ST3 beta-galactoside alpha-2,3-sialyltransferase 3 is expressed in the male rat pituitary it is not influenced by changes in the endocrine milieu. The oligosaccharide structure of FSH has an impact on the Sertoli cell endocrine activity. In more advanced stages of Sertoli cell maturation, both sialylation and complexity of the oligosaccharides are involved in the regulation of inhibin B production; moreover, FSH glycoforms bearing incomplete oligosaccharides may enhance the stimulatory effect exerted by gonadal growth factors. In this review, we discuss available information on variation of FSH glycosylation and its hormonal regulation under different physiological and experimental conditions, as well as the effect on Sertoli cell endocrine activity.

Keywords: Follicle-stimulating hormone glycosylation, hormonal regulation, male gonad, Sertoli cell, inhibin


INTRODUCTION

Pituitary gonadotropins regulate basic reproductive processes such as gametogenesis, follicular development, and ovulation. Follicle-stimulating hormone (FSH) is synthesized and secreted in multiple molecular forms with different biological characteristics (1–6). Hormone microheterogeneity arises from the post-translational processing of the gonadotropin, which results in molecular variants showing differences in the structure of the oligosaccharides added during glycoprotein biosynthesis (7, 8).

Gonadotropin glycosylation is a highly complex process; a group of glycosidases (glucosidases and mannosidases) as well as glycosyltransferases (N-acetylglucosaminyltransferases, galactosyltransferases, N-acetylgalactosyltransferases, sialyltransferases, and sulfotransferases) are involved. The initial step in N-linked glycosylation is the co-translational transfer of a dolichol-linked oligosaccharide precursor to specific Asn residues (sequence Asn-X-Ser/Thr) of the nascent polypeptide chain (9–11). When the gonadotropin is still in the rough endoplasmic reticulum (RER), three glucose, and one mannose residues are removed to yield the Man8GlcNAc2Asn intermediate (Figure 1). Then, glycoproteins are transferred to the Golgi apparatus and removal of additional mannose residues occurs in the cis-Golgi cisterna. This high mannose oligosaccharide serves as substrate for the synthesis of hybrid and complex N-glycans precursors in the medial-Golgi by the addition of N-acetylglucosamine (GlcNAc) residues (9–11). Finally, branch elongation of this precursors occurs in the trans-Golgi; if galactose, and sialic acid are sequentially added, then sialylated oligosaccharides are formed. Alternatively, sequential addition of N-acetylgalactosamine (GalNAc) and sulfate produces sulfated oligosaccharides, which account for almost 10% of human FSH (12, 13) (Figure 1).


[image: image]

FIGURE 1. (A) Summary of the N-glycan biosynthetic pathway: N-linked glycosylation begins in the RER with the co-translational transfer of a dolichol-linked Glc3Man9GlcNAc2 to a Asn-X-Ser/Thr motif. In the cis-Golgi cisterna, additional mannose residues are removed. In medial-Golgi, hybrid-, and complex-type precursors are formed by the addition of N-acetylglucosamine (GlcNAc) residues. In the trans-Golgi, sequential addition of galactose, and sialic acid occurs. Alternatively, sequential addition of N-acetylgalactosamine (GalNAc) and sulfate (SO4) produces sulfated oligosaccharides. (B) Some of the N-linked oligosaccharide structures present on human FSH: High mannose and hybrid type N-glycans are incomplete oligosaccharides. Bi- and tri-antennary oligosaccharides are complex type N-glycans. A “bisecting” GlcNAc residue attached to the β-mannose of the core may be present in complex and hybrid-type oligosaccharides. Glycoforms lacking terminal residues such as fucose, galactose, GalNAc, sulfate, and/or sialic acid may also be present.



Several techniques were used to isolate FSH glycosylation variants with differences in charge, including isoelectric focusing (14, 15), chromatofocusing (16, 17), and zone electrophoresis (18, 19). Likewise, lectin affinity column chromatography was useful to isolate mix of glycoforms with marked differences in the oligosaccharide complexity; these techniques based on the different affinity of sugar residues for a specific lectin maintain the biological activity of the hormone (17, 20–22). Methods based on high-performance liquid chromatography were used to determine glycoprotein oligosaccharide structure. Mass spectrometry allowed to identify carbohydrate composition in digested fragments of a glycoprotein. Matrix-assisted laser desorption ionization (MALDI) and electrospray ionization (ESI) are other optional ionization techniques used for glycan analysis. More recently, the alternative fragmentation technologies of electron capture dissociation (ECD) and electron transfer dissociation (ETD) have been introduced (23). Bousfield et al. (8, 24) have extensively characterized FSH glycoform preparations using nano-electrospray mass spectrometry.

The presence of the oligosaccharides is absolutely necessary for the full expression of FSH bioactivity at the level of the target cell (25–27). The endocrine milieu modulates the glycosylation of this hormone; variations in the relative abundance of FSH glycoforms, with differences in their oligosaccharide structure, have been reported under physiological, and pathological conditions both in males and females (18, 19, 22, 28–31).

Studies carried out in several experimental models have shown the relevance of FSH oligosaccharide structure, particularly sialylation, and oligosaccharide complexity, in the regulation of ovarian function (32). The biological effects of FSH glycosylation variants have been demonstrated for follicular growth, antral formation, and estradiol secretion; furthermore, a specific balance of these glycoforms seems to be required for optimal follicle development (7, 33, 34). Sialylation and complexity of FSH oligosaccharides exert a differential effect on human granulosa cell steroid and peptide production; a less sialylated FSH stimulates the secretion of estradiol, progesterone, free inhibin α-subunit, and inhibin A; whereas more acidic counterparts only affect the production of estradiol and free inhibin α-subunit (35). It has also been shown that the structure of FSH oligosaccharides affects the global gene expression of human granulosa cells (36). The expression of a number of genes involved in regulation of important aspects of granulosa cell function seems to be regulated by FSH carbohydrate structure. In fact, FSH glycosylation variants bearing fully processed carbohydrates modulate the expression of genes associated with biological processes, such as homeostasis, cell differentiation, and apoptosis. The expression of genes related to other essential aspects of granulosa cell function, such as ovarian follicle development, ovulation, response to steroid hormone stimulus, and, in particular, steroid biosynthesis is affected by glycoforms bearing incomplete oligosaccharides.

Pioneering studies carried out by Phillips and Wide (37) and Damian-Matsumura et al. (38) demonstrated that the hormonal milieu regulates the synthesis and secretion of FSH glycosylation variants. The gonadotropin-releasing hormone (GnRH) and sex steroids are recognized endocrine factors involved in the regulation of FSH molecular microheterogeneity, both in females and in males (18, 29, 39, 40). As for the biological relevance of FSH oligosaccharide structure in the regulation of male gonadal function, the available information on variations of FSH glycosylation and its hormonal regulation under different physiological and experimental conditions as well as its effect on endocrine activity in the Sertoli cell are discussed in this review, which includes both experimental and clinical studies.



CHANGES IN FSH GLYCOSYLATION DURING MALE SEXUAL DEVELOPMENT


Studies in Experimental Models

Early studies carried out in rats (41), lambs (42), and humans (18, 43), demonstrated that FSH oligosaccharide structure and its biological characteristics vary during sexual development in both males and females. Additional evidence showed that the structure of pituitary FSH oligosaccharides changes in terms of complexity and sialylation in immature, prepubertal, and adult male rats (44). FSH glycosylation variants bearing high mannose and hybrid type oligosaccharides are predominant in the pituitaries of immature rats; however, this proportion progressively decreases, and that of glycoforms bearing more complex, highly branched oligosaccharides increases in prepubertal, and adult animals. These variations are closely related to the increase in circulating testosterone levels; thus, a possible androgen influence as well as a hypothalamic contribution through pulsatile GnRH secretion on the FSH glycosylation process may be relevant. Based on these findings and considering that sialic acid can only be added if a galactose residue is already present in the carbohydrate chain, variations in the extent of pituitary FSH sialylation during sexual development in male rats may be expected. The shift toward a more sialylated FSH during sexual development concomitantly with the rise in circulating androgen levels has been previously reported (41, 45). Similar results were obtained by Ambao et al. (15); variations in the distribution profiles of FSH charge analogs were observed at the lower pH intervals of the preparative isoelectrofocusing gradient, where the predominant proportion of FSH was isolated.



Studies in Humans

Variations in circulating FSH in vitro bioactivity and sialylation extent in prepubertal and pubertal normal boys were clearly shown by Phillips et al. (43) and Olivares et al. (46). These authors reported a significant increment in the proportion of more sialylated FSH at the onset of puberty, and they were not able to detect further changes in advanced puberty and adulthood. Not only changes in hormone sialylation but also variations in the oligosaccharide complexity of circulating FSH were described in normal boys during pubertal development (47). A progressive increase in the proportion of FSH glycoforms bearing highly branched oligosaccharides was observed throughout Tanner stages II to IV-V with a concomitant decrease in those FSH glycosylation variants bearing incomplete carbohydrate chains.

Based on these observations it can be deduced that FSH glycosylation in late puberty, in the presence of adult levels of androgens, is characterized by the predominance of glycoforms whose oligosaccharides have been completely processed in the medial- and trans-Golgi cisternae of the gonadotrope.




HORMONAL REGULATION OF FSH GLYCOSYLATION IN THE MALE

Considering the evidence showing variations in FSH molecular microheterogeneity associated with changes in the endocrine milieu, the question arises as whether the hypothalamus, and the testis contribute to the regulation of FSH glycosylation. Hormonal factors, mainly GnRH and androgens, are involved in the regulation of FSH oligosaccharide structure, as demonstrated in rodents and humans (37, 48).



STUDIES IN EXPERIMENTAL MODELS

It has been shown that the absence of gonad or the administration of antiandrogens to male golden hamsters and rats increases the proportion of less sialylated FSH in the pituitary gland (40, 49, 50). Studies carried out in the male rat show that castration in prepubertal and adult animals induces changes in the oligosaccharide complexity of pituitary FSH (44). Under these experimental conditions, FSH glycosylation variants bearing incomplete oligosaccharides become predominant as was observed after the administration of the non-steroidal antiandrogen flutamide that blocks androgen action both peripherally and at hypothalamic-pituitary level (51). Interestingly, the proportion of these pituitary FSH glycosylation variants in the absence of androgen action in adults is similar to the one described in the immature male rat. When castrated male rats are treated with dihydrotestosterone, a non-aromatizable androgen, the relative proportion of pituitary FSH glycoforms bearing incomplete oligosaccharides markedly decreases. Concomitantly, a significant increase in FSH glycoforms bearing complex-type oligosaccharides occurs. Thus, androgens are able to restore the characteristic profile of the intact animal. These sex steroids may be needed to regulate the expression of the glycosyltransferases present in the medial Golgi cisternae that determine the FSH oligosaccharide degree of branching.

Not only is the complexity of FSH oligosaccharides altered after castration, but hormone sialylation is also severely affected when testicular function is absent in the male rat. After 4 days of castration a marked decrease in the relative proportion of more sialylated FSH present in the adult pituitary was observed (15). The complete profile of FSH charge analogs shows similar proportions of hormone distributed along the pH gradient of the isoelectrofocusing. Long-term castration further worsens this situation and a considerable amount of hormone is detected at the highest extreme of the pH gradient. The administration of testosterone propionate 2 days after castration is able to restore the physiological distribution profile of pituitary FSH charge analogs characteristic in intact adult animals.


Studies in Humans

Studying anorchid patients enables us to determine serum FSH glycosylation and the effect of regulatory factors (i.e., GnRH and testosterone) under a condition in which testicular function is absent since early life. Not only are FSH serum levels very high, but also the oligosaccharide structure of the hormone may be altered as well as the response to regulatory factors. In these patients, the oligosaccharide structure of FSH is severely affected and no response to classic regulators factors was observed. The profile of FSH glycosylation variants found in serum of prepubertal and pubertal patients is very different in terms of sialylation and complexity of oligosaccharides to that determined in normal boys (47). There is no difference in the distribution pattern of FSH charge analogs between prepubertal and pubertal anorchid patients; the hormone is distributed in similar proportions throughout the isoelectricfocusing pH gradient. The administration of GnRH to prepubertal anorchid patients for diagnostic purposes does not provoke any change in the characteristics of the charge analogs distribution profile; nevertheless, it induces a discreet increase in FSH serum levels. The classic effect of GnRH described in normal boys is secretion of less sialylated hormone, which does not occur in anorchid patients. Similarly, the administration of testosterone enanthate to pubertal patients to maintain secondary sexual characteristics does not provoke any change in serum FSH levels and does not alter the distribution profile of FSH charge analogs. Based on this evidence, it may be proposed that the addition of terminal sugar residues to FSH carbohydrate branches seems to be a sensitive step in oligosaccharide synthesis in the trans-Golgi cisternae, which may be impaired when a functional gonad is not present during the first years of life.

The distribution profile of FSH glycoforms analyzed in terms of oligosaccharide complexity, either in prepubertal or pubertal patients, does not mimic the one determined in normal boys (47). There is a predominant proportion of FSH bearing biantennary; this characteristic is not observed under physiological conditions at any stage of pubertal development. Nevertheless, after testosterone enanthate administration there is a significant increase in the proportion of FSH bearing complex oligosaccharides. These observations suggest that the glycosyltransferases involved in oligosaccharide branching and in the addition of terminal sugar residues to the carbohydrate chain may have a different response to androgen action.




ENDOCRINE REGULATION OF PITUITARY SIALYLTRANSFERASE EXPRESSION

Sialic acid content modulates hormone bioactivity; this terminal sugar residue of the oligosaccharide chain determines the half-life of FSH and its metabolic clearance rate (52, 53). On the other hand, more recent studies demonstrated that FSH oligosaccharide structure affects hormone conformation which influences FSHR binding stability and dynamics; thereby, modulates receptor activation and signal transduction (54–57).

It has been described that sialylation of FSH changes under several physiological and pathological conditions concomitantly with variations in the endocrine milieu (18). The question arises as whether the expression of the enzymes that are responsible for sialic acid addition to FSH oligosaccharides may be modulated by endocrine factors. Two sialyltranferases have been identified in the trans-Golgi cisternae as responsible for the sialic acid incorporation to FSH carbohydrate chains: ST3 beta-galactoside alpha-2,3-sialyltransferase 3 (ST3GAL3) and ST6 beta-galactoside alpha-2,6-sialyltransferase 1 (ST6GAL1). Damián-Matsumura et al. (38) showed that estradiol modulates mRNA expression of the pituitary St3gal3 in female rats. The evidence obtained during sexual development and under different experimental conditions in the male rat shows that the pituitary mRNA expression of this enzyme is very low; likewise, very weak staining is observed by immunohistochemistry in tissue sections using a specific antibody (15). Conversely, expression of St6gal1 is higher than that of St3gal3 and shows a significant increase in adult rats when compared to immature animals. The effect of castration on St6gal1 gene expression is intriguing. In the absence of circulating androgens, after 2 days of castration, there is a transient decrease in its mRNA expression. Unexpectedly, at longer periods of castration (5–20 days) there is a progressive increment in the expression of this enzyme. Low mRNA expression for St3gal3 remains unchanged in all experimental conditions studied. The clear predominance of pituitary FSH glycosylation variants bearing incomplete oligosaccharides after castration may explain the synthesis of less acidic FSH in spite of the presence of the protein and the high expression of St6gal1 (15). The higher mRNA expression of St6gal1 than that of St3gal3 in all the experimental conditions studied further supports the hypothesis that the abundance of FSH charge analogs possessing a 2,6-linked sialic acid is hormonally regulated in male rats.



BIOLOGICAL EFFECTS OF FSH GLYCOSYLATION ON SERTOLI CELL ENDOCRINE ACTIVITY

Sertoli cell function mainly depends on the action of FSH; this hormone is responsible for important structural and functional changes that occur during the maturation process. Under the control of FSH, the Sertoli cell secretes estradiol, and inhibins (58, 59). Based on the effect of FSH oligosaccharide structure on steroid and inhibin production by granulosa cells described by Loreti et al. (35), it becomes possible that a similar mechanism may operate in the Sertoli cell. Estradiol production is characteristic of the immature Sertoli cell and it is stimulated by FSH; however, during the maturation process the cell progressively loses the ability to synthesize this steroid (60–62). Creus et al. (17) demonstrated that the FSH sialylation modulates estradiol production in cultured immature rat Sertoli cells. FSH charge analogs isolated at pH higher than five and glycoforms bearing complex oligosaccharides were the most potent stimuli for estradiol production.

Inhibin B and Anti- Müllerian hormone (AMH) are considered reliable markers of Sertoli cell function in males (63–68). Although production of these two peptides is regulated by FSH, inhibin B serum levels do not always correlate with those of FSH (65, 66, 69). This evidence suggests that different mechanisms are involved in the regulation of both markers. Recombinant human FSH (rhFSH) is unable to increase inhibin B production in cultured immature Sertoli cells, although it stimulates estradiol and cAMP in a dose-dependent manner (70). Interestingly, less sialylated FSH is the only preparation able to further enhance the high amount of inhibin B that these cells produce under basal conditions (Figure 2). As expected, estradiol and cAMP production is markedly stimulated by these charged analogs. Cultured Sertoli cells produce less basal inhibin B than immature cells at advanced stages of maturation (Figure 2) (70). Recombinant human FSH stimulates its production in a dose-dependent manner; nevertheless, growth factors secreted by germ cells are absolutely essential to maintain the synthesis of this dimeric form of inhibin. Interestingly, FSH glycoforms bearing incomplete carbohydrate chains are able to further enhance inhibin B production even in the presence of gonadal factors (70). Based on these findings, it may be proposed that the FSH oligosaccharide structure is involved in the regulatory mechanisms of inhibin production, and interacts with factors produced by testicular cells at different stages of Sertoli cell maturation.
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FIGURE 2. Schematic representation of FSH effect on Sertoli cell endocrine activity at different stages of maturation. (A) Immature Sertoli cell: arrows indicate the effects of recombinant human FSH (rhFSH) and basic charge analogs (BA-FSH) isolated at pH 5-7 on estradiol (E2) and inhibin B production. (B) Sertoli cell at advanced stage of maturation: arrows indicate the effects of rhFSH, growth factors produced by germ cells (TGF-β, EGF, IGF-1), and FSH glycoforms bearing high-mannose and hybrid- type oligosaccharides (HY-FSH) on inhibin B production.



There is strong evidence showing that production of AMH is stimulated by FSH (71–73). Studies in prepubertal FSH-deficient mice showed that treatment with recombinant FSH restores normal serum AMH levels and testicular volume (74). Clinical studies in patients with congenital central hypogonadism and low AMH serum levels, according to their Tanner stage, showed that these parameters were increased after treatment with exogenous FSH (72, 73). The possible participation of FSH oligosaccharide structure in the stimulatory effect exerted by this gonadotropin on AMH production by the Sertoli cell has not been explored yet.



CONCLUDING REMARKS AND FUTURE DIRECTIONS

The regulation of FSH glycosylation seems to be a complex mechanism; GnRH and sex steroids may exert their effect through the expression of different glycosyltransferases involved in the addition and removal of sugar residues. The sialylation of FSH and the complexity of its oligosaccharides affect the biological action of the hormone at the level of the target cell. The presence of a fully functioning gonad seems to be necessary to maintain the secretion of adequate FSH glycosylation variants during sexual maturation and in adult life. Further studies would be necessary to elucidate a possible role of FSH glycosylation on other aspects of Sertoli cell function, including global gene expression, peptide production, and activation of different signal transduction pathways.

The development of new methodologies to improve the isolation of glycoforms without altering the bioactivity of the hormone, would allow to use FSH microheterogeneity as a marker of the hypothalamic- pituitary-gonadal axis function.
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The glycoprotein follicle-stimulating hormone (FSH) acts on gonadal target cells, hence regulating gametogenesis. The transduction of the hormone-induced signal is mediated by the FSH-specific G protein-coupled receptor (FSHR), of which the action relies on the interaction with a number of intracellular effectors. The stimulatory Gαs protein is a long-time known transducer of FSH signaling, mainly leading to intracellular cAMP increase and protein kinase A (PKA) activation, the latter acting as a master regulator of cell metabolism and sex steroid production. While in vivo data clearly demonstrate the relevance of PKA activation in mediating gametogenesis by triggering proliferative signals, some in vitro data suggest that pro-apoptotic pathways may be awakened as a “dark side” of cAMP/PKA-dependent steroidogenesis, in certain conditions. P38 mitogen-activated protein kinases (MAPK) are players of death signals in steroidogenic cells, involving downstream p53 and caspases. Although it could be hypothesized that pro-apoptotic signals, if relevant, may be required for regulating atresia of non-dominant ovarian follicles, they should be transient and counterbalanced by mitogenic signals upon FSHR interaction with opposing transducers, such as Gαi proteins and β-arrestins. These molecules modulate the steroidogenic pathway via extracellular-regulated kinases (ERK1/2), phosphatidylinositol-4,5-bisphosphate 3-kinases (PI3K)/protein kinase B (AKT), calcium signaling and other intracellular signaling effectors, resulting in a complex and dynamic signaling network characterizing sex- and stage-specific gamete maturation. Even if the FSH-mediated signaling network is not yet entirely deciphered, its full comprehension is of high physiological and clinical relevance due to the crucial role covered by the hormone in regulating human development and reproduction.
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INTRODUCTION

Follicle-stimulating hormone (FSH) is a glycoprotein playing a central role in mammalian reproduction and development. In the ovary, FSH regulates folliculogenesis, oocyte selection, and the synthesis of sex steroid hormones, thus preparing the reproductive tract for fertilization, implantation, and pregnancy (1). In the male, this gonadotropin mediates testicular development and spermatogenesis (2). The hormone is secreted by the gonadotrope cells of the pituitary, upon pulsatile regulation by the hypothalamic gonadotropin-releasing hormone (GnRH) (3), and acts on the surface of target cells located in the gonads of both males and females, where hormone-induced cell proliferation- and apoptosis-linked signals are triggered. FSH displays an α subunit, common to other gonadotropins and to thyrotropin, and a β subunit specifically binding to its G protein-coupled receptor (GPCR), namely FSHR (4). In silico and crystallographic structural analyzes found also interaction between the α subunit and FSHR, demonstrating that receptor binding is not exclusive of the β subunit (5). Hormone binding implies conformational changes of the receptor (6) that transduce the signal via direct protein interactions at the plasma membrane, resulting in a cascade of biochemical reactions that constitute an intertwined complex signaling network (7). In this review, signaling pathways activated in gonadal cells upon FSH binding to its membrane receptor are discussed in detail, providing a comprehensive view on the downstream life and death signals regulating reproductive functions.



FSHR INTERACTION WITH MEMBRANE RECEPTORS

The FSHR has been shown to functionally and/or physically interact with other membrane receptors (8, 9), hence intensifying the diversity of FSH action (10). For example, the FSHR may exist as a unit of di/trimeric homomers (5). Interestingly, heterodimerization of the FSHR with the luteinizing hormone (LH) receptor (LHCGR) (11) may play a key role in regulating the ovarian growth and selection (12), by virtue of the physical interaction between these two receptors. Interestingly, intracellular signals delivered by LH at the LHCGR may be modulated by the presence of FSHR on the cell surface, and vice versa, through the formation of receptor heteromers. For example, unliganded co-expressed FSHR amplifies Gαq-mediated signaling initiated at the LHCGR (13), whereas the LHCGR may inhibit FSHR-dependent cAMP production (11). In addition, other classes of receptors, such as tyrosine kinase receptors, may also contribute to the modulation of FSHR activity. The insulin-like growth factor-1 receptor (IGF-1R) is one of those, as it appears necessary for FSH-induced granulosa cell differentiation via a signaling cascade involving the thymoma viral oncogene homolog 3 (AKT3) (14). Similarly, action of the epidermal growth factor receptor (EGFR) during granulosa cell differentiation is required for activation of ERK1/2 (15). Interestingly, the interaction between FSHR and EGFR signaling networks was analyzed using an automated, logic-based approach, suggesting that the ERK1/2-pathway may be activated by EGFR-dependent signals via p38 mitogen-activated protein kinases (MAPK) (16). Moreover, this study confirmed that EGFR is trans-activated through FSHR-mediated pathways involving the proto-oncogene tyrosine-protein kinase SRC. On the other hand, EGFR signaling network overlaps, at least in part, that of FSHR, contributing to modulation of the ERK1/2, the phosphatidylinositol-4,5-bisphosphate 3-kinases (PI3K)/protein kinase B (AKT), and the Janus kinase (JAK)/signal transducer and activator of transcription protein (STAT) pathways (16).



INTRACELLULAR FSHR SIGNAL TRANSDUCING PARTNERS

Typically, G proteins are directly activated by the FSHR, by splitting of the βγ dimer from the α subunit (17), that act as regulators of intracellular enzymes, such as G protein-coupled receptor kinases (GRKs), or adenylyl cyclase, respectively, among many others (18). Moreover, βγ dimer was demonstrated to be able of modulating intracellular signaling cascades (19, 20).

G protein activation is followed by FSHR phosphorylation at the intracellular level, operated by GRKs and resulting in receptor association with β-arrestins (21, 22). β-arrestins are scaffold proteins (23) that mediate GPCR desensitization, recycling, and G protein-independent signaling (24). Another direct FSHR-interacting partner is adaptor protein, phosphotyrosine interacting with PH domain and leucine zipper 1 (APPL1), that is linked to the activation of the PI3K/AKT anti-apoptotic pathway and calcium ion mobilization (25). By these means, APPL1 might regulate the selection of the dominant follicle by mediating the anti-apoptotic effects exerted by FSH via inhibitory phosphorylation of forkhead homolog in rhabdomyosarcoma (FOXO1a) (26). Interestingly, APPL1 is involved in cAMP signaling exerted by GPCR activity in very early endosomal compartments, hence contributing to the spatial encoding of intracellular signaling, as shown for the LHR (27). Similarly, GAIP-interacting protein C terminus (GIPC), a PDZ protein, redirects the FSHR to pre-early endosomes, hence promoting sustained, intracellular MAPK (28). Another protein directly interacting with FSHR is the 14-3-3τ adapter protein (29), which may contact the canonical G protein-receptor interaction site located at the intracellular level and mediates the activation of the AKT-pathway (30).

In the gonads, FSH-mediated signaling results in the transcription of target genes, which include LHCGR and other genes encoding membrane receptors, protein kinases, growth factors, enzymes regulating steroid synthesis, genes involved in the regulation of cell cycle, proliferation and differentiation, apoptosis, and circadian rhythm (31–33). Despite the wide diversity of FSH target genes, effects of gonadal stimulation by the hormone was defined as both proliferative and anti-apoptotic due to the positive impact on gametogenesis (34, 35) and on growth of certain cancer cells (36). Nevertheless, pro-apoptotic functions emerged as a condition related to FSH-mediated steroid production (37, 38). In this review, molecular mechanisms of FSH action and their relationships with downstream steroidogenic, life, and death signals regulating reproduction (Figure 1) are discussed.
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FIGURE 1. Cross-talk between FSH-dependent steroidogenic, life, and death signals in granulosa cells. G protein subunits and β-arrestins mediate the activation of multiple signaling pathways modulating different events downstream. Gαs protein/cAMP-related signaling are represented by orange arrows while signaling cascades depending on other FSHR intracellular interactors are indicated by blue arrows. Steroidogenic events are mainly mediated through cAMP/PKA-pathway, which is linked to p38 MAPK signaling, while ERK1/2 and AKT are key players for mitogenic and survival signals activation. Some pathways were omitted.





ACTIVATION OF THE CAMP/PKA STEROIDOGENIC PATHWAY

While FSH is mainly known to support the maturation of gametes via Sertoli cell nurturing functions in the male, the hormone has steroidogenic activity in ovarian granulosa cells (4). This action is exerted via the protein kinase A (PKA) pathway, whose activation depends on ATP conversion into the second messenger cAMP by adenylyl cyclases, primary targets of the Gαs protein subunit. The interaction between cAMP and PKA was described several decades ago (39). Intracellular cAMP increase is under the negative control of phosphodiesterase (PDE) enzymes, which metabolize the second messenger into 5′AMP (40). As mentioned above, cAMP signaling is spatially and temporally compartmentalized within the cell (41). Versatility in cAMP-dependent signaling depends on the expression of factors such as the isoform of adenylyl cyclase (42), PDE (43), β-arrestins (44), and A kinase anchoring proteins (AKAP) (45) that target the subcellular distribution of PKA.

In Sertoli cells, cAMP binding to PKA results in the release of PKA catalytic subunits (46) and indirectly mediates the phosphorylation of the extracellular signal-regulated kinase 1/2 (ERK1/2) MAPK, in order to promote cell proliferation (47). In granulosa cells, the mechanism whereby ERK is activated likely consists in the removal of a tonic inhibition exerted by a phosphotyrosine phosphatase on MEK1 (48), recently identified as DUSP6 (49). An alternative mechanism consists in the activation of ERK1/2 by β-arrestins, with a different kinetics than G proteins (Figure 2), since it is delayed and sustained (50). It was demonstrated that pERK1/2 is involved in both cAMP-dependent (51) and -independent (52) steroidogenesis. In the first case, depletion of ERK1/2 phosphorylation by specific MEK inhibition resulted in attenuated early (10–15 min) phosphorylation of the cAMP response element-binding protein (CREB) (51), a nuclear transcription factor up-regulating steroidogenic enzymes in gonadal cells (53). In this case, pERK1/2 inhibition negatively impacts on progesterone synthesis, indicating that cAMP-dependent ERK1/2 phosphorylation plays a stimulatory role in the rapidly delivered FSH-dependent steroidogenic signal. Interestingly, molecular mechanisms regulating steroidogenic stimuli in the Leydig cell may be different to those occurring in FSH-responsive cells. In Leydig cells, steroid hormones may be produced via ERK1/2- and CREB-dependent signaling in the absence of cAMP recruitment, via an EGFR-regulated mechanism (52). In granulosa cells, selective blockade of MAPK activation results in the inhibition of FSH-dependent StAR and progesterone synthesis while androgens to estrogen conversion by the enzyme aromatase is enhanced (54), demonstrating a differential regulation of FSH-induced sex steroid synthesis in target cells. Similar results were found by treating theca cells with LH, that induced differential, ERK1/2-dependent regulation of progesterone and androgen production (55). However, the role of ERK1/2 in mediating steroidogenesis is a still debated matter, since it was reported to be inhibitory (56) while other studies demonstrated the positive impact of the MAPK activation on the synthesis of sex steroids (57).
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FIGURE 2. Temporal succession of FSH-dependent events across the cAMP/PKA-pathway. cAMP-related signaling involves PKA, ERK1/2, and CREB activation. FSHR phosphorylation by GRKs occurs before β-arrestin recruitment and subsequent receptor internalization.





ROLES OF CAMP-DEPENDENT PKA ACTIVATION

Whereas, ERK is an indirect cytosolic target of PKA that can affect CREB phosphorylation (51), the latter may be directly activated upon translocation of PKA catalytic subunit in the nucleus (48), hence inducing the transcription of CREB target genes characterized by cAMP-response elements (CRE) within their promoter region (53). Nuclear PKA was also shown to phosphorylate histone H3, thus mediating FSH mitogenic activity in granulosa cells (58, 59). These interesting observations suggest that PKA could be endowed with a more general role in gene transcription, by promoting chromatin remodeling through histone H3 post-translational modifications. In addition, recent genome-wide experiments have highlighted that FSH-responsive genes contain far less CRE than expected in their promoters, that are notably enriched in GATA-binding sites (32).

The wide range of PKA-dependent signaling pathways suggests that the kinase is a master regulator of several FSH-dependent cell functions, especially those related to steroidogenesis and cell differentiation. However, intracellular signaling cascades regulated by PKA do not completely overlap those depending on FSH. For example, FSH induces p38 MAPK activation while PKA per se does not (60).

FSH-induced cAMP production does not only lead to activation of PKA but also of the exchange protein directly activated by cAMP (EPAC) activation. EPAC is a relatively newly discovered cAMP target mediating the activation of the small GTPases RAS and RAP and resulting in the regulation of several cell functions, such as mitogen-activated protein kinase activation, cytoskeletal changes, and calcium homeostasis (61). EPAC was suggested to be a modulator of EGFR expression (62) and granulosa cell differentiation (15) in the ovary, as well as AKT phosphorylation in Sertoli cells (63). However, the role of EPAC in the FSH-mediated signaling cascade is not yet completely elucidated.



REGULATION OF PROLIFERATIVE AND PRO-APOPTOTIC SIGNALS

In gonadal cells, part of the steroidogenic process and the proteasome are compartmentalized into different organelles, avoiding cell collapse before adequate amount of sex steroid hormones are produced (64). This function is likely enabled to limit the number of follicles that can achieve ovulation and to maintain intact the synthesis of sex steroids during the initial steps of apoptosis. These issues reflect the connection between intracellular signaling cascades regulating steroidogenic signals and pro-apoptotic stimuli, whose dominance is stage-specific, depends on several paracrine factors and is regulated via a complex intracellular network involving cAMP and activating the pro-apoptotic protein p53 (65). In this context, the link between cAMP/PKA and p38 MAPK activation may provide a molecular mechanism of apoptosis in steroidogenic cells. The role of p38, as well as Jun N-terminal kinase (JNK), is associated to apoptotic events in pre-ovulatory granulosa cells of primates (66), suggesting that these enzymes could be involved in the selection of the dominant follicle. This role would be counteracted by pERK1/2 activation in the dominant follicle (57), confirming the anti-apoptotic and proliferative functions mediated by this MAP kinase. Indeed, ovarian granulosa cell death is associated with reduced ERK1/2 activity, that is linked to phosphorylation of BCL-2 associated agonist of cell death (BAD) protein leading to a loss of its pro-apoptotic activity (67, 68).



PRO- AND ANTI-APOPTOTIC PATHWAYS ARE ACTIVATED SIMULTANEOUSLY

In steroidogenic cells, apoptosis is preceded by cell rounding, a cAMP-dependent conformational changes involving actin filaments breakdown (69, 70) that can be prevented by selective blockade of PKA, and also depends on p38 MAPK (71). Both PKA and p38 MAPK may be activated by FSH in a dose-dependent manner, resulting in cytoskeletal rearrangements and shape changes. These data suggest that the gonadotropin retains both pro- and anti-apoptotic potential, exerted via p38 MAPK and ERK1/2, respectively, and this dual action of FSH provides an interesting point of view on gonadotropin functioning. On the one side, the hormone induces the synthesis of steroid hormones via the cAMP/PKA-pathway, as a requisite for gamete growth and reproduction (72). However, the steroidogenic signaling cascade is cross-linked to pro-apoptotic signals occurring through p38 MAPK, activated simultaneously and necessary for regulating steroid synthesis (73, 74). This cross-talk was described even in the mouse adrenal Y1 cell line, where p38 MAPK activation negatively impacts on CREB phosphorylation and StAR activity, inhibiting FSH-induced steroid synthesis (75). On the other side, survival signals are provided through the PKA/ERK1/2 signaling package, counterbalancing the pro-apoptotic effect and, to a certain extent, even inhibiting steroidogenesis (56). While further efforts should be performed to fully solve this question, some hints suggest that the FSH-dependent molecular mechanism underlying cell fate may depend on the potency and persistence of cAMP at the intracellular levels. Indeed, proliferative signals could be predominant at relatively low FSHR expression levels (38), due to preferential activation of ERK1/2 signaling through β-arrestins (38, 76). Relatively high and persistent intracellular cAMP levels due to β-arrestin depletion or FSHR over-expression result in caspase 3 cleavage and apoptosis (38) and this mechanism could contribute to regulating the selection of the dominant ovarian follicles (12). In granulosa cells, FSHR over-expression is linked to upregulation of pro-apoptotic genes and increased cell death, compared to cells expressing relatively low FSHR levels (77). Thus, it is possible that proliferative signals exerted via ERK1/2-pathway could be not sufficient to counteract the pro-apoptotic stimulus during the early/mid-antral follicular phase, when FSHR expression achieves maximal levels (78). In the ovary, this situation should be dynamic and transient, as well as the FSHR over-expression (78), follicle-specific and stage-dependent, in order to coordinate the maturation of one single follicle achieving ovulation while the others become atretic. This regulatory mechanism may be juxtaposed to what was previously described in Sertoli cell, that is assumed to be the male counterpart of granulosa cell. In 5-day rat Sertoli cells, the ERK1/2-pathway is stimulated by FSH upon dual coupling of FSHR to both stimulatory Gαs and inhibitory Gαi proteins, resulting in cyclin D1 activation and cell proliferation (47). As cells proceed throughout the differentiation program, FSH treatment is linked to consistent ERK1/2 inhibition and decreased cell proliferation, while gradually stabilizing PTEN (79). Thus, the ERK1/2 signaling pathway is a key regulator of FSH-induced life and death signals.



PKC AND CALCIUM ION SIGNALING

Increasing evidence indicates that one of the actions exerted by FSH consists in the activation of the protein kinase C (PKC) pathway that is involved in expansion of the cumulus, meiotic maturation of oocytes, and modulation of progesterone production in the ovary (80). Cross-talk between cAMP/PKA and PKC pathways was also described in Sertoli cells (81), where the FSH-dependent activation of these kinases is connected to calcium ion (Ca2+) signaling (82), resulting from intracellular release as well as from rapid influx from T-type Ca2+ channels (83, 84) or through a Gαh transglutaminase/PLCδ interaction (85). In vitro experiments in transiently FSHR over-expressing human embryonic kidney (HEK) and virally transduced human granulosa (KGN) cells demonstrated that intracellular Ca2+ increase may occur via a molecular mechanism dependent on the interaction between APPL-1 and FSHR, and involving inositol 1,4,5-trisphosphate (IP3) (25). Interestingly, IP3 production dampens the expression of the aromatase enzyme, at least under FSHR over-expression (86), suggesting an inhibitory role of the APPL-1/IP3/Ca2+ signaling module on sex steroid synthesis. While further studies are required to confirm these results in the presence of physiological FSHR expression levels, these data show that APPL-1-mediated Ca2+ signaling does not necessarily depend on cAMP, as previously demonstrated (87). Moreover, human PKC belongs to a superfamily of about 15 isoenzymes activated upon Gq protein-mediated production of diacylglycerol (DAG) and/or Ca2+ by phospholipases at the intracellular level (88). In the mouse ovary, expression of PKC isoforms is dynamic and changes according to the developmental stage, from pre-puberty to the adulthood, suggesting that different isoenzymes may control specific ovarian functions, such as follicular maturation, ovulation, and luteinization (89).

It is known that PKC counteracts the PKA-mediated steroidogenesis through cAMP inhibition in granulosa (90, 91), and this function was further confirmed in both mammalian (92) and avian models (93). Moreover, PKC attenuates the Gαs protein-dependent signaling (94, 95), as well as proteoglycan synthesis in Sertoli cells (96). Interestingly, several reports demonstrated an up-regulatory role of PKC in Leydig cell steroidogenesis (97). Indeed, the enzyme is involved in the positive modulation of cAMP, pCREB and StAR activation, increasing the rate of steroid synthesis in the mouse Leydig MA-10 cell line (98, 99), and in mouse primary Leydig cells (100). In this case, PKC activation would not depend on FSH, due to the lack of FSHR expression in Leydig cells. On the contrary, PKC up-regulation in ovarian theca cells may be LH-dependent and negatively impacts on androstenedione synthesis in vitro (101), suggesting the existence of a sex-specific function of the kinase in regulating the synthesis of sex steroids in androgenic cells.



THE PAKT ANTI-APOPTOTIC PATHWAY

FSH binding to its receptor mediates the activation of PI3K, that are enzymes involved in the regulation of cell survival, growth and differentiation (102). In Sertoli cells, FSH increases phosphatase and tensin homolog deleted in chromosome 10 (PTEN) synthesis within minutes, independently of mRNA transcription (79), but rather mediated by FSH-mediated destabilization of several anti-PTEN miRNAs (103). PTEN stabilization in mature rat counteracts PI3K activity, when cell proliferation ceases prior puberty. AKT activation via PI3K may occur through both PKA-dependent (104) and independent mechanisms (63), reflecting the relevance of this kinase in modulating proliferative and anti-apoptotic signals in steroidogenic cells. Indeed, in granulosa cells, an interplay between AKT- and cAMP/PKA-pathway up-regulating steroidogenesis was demonstrated (105). Moreover, FSH-dependent activation of the AKT/mammalian target of rapamycin (mTOR) signaling module (106), a positive regulator of cell cycle progression and cell proliferation (107), was also described (108–110). AKT phosphorylation was observed in mouse granulosa cells, where the kinase induces the inactivation of FOXO1 and expression of cyclin D2, resulting in cell proliferation and differentiation in response to FSH (111). In fact, recent genome-wide studies have revealed that most FSH-responsive genes in granulosa cells are FOXO target genes (33). New insights onto FSH-mediated protection from atresia came from the discovery that FOXO nuclear exclusion (inhibition) upon activation of the PIK3/AKT/mTOR signaling pathway prevents granulosa cell autophagy (112, 113). The relevance of pAKT activation for reproduction was highlighted by in vitro experiments where mouse preantral follicular granulosa cells were co-cultured with oocytes (114). The presence of granulosa cells inhibited oocyte apoptosis via PI3K/AKT, promoting gamete growth. Especially, AKT was described to regulate meiotic resumption in several animal models (115–117). Finally, the AKT pathway is a preferential target of LH (118) and its activation is even enhanced in the presence of FSH (119, 120), suggesting that anti-apoptotic and proliferative stimuli would be required during the late antral follicular phase to prepare the late stages of oocyte maturation and achieve ovulation. Taken together, the PI3K/AKT-pathway may act in concert with mTOR (108) regulating survival signal in the ovary. These signals are fundamental for primordial to Graafian follicles survival, as well as for oocyte maturation and growth. In this context, it is reasonable that the PI3K/AKT anti-apoptotic activity mediated through FSHR is fundamental to counteract cAMP/PKA pro-apototic stimuli and rescue the follicle from atresia (121). In fact, dysregulation of this signaling cascade may impair female gametogenesis and it was described as a cause of infertility (122). Interesting data explaining how signals delivered through the cAMP/PKA- and PI3K/AKT-pathway are counterbalanced come from the analysis of FSH treatment of Sertoli cells. In this model, FSH has a dual, stage-dependent action. While the hormone stimulates the proliferation of immature cells through activation of PI3K/AKT-, mTOR- and ERK1/2-pathways, it preferentially stimulates cAMP production in mature Sertoli cells, resulting in PI3K/AKT inhibition and arrest of cell proliferation (110, 123). While this effect is maybe due to the change of Sertoli cell competence, where PI3K/AKT-pathway activation becomes dependent on paracrine factors during the late stages of the maturation (124), it provides an example of dual regulation of life and death signals exerted by FSH.



CONCLUSIONS

FSH mediates multiple signaling pathways by binding to its unique GPCR (125). At the intracellular level, FSH is capable of promoting cell growth and survival opposed to steroidogenic signals cross-linked to apoptosis, resulting in a fine-tuned regulation of the gametogenesis and, in general, of reproduction. In the male gonads, FSH induces proliferation of Sertoli cells via AKT- and ERK1/2-pathways and the role of these signaling cascades, which are proliferative and anti-apoptotic, is reflected during folliculogenesis, oocyte maturation, and growth in the ovary. The synthesis of steroid hormones mainly mediated by cAMP/PKA-pathway activation is a primary endpoint in FSH functioning in the granulosa cell during the antral stage of folliculogenesis. Estrogens are the final products required for proper development of the dominant follicle, at the cost of scarifying others which become atretic. It is well known that follicular atresia is due to lowering of FSH support. However, in vitro data support unexpected, stage-specific pro-apoptotic signals delivered by the hormone that may play a role in vivo and this issue merits further investigations.
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Spermatogenesis is a concerted sequence of events during maturation of spermatogonia into spermatozoa. The process involves differential gene-expression and cell-cell interplay regulated by the key endocrine stimuli, i.e., follicle-stimulating hormone (FSH) and luteinizing hormone (LH)-stimulated testosterone. FSH affects independently and in concert with testosterone, the proliferation, maturation and function of the supporting Sertoli cells that produce regulatory signals and nutrients for the maintenance of developing germ cells. Rodents are able to complete spermatogenesis without FSH stimulus, but its deficiency significantly decreases sperm quantity. Men carrying loss-of-function mutation in the gene encoding the ligand (FSHB) or its receptor (FSHR) present, respectively, with azoospermia or suppressed spermatogenesis. Recently, the importance of high intratesticular testosterone concentration for spermatogenesis has been questioned. It was established that it can be completed at minimal intratesticular concentration of the hormone. Furthermore, we recently demonstrated that very robust constitutive FSHR action can rescue spermatogenesis and fertility of mice even when the testosterone stimulus is completely blocked. The clinical relevance of these findings concerns a new strategy of high-dose FSH in treatment of spermatogenic failure.
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INTRODUCTION

Reproduction is controlled by the hormones functional in the hypothalamic-pituitary-gonadal (HPG) axis. In the male they concern the maintenance of testicular testosterone (T) production and spermatogenesis by the two pituitary gonadotropins, luteinizing hormone (LH) and follicle-stimulating hormone (FSH). The testicular target cells of LH are the Leydig cells present in the interstitial space, and those of FSH are the Sertoli cells present in the seminiferous tubules. LH stimulates Leydig cell T production, and FSH stimulates in Sertoli cells, in synergy with T, the production of regulatory molecules and nutrients needed for the maintenance of spermatogenesis. Hence, both T and FSH regulate spermatogenesis indirectly through Sertoli cells.

Although the principles of the hormonal regulation of spermatogenesis have been established decades ago, the recently acquired genetic information, in particular from human mutations of gonadotropin and gonadotropin receptor genes, and from genetically modified mouse models, have advanced our knowledge about the molecular events involved in the regulation of spermatogenesis. In this article, we review this information and describe some of our own studies on genetically modified mice, that reveal some new aspects of these regulatory events. Some of this information challenges the basic principles of the hormonal regulation of spermatogenesis, sheds light on its pathogenetic mechanisms, and offers new leads into its treatment.



GENERAL PRINCIPLES OF REGULATION OF SPERMATOGENESIS

Spermatogenesis is a complex and orderly sequence of events, during which diploid spermatogonia proliferate and differentiate into haploid spermatozoa in testicular seminiferous tubules (1, 2). In seminiferous tubules, the somatic Sertoli cells extend from the base of the tubule to its lumen and form a niche for germ cell maturation supporting the process qualitatively and quantitatively (1, 3–5). Sertoli cells also send signals, including paracrine factors and nutrients, to the germ cells. Starting at puberty, spermatogenesis normally continues uninterrupted throughout the lifespan (with seasonal variation in some animals) but decreasing somewhat in quantity with aging.

The spermatogenic process occurs in a stepwise fashion, and is regulated by the interplay of different autocrine, paracrine, and endocrine hormonal stimuli. The cascade involves a series of cellular mechanisms, which includes mitotic multiplication and propagation, meiotic recombination of genetic materials, and morphological maturation of spermatozoa (6, 7). The development and maintenance of spermatogenesis is dependent on the pituitary gonadotropins; FSH, and LH. Both hormones are secreted and regulated as a part of the HPG axis in response to the hypothalamic gonadotropin-releasing hormone (GnRH). GnRH stimulates the gonadotrophs in the anterior pituitary to secrete the gonadotropins in a pulsatile fashion into the systemic circulation. FSH and LH levels in turn are regulated by the negative feedback actions of gonadal sex steroids and inhibin that collectively downregulate GnRH secretion and maintain homeostasis of the HPG axis (8, 9).

FSH and LH mediate their individual actions on spermatogenesis through their cognate receptors, FSHR and LHR (LHCGR in humans). Both receptors are plasma-membrane associated G-protein coupled receptors, FSHR expressed on Sertoli cells and LHR on Leydig cells (10–13), where the latter stimulates T production (14, 15). T is considered a prerequisite for sperm production and maturation, secondary sexual characteristics and functions, and anabolic actions. T activates the androgen receptor (AR) in Sertoli cells to initiate the functional responses required for spermatogenesis (16). FSH, on the other hand, is considered to act both independently and in concert with T to stimulate Sertoli cell proliferation and to produce signaling molecules and nutrient to support spermatid maturation (11, 17).



FSH IS AN IMPORTANT REGULATOR OF SERTOLI CELL PROLIFERATION

Sertoli cells form both structurally and biochemically a supporting environment for the maturing germ cells. Their number is determined by FSH action, in rodents during fetal and neonatal life, and in primates at neonatal and peri-pubertal age (5). In both rodents and primates, FSHR expression starts during the second half of gestation (18, 19), though the lack of ligand (FSH) and cAMP responsiveness imply that the receptor is initially functionally inactive (20). However, after the onset of fetal pituitary FSH production and activation of the receptor, the hormone plays a major role in Sertoli cell proliferation (21). During peri-puberty, the rising FSH concentration triggers the second phase of Sertoli cell proliferation (5, 21), and the concentration of circulating FSH correlates strongly with Sertoli cell number and testis size in adulthood (22, 23). In the absence of FSH or FSHR, the Sertoli cell number is considerably decreased, by 30–45%, in comparison to normal testicular development [Table 1,(5, 24, 32)]. This is of high importance, as the Sertoli cells number determines the quantity of sperm produced; a Sertoli cell is able to support a certain maximum number of germ cells (3, 5, 24, 26, 33, 34).



Table 1. Outcome of manipulation of FSH action and defects on testis mass, number of Sertoli cells, and completion of spermatogenesis.
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FSH SUPPORTS SPERMATOGENESIS QUANTITATIVELY IN RODENTS

Classical studies on animal models indicate that Sertoli cells proliferate until a finite number and differentiate toward puberty. Prepuberty, together with increasing FSH secretion, FSHR expression begins to fluctuate along with the stage of spermatogenesis. This is associated with maturation of the Sertoli cell population and completion of the first cycle of sperm maturation (35). In the postpubertal testis, FSH together with T evokes in Sertoli cells signals to propagate germ cell maturation (5), to provide antiapoptotic survival factors and to regulate adhesion complexes between germ cells and Sertoli cells (36).

The lack of FSH (25) or FSHR (37, 38) in mice does not lead to sterility, albeit it decreased testis size (Figure 1), reflecting reduced Sertoli cell number and capacity to support and nurture germ cells (24, 26). Fshb- and Fshr-knockout (-KO) mice present with complete spermatogenesis, but the amount of germ cells remained lower than in control animals. In more detail, the KO mice have <50% of spermatogonial cells and ~50% of spermatocytes in comparison to wild-type animals, and the number of germ cells is reduced further to <40% of wild-type mice at postmeiotic stages [Table 1, (24, 26)]. While FSH influences solely the proliferation of Sertoli cells, T and FSH impact additively on the germ cells' entry into meiosis and stimulate synergistically its completion and entry into spermiogenesis (26). Experimental data from chemically and hormonally treated rats indicate that FSH is beneficial in the early stages of spermatogenesis until round spermatids, while the effect of T becomes enhanced thereafter (39–41). The germ cell to Sertoli cell ratio also decreases in the absence of FSH or FSHR [Table 1, (24, 26)]. Therefore, the reduction in the number of germ cells is not solely due to the decreased amount of the supporting Sertoli cells, but also because of their decreased ability to nurture germ cells.
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FIGURE 1. Testes and seminal vesicles of adult wild type (WT) and FshrKO) mice (Left), and testicular histology of same genotypes (Right). No difference is observed in seminal vesicle sizes between the two genotypes, but the size of the FshrKO testes is about half that of WT. Also, while full spermatogenesis is visible in the histology of both testes, the tubular diameter is clearly narrower in the knockout testis. From (37) with permission.





THE CONUNDRUM OF THE ROLE OF FSH DEFICIENCY IN HUMAN SPERMATOGENESIS

To our knowledge, only one harmful (inactivating) FSHR mutation has been identified in men so far. In a cohort of several Finnish families of women with hypergonadotropic hypogonadism due to inactivating FSHR-A189V mutation, five male brothers were found to be homozygous carriers of the same mutation (27). While their homozygous female relatives had ovarian failure and infertility, the men had an unassuming phenotype which could not have been detected without the family connection. Four of the men were subfertile, phenocopying the FSH- and FSHR-deficient mice with complete but quantitatively reduced spermatogenesis, and two of them fathered two children each. In striking contrast, all men so far identified with FSHB mutation (n = 5) have been azoospermic and infertile (28). This was unanticipated, since receptor defects generally present with more severe effects in hormone action than those of ligands. An explanation for the discrepancy between the phenotypes of men with FSHR and FSHB mutations could be the residual activity of the mutant FSHR. Indeed, when highly overexpressed in vitro, a small fraction of the mutant FSHR-A189V is able to reach cell membrane, where it binds FSH and activates cAMP production (42). FSHR-A189V is also able to trigger mitogen-activated protein kinase phosphorylation via β-arrestins, thus activating the signaling cascade (43).

Additional genetic and/or environmental factors besides the FSHB mutations may also explain the azoospermia found in the mutation carriers. The FSHB mutations detected, however, are independent of each other, and the men are from different ethnic backgrounds supporting the essential role of FSH in human spermatogenesis. It would be expected that men with such mutation would respond to FSH treatment. One patient was found to attain a larger testis volume after 1-year treatment, but with spermatogenesis stalled at the spermatocyte stage (28). A moderate amount of missense, frameshift, and stop-gained mutations have been identified in FSHB and FSHR genes in ExAC database of over 60,000 individuals [http://exac.broadinstitute.org/gene/ENSG00000170820; http://exac.broadinstitute.org/gene/ENSG00000131808 (44)]. The constraint metrics for the gene variations suggest that they are well tolerated, and thus more homozygous mutation carriers may be identified in the future alongside increasing exome and whole genome sequencing. For now, with few men carrying known pathogenic FSHB or FSHR mutations, and other possible related factors affecting spermatogenesis unrevealed, it remains unclear whether FSH action is indispensable for spermatogenesis in men or playing a supporting role. One reason for the stark contrast between the numerous mutations detected in LHCGR and only few in FSHR may be the milder “real” phenotype of FSHB/FSHR mutations in men (45).



EXCESSIVE FSH ACTION HAS MINOR INFLUENCE ON TESTIS DEVELOPMENT AND FUNCTION

There is a strong positive correlation between serum FSH concentration and testis development in rodents (22, 23). While the shortage of FSH or its receptor decrease spermatogenesis, neonatal administration of FSH increases to some extent the Sertoli cell number and testis size above normal in rats [Table 1, (30)]. Men with pituitary adenoma secreting excessive FSH appear to have normal testicular function (46, 47), suggesting that excessive FSH has no obvious effect in otherwise healthy men.

Gain-of-function (GoF) mutations of G-protein coupled receptor genes are rare. Few women with FSHR GoF mutations have been identified in pregnancy-associated ovarian hyperstimulation syndrome caused by constitutive activity and relaxed specificity of the receptor for hCG. However, the male relatives of the affected women did not have any reproductive or other health issues (48). A man with activating FSHR-D567G mutation has been identified to have normal spermatogenesis after hypophysectomy, even without T replacement therapy (49), suggesting that strong constitutive FSH stimulation can compensate for missing LH and reduced T action. In another case, a male carrier of an FSHR-N431I mutation was found to have complete spermatogenesis despite suppressed serum FSH (50). While the FSHR-D567G mutation increased basal cAMP production 1.5-fold in vitro, FSHR-N431I resulted in impaired agonist-stimulated receptor desensitization and internalization, thus causing “pseudo-constitutive” receptor activation. In both cases, the enhanced receptor activity likely compensated for shortage of the ligand. With no harmful effects on male health reported, there is the possibility that normal FSH activity brings about maximal physiological response in the male.

In general, recognition of GoF mutations should be easier than loss-of-function (LoF) mutations, because the former usually alter the phenotype in heterozygous form, while the LoF mutations must be homozygous (or compound heterozygous) to be effective. The scarcity of identified FSHR GoF mutations implies that they may not generally be harmful for their male carriers. This is in contrast to activating LHR gene (LHCGR) mutations that cause the dramatic phenotype of early-onset precocious puberty in boys (51, 52). The transgenic mouse line expressing FSHR-D580H in Sertoli cells supports the benign nature of GoF FSHR mutations in males (31). Despite robustly induced cAMP production in the absence of ligand (53) the transgenic males present with normal testis development and function, and do not differ significantly in Sertoli or germ cell number or fertility from their wild-type littermates [Table 1, (31)].



FSH REGULATES GENES INVOLVED IN PROLIFERATION, STRUCTURE, AND FUNCTION OF SERTOLI CELLS

The molecular mechanisms of FSH action are discussed in other chapters of this special issue (Reiter and Casarini; Sayers and Hanyaloglu). We concentrate here on the processes and target genes of FSH action and their relationship to androgen action, to understand more precisely the role of FSH in spermatogenesis.

The regulatory system of the two gonadotropins, their feedback regulation, organization and interaction between germ and somatic cells, pose a challenge for dissecting the influence and target genes of a single factor, such as FSH. Sertoli cells present with a prominent fluctuating gene expression patterns along the seminiferous epithelial cycle (54). Therefore, their transcriptome profile analysis is highly dependent on sample source, time of collection, and culture conditions, as well as on the approach applied, i.e., microarray or transcriptome sequencing.

The general phenomenon is that FSH mostly elevates the expression of a large number of Sertoli cell genes (55–57). In neonatal life, Sertoli cells proliferate extensively, and logically mainly the transcripts of genes involved in DNA replication, cell cycle and stem cell factors are enriched (54). FSH most prominently stimulates many of these genes including Krüppel-like factor 4, Klf4 (56, 58). KLF4 is a transcription factor that can be used to reprogram Sertoli cells to pluripotent stem cells (59), but it also plays a significant role in timing and accuracy of Sertoli cell differentiation (58). In GnRH-deficient hypogonadal (hpg) mice the proliferation and maturation of Sertoli cells are restrained (60), but their FSH stimulation triggers, as in neonatal mice, the expression of transcripts involved in RNA and DNA binding, cell cycle and cell growth, along with signal transduction and expression of transcription factors (56). The arrest of Sertoli cell proliferation alongside cell maturation is not only due to the cessation of proliferative gene expression, but also to upregulation of genes categorized in gene ontology as negative regulators of cell proliferation (54). While FSH-stimulated hpg mice presented with stimulation of proliferative factors and cessation of differentiating factors (56), chronically induced cAMP production by the FSHR-D567G mutation favored in cultured Sertoli cells the expression of genes involved in cellular differentiation at the expense of proliferation (61). One possible explanation for this difference could be biased signaling upon constant FSHR activation.

The mitotic quiescence of Sertoli cells is followed by formation of tight junctions and construction of the blood-testis barrier between mature Sertoli cells, in order to separate adluminal germ cells from the circulatory and lymphatic system (1). Androgens and FSH regulate in additive and synergistic fashion the expression of several genes adjusting blood-testis barrier dynamics or its components, including tight junction proteins and junctional adhesion molecules (54). Based on current evidence, androgen action is imperative for blood-testis barrier function. FSH, instead, has a more permissive role in stimulating the organization of inter-Sertoli junction types, and junctions between Sertoli cells and germ cells such as ectoplasmic specialization and adherent junction (56, 62, 63), thereby enabling the nurturing of germ cells. The Wnt pathway is one of those activated on postnatal days 5–10 in mouse Sertoli cells (54). FSH and T target a major morphogen, Wnt3, that in turn regulates the expression of Gja, which encodes a gap-junction protein essential for germ cell development (64).

Alongside Sertoli cell maturation, the transcript enrichment switches from proliferative and structural genes to those more involved in metabolic and germ cell supporting processes (54). Sertoli cell-produced retinoic acids are essential for the induction of spermatogonial differentiation during the first spermatogenic wave (65). Sertoli cells present with a specific temporally regulated array of genes related to retinoic acid synthesis and action (54), and FSH may affect both ligand metabolism and receptor function (66, 67). Logically for the supportive role of FSH in spermatogenesis, it also regulates and limits the massive wave of germ cell apoptosis during the first round of spermatogenesis (68–70). This process is apparently crucial to maintain the critical cell number between some germinal cell stages and Sertoli cells, and its lack brings about sterility (70). FSH also regulates the expression of genes involved in fatty acid metabolism and mitochondrial biogenesis, which is vital for the energy metabolism of seminiferous tubules (71). Another example of FSH-induced actions of Sertoli cells on germ cells is Aqp8, one of the most altered genes in the absence of FSH action (57). Aqp8 is involved in water transport through membranes (72) and is strongly down-regulated in Fshr-KO mice (57). Expression of Aqp8 as well as other FSH-stimulated genes is highly dependent on the hormone action during puberty in mice, but it returns to normal in adulthood even in the absence of the receptor, suggesting that FSH action on Sertoli cell function is not equally crucial after puberty (57). Finally, the partial and global gene expression profiles earlier referred to include numerous other less well characterized FSH-dependent genes. Their in-depth characterization will further elucidate the detailed mechanisms of FSH regulation of spermatogenesis.



HIGH INTRATESTICULAR T CONCENTRATION MAY NOT BE ESSENTIAL FOR COMPLETE SPERMATOGENESIS

FSH and T regulate several aspects of spermatogenesis independently, as well as in additive and synergistic manner (26). In contrast to FSH, there has been a consensus for the absolute requirement of T for spermatogenesis in most mammalian species. An exception is the photoperiod-dependent Djungarian hamster, where the restoration of spermatogenesis is dependent on FSH (73). In other mammals, the disruption of T production through hypophysectomy, Leydig cell ablation or knockout of Lhcgr results in interruption of spermatogenesis (74–77). The AR knockout mouse acts as a conclusive proof-of-concept that spermatogenesis will not proceed beyond meiosis without the support of T (78, 79).

The site of T production is the interstitial Leydig cells, and the local intratesticular concentration of T, depending on species, is in the order of 50–100-fold higher than that in systemic circulation (80–83). Studies in rodents indicate that intratesticular T below the normal high levels can support complete spermatogenesis. Both qualitatively and quantitatively normal spermatogenesis has been reported in rats at an intratesticular T concentration 30% of control animals (84). Full spermatogenesis has also been reported in T propionate-treated and hypophysectomized rats at intratesticular T concentrations below 5% of normal (85, 86). Furthermore, treatment of hpg (83, 87) and Lhcgr knockout (LuRKO) mice (88, 89) with subcutaneous T implants restored qualitatively complete spermatogenesis in a dose-dependent manner with minimal increase in intratesticular T concentration. Similarly, human carriers of partially inactivating LHCGR (90) and a LoF LHB mutation (91) have been reported to be oligozoospermic, instead of azoospermic, at very low serum and intratesticular T concentration. The evidence together indicates that high intratesticular T concentration is not a prerequisite for complete spermatogenesis, although it apparently increases sperm production and fertility.



LH/T REGULATION OF SPERMATOGENESIS CAN BE REPLACED BY STRONG FSHR ACTIVATION

Two recently used approaches have enhanced our knowledge about the role of FSH in spermatogenesis; the serendipitous discovery of mutations in human subjects and the generation of animals lacking or overexpressing FSH or its receptor. In clinical practice, patients presenting with hypogonadotropic hypogonadism are a valuable tool to study the role of gonadotropins in spermatogenesis and subsequent fertility. Those presenting with secondary hypogonadism consequent to idiopathic hypogonadotropic hypogonadism and Kallmann syndrome can be effectively treated with FSH and LH or with pulsatile GnRH administration (92–94).

To dissect out the effect of excessive FSH action on spermatogenesis without simultaneous LH action, we took advantage of the transgenic mice expressing constitutively active Fshr-D580H (Fshr-CAM) driven by the anti-Müllerian hormone promoter in Sertoli cells (53). In vitro, FSHR-D580H induced without ligand cAMP production to the same degree as the wild-type receptor at saturating FSH concentration, thereby representing a strong constitutively active receptor. Female mice carrying the mutated gene developed several abnormalities in their ovaries and other estrogen target tissues, whereas the male littermates were devoid of any discernible phenotype deviating from normal (Figures 2A,B).
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FIGURE 2. Testicular histology and macroscopic views of testes and urogenital blocks of different mouse genotypes: (A) WT, (B) Fshr-CAM, (C) Fshr-CAM/LuRKO, and (D) LuRKO mice. (A–C) show normal spermatogenesis and testis and seminal vesicle (SV) sizes. In (D), spermatogenesis is arrested at the round spermatid (RS) stage, with small testes and rudimentary seminal vesicle (not visible). Scale bars: 50 μm; 10 mm (insets). From (31) with permission.



The Fshr-CAM mice (53) were then crossbred into the LuRKO (77) background to generate double-mutant Fshr-CAM/LuRKO mice with high FSHR signaling and minimal T production [Table 1, (31)]. Interestingly, the mutant Fshr-CAM expression reversed the azoospermia and partially restored fertility of the LuRKO mice to a near-normal male phenotype (Figures 2C,D, Table 1). Despite the absence of LHR in the double-mutant mice, intratesticular and serum T concentrations increased from the very low level in LuRKO mice to ~20 and 40% of those in wild-type mice. Anatomically, testicular and reproductive accessory gland development was normal (Figure 2C), and the mice were fertile, but presented with delayed puberty and small litter sizes compared to wild-type mice. The surprising fertility in these mice suggested that excessive FSH action could partially substitute for missing LH. A somewhat similar observation was made with the expression of Fshr-D567G in hpg background mice (29). In this transgenic model, the presence of the mutant FSHR also increased, to some extent, cAMP level in Sertoli cells and T production in absence of LH but was not able to rescue mature spermatogenesis. This indicates that very robust FSH action might be needed for successful spermatogenesis in the absence of sufficient T stimulation.

To ascertain whether the observed residual Leydig cell T production was responsible for the spermatogenesis in Fshr-CAM/LuRKO mice, we completely blocked T action through treatment with the potent antiandrogen, flutamide. In wild-type mice, loss of T action by flutamide treatment led, as expected, to shrunken seminal vesicles and arrest of spermatogenesis at the round spermatid stage (Figure 3A). Unexpectedly, identical flutamide treatment of the Fshr-CAM/LuRKO mice prevented only the extragonadal androgen actions but had no deleterious effect on spermatogenesis (Figure 3B). This suggests that the constitutively active FSHR-D580H was able to maintain spermatogenesis, even after T action was completely abolished. Hence, the constitutively active FSHR-D580H astonishingly compensated for the action of the blocked LH/T pathway. Correspondingly, expression of several androgen-dependent Sertoli cell genes including Drd4, Rhox 5, Aqp8, Eppin, and Gata1, was decreased in the flutamide-treated wild-type mice as phenocopy of the LuRKO mice (Figure 3C), but the treatment had no effect on expression of these androgen target genes in Fshr-CAM/LuRKO mice (Figure 3D). The azoospermic phenotype observed in wild-type mice after androgen inactivation by flutamide was similar to that observed in Sertoli and peritubular myoid cell-specific AR knockouts mice (16, 79). The AR knockout mice demonstrate that spermatogenesis does not proceed to completion without the indirect T effect via Sertoli cells (78, 79). Therefore, the persistent spermatogenesis observed in the double mutant mice after flutamide treatment supports the conclusion that robust and constitutive FSHR activity can compensate for missing androgen action.
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FIGURE 3. Effect of anti-androgen flutamide treatment on wild-type (WT) and genetically modified mice. (A,B) Testicular histology and macroscopic views of the testes and urogenital blocks of WT and Fshr-CAM/LuRKO mice. (A) The treatment arrested spermatogenesis at round spermatid stage in WT mice and reduced their testis and seminal vesicle sizes. (B) Identical treatment of Fshr-CAM/LuRKO mice had no apparent effect on their spermatogenesis and testis size but reduced seminal vesicle size (arrows in B). (C,D) Expression of selected target genes in untreated (A) and flutamide treated (B) mice. (A) Expression of androgen-regulated (Drd5, Rhox5, Eppin, and Tjp1), postmeiotic germ cell–specific (Aqp8), and germ cell–regulated (Gata1) genes in WT, Fshr-CAM, Fshr-CAM/LuRKO, and LuRKO testes. (B) Effect of flutamide treatment on expression of the same androgen-regulated genes in WT and Fshr-CAM/LuRKO mice. Data represent mean ± SEM. n = 3 samples/group. Bars with different symbols differ significantly from each other (P < 0.05; ANOVA/Newman-Keuls). The remarkable finding is that while flutamide treatment suppressed the expression of strictly androgen-dependent genes in WT mice, the same effect was not observed in the testis of Fshr-CAM/LuRKO mice. Scale bars: 50 μm. From (31) with permission.



FSH and T have independent mechanisms of action; FSH acting through a membrane-bound G-protein coupled receptor, and T through AR, a nuclear transcription factor. However, when scrutinized in detail, overlapping mechanisms in their mode of action exist (95, 96). Both hormones activate the mitogen-activated protein kinase and cAMP-responsive element-binding protein signaling cascades, shown to be crucial for spermatogenesis through a rapid T signaling mechanism (97), and increase of Sertoli cell intracellular Ca2+ (98, 99). Thus, these partly overlapping mechanisms of androgen and FSH action may explain the ability of strong FSH action to substitute for the missing T stimulus. However, the quantitatively incomplete recovery of spermatogenesis in these mice emphasizes the importance of T for qualitatively and quantitatively full spermatogenesis.



SUMMARY AND CLINICAL IMPLICATIONS

FSH function is an essential part of the complex HPG axis and its feedback control mechanisms in the regulation of testicular function. Pituitary-derived FSH provides indirect structural and metabolic support for development of spermatogonia into mature spermatids via its membrane-bound receptor in Sertoli cells. FSH also play a crucial role in determination of the number of Sertoli cells and thus their capacity to maintain spermatogenesis. In addition to proliferation and differentiation of Sertoli cells, FSH regulates the structural genes involved in the organization of cell-cell junctions as well as genes required for the metabolism and transport of regulatory and nutritive substances from Sertoli to germ cells. Although FSH is not a mandatory requirement for the completion of spermatogenesis in rodents, its deficiency, nevertheless, leads to significant reduction in sperm quantity. In humans, fertility phenotypes in carriers of inactivating FSHB or FSHR mutations varies from azoospermia to mild reduction of spermatogenesis.

In the past decades, men suffering from idiopathic hypogonadotropic hypogonadism have been treated with FSH in combination with LH to compensate for lack of endogenous gonadotropins (100). Due to the favorable influence of FSH on spermatogenesis, many studies of FSH administration have been conducted on men with idiopathic spermatogenic failure (101–103), but with variable outcome. The general conclusion from meta-analyses is encouraging on the effect of FSH on sperm quality (103), spontaneous pregnancy rates (101, 102), and pregnancies achieved through assisted reproductive techniques (102) in several, but not in all cases. FSH-treatment has improved not only the conventional sperm parameters such as motility, number and morphology of sperm, but also the non-conventional ones such as decreased amount of DNA damage and fragmentation (104, 105).

It is presumable that certain patient groups are more responsive to FSH treatment than others, depending on their genetic background and other factors involved. For example, individuals with hetero- or homozygous polymorphisms for serine in position 680 of the FSHR are shown to respond better to FSH treatment than those with asparagine in this position (106). On the other hand, FSH administration has been shown to decrease DNA fragmentation and thus improve the quality of DNA in patients with FSHR-N680, but not with FSHR-S680 (105). The dosage and length of FSH treatment also have marked effects on the outcome. Recent studies indicate that a sufficiently long FSH treatment, preferably at least 6 months, with a high dosage of at least 150 IU per injection every other day, can improve sperm parameters significantly more than the standard FSH treatments with lower doses (103). Ding et al. (107), showed convincingly an improvement of spermatogenesis and pregnancy rates in a group of idiopathic oligozoospermic men treated with increasing doses of FSH, with the best results achieved using administration of 300 IU of recombinant human FSH every other day for 5 months. Though results from mouse experiments cannot directly be extrapolated to humans, our recent studies with Fshr-CAM/LuRKO mice show that robust and constant FSHR stimulation can improve spermatogenesis and fertility rate even in the absence of T. However, based on the results from meta-analyses (101–103) caution is needed with the use of FSH, especially as it relates to high dosage and long-term treatments. In addition, more carefully controlled studies should be carried out to identify individuals with possible specific genetic makeup, who would most likely benefit from FSH treatment.
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Sperm DNA fragmentation (sDF) is an important reproductive problem, associated to an increased time-to-pregnancy and a reduced success rate in natural and in vitro fertilization. sDF may virtually originate at any time of sperm's life: in the testis, in the epididymis, during transit in the ejaculatory ducts and even following ejaculation. Studies demonstrate that an apoptotic pathway, mainly occurring in the testis, and oxidative stress, likely acting in the male genital tract, are responsible for provoking the DNA strand breaks present in ejaculated spermatozoa. Although several pharmacological anti-oxidants tools have been used to reduce sDF, the efficacy of this type of therapies is questioned. Clearly, anti-apoptotic agents cannot be used because of the ubiquitous role of the apoptotic process in the body. A notable exception is represented by Follicle-stimulating hormone (FSH), which regulates testis development and function and has been demonstrated to exert anti-apoptotic actions on germ cells. Here, we review the existing clinical studies evaluating the effect of FSH administration on sDF and discuss the possible mechanisms through which the hormone may reduce sDF levels in infertile subjects. Although there is evidence for a beneficial effect of the hormone on sDF, further studies with clear and univocal patient inclusion criteria, including sDF cut-off levels and considering the use of a pharmacogenetic approach for patients selection are warranted to draw firm conclusions.

Keywords: testis apoptosis, DNA fragmentation, human spermatozoa, oxidative stress, follicle-stimulating hormone


INTRODUCTION

FSH (follicle-stimulating hormone or follitropin) is the main hormone regulating the development and the functions of male and female gonads. It is a glycoprotein heterodimer consisting of two chains, α (92 amino-acids) and β (111 amino-acids) which are coupled by a non-covalent bond. The hormone acts by binding its receptor (FSHR) which belongs to the superfamily of the seven transmembrane domain G-protein-coupled receptors and is expressed in the gonads. After binding to FSHR, FSH activates the cAMP-protein kinase A cascade, which regulates gene expression through phosphorylation of CREB transcription factors [for a comprehensive review on FSR receptor signaling see (1)]. The action of FSH is influenced by the presence of both polymorphisms of FSHR, affecting the sensitivity of the receptors to the hormone (2), and the β chain of the hormone, which is associated with significantly lower serum FSH levels (3). FSHR and FSHβ polymorphisms influence the response to treatment with FSH in both women (4, 5) and men (6). In particular, in the adult testis, FSH regulates spermatogenesis by acting on Sertoli cells and there is evidence that FSHR polymorphisms are associated with male infertility (7).

FSH is essential for induction of qualitative and quantitative maintenance of spermatogenesis (8), as also demonstrated by studies on FSHR KO animals, which present severe disturbances of testicular function, including small testis and aberrant gametogenesis (9–11). Besides hypogonadotropic hypogonadic men (12), highly purified or recombinant FSH has been proposed for the treatment of infertile normogonadotropic men with idiopathic oligozoospermia or oligoasthenoteratozoospermia (OAT). In human, several trials using FSH to treat men with alterations of spermatogenesis, in particular OAT men, have been published. Although many of these studies report improvement of sperm parameters, such as concentration and motility, the efficacy of FSH treatment for OAT subjects remains controversial (6, 13). Even more controversy exists regarding the effect of FSH treatment on sperm morphology (14–17). Controversy may depend on heterogeneity of the study characteristics, in particular patient inclusion criteria (including FSH basal levels, FSHβ and FSHR genotypes), the dose and the molecule of administered FSH, the length of the treatment and the presence of non-responding men (18). Despite such controversy, a Cochrane meta-analysis (19) including only randomized control trials in which gonadotrophins were compared with placebo or no treatment, suggests a beneficial effect of FSH treatment on live birth and pregnancy after natural conception in men with idiopathic male factor subfertility, but no significant effects after assisted reproduction techniques (ARTs). A more recent meta-analysis (20) evaluating 15 controlled clinical studies [with broader inclusion criteria respect to (19)] with overall 614 men treated with FSH vs. 661 treated with placebo or untreated, confirms the improvement of spontaneous pregnancy and reveals a significant effect also after ARTs, which is independent on the ART methodology. Interestingly, 11 studies evaluated also sperm parameters after FSH treatment and the meta-analysis of these studies indicated that the treatment induced a significant increase of sperm concentration (although with a high degree of heterogeneity of the studies) and a trend to a better progressive sperm motility. However, a meta-regression analysis of the same studies showed no significant correlation between pregnancy rate and sperm parameters (concentration, progressive motility) (20) in line with previous studies demonstrating the poor predictive value of semen parameters for attainment of pregnancy (21, 22). Thus, the improvement of pregnancy rate following treatment of subfertile men with FSH is likely due to effects on other sperm qualities (such as sperm DNA fragmentation (sDF), see below) or on testicular functions leading to an improvement of sperm functions necessary for the process of fertilization which are not evaluated by routine semen analysis (such as hyperactivation motility, ability to undergo acrosome reaction or increased chromatin compaction). In this respect, a recent study (23), demonstrated that treatment with FSH improves the percentage of spermatozoa able to bind hyaluronic acid in FSH responding men (i.e., men increasing total sperm count and total motile sperm count after FSH treatment). As ability to bind hyaluronic acid is indicative of higher sperm maturation (24), the study by Casamonti et al. (23) suggests that FSH may improve such testicular function. Alterations in sperm maturation process are also involved in the generation of sDF (see below).

This review focuses on the effect of FSH administration to idiopathic infertile men on sperm DNA fragmentation levels, discussing the possible mechanisms involved in the action of the hormone.


Sperm DNA Fragmentation (sDF)

The main function of spermatozoa is to deliver DNA to the oocyte at fertilization. Integrity of sperm and oocyte DNA is fundamental for development and quality of embryos. Sperm DNA integrity is often compromised in infertile men and sDF represents the most common DNA abnormality in these men (25). sDF consists in the presence of single and double DNA strand breaks in the sperm nucleus. Such breaks may occur at different levels of the sperm's life, virtually from early steps of spermatogenesis to the site of fertilization. Indeed, there is evidence that sperm DNA breaks may originate in the testis, in the epididymis, during transit in the ejaculatory ducts, following ejaculation and even during in vitro manipulation for ARTs. Many types of insults have been demonstrated to provoke DNA breaks, which act through two main pathways: an apoptotic process, leading to activation of endonucleases and a direct attack to DNA by free radicals which produces both base oxidation and strand breaks (26). The apoptotic process occurs mainly during spermatogenesis, either because of insults impairing the testicular function or because of a derailment of the chromatin condensation process during spermiogenesis (27, 28). Spermatozoa with apoptotic signs (including DNA breaks) are found in the ejaculate because the apoptotic process fails to complete [abortive apoptosis, (29)]. Although free radicals, at low levels, play an important role for sperm functions [such as motility and capacitation (30)], when ROS production overtakes the anti-oxidant defenses of spermatozoa several damages can be produced (31). Excessive ROS production may act virtually at any level during sperm's life (32), although evidence suggests that their action occurs mostly after spermiation (see below) and even during in vitro manipulations for ARTs (33, 34). The occurrence of defects in the process of chromatin compaction renders the spermatozoa particularly vulnerable to ROS attack (35). Muratori et al. (28) has recently reported that a clear overlapping between oxidative damage and DNA breaks was detected only in viable spermatozoa, whereas in the bulk of ejaculated spermatozoa (including viable and non-viable cells and where most DNA fragmented spermatozoa are non-viable) the presence of DNA breaks overlapped highly apoptotic traits. Considering that viable, DNA fragmented spermatozoa are cells where DNA damage developed more recently respect to the ejaculation (28), these results suggest that oxidative stress acts later in sperm's life, most likely during transit in the male genital tract, whereas apoptotic damage occurs earlier, mainly at testicular level. A recent clinical study (36) seems to confirm such hypothesis revealing that sDF in unviable spermatozoa is associated mainly with the presence of ultrasound signs of testicular abnormalities, whereas the DNA fragmented sperm population containing viable spermatozoa was mostly associated with clinical and ultrasound alterations of the prostate and of seminal vesicles, likely due to inflammatory statuses. There is also evidence that DNA damage may occur after ejaculation during in vitro incubations (37–39) or because of in vitro manipulation during sperm selection for ARTs (33, 34, 40). In the latter case, DNA fragmented spermatozoa are highly motile and the damage appears to be induced by the contamination with heavy metals of density gradient preparations (33). Viable sperm with oxidative damage and/or strand breaks in their DNA are, most likely, a very dangerous sperm fraction of the ejaculate: they can actively participate in the fertilization process and give rise to embryos unable to successfully develop if the oocyte does not or only partially repairs the damage.

Many studies (41–43) reported that high levels of sDF are associated with a decrease of natural male fertility and recent meta-analyses confirmed the negative relationship between the amount of sDF and the outcomes of natural or assisted reproduction (44–46). It should be noted that important differences exist among the studies on ART outcomes, especially regarding couple inclusion criteria and methods used to evaluate sDF. Indeed, sDF may be evaluated by several methods [reviewed in (47)], among which TUNEL (Terminal deoxynucleotidyl transferase dUTP nick end labeling), COMET (also known as single-cell gel electrophoresis), SCSA (Sperm Chromatin Structure Assay) and Halosperm assays are the most popular. The problem with these methods is that they likely detect different types of DNA damages (47). In addition, these methods (with the exception of SCSA) are not standardized, thus making difficult to compare results among the studies. Recent meta-analyses grouped the studies according to the methods used to evaluate sDF and reported consistently that TUNEL and COMET methods are those that better reveal the negative association between sDF and pregnancy rate after ARTs (45, 46). TUNEL also resulted the method that better reveals the impact of sperm DNA damage on miscarriage in couples who conceived naturally or after IVF and ICSI (44).

Overall, the bulk of the studies described above suggests that sDF represents a target to treat men with idiopathic infertility. In consideration that apoptosis and oxidative stress are the main mechanisms producing DNA strand breaks (see above) possible therapies to prevent or decrease sDF are antioxidants and anti-apoptotic agents. The former have been used in several clinical studies, but, so far, reported beneficial effects are minimal. Indeed, a recent Cochrane meta-analysis (48) could not draw definitive conclusions regarding the benefit of treatment with anti-oxidant on live birth rates for infertile couples as only four low quality small randomized controlled trials were published at that time. The same meta-analysis reported also data about the effect of antioxidants on sDF levels. Even in this case, no clear conclusions could be drawn because the two trials included in the meta-analysis utilized different antioxidants in a low number of patients (48). Use of anti-apoptotic agents, on the other hand, is not feasible because of the ubiquitous role of programmed cell death in the body. A notable exception is represented by FSH which has specific anti-apoptotic (or pro-survival) effects at testicular level (49–52).



Effect of Treatment With FSH on sDF Levels

A recent meta-analysis evaluated the effect of FSH on SDF (53) including six studies with overall 383 men with idiopathic infertility treated with FSH. The meta-analysis revealed a slight but significant decrease of sDF after FSH treatment for 3 months but not of other semen parameters such as sperm concentration, motility and morphology. Of note, the studies included in the meta-analysis are extremely heterogeneous, both for inclusion criteria and FSH treatment scheme. Indeed, in three of them patients with severe oligozoospermia (54) or oligoasthenoteratozoospermia (15, 55) were included, in another (56), patients with at least one parameter below the WHO criteria, whereas in the paper by Garolla et al. (57) male partners of infertile couples with any kind of infertility cause (with exclusion of seminal tract infections and antisperm antibodies) were included if sperm count was above 20 millions. The only study where sDF basal levels (at the cut-off level >15%) were comprised in the inclusion criteria was that of Simoni et al. (6). Interestingly, Ruvolo et al. (55), demonstrated that patients with sDF levels >15% were those showing a significant reduction in DNA sperm damage. More recently, Colacurci et al. (58) published results of a multicentric longitudinal trial including 103 infertile men treated with FSH for 3 months: the study demonstrated a slight but significant effect of the hormone on average sDF levels. Interestingly, this study evidenced that the treatment was more effective in the 48 patients showing sDF levels above 17% (median value of the caseload) and demonstrated that lifestyle habits like smoking may decrease the effectiveness of the therapy. The clinical studies included in the meta-analysis of Santi et al. (53) were heterogeneous also regarding the treatment schemes (type and dosage of FSH used) and the methods used to evaluate sDF, even if most studies employed TUNEL assay (6, 15, 54, 55, 57). It should be considered that TUNEL is not a standardized method and it has been reported that even small variations in the different steps of the assay may affect greatly the measures (59). In addition, an important difference regards the detection method: TUNEL positive spermatozoa may be evaluated by flow cytometry in thousands of spermatozoa [as used in the papers by (57) and (6)] or by fluorescence microscopy in few hundreds of spermatozoa [used in (15, 54, 55)]. Discrepancies between the two detection methods are due not only to the different number of analyzed cells but also to the different sensitivity of the procedures. For these reasons, comparison of studies employing flow cytometry or fluorescence microscopy revealed that the former yields greater measures of sDF (60). This methodological issue can explain why the meta-analysis of Santi et al. (53) failed to find a difference in the average sDF levels after treatment when comparing FSH treated and untreated men.

There is also evidence, in the literature, that specific genotypes of FSHR (the polymorphism p.N680s) predicts responsiveness to FSH administration (6) and that the polymorphism of FSH beta-subunit promoter FSHB-211 TT is associated with lower FSH levels and lower sperm counts (61). Overall these studies suggest that the use of pharmacogenetic approaches to select patients, may increase the percentage of responders to the therapy.

Clearly, larger studies are needed to confirm the ameliorative effect of FSH on sDF: such studies should be properly designed, possibly using selection criteria which include a cut-off of sDF basal levels and the above mentioned pharmacogenetic approaches. However, it must be mentioned that, due to lack of international standardized procedures to evaluate sDF, identifying a cut-off value depends strictly on the assay used to measure the parameter. At present, the only possibility is the identification of cut-off values by comparing fertile and infertile subjects in each laboratory using the chosen method to evaluate sDF among those currently available (see above).

Which is(are) the mechanism(s) through which FSH ameliorates sDF levels in the ejaculate? If we consider that most DNA fragmented spermatozoa show signs of apoptosis and chromatin immaturity (28) likely due to a derangement of the spermatogenetic process or of the chromatin maturation process, the most probable mechanisms of action of FSH consist in anti-apoptotic and maturation promoting effects at tubular level. There is evidence of anti-apoptotic effects of FSH both in the ovary and in the testis. In the ovary, the hormone is a major survival factor for follicles (62) and antagonizes the apoptosis induced by oxidative stress reducing ROS production through stimulation of the antioxidant glutathione (GSH) (63). In the testis, suppression or immunoneutralization of FSH increases apoptotic DNA fragmentation (49–51, 64). FSH suppression induces spermatogonial apoptosis predominantly via the intrinsic pathway, as an increase of caspase activity (52) and a decrease of BCL2 (51) have been demonstrated in spermatogonial cells. Consistently, in vitro studies demonstrated up-regulation of the BCL2 family member Bcl2l2 mRNA in spermatogonia of adult mice after FSH treatment (65). However, the molecular details by which FSH deprivation leads to activation of the apoptotic intrinsic pathway in spermatogonia is not fully clarified. In a murine model, upon deprivation of gonadotropins, the initiation of apoptosis was preceded by p38 MAPK activation and induction of iNOS (66) and this seems to be the case also in normal adult men (51, 52). FSH anti-apoptotic effects seems to occur both in Sertoli cells and in germ cells (64) and, in the latter, both before and after meiosis (49, 50, 64). Interestingly, it has been shown that the mechanisms by which gonadotropins promote the survival of germ cells can be different depending on the cell type (51, 52). In Sertoli cells, FSH promotes anti-apoptotic pathways presumably trough activation of protein kinase B/AKT protein (67). These results suggest that FSH may regulate proliferation and development of male germ cells both indirectly, by acting on Sertoli cells, and directly by up-regulating anti-apoptotic pathways in germ cells. There is also evidence for an effect of FSH on sperm maturation. Baccetti et al. (68) reported an improvement of semen quality and ultrastructural characteristics of spermatozoa in men with high levels of apoptosis and immaturity features in their spermatozoa, supporting the anti-apoptotic and pro-maturation role of FSH in human testis. Recently, a role of FSH favoring sperm maturation has been suggested by the above mentioned study of Casamonti et al. (23), which demonstrated that FSH increases the number of spermatozoa binding to Hyaluronic acid. Although the mechanism(s) through which FSH may promote sperm maturation are mostly unknown, interestingly, a disturbance in the normal replacement of histones by protamines during spermiogenesis, leading to poor condensation of spermatid nuclei, has been demonstrated in FSHR KO mice (69). Sperm maturation is closely linked to DNA integrity. Indeed, it is during spermiogenesis that the replacement of histones with protamines occurs and, as mentioned, a derangement of this process may lead to DNA fragmentation due to lack of re-ligation of the nicks necessary for chromatin compaction (70, 71). In addition, there is evidence that a disturbance of the process of chromatin compaction can represent a trigger for induction of apoptosis in the testis (28). Finally, increased ability of sperm to bind to hyaluronic acid has been associated to higher chromatin compaction and decreased DNA fragmentation (24, 72).

As mentioned above, DNA damage can be produced also by a direct attack of ROS. Although, at present, there is no evidence of an anti-oxidant effect of FSH in the testis or in spermatogonial cells in vitro, such effect of the hormone cannot be excluded, as it reduces oxidative stress-induced apoptosis in ovarian cells (63). It should be mentioned that oxidative stress may produce the formation of breaks and stable DNA adducts also through a direct attack to DNA (31) and that such damage could persist following FSH treatment. The main possible mechanisms of FSH-related decrease of sDF levels are summarized in Figure 1.


[image: image]

FIGURE 1. Main possible mechanisms of FSH reducing effect on sperm DNA fragmentation levels, and supporting literature for each pathway. Straight lines: pathways demonstrated in testis or in vitro testicular cells; dotted lines: hypothesized pathway (as demonstrated to occur in pre-ovulatory follicules in vitro).






CONCLUSION

Although sDF is an important reproductive problem affecting the outcomes of both natural and assisted reproduction, effective treatments to prevent or limit the sperm DNA damage in men are presently scarce. Treatment with FSH appears promising as there is evidence of a beneficial effect of the treatment on sDF (53). However, the lack of clear and univocal patient inclusion criteria contributes to the high heterogeneity of the clinical studies published so far, which does not allow to draw clear-cut conclusions about the effectiveness of the hormone on sperm DNA damage. Future studies should not only include cut-off values of sDF among patient inclusion criteria but also consider the pharmacogenetic evidence of FSH action to identify subjects that may not have beneficial effects from the therapy.
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Follicle–stimulating hormone (FSH) is a pituitary-derived gonadotropin that plays key roles in male and female reproduction. The physiology and biochemistry of FSH have been extensively studied for many years. Beginning in the early 1990s, coincident with advances in the then emerging transgenic animal technology, and continuing till today, several gain-of-function (GOF) models have been developed to understand FSH homeostasis in a physiological context. Our group and others have generated a number of FSH ligand and receptor GOF mouse models. An FSH GOF model when combined with Fshb null mice provides a powerful genetic rescue platform. In this chapter, we discuss different GOF models for FSH synthesis, secretion and action and describe additional novel genetic models that could be developed in the future to further refine the existing models.
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INTRODUCTION

Follicle–Stimulating Hormone (FSH) is a gonadotropin synthesized in gonadotropes of the anterior pituitary gland. FSH is a heterodimeric glycoprotein, consisting of two distinct α- and β (FSHβ) subunits (1–4). The α-subunit is structurally identical to both gonadotropins–luteinizing hormone (LH), and chorionic gonadotropin (CG) as well as thyroid-stimulating hormone (TSH). FSH subunits are encoded by distinct genes. The FSHβ subunit is unique and confers the biological specificity for FSH functions (1–4). The β-subunits exist in comparatively lower amounts within the pituitary than their corresponding α-subunit. FSH subunits are synthesized and assembled non-covalently in gonadotropes (1–4). Non-covalent linkage of the subunits allows for easy separation and hybridization, yet free α and β-subunits are typically expressed by other tissues under a variety of pathological conditions (1–4).

FSH signaling in the hypothalamic-pituitary-gonadal axis (HPG) regulates critical reproductive functions such as steroidogenesis and gametogenesis. In males, FSH contributes to spermatogenesis and testicular development by binding to Sertoli cells and regulating their development and differentiation (5–7). In females, FSH contributes to ovarian follicular development by upregulating aromatase expression in granulosa cells, which results in increased estrogen production. Increased estrogen synthesis is required for normal follicular growth (8).

FSH and LH are synthesized and released in response to gonadotropin-releasing hormone (GnRH) secreted from the hypothalamus. GnRH binds to GnRH- receptors on pituitary gonadotropes (4, 9). Differing GnRH release frequencies favor either FSH or LH synthesis as gonadotropes are sensitive to patterns of GnRH stimulation ad respond by altering hormone-specific subunit gene transcription. LH is secreted in a regulated, pulsatile fashion in response to increased GnRH pulse frequency, whereas FSH is released is mostly constitutive and responds to decreased GnRH pulse frequency (10, 11).

FSH synthesis and release are also regulated by several other proteins, such as follistatin, inhibin, and activin (12–17). Activin exerts positive effects on FSH by stimulating transcription, biosynthesis, and ultimately secretion as well as stimulating GnRH receptor gene expression. In rodents, after activin binds to gonadotrope membrane activin receptors, transcription factors, such as Smad4 are recruited and directly interact with the FSHβ gene promoter to upregulate its expression (15, 18). Another important transcription factor in gonadotropin regulation is the forkhead box (FOX) protein, FoxL2, which is a transcription factor known for its role in folliculogenesis and female sex determination (19). Foxl2 knockout mice have substantially decreased Fshb mRNA and serum FSH levels as well as reduced activin induction of FSHβ (20). Both inhibin and follistatin prevent the stimulatory effects of activin, causing suppression of FSHβ synthesis by blocking activin binding, thereby inhibiting intracellular pathways and subsequent FSHβ transcription (18, 21, 22).

There are several clinical conditions under which FSH expression or signaling via its receptor is increased, resulting in higher circulating levels and ultimately creating a FSH “gain of function” effect. These include ovarian hyperstimulation syndrome (23–26), certain ovarian cancers (27–29), and the recent discovery of non-gonadal FSH actions on bone in transgenic mouse models with elevated human FSH levels (30). GOF effects of FSH in ovaries were also occasionally noted in patients with FSH hypersecreting pituitary adenomas (31). The existence of such conditions highlights the importance of generating animal models that closely mimic human disease phenotypes, allowing us to expand the medical knowledge of these conditions and ultimately providing opportunities to learn how to treat them. While mouse models do not always accurately mimic human pathology, they provide a quick genetic test to address the function of human proteins in a physiological context that cannot be reliably achieved using in vitro experimental approaches. In this review, we highlight and describe previously generated FSH gain of function animal models and how they can potentially be used to develop new approaches for treating clinical conditions involving FSH.


GOF Mouse Models for FSH

Several GOF genetic models have been generated and used to study the physiological consequences of FSH. These models are described below in detail and summarized in Table 1.



Table 1. Major phenotypes of FSH gain-of-function genetic models.
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Expression of Human FSHB in vivo

A transgenic mouse model harboring a 10 kb HFSHB transgene was the first mouse model generated to test cell-specific expression of FSH in gonadotrope cells and to identify that species-specific differences exist in FSH regulation (32). The HFSHB transgene was cloned into an EcoR1-Sph1 genomic fragment and microinjected into fertilized one-cell embryos. The resulting transgenic mice exhibit only pituitary-specific HFSHB transgene expression, with no ectopic expression in non-pituitary tissues (32). Expression of hFSHβ was found to be localized to only gonadotrope cells in the anterior pituitary gland. The FSH heterodimer presumably incorporated the mouse-α subunit, creating an interspecies hybrid heterodimer with hFSHβ, because no free hFSHβ was detected in serum (32). FSH dimer secretion and pituitary HFSHB mRNA expression were higher in both transgenic and normal males than in their female counterparts. The retention of normal gonadotrope-specific expression of FSH and its function in mice expressing hFSHβ demonstrates conservation of regulatory elements and transcription factors for this subunit gene in both mice and humans (32). This mouse model provided a novel approach for studying molecular mechanisms and regulatory elements that are involved in control of the human FSHβ-encoding gene and its expression.



Gonadal Steroid Regulation of HFSHB

The same transgenic mouse model described above was also used for experiments designed to analyze steroid regulation of HFSHB in vivo (32, 33). This study included several experimental groups including castrated male and ovariectomized female mice. Castration resulted in elevated serum FSH levels in both normal controls and transgenic males. Similarly, increased serum FSH levels were observed in ovariectomized normal and transgenic females (33). Testosterone replacement after castration in male transgenic mice resulted in suppressed serum FSH levels. Estradiol (E2) replacement in ovariectomized females similarly resulted in suppressed serum and tissue FSH content. The sexually dimorphic pattern previously observed, in which both normal and transgenic males exhibiting greater tissue and serum FSH levels than the corresponding females, was also observed in these studies (33). These studies highlight the species-specific differences and suggest that the elements responsible for continued synthesis and secretion of hFSHβ in response to androgens are not present in the mouse pituitary environment (32, 33).



GnRH-Independent Androgen Inhibition of HFSHB Transgene

To further elucidate the direct roles that steroid hormones play in regulation of hFSHβ at the pituitary level, HFSHB transgenic mice were used to observe the effect of androgen in the presence or absence of gonadotropin-releasing hormone (GnRH) using both in vitro and in vivo approaches (34). Since there was an apparent species-specific difference in FSH secretion and molecular mechanisms in response to androgens, GnRH was identified as a possible key regulatory site in the androgen response of human FSHβ. For in vitro studies, primary pituitary cultures were obtained from GnRH-deficient hypogonadal (hpg) mice (9, 52) carrying the HFSHB transgene (34). Testosterone treatment in the absence of GnRH resulted in suppression of HFSHB mRNA and confirmed the inhibitory action of androgens directly at the pituitary level independent of GnRH (34). In vivo experiments in the hpg HFSHB mice included daily GnRH injections, which induced HFSHB expression in both males and females. Simultaneous administration of testosterone propionate in males completely blocked the stimulatory effect of GnRH, whereas simultaneous E2 administration in females only partially inhibited GnRH effects (34). These results demonstrated direct effects of testosterone and E2 on hFSHβ subunit expression at the pituitary level as well as an indirect suppression of GnRH as an additional regulatory mechanism (34). Additional hypothalamic site of E2 action cannot also be ruled out based on the above data.

Having established that the 10 kb HFSHB transgene is appropriately targeted to and hormonally regulated in mouse gonadotropes, a series of deletions were made on the 10 kb HFSHB transgene (35). Several independent transgenic lines expressing 5′ and 3′ truncated versions of HFSHB transgene were produced and systematically analyzed. These in vivo models helped to identify that truncation of sequences upstream of 5′ promoter region retained expression of hFSHβ in mouse gonadotropes, truncation of poly-A sequences downstream of 3′ stop codon in exon 3 resulted in complete loss of expression. Replacement of 3′ poly-A sequences with heterologous sequences (for example, lacZ reporter sequences) similarly failed to confer expression (35).

Since FSH is normally released from the pituitary in response to GnRH, it is of great interest to observe the physiological response to targeted expression of FSH in non-pituitary tissues. Accordingly, mouse models have been generated that drive expression from either specific or multiple ectopic tissues.



Use of HFSHB Transgenes to Achieve Genetic Rescue of Fshb Null Mice

An FSH-deficient mouse model was created in 1997 through targeted mutation (Fshbm1) in exon 3 of the FSHβ-encoding gene (53). Mice that were homozygous, i.e., Fshb null (Fshbm1/ Fshbm1), and therefore FSH-deficient, were generated by intercrossing heterozygous mice. Fshb null males displayed decreased testis size, yet were fertile (53). Sperm number was decreased by 75%, however, viability remained unchanged. In contrast, Fshb null females with the Fshbm1/ Fshbm1 genotype were infertile, with small ovaries and thin uteri. Ovaries had arrested follicular development at the secondary stage, and lacked any corpora lutea (53).

Genetic rescue of FSH-deficient mice was achieved using two independent methods (36). The type 1 genetic rescue (FR-I) consisted of targeting the previously described 10-kb HFSHB transgene specifically to pituitary gonadotrope cells. This genetic strategy resulted in complete rescue of both males and females lacking endogenous Fshb (36). Testis size and sperm counts in FR-I males were restored to those observed in wild-type values. Similar results were obtained in FR-1 females, as uterine and ovarian sizes also returned to wild-type values. Normal follicular development, restored estrous cycles, and production of normal litter sizes were observed in FR-I females.

Low- level ectopic expression of HFSHB was achieved in multiple tissues using a mouse metallothionein (mMT-1) gene promoter with the goal of genetically restoring reproductive phenotypes in FSH-deficient mice, designated as type 2 rescue (FR-II) (36). The mMT-1 promoter was used to drive ectopic expression of both a hCGα-encoding minigene and a hFSHβ-encoding gene, thereby resulting in expression of hFSH dimer in multiple tissues (36). Male mice expressing ectopic hFSH (FR-II) showed complete restoration of testis size and sperm counts. However, restoration of normal reproductive phenotypes was incomplete in FR-II females. Only 3 out of 10 FR-II females were able to conceive, and litter sizes were small. Arrested folliculogenesis was frequently observed in FR-II females. The small number of FR-II females that were able to become pregnant produced one litter, had obvious corpora lutea, yet small antral follicles (36). The results with the type 2 genetic rescue suggest that ectopic expression of human FSH can completely rescue Fshb null male mice, yet only partially rescue Fshb null females (36).



Ectopic Overexpression of HFSH Dimer in Transgenic Mice

Overexpression of FSH may lead to high serum levels and clinical conditions that negatively affect fertility. A transgenic mouse model ectopically expressing human FSHβ using an mMT-1 promoter resulted in male and female mice overexpressing hFSH in several tissues (24). Mice expressing either only transgenic MT-α subunit or only MT-FSHβ were crossed to obtain mice expressing hFSH ectopically (24). Founders expressing hFSH dimer at very high levels were chosen for further analysis. Both males and females were infertile; males showed enlarged seminal vesicles and elevated testosterone levels yet normal testis size and spermatogenesis (24). These high level FSH expressing males were infertile, presumably due to male sexual behavioral deficits secondary to excess testosterone. However, this behavioral phenotype was not tested in these studies. Females displayed arrested folliculogenesis, along with increased serum estrogen, progesterone, and testosterone concentrations. Females also developed urinary tract obstruction and hemorrhagic and cystic ovaries, yet exhibited no signs of tumors (24). Their symptoms were comparable, but not identical to human conditions such as polycystic ovarian and ovarian hyperstimulation syndromes. Most females died between 6 and 13 weeks of age. (24). The overexpression of hFSH in multiple tissues gave insight into these clinical conditions and provided a model that may be used in the future for developing treatments.



Ectopic Expression of FSH in hpg Mice

The role of FSH in gonadal physiology was investigated using a mouse model similar to the models described above that carry a HFSHB transgene (39). However, this model expressed transgenic human-FSH (tg-FSH) on a gonadotropin-deficient hypogonadal (hpg) background to observe FSH effects independent of LH. The HFSHB transgene was cloned into a vector containing the rat insulin II promoter (RIP) and injected into mouse oocytes (39). RIP directed ectopic expression of tg-FSH to the pancreas. Hypogonadism was accomplished by breeding tg-FSH mice to an hpg strain containing a truncating mutation that caused GnRH depletion, thereby creating tg-FSH+ hpg mice (39, 52). Varying serum tg-FSH levels were found in different strains of mice, allowing for analysis of a range of circulating FSH concentrations. Tg-FSH seemed to have no effect on androgen levels in the tg-FSH+ hpg mice, which appeared to be due to underdeveloped epididymis and seminal vesicles. In male tg-FSH+ hpg mice, testis size increased as compared to non-tg-FSH hpg controls, however, this was only observed in males exhibiting high serum FSH levels (>1 IU/liter). Tg-FSH+ hpg female mice secreting high levels of FSH exhibited dose-dependent, elevated inhibin B secretion. Ovaries of tg-FSH+ hpg females were also enlarged and exhibited increased follicular development to the antral stage (39).

Additional studies were performed using female tg-FSH+ hpg mice to determine the effect of FSH alone on primordial follicle reserve and the role of FSH in early follicular development (40). Partial disruption of follicular development was observed in non-tg hpg ovaries. Although development past the primary follicle stage occurred, there were small numbers of early antral follicles. In contrast, tg-FSH+ hpg females showed advanced follicular development up to the antral stage, although no corpora lutea were observed in any tg-FSH+ or non-tg FSH hpg ovaries due to the absence of LH (40). Significant increases in total primordial and secondary follicle numbers were seen in tg-FSH+ hpg females as compared with both non-tg hpg and wild-type mice. The total antral follicle count was 15-fold higher in tg-FSH+ hpg ovaries than non-tg FSH hpg levels, which restored values to wild-type levels (40). The findings from this study indicate an important role of FSH in early follicular development, showing an increase in primordial follicle reserve and stimulation of follicle growth.

Interestingly, when tg-FSH+ female mice alone with progressively rising hFSH levels (2.5–10 IU/ml) were monitored across the life span, age-specific phenotypes were observed. Whereas, tg-FSH+ female mice <22 week of age delivered increased litter sizes, those that were older (>23 week of age) produced decreased litter sizes despite increased ovulations and demonstrated premature infertility due to embryo resorptions and parturition failure. Thus, this model provided a novel in vivo scenario in which age-related rise in FSH contributes to female reproductive aging and infertility by a post-implantation defect (embryo-fetal resorption) without directly affecting the ovarian reserve (41).

Contrary to the proposed deleterious and direct effects of FSH on bone osteoclasts in mice (54), ectopic human FSH expression in the above described genetic model caused an increase in bone mass in female mice (30). Similar phenotypes were also observed when the HFSHB transgene was expressed on the hpg genetic background with a total suppression of endogenous gonadotropins and E2. Expression analysis indicated osteoclasts did not express Fshr mRNA and the bone phenotypes manifest only when ovaries were intact. Further studies indicated that bone volume in these transgenic mice positively correlated with ovary-derived inhibin A and androgens. Thus, ectopic human FSH expression in this model suggests FSH acts indirectly to enhance bone function in an ovary-dependent and LH-independent manner (30). The controversy with regard to non-gonadal actions of FSH is ongoing and has been recently described in detail (55).



Rerouting of FSH Into the LH Secretion Pathway

Transcriptional responses of FSHβ and LHβ encoding genes are different and dependent on GnRH pulse frequencies (10, 11, 56). In immortalized gonadotrope cells, Fshb gene transcription is favored by slow GnRH pulses whereas Lhb gene transcription is dependent on fast GnRH pulses (10, 11, 56). Once the heterodimers are assembled, FSH is largely released constitutively, while LH is released as pulses via a regulated secretory pathway (10, 11). LH contains a carboxy terminal (C′) heptapeptide that directs its secretion via this regulated pathway. A novel mouse model took advantage of this heptapeptide to observe the physiological response to a mutant FSH that contained this peptide (37). Human transgenes encoding either a wild type (HFSHBWT) or mutant (HFSHBMut) FSHβ were introduced onto an Fshb-null genetic background.

The presence of interspecies heterodimers of mouse-α-and WT or mutant FSHβ subunits in different mouse lines was confirmed by Western blot analysis (37). LH is stored in dense-core granules (DCG) prior to release (57–59). To determine whether mutant FSH was secreted via the same pathway as LH, co-localization of mutant FSHβ subunit and DCG-specific Rab27 was evaluated in gonadotrope cells. Interestingly, the number of mutant FSHβ subunit and Rab27 co-localized gonadotropes was 6 to 8- fold higher than seen in gonadotropes of control mice, where FSH is secreted via the constitutive pathway (37). Co-localization of mutant FSHβ and a chaperone protein chromogranin-A (Chr-A), which is found in the Golgi network in gonadotropes and important for regulated release of LH, was also examined. Co-localization of mutant FSHβ and Chr-A was higher when compared to both control and Fshb null mice expressing a HFSHBWT transgene and was similar to levels seen with co-localization of LHβ (37). These results suggest that the engineered mutant FSHβ (containing the C′ heptapeptide normally only found in LH)- containing FSH heterodimer successfully entered the regulated secretory pathway.

As described above, mice deficient in FSH are infertile, have small ovaries and thin uteri, along with disrupted folliculogenesis (53). HFSHBMut transgene was able to genetically rescue Fshb-null mice, restoring ovarian and uterine size as well as estrus cycles leading to the presence of antral follicles and corpora lutea in ovaries. Progesterone levels were higher in HFSHBMut–expressing mice than in control and wild-type mice (37). Interestingly, the number of ovulations was increased from 9 to 10 per cycle in control mice to 55 per cycle in mutant FSH–expressing Fshb null mice (37). This was accompanied by the presence of more pre-antral follicles and reduced follicular atresia in ovaries. Mice expressing HFSHBMut also demonstrated increased follicle size and enhanced granulosa cell proliferation, leading to a longer reproductive lifespan and follicle survival (37). This mouse model provided a novel approach to studying differential secretory pathways of FSH and LH, and demonstrated a potential role of rerouted FSH in treating age-associated reproductive conditions (37).



Expression of a Transgene Encoding the Non-glycosylated Human FSHβ Subunit

One of the characteristic features of glycoprotein hormones, including FSH is the presence of N-linked sugar chains on both the α- and β-subunits. FSH possesses four (2 on each subunit) potential N-glycan attachment sites (1–4, 60, 61). The presence or absence of both N-glycans on FSHβ subunit contributes to macroheterogeneity, significantly affects serum half–life and may alter bioactivity (60, 61). To genetically determine the role of N-glycans on the human FSHβ subunit, the nucleotides corresponding to two Thr residues following Asn residues on which N-glycans are added, Asn7 and Asn24, were mutated to Ala, thereby abolishing N-glycosylation events at these two sites (38, 60).

The mutant cDNA transgene encoding the N-glycosylation double mutant FSHβ subunit was targeted to gonadotropes in transgenic mice first and the transgene was subsequently introduced onto Fshb null genetic background using the well-established genetic rescue scheme. An HFSHB WT transgene similarly was introduced onto Fshb null genetic background and the resultant Fshb null mice carrying the HFSHB WT transgene were used as positive controls (38, 60). Biochemical studies confirmed that the mutant FSHβ subunit inefficiently assembled with the endogenous mouse α-subunit and very little FSH heterodimer was present in pituitary extracts (38). Moreover, media collected from short term pituitary organ culture experiments and serum from mutant FSHβ-expressing Fshb null mice showed very low or undetectable levels of FSH by radioimmunoassays. These data indicated that the double N-glycosylation mutant FSHβ subunit was secretion incompetent (38). Moreover, the mutant transgene, unlike the HFSHB WT transgene, did not rescue Fshb null mice, confirming that even if secreted in low levels, the mutant FSHβ-subunit containing FSH dimer was biologically inactive (38). Thus, these studies provided in vivo genetic evidence that N-glycosylation on FSHβ subunit is critical for FSH heterodimer assembly, secretion and action (38).



Expression of FSH in the Mammary Gland

Ectopic expression of bovine FSH has been achieved in a model targeting its expression in milk secreted from mouse mammary glands (42). This mouse model was created using a rat β-casein gene promoter driving expression of bovine α and FSHβ subunits. The β-casein promoter drives targeted expression in only the mammary gland, making it possible to observe the effects of ectopic bovine FSH expression in a single tissue (42). Transgenic (Tg) mice expressing the transgene were created either by microinjection of both subunits, or by breeding of mice that expressed each one of them separately (42). The presence of tg-FSH was confirmed by northern blot and radioimmunoassay. Bioactivity of tg-FSH was also confirmed by measuring granulosa cell counts and the ability of the cells to produce estrogen (42). The amount of tg-FSH positively correlated with granulosa cell number and estrogen production, and therefore suggesting successful bioactivity of the transgene-derived FSH (42). No other overt phenotypes were observed in transgenic mice. This mouse model provided a novel approach for expressing FSH in mammary glands and releasing it into milk.

A similar model was later generated that also ectopically expressed FSH in mammary glands, but in this case, the transgene encoded human FSH. In these studies, the investigators used the bovine β-casein gene promoter to specifically express human FSH in mammary glands of transgenic mice (43). Milk was collected from tg-hFSH mice to determine FSH concentration using an enzyme-linked immunosorbent assay (ELISA). Two mouse lines showed nearly undetectable levels of hFSH, as compared to one line that had high levels (300 mIU/mL). This variation in hFSH concentration in different lines was most likely due to differing transgene copy numbers (43). In vitro biological activity of hFSH was determined by measuring cyclic-AMP (cAMP) production after exposing hFSH receptor-transfected cells to sterilized milk from each cell line. Milk containing hFSH increased cAMP production in the assay, indicating receptor binding and intracellular signaling, and therefore, biological activity of hFSH (43).

Blood cell counts were performed to analyze the effects of any hFSH leakage into the circulation. Several of the transgenic lines showed increased white blood cell and platelet levels as compared to normal mice, red blood cells in the affected animals were also smaller in size (43). Ovarian and breast tumors were observed in one transgenic line, along with collapsed alveoli within the lactating glands. Human FSH also seemed to have a stimulatory effect on endogenous mouse FSH, as mFSH levels were higher at all estrus cycle phases in transgenic mice (43). This unique mouse model displayed distinct physiological responses to ectopic expression of hFSH in mammary glands and secretion into milk. Many of them negatively affected blood circulation and reproductive health. Ectopic hFSH leaking into the bloodstream appeared to lead to overproduction of endogenous mouse FSH, possibly contributing to the observed ovarian and breast tumors by increased estrogen production as a secondary consequence (43).



Expression of Porcine FSH in Mice

Transgenic expression of porcine FSH using bacterial artificial chromosome (BAC) methods has been achieved using a gain-of-function mouse model (45). A BAC containing porcine (p) α and β subunits was constructed and isolated from a porcine BAC library from a male Erhualian pig, a highly prolific pig breed. BAC clones containing pFSH α and β were then digested and microinjected into fertilized mouse zygotes (45). Transgenic (Tg) mice expressing pFSH were identified by PCR and Southern blot. After further breeding of Tg mice to wild-type mice, both pFSHβ and pFSHα BACs were transmitted in identical Mendelian ratios to offspring, indicating proper hybridization of the Tg subunits. Expression of Tg pFSH mRNA was confirmed by RT-PCR and northern blot, with expression localized specifically to the pituitary gland. Circulating pFSH was confirmed by evaluation of serum samples by ELISA, showing levels ranging from 6.36 to 19.83 IU/L, which were within the physiological range (45).

Female fecundity was analyzed in both Tg and WT mice. Interestingly, Tg females had litter sizes that were significantly larger than WT females as well as the total number of pups than WT littermates. This increase in fecundity in Tg females seemed to be due to enhanced ovulation, as histological examination revealed a significant increase in the number of corpora lutea at 14 and 28 weeks of age in Tg mice compared to WT. Serum hormone levels were analyzed to determine if increased ovulation was due to differential hormonal regulation (45).

Endogenous mouse FSH levels were elevated in Tg mice, as was estradiol. Serum levels of LH and testosterone were significantly lower in Tg mice compared to WT. Pituitary expression of LHβ mRNA was also lower in Tg mice than in WT mice (45). The increased estradiol levels could be due to greater aromatization of androgens to estrogens due to elevated levels of endogenous mFSH in addition to transgene-derived pFSH (45). This enhanced conversion of testosterone to estrogen as a result of increased aromatase activity could explain the lower serum levels of testosterone. However, the mechanism for reduced LHβ mRNA and serum LH despite low levels of serum testosterone is unclear. The results from this study provided confirmation of successful expression of porcine FSH in a transgenic mouse model with no reproductive effects in males but enhanced ovulation in female Tg mice (45).



Expression of Transgenic Porcine FSH in Large White Boars

Porcine FSH was further analyzed by the same group that produced BAC pFSH subunits from Chinese Erhualian pigs, and introduced them into Large White Boars (44). As the Large White Boar previously showed poor reproductive performance, the investigators sought to determine if overexpression of pFSH from a highly prolific pig breed could improve fertility. Successful integration of pFSH into transgenic (Tg) boars was confirmed using genomic PCR as well as RT-qPCR analysis to determine mRNA expression of porcine FSHα and FSHβ. Expression of FSHα was observed in multiple tissues including heart, liver, spleen, kidney, brain, testis, and epididymis of both Tg and wild type (WT) boars, with higher expression in Tg than WT.

Expression of FSHβ was localized specifically to the pituitary and was significantly higher in Tg than WT boars (44). Higher serum levels of both FSHα and FSHβ were observed in Tg boars suggesting overexpression of pFSH. Male reproductive performance was measured by evaluating semen volume, sperm motility, sperm concentration, and total sperm number per ejaculation (44). There was no significant difference between semen quality parameters of Tg and WT boars. However, the number of germ cells per seminiferous tubule was significantly higher in Tg boars than WT (44). The elevated germ cell counts in seminiferous tubules suggested increased spermatogenesis capacity, but the lack of significant results from semen evaluation leaves room for further analysis to confirm this possibility (44).

In a third study done using the same BAC system containing pFSH α and β, analysis of reproductive phenotypes in female transgenic (Tg) Large White Boars were analyzed. Methods for pFSH BAC transfer were the same as previously described for this model (44). The specific integration site of pFSH into Large White Boars was determined using whole-genome sequencing, identifying exogenous FSHα/β genes at 140, 646, 456 bp on chromosome 9 (46). The transgene integration site was mapped to perhaps rule out that the integration itself did not result in modification of any endogenous loci that regulate fertility.

Analysis of Tg female boars revealed elevated levels of serum FSH and FSHβ protein in the pituitary, but Tg females produced reduced numbers of total newborn piglets as compared to WT. Reduced expression of Fshr, Lhr, Esr1, and Esr2 was also observed using RT-qPCR in Tg boars as compared to WT at 300 days of age. Reproductive organ weights, blood cell counts, and histological analysis revealed no differences between Tg and WT boars in overall reproductive health (46). The reduced expression of mRNAs encoding receptors for FSH, LH, and estrogen suggest a possible negative effect of pFSH overexpression in female pigs as well as the observation of reduced total newborn piglets (46). Further studies using this model are needed to confirm the effects. However, these studies provided novel information on the physiological role of porcine FSH in vivo in the homologous species.



Inhibin Knock Out Mouse Model

Important regulators of FSH production and secretion are gonad-derived dimeric growth factors, activin and inhibin. Inhibin is a heterodimer, consisting of an α and β subunit, whereas activin is a homodimer, consisting of various combinations of the two homologous β subunits (βA and βB) (21). The inhibin and activin subunits are expressed in multiple tissues throughout the body. Inhibins suppress and whereas activins promote FSH synthesis and secretion. To investigate the role of inhibin in reproduction and general physiology, a knockout mouse model with a targeted deletion of the α-inhibin–encoding gene was achieved using homologous recombination technology in mouse embryonic stem cells (47). Targeted deletion of only the α-subunit of inhibin ensured successful inhibin deficiency without unwanted deletion of the activins.

Male and female heterozygous mice produced normal litter sizes and were fertile. However, homozygous males and females proved to be infertile when crossed with wild-type mice, despite developing normal external genitalia (47). In addition to infertility, all homozygous mice tested showed gonadal tumors when examined histologically, which were evident as early as 4 weeks of age. Testicular enlargement was visible in males, along with gradual regression of spermatogenesis and a decrease in Leydig cell count starting at 5–7 weeks of age (47). In females, ovarian tumors disrupted follicular development and morphology from 7 to 16 weeks of age. FSH levels in both males and female homozygous, inhibin-deficient mice were 2- to 3-fold higher when compared to both heterozygous and WT control mice (47). The results of this study suggested a novel secreted tumor suppressor role for inhibin that was highly specific to the gonads. Development of normal external sexual organs and gametes followed by regression and disruption at a later age indicated normal embryogenesis and early sexual development, therefore suggesting gonadal tumors as the cause for infertility (47).

To further investigate the role of inhibin and FSH in gonadal tumorigenesis, a double-mutant knockout approach was taken. Since the inhibin-deficient mice developed aggressive gonadal tumors accompanied by elevated FSH levels, the contribution of FSH to tumorigenesis was directly assessed using a genetic strategy. To achieve this, double-homozygous mutant mice were created by intercrossing heterozygotes for each knock-out mutation (Inham1 and Fshbm1) to generate mice deficient in both inhibin and FSH (Inham1/Inham1; Fshbm1/Fshbm1) (24). The first parameter examined in the double-knockout mice was weight, as the previous study showed that mice deficient in inhibin only, exhibit a severe cachexia-like syndrome and die by 12 weeks of age (24). Most of double-knockout mutant males survived for 1 year and showed no dramatic weight loss or testis phenotypes. Approximately, 95% of the inhibin-deficient female mice died by 17 weeks. In contrast, double null mutant females, about 70% survived past 17 weeks, but these all eventually died by 39 weeks and all of them exhibited severe weight loss (24).

Gonadal tumor progression was also altered in the double-mutant mice, as development of tumors was slower and less aggressive than in mice deficient in inhibin alone (24). In 12 week old double mutant males, the tumors were small, there were no signs of hemorrhage, and tubule morphology was also unaltered by tumor growth, despite proliferation of tumor cells (24). Beyond 1 year of age, some males showed no tumor development, as compared to inhibin-deficient males which all had tumors as early as 4 weeks (24).

In female double-mutants, ovaries appeared morphologically normal at 12 weeks of age. Histological analysis revealed hemorrhage, cysts, as well as granulosa cell tumors. However, these tumors in the double-knockout females appeared less invasive and developed more slowly than in inhibin-deficient mice. Both male and female double-mutant mice showed reduced serum levels of activin A and estradiol as compared to mice lacking only inhibin (24). In addition to this, aromatase mRNA expression levels were reduced in double-mutant mice compared to those in inhibin-deficient mice. These results confirm the role of inhibin in gonadal tumorigenesis and identify FSH as an important modifier in the progression and aggressive growth of inhibin-deficient gonadal tumors (24).



FSH Receptor Gain of Function

The FSH receptor (FSHR) is a transmembrane, G-protein coupled receptor expressed on testicular Sertoli cells and ovarian granulosa cells in males and females, respectively (2, 4). Signaling via FSHRs results in steroidogenesis (production of estrogen) and is essential for gonadal development in both sexes. A novel approach to studying the gain-of-function effects of FSH receptor was undertaken by generating a mouse model exhibiting constitutively active FSH receptor action on an hpg genetic background (48). The use of the hpg genetic background allowed observation of the effects of active FSHR completely independent of endogenous gonadotropins, FSH and LH.

The gain of function receptor mutation (FSHR+) was a single amino acid substitution (Asp567Gly) that was specifically expressed in Sertoli cells by using the rat androgen binding protein (rABP) promoter (48). Bioactivity of the ligand-independent FSH receptor was confirmed by measuring cAMP production, which was significantly higher in Tg-Sertoli cells than in non-Tg-hpg Sertoli cells in vitro (48). The in vivo effects of the FSHR+ mutation were first examined by measuring testicular weight. Tg-FSHR+ hpg testis weights were increased up to 5-fold, with an average of a 2-fold increase as compared to non-Tg hpg controls. Histological examination of FSHR+ testes showed round and elongated spermatids and signs of Sertoli cell maturation, as compared with non-FSHR+ hpg controls that lacked mature Sertoli cells and exhibited blocked spermatogenesis. Tg-FSHR+ mice also had elevated testosterone levels, and undetectable levels of LH and FSH, suggesting that the observed physiological responses to the constitutively active FSH receptor was indeed gonadotropin-independent (48).

To determine whether the results from the FSHR+ mutation were solely due to the amino-acid substitution or if they were in response to overexpression of mutant FSH receptor, a comparative study was performed using the same mouse model in parallel with a transgenically overexpressed wild-type human FSH receptor (TgFSHRwt) (49). Transgenic male and female mice overexpressing TgFSHRwt were created by microinjection of a human FSHR DNA construct into mouse oocytes. Overexpression of TgFSHRwt was confirmed by measuring radioactive 125I-FSH binding to testicular membranes. Significantly elevated 125I-FSH binding was observed in TgFSHRwt testes as compared to non-Tg controls, similar to levels in FSHR+ mice, thereby confirming overexpression.

TgFSHRwt mice displayed no difference in testis weights or serum testosterone (T) levels, as compared to FSHR+ mice, which had larger average testis weights and elevated T concentrations when compared to non-Tg controls. TgFSHRwt Sertoli cells showed higher cAMP activity in vitro, however basal levels did not exhibit the same increased activity as FSHR+ cells (49). Receptor ligand-specificity was decreased in FSHR+ mice, as exposure to human chorionic gonadotropin and TSH resulted in intracellular signaling. However, the same response was not observed in TgFSHRwt mice. Steroidogenic enzyme-encoding mRNAs such as Cyp11a1 and Star, were elevated in FSHR+ mice, suggesting increased steroidogenic potential (49). However, this increase was also not observed in TgFSHRwt mice. Sertoli and germ cell maturation that was observed in FSHR+ mice was also absent in TgFSHRwt mice, as they exhibited immature development similar to non-Tg hpg mice. Together, all of these results suggest that the physiological responses to constitutively active mutant FSH receptors in FSHR+ mice were due to the mutation itself and not the result of receptor overexpression (49).

Activating mutations in human FSHR are very rare. To identify the phenotypic consequences of such mutations in humans, mouse models harboring mutant versions of Fshr were first developed (26, 50). The rationale was that phenotypic analysis of these mice would provide information to look for similar phenotypes in patients carrying analogous mutations. Two independent Fshr point mutants D580H and D580Y were created and expressed using human AMH promoter to achieve ovary-specific expression in transgenic mice. Additionally, an Fshr BAC clone was engineered to carry the D580Y mutation and knocked-in to the endogenous Fshr locus in ES cells first and subsequently, the knock-in mutant mice were generated (26, 50).

Both D580H and D580Y mutants displayed increased basal receptor activity and they both demonstrated FSH binding. D580H mutant FSHR was neither ligand-dependent nor promiscuous toward LH/CG stimulation (26, 50). Granulosa cell-specific expression of mFshr D580H resulted in multiple ovarian abnormalities in transgenic female mice. Ovaries in the majority of transgenic females displayed hemorrhagic cysts, accelerated loss of immature follicles, increased granulosa cell proliferation and E2 biosynthesis, and luteinized but unruptured follicles, and teratomas (26, 50). A subset of the most severely affected transgenic females were infertile due to disrupted estrus cycles, and decreased gonadotropin, and increased prolactin levels. The increase in E2 and PRL levels led to secondary abnormalities including mammary gland enlargement and hyperplasia, pituitary adenoma formation, and defects in adrenal glands (26, 50). In contrast to phenotypic consequences of mFshr D580H expression, either transgenic or knock-in expression of mFshr D580Y mutant resulted in milder phenotypes, mostly hemorrhagic cysts in ovaries (26, 50). Thus, these GOF Fshr mutant mice resulted in distinct changes in ovarian function and proved valuable in the search of similar mutations in humans.

The most recent FSH receptor gain of function model challenged the traditional dogma that testosterone is essential for spermatogenesis (51). A mouse model was created that possessed a constitutively active mutant FSH receptor on an LH receptor null background (Fshr-CAM/Lhr−/−) (51). As LH regulates testosterone production via binding of LH receptors (LHRs) in Leydig cells, it was hypothesized that an Lhr knockout approach would eliminate testosterone action. However, testosterone production persisted in the initial Fshr-CAM/Lhr−/− male mice, as serum levels recovered to about 40% of wild-type concentrations. Therefore, the rescue of testicular size and spermatogenesis was probably due to normal testosterone actions (51). To eliminate any basal T activity, a treatment using the antiandrogen, flutamide, was employed. In WT control mice that had no Fshr-CAM, reduction in the size of testes and seminal vesicles was observed as well as arrested spermatogenesis. Interestingly, the Fshr-CAM/Lhr−/− males had only reduced seminal vesicle size after anti-androgen treatment, with no change in testicular size, and normal spermatogenesis (51). In addition to this, expression of androgen-dependent genes (Drd4, Rhox 5, Aqp8, and Eppin) were tested in the Fshr-CAM/Lhr−/− males. Anti-androgen treated WT males showed reduced expression profiles of these genes, whereas mutant Fshr-CAM/Lhr−/− showed no reduction (51). These results suggested that even in the absence of testosterone, constitutively active FSH receptor alone is able to maintain androgen-dependent gene expression as well as normal spermatogenesis and testicular development.




CONCLUSIONS AND FUTURE DIRECTIONS

The first GOF mouse model for FSH was generated by our group more than 25 years ago (32). Since then investigators have used different promoters to achieve gonadotrope-specific as well as ectopic expression of the FSH ligand. Most commonly, human FSHB gene or individual subunit-encoding cDNAs (CGA or FSHB) were used in these experiments. More recently, BACS, or genes encoding porcine FSHβ subunit were also used to create transgenic pigs. GOF models for FSH action were generated using constitutively active FSH receptor–expressing mice and the reproductive consequences were studied either in these models directly or on an Lhr null genetic background (Figure 1). Combination of Fshb null mice and FSH GOF models resulted in genetic rescue that was used as an efficient in vivo functional assay for testing bioactivities of FSH and FSH analogs (Figure 2). A summary of the major phenotypes observed in each model is listed in Table 1.
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FIGURE 1. Gain of function mouse models for FSH ligand and FSH receptor. A summary of mouse models with pituitary-targeted and ectopic expression of FSH and gain of function mouse models for FSHR activation. Inhibin knockout mice have high levels of FSH as a result of loss suppression by inhibin.
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FIGURE 2. Genetic rescue scheme. Mice lacking Fshb show sexually dimorphic phenotypes (red box). The features of HFSHB+ mice were shown in blue box. HFSHB+ mice by themselves do not exhibit any overt phenotypes. The Fshb null male mice are typically intercrossed with HFSHB+ transgenic female mice to eventually generate Fshb−/− HFSHB+ mice. The HFSHB+ transgene fully rescues both male and female Fshb null mice (purple boxes).



Promoters used to generate FSH GOF models have also proved useful to express different reporters specifically in the gonadotrope cell lineage (62, 63). Recent advances in temporally regulated gene expression (64–66) will allow us in the future to tightly control FSH expression in desired tissues at desirable times across the life span of a mouse. Such refined genetic models will be useful to identify age-dependent gene/protein networks in FSH target tissues. These genetic models to conditionally “turning on” FSH in desired cells will also allow us to test if FSH receptor expression in non-gonadal cells has any physiological significance (55).
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Gonadotropins are essential for reproduction control in humans as well as in animals. They are widely used all over the world for ovarian stimulation in women, spermatogenesis stimulation in men, and ovulation induction and superovulation in animals. Despite the availability of many different preparations, all are made of the native hormones. Having different ligands with a wide activity range for a given receptor helps better understand its molecular and cellular signaling mechanisms as well as its physiological functions, and thus helps the development of more specific and adapted medicines. One way to control the gonadotropins' activity could be the use of modulating antibodies. Antibodies are powerful tools that were largely used to decipher gonadotropins' actions and they have shown their utility as therapeutics in several other indications such as cancer. In this review, we summarize the inhibitory and potentiating antibodies to gonadotropins, and their potential therapeutic applications.
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INTRODUCTION

Gonadotropins, namely follicle-stimulating hormone (FSH), luteinizing hormone (LH), and chorionic gonadotropin (CG) are heterodimeric glycoproteins, constituted by an alpha- and a beta- subunit. The alpha subunit is common to all glycoprotein hormones, including thyroid stimulating hormone (TSH) (1). FSH and LH/CG receptors are G-protein coupled receptors (GPCR), mainly expressed in granulosa cells in female ovaries and in Sertoli cells in male testis for FSH receptor (FSH-R) (2), and in granulosa and theca cells in female and Leydig cells in male for LH receptor (LH-R) (3).

Because of their role in reproduction, gonadotropins are routinely used in fertility treatments in men and women for assisted reproductive technologies (ART) (4, 5). In women, it consists on daily injections of FSH or a mixture of FSH/LH, for 8–12 days, to grow and mature follicles. The final maturation is then completed with an injection of human CG (hCG) 36 h after the last injection of FSH. In men, FSH and hCG injections 2–3 times a week for several months are used to treat hypogonadotropic hypogonadism and induce spermatogenesis (6–9). Currently, the preparations used are either endogenous FSH extracted from post-menopausal women urine (human menopausal gonadotropins, hMG), highly purified urinary FSH, or recombinant FSH. The first recombinant versions of FSH (follitropin alpha and beta, corifollitropin) and all their biosimilars were produced in Chinese hamster ovary (CHO) cells. The follitropin delta approved in Europe in 2015 (Rekovelle™) and follitropin epsilon still under development are produced in human cell lines: PER.C6 for follitropin delta (10) and GlycoExpress for follitropin epsilon (11). For LH and hCG, recombinant versions produced in CHO cells are also available. In animals, equine CG (eCG), formerly named pregnant-mare serum gonadotropin (PMSG), is widely used to induce ovulation in small ruminants (12). Porcine pituitary extracts are used for current superovulation treatments in cattle (13), whereas ovulation in swine herds is induced with a mixture of hCG and eCG (14).

Despite all the preparations that are on the market, the only ligands available for gonadotropin receptors as therapeutics are native hormones. New biased ligands or ligands with different potencies and efficacies on gonadotropin receptors can help better understand receptor signaling, decipher the implication of the different signaling pathways in physiological and pathophysiological mechanisms, and finally bring to the market new molecules to improve ART treatments. In 2015 in USA, 182,111 ART procedures were performed leading to 59,334 live-birth deliveries (15). Among other strategies like small molecule ligands, one way to modulate the gonadotropins' activity could be the use of antibodies, targeting either directly the receptor itself, or its ligand to modulate hormone's activity.

Antibodies are useful tools that help to better understand gonadotropins' structure by epitope mapping (16–18) and their function by neutralizing the effect of endogenous gonadotropins (19–22). They also allow their quantification by the development of radioimmunoassays (RIA) and enzyme-linked immunosorbent assays (ELISA) (23–27). Finally, antibodies permitted the development of specific purification methods for gonadotropins, making them safer to use as therapeutic agents (28–30).

The effect of antibodies, if any, is expected to be inhibitory on antigen activity by impairing its interaction with its receptor. Surprisingly, some of them were described as being able to increase the activity of their antigenic protein. Potentiating polyclonal antibodies directed against epidermal growth factor (EGF) and insulin were first described by Shechter et al. in 1979 (31, 32). A few years later, potentiating monoclonal antibodies (mAbs) were described for ovine (o) and human (h) growth hormones (GH) (33–35). When hypopituitary Snell dwarf mice were treated with hGH in complex with a mAb, the actions of hGH on growth and body composition were enhanced compared to animals treated with GH alone (34, 35). The same kind of antibodies were described for TSH: mAbs directed against TSH were able to enhance its biological activity in vivo in Snell dwarf mice (36), suggesting that glycoprotein hormones' activity may be modulated by mAbs. Anti-receptor antibodies with stimulating activities were also described for TSH receptor (37, 38).

In this review, we give a brief overview of antibodies modulating gonadotropins' activity, either positively or negatively.



STRUCTURE AND FUNCTION OF GONADOTROPINS

Alpha- and beta-subunits of gonadotropins are non-covalently linked. The alpha-subunit is common to all glycoprotein hormones in a given species, and presents two major sites of N-glycosylation (1). The specificity of each hormone is conferred by the beta-subunit, that contains 2 N-glycosylation sites. hCG, eLH and eCG present a longer beta-subunit with an additional carboxy-terminal peptide (CTP) that is ~30 amino-acids long and contains multiple O-glycosylation sites.

eCG originates from uterine endometrial cups and is extracted from pregnant mare serum (39, 40). eLH and eCG beta-subunits are encoded by a single gene (41) but they differ in glycosylation. They both exhibit N-glycans on alpha- and beta-subunits, and O-glycans on the carboxy-terminal peptide (CTP) constituted of the last 29 amino-acids of the beta-subunit (beta 121–149) (42). With a carbohydrate content higher than 40% (43) and N-glycan chains terminated by sialic acids, eCG is the most heavily glycosylated glycoprotein hormone and has a longer in vivo half-life than other gonadotropins (~60 h) (44, 45). eCG binds to LH receptors in equine, but exerts FSH and LH actions in non-equine species by stimulating FSH and LH receptors respectively (46–51). Its dual FSH/LH activity and its longer half-life were the reasons why eCG was widely used since decades to induce ovulation in breeding animals, especially in goats and ewes for out-of-season breeding to allow artificial insemination.

hCG is mainly produced during pregnancy, by syncytiotrophoblast cells and a hyperglycosylated isoform is produced by cytotrophoblast cells. These two isoforms are implicated in implantation and early embryo development. Regular hCG for example promotes progesterone secretion by corpus lutea, angiogenesis of uterine vasculature, or growth, and differentiation of fetal organs, whereas hyperglycosylated hCG stimulates implantation by invasion of cytotrophoblast cells or stimulates growth of placenta (52). However, hCG can also be produced in non-pregnant women: it is produced at low levels by gonadotrope cells of the anterior pituitary, and seems to have an LH-like activity during menstrual cycle. Free beta-subunit of hCG is produced by multiple non-trophoblastic cancers. It is elevated in most cancers such as bladder, renal, prostate, gastrointestinal, lung, breast, neuroendocrine, gynecological, head and neck, and hematological cancers (53) and promotes their growth and malignancy by blocking apoptosis in cancer cells (52). hCG beta-subunit is thus used as a tumor biomarker usually associated with poor prognosis (53).

hCG, unlike eCG, has an LH like activity only and does not bind FSH-R (1, 54). CG and LH exert their effects via the same receptor, LH/CG receptor (LHCGR), that is coupled to Gs and Gq in granulosa cells and theca cells (55). However, the receptor is able to differentiate the binding and activity of these two hormones (56), and hLH and hCG differentially regulate signaling pathways (57, 58).

FSH plays an important role in reproduction. In females, it is implicated in follicular growth. FSH-R is expressed in granulosa cells and it is mainly coupled to Gs, which activates adenylyl cyclase and induces the secretion of cyclic adenosine monophosphate (cAMP), but it is also known to be coupled to Gq. In males, FSH regulates spermatogenesis. FSH-R is expressed in Sertoli cells and signals via Gs and Gi (59). In HEK 293 cells expressing FSH-R, FSH stimulates Gs/cAMP/PKA signaling pathway as in granulosa or Sertoli cells, but also signals via a beta-arrestin-dependent pathway, leading in both case to extracellular signal-regulated kinases (ERK) 1/2 phosphorylation but with different kinetics (60).

FSH-R is also expressed in other tissues than reproductive organs, such as osteoclasts (61) or adipose tissue (62), suggesting that FSH may play other physiological roles. In adipose tissue, FSH-R is coupled to Gi. An increase in Ca2+ influx induces the phosphorylation of cAMP-response-element-binding protein, which in turn activates an array of genes involved in fatty acids and triglycerides biosynthesis (63). FSH is thus implicated in lipid biosynthesis and its storage in adipocytes, which may contribute to age-related obesity and diseases due to high FSH levels in aging populations (62, 63). The first paper mentioning the role of FSH in bone mass regulation was published in 2006 (61). The authors proposed a mechanism where FSH was able to increase osteoclasts formation and function via a Gi2a-coupled FSH-R expressed in these cells and their precursors (64), suggesting that high circulating FSH levels were responsible for post-menopausal osteoporosis.



ANTIBODIES MODULATING THE ACTIVITY OF CHORIONIC GONADOTROPINS


Antibodies Modulating the Activity of eCG

Most of the antibodies against eCG were developed for structural analysis purposes. Maurel et al. identified an antibody able to inhibit eCG binding to LH and FSH receptors (65). Chopineau et al. analyzed the affinity and the specificity of 14 mAbs directed against eCG (66). The aim of this study was to analyze the epitopic sites of eCG and permitted to draw a topographic map of antigenic and functional sites of this hormone. The affinity of antibodies for eCG was ranging between 10−7 and 10−11 M. Ten of them were alpha-subunit specific because they recognized both native eCG and free alpha-subunit, but not free beta-subunit. One antibody exhibited a higher affinity for alpha-subunit than for the native eCG, and 13 mAbs exhibited a better affinity for the dimer than for the free subunits. The effect of these mAbs was then tested on FSH and LH bioactivities of eCG in in vitro bioassays. One beta-subunit specific, one alpha-subunit specific and one native alpha/beta dimer specific antibodies did not show any effect on FSH and LH bioactivities. Nine alpha-subunit specific antibodies either weakly or strongly inhibited both bioactivities. Finally, two mAbs were potentiating FSH bioactivity of eCG: one was beta-subunit specific and the other was native dimeric eCG specific. They did not inhibit eCG binding to LH-R. The degree of inhibition of inhibitory antibodies was correlated with their affinity for eCG, but it wasn't for the two antibodies potentiating FSH bioactivity of eCG. These data suggest that the inhibitory or potentiating effects of mAbs on eCG bioactivities neither depend on their specificity nor their affinity. Moreover, the two antibodies potentiating the FSH bioactivity of eCG were either not affecting or inhibiting weakly the LH bioactivity of eCG, demonstrating that the effect on both bioactivities can be opposite (inhibitory or potentiating), with different degrees of activity (none or weak) on hormone bioactivities, highlighting the potential multiple mode of action of antibodies.

The high carbohydrate content makes also eCG highly immunogenic. Repeated injections of eCG for ovulation induction decrease the fertility of goats from 60 to 40% (12, 67). Roy et al. detected an immune response in animals treated with eCG for ovulation induction (68, 69), and demonstrated that the secreted antibodies from a previous treatment were inhibiting the action of eCG injected for the following treatment. The goats with high antibody levels at the time of eCG administration did have a much lower kidding rate (41%) than the other females (66%). This immune response was thus altering the fertility of these animals by delaying both the onset of estrus and the preovulatory LH surge. However, a deeper analysis revealed that some of the goats secreting high levels of anti-eCG antibodies did have a fertility beyond expected, ovulating and getting pregnant after each treatment, even after four treatments. The antibodies from the plasma of hypo-fertile or hyper-fertile goats secreting high levels of antibodies were purified and the IgG fractions were analyzed for their effect on FSH bioactivity in Y1 cell line derived from a mouse adrenal cortex tumor stably expressing human FSH-R, and for their effect on LH bioactivity in rat Leydig cells. The plasmas and the corresponding IgG fractions from different eCG treated goats exhibited either inhibitory, enhancing or no effects on FSH activity of eCG by modulating progesterone secretion by Y1 cells, and on LH activity of eCG by modulating testosterone secretion in Leydig cells (70). As expected, antibodies were mainly recognizing carbohydrate chains of eCG. Twenty-one either inhibitory, potentiating or neutral antibodies for LH and/or FSH bioactivities of eCG were analyzed. None of the antibodies cross-reacted with totally deglycosylated eCG or alpha-subunit of eCG. Interestingly, the inhibitory or stimulatory effects of these antibodies were not correlated with the affinity of the tested antibody for eCG (70). All together, these data demonstrated that gonadotropins' in vivo bioactivity and animals' fertility can be modulated with antibodies, especially since these antibodies are naturally occurring.

Later, Wehbi et al. (71) analyzed the effect of eCG in complex with three of these antibodies on FSH receptor signaling pathways. The eCG/antibody complexes effect was tested on HEK 293 cells expressing mouse FSH receptor and on granulosa cells punctured from slaughterhouse cows for their effect on cAMP production. The tested antibodies were differently modulating cAMP production: two of them were potentiating and one was slightly inhibiting eCG effect. In contrast, all three antibodies were enhancing ERK1/2 phosphorylation in HEK 293 cells expressing mouse FSH-R. Deeper analysis revealed that the antibodies were potentiating eCG signaling preferentially via beta-arrestin pathway, via cAMP/PKA pathway or via both. An antibody complexed to eCG was thus able to change the full agonist effect of eCG into a biased agonist effect, modulating differentially the balance between the signaling pathways induced by this hormone. This paper was also the demonstration that these antibodies were achieving the same in vivo effect in goat (i.e., high prolificity) via different signaling pathways. That was the first report of biased agonism at FSH-R and the authors suggested that such antibodies could help optimize glycoprotein hormones' bioactivities and thus the development of new therapies.

At the very beginning of infertility treatments, eCG was also used to treat women. The first successful treatment with eCG was described in 1945. Although its use lasted more than 30 years, scientists realized very early that women treated with eCG extracts, like animals, did produce “antigonadotrophic substances” which neutralize hormone's effect over time and after repeated injections. The immune response induced by eCG and the arrival of less immunogenic pituitary gonadotropin extracts led to the market withdrawal of eCG [reviewed in (4)].



Antibodies Modulating the Activity of Human Chorionic Gonadotropin (hCG)

As for other gonadotropins, anti-hCG antibodies were essentially developed for epitope mapping and variant specific mAbs permitted the development of immunoassays, leading in fine to pregnancy tests (72–74).

Naturally occurring endogenous antibodies were also reported: patients treated with exogenous gonadotropins can develop anti-hCG antibodies that impair fertility. They were detected in young men with hypogonadotropic hypogonadism treated with hCG (75, 76). These antibodies, detected in a 15 year-old patient following a secondary resistance during a third treatment to hCG, were low affinity but high binding capacity antibodies (76). A few years later, seven additional young men with hypogonadotropic hypogonadism, aged between 11 and 18 years, and resistant to classical hCG regimen were tested for the presence of anti-hCG antibodies. Four of them showed antibodies, but the neutralizing effect of hCG could be counter passed by increasing the doses of hCG used (75). The same kind of antibodies were described in women (77, 78). Immune response against hCG impairs fertility of women and induces pregnancy loss within the first trimester of pregnancy. To thwart this negative effect, Muller and collaborators described a treatment that was successful in three women positive for hCG antibodies. This treatment combined membrane plasmapheresis, prednisolone, and intravenous immunoglobulin therapy (78).

Anti-hCG auto-antibodies were also detected in sera of men and women that never received any injection of exogenous hormone (79). These antibodies were low affinity and did not interfere with hormone activity. However, few years later, antibodies with high affinity and the capacity to neutralize hCG and LH activities were detected in a patient with a history of spontaneous abortion, that was never exposed to exogenous hormone therapy (80).




ANTIBODIES MODULATING THE ACTIVITY OF FSH OR LH


FSH and/or LH Neutralization With Antibodies

Several inhibiting antibodies were described for FSH and most of them were used to better understand its physiological functions in vivo. Antibodies permit to block reversibly the action of one or several hormones, at a precise time of the lifespan of the studied model, rather than suppressing a whole organ like in hypophysectomy or a gene like in transgenic animals. For example, for female studies, in 1969, Goldman and Mahesh used an anti-sera obtained by rabbit immunization with ovine LH, that neutralized FSH as well as LH, to study the role of these hormones in ovulation (81). In 1970, the same group published data on the effect of the same anti-sera on neonatal rats (82). In 1971, Eshkol and Lunenfeld used the strategy of neutralization with antibodies to demonstrate the crucial role of FSH and LH in ovarian development during the first 2 weeks of life in rodents. FSH was found to be responsible for the stimulation of granulosa cell proliferation, organization and structure. FSH plus LH initiated secretory activity of granulosa cells, increased intrafollicular spaces, antrum formation, enrichment and maintenance of the theca layer, and development of the vascular system (19). At the same time, it was shown that LH anti-sera could block ovulation in rat, but not FSH anti-sera (83–86). Schwartz et al. suggested that FSH neutralization during estrus cycle could have a deleterious effect on follicles destined to grow and ovulate in following cycles (86). Several other studies have confirmed the role of LH as the indispensable trigger of ovulation, whereas FSH was required for the recruitment of antral follicles at the start of a new cycle in rat and hamster (87–91). The neutralization of FSH or LH with antibodies also permitted to study the role of these hormones in the synthesis of estrogen (92), on ornithine decarboxylase activity (93) and on gonadotropin surge-inhibiting factor/attenuating factor bioactivity (20) in rat and/or hamster. In monkey, the antibody neutralization of FSH highlighted the importance of FSH during follicular growth and showed that the mature follicle becomes less sensitive to FSH about 48 h before ovulation (94).

For male studies, Wickings and Nieschlag actively immunized Macaca mulatta against ovine FSH and observed a spermatogenesis suppression over a period of 2 years, confirming the importance of FSH for spermatogenesis (21). The importance of FSH in spermatogenesis was further confirmed by active immunization of Macaca radiata (95). In rat, even if the first studies obtained with immunoneutralization of FSH were controversial on the role of FSH in spermatogenesis (96, 97), later works with either passive (98) or active (22) immunization against FSH confirmed its crucial role in the maintenance of spermatogenesis. For active immunization, peptides from region 19–36 of rat FSH beta-subunit were used (22). Altogether, these results suggest that immunoneutralization of FSH could be used as a contraception in men by suppressing spermatogenesis. However, Nieschlag recommended to abandon the approach of immunization as a contraception because a complete suppression of spermatogenesis was not achieved even after 4.5 years of immunization (99). Nevertheless, Moudgal and collaborators carried out a pilot study in 1997 where five male volunteers were immunized with ovine FSH isolated from sheep pituitaries (100). The subjects only responded to the first two immunizations (day 1 and 20), and did not respond to the boosters given at day 40 and 70. Ovine FSH vaccination generated antibodies against human FSH, but only 25–45% of the antibodies generated against ovine FSH were able to bind human FSH and the sperm count reduction was around 30–64%, which is not enough to consider this method as a contraception.

Anti-FSH antibodies were also detected in women. Two types of antibodies have been identified: naturally occurring anti-FSH antibodies (101, 102) and anti-FSH antibodies resulting from exogenous gonadotropins (103–106). First, Haller et al. found naturally occurring anti-FSH antibodies in patients with endometriosis or polycystic ovary syndrome (PCOS) and none of these patients had undergone ovarian stimulation for IVF. They also detected anti-FSH antibodies in healthy non-pregnant women but at lower rates than for patients with endometriosis or PCOS (101). Likewise, Shatavi et al. found spontaneous anti-gonadotropin antibodies in 27% of patients with unexplained infertility and never treated with gonadotropins, but only in 8% of women in the general population (102). To explain the presence of such spontaneous antibodies, it was supposed that an alteration of the immune system might be necessary and that the antigen responsible for their production could be either the circulating FSH from the female organism or the FSH in seminal fluid that may upregulate the anti-FSH immune response in females (101). In in vitro fertilization (IVF) patients, Haller et al. demonstrated that anti-FSH antibodies increase in infertile women with common autoantibodies (against nuclear antigens, smooth muscle, gastric parietal cells, b2-glycoprotein I, cardiolipin, and thyroid peroxidase) and with a history of IVF stimulation (103, 104). Shatavi et al. also found that anti-FSH antibodies were more recurrent in infertile patients with history of gonadotropin treatment than in infertile patients never treated with exogenous FSH or in women in the general population (102). Anti-FSH antibodies could also be associated with anti-ovarian antibodies (AOA) in patients with history of gonadotropin treatment (102, 107). The association of anti-FSH antibodies and AOA was also detected in infertile patients never treated by FSH and in women in the general population but at a lower frequency (102). Other studies have investigated the consequences of the presence of anti-FSH antibodies on the results of controlled ovarian stimulation (COS). Some studies found that anti-FSH antibodies were associated with poor ovarian response to IVF stimulation (104, 105). Thus, anti-FSH antibodies might have an inhibitory effect on FSH by preventing the binding of the hormone to its receptor or by trapping FSH in immune complexes (101, 107). On the contrary, Reznik et al. identified a higher proportion of anti-FSH antibodies in patients with a good response to COS compared to patients with a poor response (106). Antibodies produced in patients with a good response might have either no effect or a potentiating effect on the action of FSH. However, in humans, no in vitro study of the inhibitory or potentiating action of anti-FSH antibodies on FSH receptor signaling has been published yet. In human FSH, one of the major epitopes seems to be the 78–93 amino acid sequence of the β-chain (101, 107). This region contains a loop called cysteine noose which plays a role in the specificity of FSH receptor binding (101). Therefore, it was supposed that the binding of the hormone to its receptor could be modulated by antibodies directed against this region (101). To explain why some infertile patients develop anti-gonadotropin antibodies, some studies focused on the Major Histocompatibility Complex (MHC) Class II (103). The role of the MHC Class II is to present exogenous proteins to immune cells, which leads to a humoral immune response. In IVF patients, only anti-FSH IgA were associated with HLA-DQB1*03 (103). However, the development of anti-FSH antibody response to exogenous FSH treatment remains controversial. Indeed, a recent study conducted in healthy oocyte donors and infertile women has concluded that repeated gonadotropin treatments for IVF do not induce an immune response to FSH (108).



Antibodies Potentiating the Activity of FSH

The first anti-FSH mAbs described were directed against human FSH (16). Their binding specificities were well-characterized, but their effect on FSH activity was not investigated. The second anti-FSH mAb described in the literature was directed against bovine FSH (29) and was beta-subunit specific. It did not cross react with ovine or porcine FSH, indicating that it recognizes an area of bovine FSH not homologous to ovine or porcine hormones (29). Glencross et al. tested this antibody later on for its effect on bovine FSH bioactivity in hypopituitary Snell dwarf mice (109). The mAb injected in complex with FSH increased uterine weight whereas FSH alone or the mAb alone at the same concentrations did not have any effect, showing for the first time a potentiating effect with an anti-FSH mAb.

Holder's group described anti-sera directed against peptides derived from the beta-subunit of bovine FSH (110). When injected to hypopituitary Snell dwarf mice concomitantly with ovine FSH, these anti-sera produced by sheep immunized with peptides corresponding to 31–45 and 38–49 amino-acid regions of bovine FSH beta-subunit were able to enhance FSH activity, as measured by an increase in uterine and ovarian weight, and an increase in the percentage of keratinized cells in vaginal smears. The authors hypothesized that the administration of anti-peptide anti-sera precomplexed with FSH or active immunization of breeding animals with these peptides should result in a superovulatory response, and that the potentiating anti-sera strategy, in the case of FSH, could be used for several clinical situations, such as treatment of ovarian disorders related to low FSH secretion, induction of estrus and treatment leading to increase spermatogenesis.




ANTI-GONADOTROPIN ANTIBODIES AS THERAPEUTIC AGENTS


Therapeutic Antibodies in General

MAbs, initially developed for scientific purposes, now take part of the human therapeutic arsenal. Over the last three decades, they have grown to become more than 55% of the overall biotherapeutic market of the drug industry sales (111).

The regulatory story of therapeutic mAbs started in 1986 with the first FDA-approved therapeutic mAb, the murine mAb Orthoclone OKT3® (Muromonab CD3) indicated for the prevention of kidney transplant rejection. Unfortunately, the development of murine mAbs has been hindered because of the risk of immunogenicity in humans due to their murine elements. Replacing the constant region of murine mAb by human sequences resulted in the generation of the chimeric antibodies (~30% murine content). The first-approved one, Rituxan® (Rituximab) in 1997, was used for the treatment of low grade B cell lymphoma. To overcome immunogenicity risk even further, new technologies for the generation of predominately or entirely human origin mAbs were developed. The humanized mAbs (5–10% murine content) are tailored by replacing all sequences by human except antigen binding complementary determining regions, which were derived from the mouse. The humanization technology developed by Sir Winter lead to the first humanized therapeutic antibody CAMPATH-1H® (Alemtuzumab, approved in 2001). Sir Winter was awarded the 2018 Nobel Prize in Chemistry along with George Smith for this technology and the fully humanization using phage display. Fully human mAbs (last generation) were developed by replacing the whole of the rodent sequences by human sequences. Humira® (Adalimumab) is the first fully human antibody approved in 2004, for the treatment of rheumatoid arthritis. Thanks to these new technologies, the rate of approval and mAbs available on the market for the treatment of various diseases has increased dramatically. In 2017, the FDA and the European Medicines Agency broke the record and approved 10 new therapeutic antibodies (112). Currently, more than 70 mAb products are available on the market, most of them being humanized (32%) or fully human (54%) (113).

To date, approved mAbs are from different isotypes, but the preferred mAbs in clinical use are of the IgG1 isotype (80%) (114). Additionally, there are five monovalent antibody-fragments on the market, four antigen-binding fragments (Fab) and 1 single chain variable fragments (scFv) (114). More sophisticated forms have been engineered, such as Fc-modification, IgG2/IgG4 hybrid Fc, glyco-engineered mAbs, bispecifics, or antibody-drug conjugates. These types of sophisticated mAbs reach more and more clinical trial studies (114, 115). According to Zhou and Mark (116), common mechanism of action proposed for mAb drugs include: (i) disruption of ligand–receptor interaction; (ii) target cell elimination via antibody-dependent cellular cytotoxicity (ADCC), complement-dependent cytotoxicity (CDC), and antibody-dependent cellular phagocytosis (ADCP); (iii) engagement of cytotoxic T cell by bispecific Abs; (iv) receptor downregulation by enhanced internalization and degradation; and (v) targeted drug delivery.

The indication of treatment for ~80% of the therapeutic mAb drugs could be classified into oncology and immune diseases. The last ~20% are used for the treatment of infection and cardiovascular diseases, orthopedic, eye and rare diseases (113). Despite the high treatment cost, the success of therapeutic mAb has recently reached the veterinary health with the launch in the European Union, in 2017, of Cytopoint® (Lokivetmab), a treatment for atopic dermatitis in dogs. Notwithstanding all the therapeutic mAbs developed to date, so far, none of them have succeeded in the field of fertility, and none of them are potentiating antibodies.



Therapeutics Involving Anti-gonadotropin Antibodies

Neutra-PMSG®, an Antibody Against eCG/PMSG

The unique antibody commercialized until now in the field of animal fertility is Neutra-PMSG®. This anti-eCG mAb is alpha-subunit specific and inhibits both LH bioactivity on small bovine luteal cells and FSH bioactivity on granulosa cells of bovine follicles (66). It was developed and marketed for cattle to limit the adverse effects of PMSG to improve the embryo production after superovulation treatment (117, 118). Due to a long half-life, PMSG had the disadvantage to cause a prolonged stimulation of follicular growth after preovulatory LH peak, inducing a poor response to superovulation treatment for cattle (117, 119, 120), sheep (121), and goat (122). Neutra-PMSG® injected 1–2 days after PMSG in superovulation treatment neutralized the adverse effects of PMSG by reducing its half-life in systemic circulation, improving embryo production. This mAb did not recognize endogenous gonadotropins in treated animals. Therefore, Neutra-PMSG® was highly specific for PMSG (117). Currently, most cows are superovulated using pituitary extracts containing FSH and LH (13), mainly because the pharmaceutical company (Intervet, The Netherlands) that developed the Neutra-PMSG® mAb stopped production in the 1990s.

Active Immunization Against hCG

A vaccination against hCG was also considered in the 1970s as a contraception method to avoid pregnancy in women (123, 124). The aim is to induce the secretion of antibodies that will bind hCG and block its activity, thus impeding pregnancy. Because an immunization with the whole dimeric hCG (alpha+beta-subunits) was raising antibodies not only against hCG but also against human LH (125), a special preparation of beta-hCG was made by processing it against heterologous anti-LH immunosorbents (124) and conjugating it to purified tetanus toxoid as an immunogenic carrier (123). This processed molecule was able to induce an immune response with antibodies specific to hCG. The antibodies produced were able to abrogate the binding of hCG to its receptor and its biological effects in in vivo bioassays. Moreover, the antibody titer declines over time, indicating that the vaccination is reversible (126). This vaccination system went through phase 1 clinical trials in several countries (India, Finland, Sweden, Chile and Brazil) under the International Committee on Contraception Research of Population Council. A slightly different preparation consisting of a dimer of hCG beta-subunit non-covalently associated with ovine LH alpha-subunit conjugated to tetanus and diphtheria toxoids (127) underwent phase 1 and phase 2 clinical trials in several centers in India. Eighty percent of treated patients generated sufficient antibody titer (>50 ng/ml) to be protected against pregnancy, and only one pregnancy was recorded over 1,124 cycles in fertile and sexually active women with an antibody titer higher than 50 ng/ml. After 12 years of inactivity on this project, Talwar and his collaborators are now working on a genetically engineered recombinant vaccine that is expected to go through clinical development in the next few years (128).

A similar approach was also tested for colorectal and pancreatic cancer treatments. In 2000, AVI BioPharma collaborated with SuperGen for the clinical development and marketing of Avicine, a synthetic vaccine constituted of the C-terminal peptide of hCG (CTP-37) conjugated to diphtheria toxoid. The vaccine went through several clinical trials until phase 3 pivotal study. In phase 2 efficacy study for colorectal cancer, 73% of treated patients developed an immune response against hCG and this response was associated with an improved median survival time (129, 130). As far as we know, the product has not reached the market yet. Recently, another group proposed another vaccine, where one residue in the amino-acid sequence of hCG beta-subunit is substituted (hCGβR68E) to eliminate cross reactivity with LH and conjugated to heat shock protein (Hsp70) as carrier to increase its immunogenicity (131). This vaccine has not been tested in humans yet.



Other Potential Therapeutic Antibodies

Antibodies Targeting FSH

To consolidate the assumption that high circulating FSH levels were responsible for post-menopausal osteoporosis, Zhu et al. showed that blocking FSH action attenuates bone loss in ovariectomized mice via two mechanisms: by inhibiting bone resorption and by stimulating bone formation (132). To do so, they used a mouse polyclonal antibody targeting a 13-amino acid sequence (LVYKDPARPNTQK) of mouse FSH beta-subunit that is a receptor-binding domain.

Liu et al. hypothesized that a pharmacological blockade of FSH action could also reduce body fat mass. In fact, they have shown that the same polyclonal antibody targeting the receptor-binding domain of FSH beta-subunit, injected daily for 8 weeks in mice, prevented the gain of body fat induced by the diet in male and female mice (133). This decrease of body fat was associated with an increase of fat thermogenesis (133, 134). For the purpose of potential therapeutic application in human, this team has developed a mAb targeting the same epitope in human FSH beta-subunit (LVYKDPARPKIQK) that had the same effects on body fat and thermogenesis on the mouse as the mouse polyclonal antibody directed against a sequence that is 2 amino-acids different (LVYKDPARPNTQK) (135, 136). The modulation of FSH activity by anti-FSH antibodies may be considered as therapeutic means to reduce the risk of obesity in elderly people with high levels of FSH (133). It was thus proposed that the same antibody could both inhibit bone loss and body fat gain (133, 136). However, while some of the other studies published on the subject supported the role of FSH in bone mass regulation (137–141), some others were contradictory (142, 143). Moreover, clinical studies on human subjects reported that FSH suppression with GnRH agonist had no effect on bone resorption in women (144). In men, this suppression either increased bone loss (145), or had no effect when a testosterone supplementation was given (146). Furthermore, body fat mass is also increased in men treated with GnRH analog (147). Altogether, these data suggest that further investigations are needed to better understand the mechanisms underlying the role of FSH in bone mass and body fat regulation before a therapeutic approach can be envisaged (148). A therapeutic antibody to prevent osteoporosis is on the market since 2010. Receptor activator of nuclear factor-kB (RANK) ligand (RANKL) is a cytokine necessary for the development and the activity of osteoclasts. A fully human antibody, denosumab (Prolia®, Amgen) prevents RANKL binding to its receptor RANK. Denosumab, when given subcutaneously twice yearly for 36 months, reduces the risk of vertebral, non-vertebral, and hip fractures in women with osteoporosis (149), demonstrating that the strategy of therapeutic antibody can be used in this indication.

Antibodies Targeting hCG

Antibodies able to inhibit hCG activity were first described in 1980 (150). They were specific of the beta-subunit of hCG and did not cross react at all with other gonadotropins. Recently, one of these antibodies (mAb PIPP) was expressed recombinantly in tobacco leaves in different formats (scFv, diabody and entire antibody) and tested, after their extraction and purification, for their efficacy to neutralize hCG. The three formats of the same antibody were able to inhibit in vitro testosterone production induced by hCG in Leydig cells. In vivo, the entire mAb was able to block uterine weight gain in mouse model (151). These antibodies were envisaged as a contraception method by passive immunization in women, and were considered as a better method than active immunization where the response may be variable between patients, and a sufficient titer determined as the protective level of antibody was observed in 80% of the patients only. These anti-hCG antibodies have not entered a clinical development so far.

The same antibody was used for the development of an immunotoxin targeting hCG-expressing cancer cells (152). The VH and VL domains of the full antibody were linked together to form the scFv fragment (scFv PIPP). This scFv's gene was then fused with a gene expressing Pseudomonas exotoxin (PE38) and expressed in Escherichia coli as a recombinant protein (scPiPP-PE38). Once purified and tested on cancer cells, the immunotoxin showed 90% killing of hCG beta expressing histiocytic lymphoma, T-lymphoblastic leukemia, and lung carcinoma cells in vitro. However, further studies are needed to evaluate the potential of scPiPP-PE38 as a therapeutic agent for management of cancer cells expressing hCG or its subunits.




CONCLUSION

Many different antibodies against gonadotropins were developed and have proven to be very useful tools for many applications. They can also be naturally secreted due to a humoral immune response to endogenous or exogenous gonadotropins. With the same structure, immunoglobulins can have inhibitory or potentiating effects depending on their paratope defined by CDRs and their epitope (binding site) on the antigen. In the case of eCG, its naturally occurring potentiating antibodies have demonstrated that a differential activation of signaling pathways of FSH-R could lead to the same in vivo effect, i.e., high prolificity in goats (71). The development of antibodies with a range of modulating effects on the potency and the efficacy of FSH on its signaling pathways could help deciphering the importance of each pathway for FSH roles in reproduction, bone mass and body fat regulation. Moreover, these antibodies can represent potential therapeutics, targeting one pathophysiological or physiological condition in particular. Several applications for anti-gonadotropin antibodies have already been proposed and are under exploration, like osteoporosis, obesity, contraception, or cancer. All of these indications require inhibition of gonadotropins' action. On the other hand, in small ruminants, the naturally occurring anti-eCG potentiating antibodies induced a better fertility and prolificity demonstrating that it is possible to improve fertility by potentiating gonadotropins' activity during several estrus cycles, without any side effects. All these studies demonstrated that it is possible to target each gonadotropin very specifically despite their similarities.

To conclude, the development of antibodies modulating gonadotropins' activity could not only provide new tools to better understand their roles in different physiological processes, but could also bring to the market innovative drugs. Taking into account the state of the art and the clinical development time, there is a long way to go until a therapeutic antibody targeting a gonadotropin can reach the market.
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Recombinant follicle-stimulating hormone (FSH) (follitropin alfa) and biosimilar preparations are available for clinical use. They have specific FSH activity and a unique glycosylation profile dependent on source cells. The aim of the study is to compare the originator (reference) follitropin alfa (Gonal-f®)- with biosimilar preparations (Bemfola® and Ovaleap®)-induced cellular responses in vitro. Gonadotropin N-glycosylation profiles were analyzed by ELISA lectin assay, revealing preparation specific-patterns of glycan species (Kruskal-Wallis test; p < 0.05, n = 6) and by glycotope mapping. Increasing concentrations of Gonal-f® or biosimilar (1 × 10−3-1 × 103 ng/ml) were used for treating human primary granulosa lutein cells (hGLC) and FSH receptor (FSHR)-transfected HEK293 cells in vitro. Intracellular cAMP production, Ca2+ increase and β-arrestin 2 recruitment were evaluated by BRET, CREB, and ERK1/2 phosphorylation by Western blotting. 12-h gene expression, and 8- and 24-h progesterone and estradiol synthesis were measured by real-time PCR and immunoassay, respectively. We found preparation-specific glycosylation patterns by lectin assay (Kruskal-Wallis test; p < 0.001; n = 6), and similar cAMP production and β-arrestin 2 recruitment in FSHR-transfected HEK293 cells (cAMP EC50 range = 12 ± 0.9–24 ± 1.7 ng/ml; β-arrestin 2 EC50 range = 140 ± 14.1–313 ± 18.7 ng/ml; Kruskal-Wallis test; p ≥ 0.05; n = 4). Kinetics analysis revealed that intracellular Ca2+ increased upon cell treatment by 4 μg/ml Gonal-f®, while equal concentrations of biosimilars failed to induced a response (Kruskal-Wallis test; p < 0.05; n = 3). All preparations induced both 8 and 24 h-progesterone and estradiol synthesis in hGLC, while no different EC50s were demonstrated (Kruskal-Wallis test; p > 0.05; n = 5). Apart from preparation-specific intracellular Ca2+ increases achieved at supra-physiological hormone doses, all compounds induced similar intracellular responses and steroidogenesis, reflecting similar bioactivity, and overall structural homogeneity.

Keywords: FSH, biosimilar, gonal-F, bemfola, ovaleap, glycosylation, assisted reproduction (ART)


INTRODUCTION

Follicle-stimulating hormone (FSH) is a heterodimeric glycoprotein hormone produced by the pituitary and acting on the gonads (1). In fertile women, FSH controls reproduction supporting ovarian granulosa cell proliferation and follicular growth by binding to its G protein-coupled receptor (FSHR) (2).

FSH shares a 92-amino acid residue α subunit with other glycoprotein hormones and has a 111-amino acid residue, hormone-specific β subunit (3). Two N-linked heterogeneous oligosaccharide populations are bound to each protein backbone subunit and are involved in hormone folding and half-life, receptor binding, and activation (4, 5). After gonadotropin binding, FSHR conformation rearrangements occur, triggering intracellular signal transduction. Gαs protein signaling leads to adenylyl cyclase stimulation and cyclic-AMP (cAMP)/protein kinase A (PKA)-pathway activation (6, 7), resulting in cAMP-response element binding protein (CREB) (8, 9) and extracellular-regulated kinase 1/2 (ERK1/2) (10) phosphorylation. These phospho-proteins are key players modulating steroidogenesis, proliferation and survival/apoptosis (8, 11), all molecular events underlying reproductive functions (12). Upon ligand binding, FSHR recruits other heterotrimeric Gα proteins, including Gαq and Gαi (13–16), as well as other interactors (17), linking FSH action to multiple intracellular signaling pathways, such as the rapidly-activated, phospholipase C-dependent (18), cytosolic calcium cation (Ca2+) release (19). FSHR internalization and recycling is mediated by β-arrestin 1 and 2, which triggers G protein-independent ERK1/2 signaling (20, 21).

FSH exists in a number of isoforms differing in content and composition of oligosaccharides attached to the protein backbone (22). FSH glycoforms were proposed as biased receptor ligands (5, 23, 24) due to isoform-specific contact with FSHR (25) and intracellular signaling (26). Glycosylation is a post-translational process influencing the isoelectric point (pI) and half-life of the gonadotropin (27). In women, more glycosylated and acidic FSH isoforms, mainly due to sialylation, exhibit a prolonged in vivo half-life due to reduced kidney clearance and are secreted mostly during the early and mid-follicular phase, compared to FSH basic glycoforms, which are predominant before ovulation (28, 29). Highly acidic FSH isoforms are produced more after the menopause than during the fertile lifespan (30), suggesting that glycoform composition of circulating hormones is dynamic and might have a physiological role.

Several formulations of exogenous FSH may be used in assisted reproductive technologies (ART) to induce multiple follicle development. Both urinary and recombinant FSH and other gonadotropin preparations are commercially available, as well as follitropin alfa biosimilar drugs, which are recombinant compounds similar to the originator (31–33). Previous studies attempted to address effects of these preparations on ART outcomes, given their different glycosylation states featured as post-translational modifications by the cellular source and/or purification processes (31, 34, 35). In fact, previous analyses by mass spectrometry found preparation-specific pattern of glycans bound to the FSH β-subunits (36, 37).

In this study, the biochemical composition and hormone-induced cell response of the originator follitropin alfa and two biosimilar preparations were analyzed in vitro. Glycosylation pattern was assessed in regard to cAMP production, Ca2+ release, β-arrestin 2 recruitment, CREB, and ERK1/2 phosphorylation and steroid (i.e., progesterone and estradiol) synthesis, which were analyzed in human primary granulosa-lutein cells (hGLC) and HEK293 cells transiently transfected with the human FSHR cDNA.



MATERIALS AND METHODS


Follitropin Alfa Reference Preparation (Gonal-f®) and Biosimilars

The reference follitropin alfa and two biosimilar preparations were analyzed: Gonal-f® provided by Merck KGaA (Darmstadt, Germany), Ovaleap® purchased from Teva Pharmaceutical Industries (Tel Aviv, Israel) and Bemfola® from Finox Biotech (Kirchberg, Switzerland). Different batches of each preparation were tested by performing both biochemical and functional evaluations, as follows: two batches of Gonal-f® (AU016646, BA045956), two batches of Ovaleap® (S27266, R38915), and three batches of Bemfola® (PPS30400, PNS30388, PNS30230). Additional Gonal-f® (199F005, 199F049, 199F051) and Ovaleap® (S06622) batches were used for glycopeptide mapping. Comparison of hormone induced-signaling in vitro were performed by stimulating cells with gonadotropins concentrations expressed by mass rather than International Units (IU), since the latter depends of the in vivo activity in rats (38). Gonal-f® and biosimilar dosages were determined starting by the batch concentration declared by providers, consisting of 44 μg/ml for Gonal-f®, Ovaleap® and Bemfola®. Recombinant human choriogonadotropin (hCG; Ovitrelle®, Merck KGaA) was used as a negative control where indicated.



Silver Staining and Western Blotting Analysis

According to gonadotropin quantification provided by the producers, 300 ng of each compound were subjected to 12% SDS-PAGE. Gel electrophoresis was performed under denaturing-reducing or non-denaturing-non reducing conditions, followed by silver staining and Western blotting. Denaturing conditions consisted of boiling samples 5 min at 100°C, while reducing conditions were obtained by adding 2-mercaptoethanol (Sigma-Aldrich, St. Louis, MO, USA), disrupting disulfide bonds (39). Silver staining was performed after acrylamide gel electrophoresis, as previously described (40, 41). Briefly, fixation was performed by incubating gels 1 h in 50% ethanol buffer, in the presence of 12% acetic acid and 5 × 10–4% formalin (all from Sigma-Aldrich). After washes, gels were stained with 0.2% AgNO3 buffer 30 min-treatment and signals were developed by 3% Na2CO3 buffer, 0.0005% formalin and 4 × 10–4% Na2S2O3 before to be stopped. Originator follitropin alpha and biosimilars were evaluated by Western blotting using a rabbit anti-human polyclonal primary antibody against FSHβ/FSH (SAB1304978; Sigma-Aldrich), while the secondary antibody was anti-rabbit human horseradish peroxidase (HRP)-conjugated (#NA9340V; GE HealthCare, Little Chalfont, UK). Recombinant hCG (Ovitrelle; Merck KGaA) was used as a negative control. Signals were developed with ECL (GE HealthCare) and acquired using the VersaDoc Imaging System (Bio-Rad Laboratories Inc., Hercules, CA, USA).



Lectin ELISA Assay and Glycopeptide Mapping

The technique was described previously (41, 42) and adapted to preparations used in this study. A 96-well-microtiter plate was coated overnight at 4°C with the anti-human gonadotropin α subunit monoclonal antibody HT13.3 (43), which recognizes all human glycoprotein hormone α subunits, in 0.1 M sodium carbonate/hydrogen carbonate buffer (pH = 9.6). Plates were washed with a saline buffer (TBS-T; 25 mM Tris, 140 mM NaCl, 3 mM KCl, 0.05%, Tween 20; pH = 7.4) and non-specific sites were saturated by 1 h-treatment at room temperature (RT) using TBS-T containing 2% polyvinylpyrrolidone K30 (Fluka, Sigma-Aldrich). Duplicate 5 ng samples of each hormone preparation were then incubated over-night, in 100 μl/well of the saturation buffer. After washing, biotinylated lectins (Vector laboratories Ltd, AbCys Biologie, Paris, France) were placed into wells and incubated for 2 h at RT. Lectins used were: Sambucus nigra agglutinin (SNA), Maackia amurensis agglutinin (MAA), Artocarpus Polyphemus lectin (jacalin), Ricinus communis agglutinin (RCA-1, ricin), Datura stramonium agglutinin (DSA), wheat germ agglutinin (WGA), Phaseolus vulgaris agglutinin (PHA-E) (Supplemental Table 1). They were diluted in saturation buffer containing 1 mM CaCl2, 1 mM MgCl2, and 1 mM MnCl2. Plates were washed and peroxidase labeled NeutrAvidinTM (Pierce, Interchim, Montluçon, France) was added in each well (100 μl in TBS-T), for 1 h at RT. After incubation with TMB ELISA peroxidase substrate standard solution (UP664781; Interchim, Montluçon, France) 20 min at RT, reactions were stopped by adding 50 μl/well of 2 N H2SO4, and absorbance measured at 450 nm wavelength using a spectrophotometer. Blank values, consisting of samples maintained in the absence of hormones, were subtracted to obtain ELISA data.

Additional information about reagents, glycopeptide mapping, hydrophilic interaction chromatography, and mass spectrometry analysis is provided in the supplemental section (Supplemental Material and Methods).



Cell Culture and Transfection

HEK293 cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% FBS, 4.5 g/l glucose, 100 IU/ml penicillin, 0.1 mg/ml streptomycin, and 1 mM glutamine (all from Sigma-Aldrich). Transient transfections were performed in 96-well plates using Metafectene PRO (Biontex Laboratories GmbH, München, Germany), in order to obtain exogenous FSHR and cAMP CAMYEL-, β-arrestin 2- or aequorin Ca2+-BRET biosensor protein expression (15), as previously described (41). For cAMP evaluation, 50 ng/well of FSHR-expressing plasmid were mixed together with 0.5 μl/well of Metafectene PRO in serum-free medium and incubated 20 min. A 50 μl aliquot of cAMP CAMYEL biosensor-expressing plasmid-Metafectene PRO mix was added to each well-containing 1 × 105 cells, in a total volume of 200 μl/well, and incubated 2-days before stimulation with gonadotropins. One hundred ng/well of FSHR-Rluc8- and 100 ng/well of β-arrestin 2 biosensor-expressing plasmids were used for evaluating β-arrestin 2 recruitment. One hundred ng/well of FSHR- and 100 ng/well of aequorin biosensor-expressing plasmids were used to prepare cells for measure changes in intracellular Ca2+. All samples were prepared in duplicate and BRET measurements were performed using 2-day transfected cells, in 40 μl/well PBS and 1 mM Hepes.

Human primary granulosa lutein cells (hGLC) were isolated from ovarian follicles of about twenty donor women undergoing oocyte retrieval for ART, following written consent and with local Ethics Committee permission (Nr. 796 19th June 2014, Reggio Emilia, Italy). Patients had to match these criteria: absence of endocrine abnormalities and viral/bacterial infections, age between 25 and 45 years. Cells were recovered from the follicular washing fluid using a 50% Percoll density gradient (GE Healthcare, Little Chalfont, UK), following a protocol previously described (7, 44, 45). In order to restore expression of gonadotropin receptors (46), hGLC were cultured 6 days, then serum-starved over-night before use in experiments. Cells were cultured at 37°C and 5% CO2 in McCoy's 5A medium, supplemented with 10% FBS, 2 mM L-glutamine, 100 IU/ml penicillin, 100 μg/ml streptomycin and 250 ng/ml Fungizone (Sigma-Aldrich).



BRET Measurement of cAMP Production, and β-arrestin Recruitment and Intracellular Ca2+ Increase

Intracellular cAMP and Ca2+ increase, and β-arrestin 2 recruitment were evaluated following a previously described procedure (15, 41, 47). Cyclic-AMP production and Ca2+ increase were evaluated in transiently transfected HEK293 cells using the FSHR-expressing plasmid, together with the BRET-based cAMP biosensor CAMYEL (48), or the aequorin Ca2+-biosensor expression vector (49), respectively, while BRET experiments cannot be performed in hGLC due to sub-optimal transfection efficiency and the high mortality rate in this cell model. Recruitment of β-arrestin 2 was assessed after transient transfection of HEK293 cells with the C-terminal, Rluc-tagged FSHR cDNA plasmid (provided by Dr. Aylin C. Hanyaloglu, Imperial College, London, UK) and N-terminal, yPET-tagged β-arrestin 2 (provided by Dr. Mark G. Scott, Cochin Institute, Paris, France). Cells were incubated 30 min in 40 μl/well PBS and 1 mM Hepes, in the presence or in the absence of increasing concentrations of Gonal-f® or biosimilars (1 × 10−3-1 × 103 ng/ml range), and intracellular cAMP increase and β-arrestin 2 recruitment were measured upon addition of 10 μl/well of 5 μM Coelenterzine h (Interchim). A 4 × 103 ng/ml hormone concentration-induced intracellular Ca2+ increase was evaluated over 100 s in transfected cells. Recombinant follitropin alfa or biosimilar addition occurred at the 25 s time-point. Light emissions were detected at 475 ± 30 and 530 ± 30 nm wavelengths using the CLARIOstar plate reader equipped with a monocromator (BMG Labtech, Ortenberg, Germany).



Evaluation of ERK1/2 and CREB Phosphorylation

Hormone-induced ERK1/2 and CREB phosphorylation was analyzed by Western blotting following a protocol previously described (50). Human GLCs were seeded in 24-well plates (1 × 105 cells/well) and treated for 15 min with increasing concentrations of gonadotropin (1 × 101-1 × 103 ng/ml range). Cells were immediately lysed for protein extraction in ice-cold RIPA buffer along with PhosStop phosphatase inhibitor and a protease inhibitor cocktail (Roche, Basel, Switzerland). Cell lysates were subjected to 12% SDS-PAGE and Western blotting, while pERK1/2 and pCREB activation were evaluated using specific rabbit antibodies (#9101 and #9198, respectively; Cell Signaling Technology Inc., Danvers, MA, USA). Sample loads were normalized to total ERK1/2 (#4695; Cell Signaling Technology Inc.). Membranes were treated with secondary anti-rabbit HRP-conjugated antibody (#NA9340V; GE HealthCare) and signals developed with ECL (GE HealthCare). Signal detection employed the VersaDoc system using the QuantityOne analysis software (Bio-Rad Laboratories Inc.). Protein density volumes were semi-quantitatively evaluated by the ImageJ software (U. S. National Institutes of Health, Bethesda, MD, USA) (51).



Gene Expression Analysis

Hormone 50% effective concentrations (EC50s) were calculated from the cAMP dose-response curves and used for hGLC treatments before FSH-target gene expression analysis. Cells were seeded at 5 × 104 cells/well in 24-well plates and exposed to gonadotropins for 8 h, and RNA was then extracted using the automated workstation EZ1 Advanced XL (Qiagen, Hilden, Germany). Equal amounts of total RNA were retrotranscribed by iScript reverse transcriptase (Bio-Rad Laboratories Inc.), according to a previously validated protocol (52). The expression of STARD1 and CYP19A1 genes encoding steroid-acute regulatory protein (StAR) and aromatase enzymes, respectively, was evaluated by real time PCR (7, 44) using specific primer sequences and protocols previously validated (7). Target gene expression was normalized to ribosomal protein subunit 7 (RPS7) gene expression using the 2−ΔΔCt method (53). Experiments were recorded as the mean value of duplicates.



Steroid Hormone Stimulation Protocol and Measurement

Human GLCs were seeded in 24-well plates (4 × 104 cells/well) and treated 8 or 24 h with increasing hormone concentrations (1 × 10−3-1 × 103 ng/ml). Where appropriate, 1 μM 4-androstene-3,17-dione (androstenedione; #A9630; Sigma-Aldrich) was added, as a substrate to be converted to estrogen by the aromatase enzyme. Stimulations were terminated by freezing samples and total progesterone or estradiol was measured in the cell media by an immunoassay analyzer (ARCHITECT second Generation system; Abbot Diagnostics, Chicago, IL, USA).



Statistical Analysis

Data were graphically represented using box and whiskers plots, histograms, X-Y graphs and tables, and indicated as means ± standard error of means (SEM). Western blotting results were normalized to total ERK signals. Intracellular Ca2+ increase was represented as kinetics of acceptor emissions measured at 525 ± 30 nm, and area under the curve (AUC) values were extrapolated for comparisons between preparations. Dose-response curves for cAMP and β-arrestin 2 were obtained by data interpolation using non-linear regression. BRET data were represented as induced BRET changes by subtracting the ratio of donor/acceptor biosensor emissions of the untreated cells from the values of the stimulated cells. Data distributions were analyzed by D'Agostino and Pearson normality test, while differences were evaluated by Kruskal-Wallis or Friedman test with Dunn's multiple comparison post-test and considered significant when p < 0.05. Statistics were performed using the GraphPad Prism 6.01 software (GraphPad Software Inc., San Diego, CA, USA).




RESULTS


Western Blotting and Silver Staining Analysis

Samples comprising 300 ng/well of non-denatured and denatured Gonal-f® and biosimilar preparations were loaded onto a 12% acrylamide gel and separated by SDS gel electrophoresis under denaturing-reducing and non-denaturing-non reducing conditions. Denaturing conditions refer to 100°C-boiled samples, while reducing conditions were obtained by adding 2-mercaptoethanol. While no signals were detected under non denaturing-non reducing conditions by Western blotting (data not shown), two bands corresponding to the reference follitropin alfa and biosimilar preparations were revealed under denaturing-reducing conditions (Figure 1A). Ovaleap® and Gonal-f® preparations featured an ~20 KDa band, while a band corresponding to about 23 KDa molecular weight characterized Bemfola®. All preparations displayed a 15 KDa band of varying intensity. Recombinant hCG served as a negative control, providing no signal using the anti-FSH antibody.
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FIGURE 1. Western blotting (A) and silver staining analysis (B,C) of Gonal-f® and biosimilars under non-denaturing-non reducing and denaturing-reducing conditions. Samples comprising 300 ng of each preparation, according to the quantification provided by the manufacturer, were loaded. FSH presence was detected by rabbit anti-human polyclonal primary antibody against FSHβ/FSH. Recombinant hCG was used as negative control. Samples were loaded as follows: (1) Ovaleap® batch R38915, (2) Ovaleap® batch S27266, (3) Bemfola® batch PPS30400, (4) Bemfola® batch PNS30388, (5) Bemfola® batch PNS30230, (6) Gonal-f® batch AU016646, (7) Gonal-f® batch BA045956, (8) recombinant hCG. (A) Evaluation of FSH preparations under denaturing-reducing conditions, by Western blotting, using anti-FSHβ antibody. (B) Silver staining analysis of FSH preparations under non-denaturing-non reducing conditions. (C) Analysis of FSH preparations under denaturing-reducing conditions, by silver staining.



Analysis by silver staining under non denaturing-non reducing conditions revealed that all preparations shared an overall similar protein pattern characterized by a single band at about 37 KDa molecular weight (Figure 1B). hCG resulted in a 40 KDa band. All samples displayed signals at about 20 KDa molecular weight (Figure 1C). Interestingly, no 15-KDa signals were detected, oppositely to that demonstrated by Western blotting, likely to be attributed to the low amount of FSHβ bound by the antibody and undetectable using silver staining due to sub-optimal sensitivity of this method (54). Three 35–20 KDa bands corresponding to recombinant hCG Ovitrelle® were detected, as previously described (41).



Reference Follitropin Alfa and Biosimilar Reactivity to Lectins

The carbohydrate structure of follitropin alfa and biosimilars was investigated by ELISA, using a panel consisting of seven lectins characterized by specific recognition of different glycan features (Supplemental Table 1). Batches of each hormone were considered as experimental replicates and absorbance values measured at 450 nm were compared (Table 1).



Table 1. ELISA lectin analysis of reference and biosimilar follitropin alfa preparations.
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Bemfola® displayed structural peculiarities and variability, emerging by lectin analysis (Supplemental Table 2), due to significantly higher reactivity against ricin than other preparations (Kruskal-Wallis test; p < 0.05; n = 16; Table 1). Moreover, lectin assay revealed higher affinity of Bemfola® to DSA than Gonal-f® (Kruskal Wallis test; p < 0.05; n = 6). Ricin recognizes Galβ(1,4)GlcNAc monomers with higher affinity in the absence of sialylation in the terminal galactose, while DSA lectin binds Galβ(1,4) linked N-acetylglucosamine oligomers and a branched pentasaccharide sequence, including two N-acetyl lactosamine repeats linked to a mannose (55). No signal was detected with SNA lectin regardless of the hormone tested, indicating that sialic acid of the α(2,6) type is absent (56), likely due to the absence of galactoside α(2,6) sialyltransferase enzyme expression by CHO-K1 cells (57). Sialic acid of α(2,3) type is detected by MAA lectin in all samples (58), without any significant preparation-specific pattern. Jacalin failed to produce any signal, demonstrating the absence of O-glycans of the Galβ1-3GalNac or GalNac type (59). PHA-E lectin recognizes bi-antennary complex-type N-glycan with outer Gal and bisecting GlcNAc sequences (60), while WGA lectin reacts with GlcNAc sequences and sialic acid (61). Antennarity (Table 2), sialylation (Table 3), and sialic acid (Table 4) distribution were analyzed by glycopeptide mapping of Gonal-f® and Ovaleap® batches.



Table 2. Antennarity of reference and biosimilar follitropin alfa preparations.

[image: image]






Table 3. Sialylation distribution in reference and biosimilar follitropin alfa preparations.
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Table 4. Sialic acid distribution in reference and biosimilar follitropin alfa preparations.
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These features were similarly represented among preparations (Kruskal-Wallis test; p ≥ 0.05; n = 6), as well as among batches (Supplemental Results), at least in Gonal-f® and Bemfola® (Chi-square test; p ≥ 0.05), which appeared to be homogeneous, overall (Supplemental Tables 3–5).



Evaluation of Intracellular cAMP Increase and β-Arrestin 2 Recruitment

Transfected, FSHR-expressing HEK293 cells were used to compare intracellular cAMP increases and β-arrestin 2 recruitment induced by 30-min treatment with increasing doses of reference follitropin alfa and biosimilars. Different batches of each preparation were tested and dose-response curves obtained by plotting cAMP and β-arrestin 2 levels in a semi-log X-Y graph (Supplemental Figure 1), in order to calculate and compare EC50 values obtained from the individual dose-response-curves (Figure 2).
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FIGURE 2. EC50 of cAMP response and β-arrestin 2 recruitment induced by Gonal-f® and biosimilars in transfected HEK293 cells. (A) Cells were transiently co-transfected with FSHR and CAMYEL sensor. cAMP was measured by BRET after 30 min stimulation with increasing doses of Gonal-f®, Ovaleap®, and Bemfola®. (B) Cells were transiently co-transfected with FSHR-Rluc8 and β-arrestin 2 –YPET sensors. β-arrestin 2 recruitment was measured by BRET after 30 min stimulation with increasing doses of hormones. EC50 values were extrapolated by non-linear regression. Data are represented as box and whiskers graphs (Kruskal Wallis test, p ≥ 0.05; n = 4).



Although preparation-specific carbohydrate structures were detected (Table 1), no significant differences were found between Gonal-f® and biosimilars' EC50 required for activating cAMP (Table 5; 12.9 ± 2.5–24.2 ± 6.0 ng/ml range; Kruskal-Wallis test, p ≥ 0.05; n = 4; Figure 2A) and β-arrestin 2 (Table 5; 140.7 ± 42.6–278.6 ± 56.9 ng/ml range; Kruskal-Wallis test, p ≥ 0.05; n = 4; Figure 2B), consistent between batches (cAMP: 10 ± 0.0–28 ± 0.0 ng/ml range; β-arrestin 2: 64 ± 0.0–610 ± 0.2 ng/ml range; Kruskal-Wallis test, p ≥ 0.05; n = 4; Supplemental Figure 1) and confirming similar potencies in vitro.



Table 5. Efficiency (EC50) of 30 min-cAMP and β-arrestin 2 production induced by reference and biosimilar follitropin alfa preparations in transfected, FSHR-expressing HEK293 cells.
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Analysis of pERK1/2 and pCREB Activation

The phosphorylation of ERK1/2 and CREB was evaluated in hGLC, which naturally express endogenous FSHR. Cells were treated for 15 min with increasing hormone concentrations, and phospho-protein activation was evaluated by Western blotting and semi-quantitatively measured (Figure 3). Total ERK served as a normalizer.
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FIGURE 3. Evaluation of pERK1/2 and pCREB activation after Gonal-f® and biosimilars treatment of hGLC. Cells were stimulated by increasing doses of preparations. ERK1/2 and CREB phosphorylation were evaluated after 15 min by Western blotting (images representative of four independent experiments) (A). (B,C) Densitometric analysis of pERK1/2 (B) and pCREB (C) signals. The values were normalized to total ERK and represented as means ± SEM, then statistically evaluated (* = significant vs. control (0 dose); Kruskal Wallis test; p < 0.05; n = 4).



Similar ERK1/2 and CREB phosphorylation patterns were observed after stimulating cells with increasing doses of different batches of each preparation (Supplemental Figure 2). Mean results from batches of Gonal-f®, Ovaleap®, and Bemfola® were calculated and average hormone-specific pERK1/2 and pCREB activation results were reported (Figure 3). All preparations induced protein phosphorylation within the 1.5–15 ng/ml range (Kruskal-Wallis test, p < 0.05; n = 4), consistently between different batches of each preparation (Friedman test, p ≥ 0.05; n = 4). While no statistically significant differences between Gonal-f® and biosimilars' patterns of ERK1/2 phosphorylation were detected, pCREB activation occurred upon cell treatment by 0.5 ng/ml Gonal-f, differently to that obtained using both biosimilars (Friedman test, p < 0.05; n = 4). Interestingly, cell treatment by Gonal-f® and Bemfola® maximal concentrations (15 ng/ml) resulted in slightly decreased levels of CREB phosphorylation, not differing, however, significantly from the plateau levels of pCREB activation.



STARD1 and CYP19A1 Gene Expression Analysis

Expression of FSH target genes was analyzed by real time PCR in hGLC. For this purpose, cells were stimulated 12 h by Gonal-f®, Ovaleap® or Bemfola®. Hormones were administered at the EC50 calculated from cAMP data (12 ng/ml Gonal-f® and Ovaleap®, 24 ng/ml Bemfola®). Total RNA was reverse-transcribed to cDNA and used for STARD1 and CYP19A1 gene expression analysis by real-time PCR. Data were normalized over the RPS7 gene expression and represented as fold-increase over unstimulated cells in a bar-graph as means ± SEM (Figure 4).
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FIGURE 4. STARD1 and CYPA19A1 gene expression analysis. The expression of STARD1 (A) and CYPA19A1 (B) gene was evaluated in hGLC stimulated for 12 h with the EC50 of Gonal-f® or biosimilars (12 ng/ml Gonal-f® and Ovaleap®, 24 ng/ml Bemfola®) by real-time PCR. Each value was normalized over the RPS7 gene expression (means ± SEM; n = 4). Unstimulated cells served as control and are indicated as a dotted line. (*= significant vs. Bemfola®, Kruskal Wallis test; p < 0.05).



Gonal-f®, Ovaleap®, and Bemfola® resulted in about 15-fold STARD1 and 3-fold CYP19A1 increase compared to the basal level (Kruskal-Wallis test, p < 0.05; n = 4). In particular, Ovaleap®-induced CYP19A1 expression level lower than what was obtained by Bemfola® treatment (Kruskal-Wallis test, p < 0.05; n = 4). Treatment using different batches did not to affect STARD1 and CYP19A1 expression levels, since no significant differences between lots of any preparation occurred (Kruskal-Wallis test, p ≥ 0.05; n = 4; data not shown).



Steroid Synthesis Analysis

Progesterone production and androgen-to-estrogen conversion were evaluated in hGLC treated for 8 or 24 h with hormones. For this purpose, cells were maintained under continuous stimulation by increasing gonadotropin concentrations (1 × 10−3-1 × 103 ng/ml range) until reactions were stopped by freezing cell plates. To evaluate estradiol synthesis, androstenedione was added into wells as a substrate for the aromatase enzyme. Eight- and Twenty-four hours progesterone and estradiol dose-response curves were obtained and evaluated by non-linear regression, EC50 values calculated, and compared (Table 6).



Table 6. FSH EC50 values (ng/ml) in inducing 8 h- and 24 h-progesterone and estradiol production induced by reference and biosimilar follitropin alfa preparations (means±SEM; n = 5) in human primary granulosa cells.
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Reflecting cAMP accumulation, cell stimulation with Gonal-f®, Ovaleap®, and Bemfola® resulted in similar 8- and 24-h progesterone and estradiol production curves (Kruskal-Wallis test; p ≥ 0.05; n = 5), confirmed using different batches (Kruskal-Wallis test; p ≥ 0.05; n = 5; data not shown), as well as in similar progesterone and estradiol plateau levels (Kruskal-Wallis test; p ≥ 0.05; n = 5; Supplemental Table 6).



Intracellular Ca2+ Increase

Kinetics of intracellular Ca2+ increase was evaluated in a transiently transfected HEK293 cell line that co-expressed both FSHR- and Ca2+-biosensors, by BRET. Cells were monitored for over 100 s and 4 × 103 ng/ml hormone addition occurred at the 25 s time-point (Figure 5). A 10–20-fold supra-physiological FSH concentration was used, compared to FSH serum levels described in cycling women (62), due to the lack of an intracellular Ca2+ signal at lower hormone concentrations (data not shown). Thapsigargin and vehicle treatment were used as positive and negative controls, respectively. Data were represented as means ± SEM. AUC values were calculated to compare preparation-specific intracellular Ca2+ increase.
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FIGURE 5. Calcium response kinetics in transfected HEK293 cells treated with Gonal-f® or biosimilars. Cells were transiently co-transfected with FSHR and aequorin sensors, then stimulated in duplicates with a fixed dose (4 × 103 ng/ml) of (A) Gonal-f®, (B) Ovaleap®, (C) Bemfola®. (D) Thapsigargin, PBS and hormone diluent were used as positive and negative controls, respectively. BRET signal was measured for 100 s. Data are represented as means ± SEM (n = 3). Area under the curve (AUC) values were calculated and differences were considered for p < 0.05 (Kruskal Wallis test).



Addition of vehicle failed to induce any intracellular Ca2+ increase, confirming the lack of activity exerted by the solvent used for hormone dilution on calcium response. After confirming the absence of batch-specific results (Kruskal-Wallis test; p ≥ 0.05; n = 3; data not shown), cell treatment by Gonal-f® induced rapid intracellular Ca2+ increase, which was about 230-fold higher than vehicle (Kruskal-Wallis test; p < 0.05; n = 3) and occurred within 1–2 s after hormone addition. Bemfola® and Ovaleap® induced only a minimal, not significant intracellular Ca2+ increase (Kruskal-Wallis test; p ≥ 0.05; n = 3). Maximal levels of intracellular Ca2+ were achieved under thapsigargin treatment, which served as a positive control and induced an about 600-fold greater increase compared to the basal level (Kruskal-Wallis test; p < 0.05; n = 3).




DISCUSSION

We compared the biochemical profiles and hormone-induced cell responses of the reference follitropin alfa (Gonal-f®) and two biosimilars, Ovaleap® and Bemfola®, in vitro, revealing overall comparable hormone-induced intracellular signaling and steroidogenesis. Only the originator follitropin alfa induced hormone-specific pattern of CREB phosphorylation and, at supra-physiological concentrations (62), intracellular Ca2+ increase to transfected, FSHR-expressing cell lines.

Several gonadotropin formulations are commercially available, differing by source, purification process, and purity. Clinicians choose freely what preparation or combination of preparations will be administered to women undergoing ART (35). These preparations may differ in oligosaccharide content and number of branches attached to the protein backbone (63), depending on the glycosyltransferases equipment of the source cell. Gonal-f® is expressed by Chinese hamster ovary (CHO) cell lines (64), ensuring high bioactivity and batch-to-batch consistency (65, 66). Bemfola® is produced by a pre-adapted dihydrofolate reductase deficient CHO (CHO DHFR-) host cell line (67) and has demonstrated similar efficacy and safety in vivo as compared to the reference follitropin alfa, in a multi-center phase 3 study (68). Ovaleap® is also produced by a CHO-derived cell line after adaptation to serum free conditions (69) and has been demonstrated to be similar to follitropin alfa in vivo in a phase 3 clinical study (70).

Gonal-f® and Ovaleap® share two similar Western blotting patterns under denaturing and reducing conditions, likely due to specifically glycosylated FSH β-subunits (36, 37), while Bemfola® featured a ~23 instead of 20 KDa band according to its specific glycosylation pattern detected by mass spectrometry (36). Most of these signals were confirmed by silver staining, except for the absence of the 15 KDa band, likely due to sub-optimal sensitivity of the method (54). Analysis of native proteins contained in Gonal-f® and Ovaleap® batches, which were obtained by omitting treatment of samples by 100°C-heating and 2-mercaptoethanol reduction, revealed a single 37 KDa band consistent with the FSH heterodimer (71), while Bemfola® resulted in slightly higher apparent molecular weight. On the other hand, lectin assay revealed higher DSA signal in Bemfola® than Gonal-f®, likely due to different multiantennary complex structures on N-glycans demonstrated by glycopeptide mapping (36), and suggesting Bemfola®-specific glycosylation patterns. Lower ricin binding to Ovaleap® than to Bemfola® and Gonal-f® indicated a different content of Galβ1-4GlcNAc molecules (72).

Naturally occurring variations in carbohydrate structures were characterized during the follicular phase of the cycle (22) and might affect FSH bioactivity in vivo (73). Highly glycosylated FSH isoforms prevail at the early stages, while serum levels of less-acidic (sialylated) glycoforms increase at the mid-cycle until ovulation (29), suggesting a functional role of glycosylation and sialylated structures in modulating FSH bioactivity (26). However, crystallographic structures of FSH in complex with the receptor ectodomain suggested that carbohydrates are not located in the binding interface between the hormone and FSHR (74, 75), making unclear the physiological role of FSH sugar residues in hormone activity. In fact, analysis of signaling cascades revealed that cell treatment by Gonal-f® and biosimilars resulted in similar dose-response curves for both cAMP and β-arrestin 2, as well as ERK1/2 phosphorylation pattern. These results were replicated using different batches and are strengthened by similar ratios between EC50s observed for cAMP and β-arrestin 2 recruitment, confirming previously reported results obtained with follitropin alfa (15). On the other hand, the crystallographic structure of the human FSH bound to the extracellular binding domain of FSHR was obtained using partially deglycosylated hormone-receptor complexes (74). Therefore, it might be not fully descriptive of the role of sugar chains linked to the hormone in binding the receptor, providing a basis for explaining preparation-specific features, such as the higher potency of Gonal-f® in inducing CREB activation. These characteristics are likely linked to a relatively wide FSH EC50 range of progesterone response (Table 6; from 1.5 ± 0.3 to 10.9 ± 3.7 ng/ml), although not significantly different, presumably due to biased signaling (76, 77) of preparations.

Preparation-specific glycosylation patterns may be reflected by cellular response to supra-physiological doses of FSH in vitro. Biosimilar compounds induce barely detectable Ca2+ increases in FSHR-expressing HEK293 cells, which differed to that of Gonal-f® as previously reported using human pituitary FSH (78). FSHR is known to modulate intracellular Ca2+ increase via a molecular mechanism involving the phospholipase C (19). However, Gonal-f®-induced Ca2+ increase was obtained by hormone concentrations usually not achieved in vivo (62), while cAMP activation, and ERK1/2 CREB phosphorylation occurs at FSH doses achievable in serum, suggesting a supraphysiological shift from Gαs to Gαq protein-mediated activation of intracellular signaling cascades (8, 79). These data should be confirmed in other cell models, such as hGLC, since the pattern of intracellular signaling pathways is cell-specific and depends on the number and variety of GPCRs located at the cell surface (12, 79–81). Most importantly, preparation-specific activation of cAMP/β-arrestin 2 and intracellular Ca2+ increase indicated that these hormones might act as biased ligands under particular conditions, as well as the high sensitivity of the cAMP response detectable in vitro.

Confirming similar, FSH-induced STARD1 expression in hGLC, no differences in 8 and 24 h-progesterone and estradiol production between hormones was found, despite their structural peculiarities and lower Ovaleap®-induced CYP19A1 expression levels. Previous studies reported preparation-specific intracellular signaling resulting in similar long-term effects, measurable as 24-h steroid production (41, 45). These data are reminiscent of the earlier debate about recombinant and urinary FSH preparations, which provided similar pregnancy rate per fresh transfer (35, 68), as well as similar pharmacokinetic profiles (82). However, the matter is still debated. Different ART outcomes, depending on the use of Bemfola® vs. Gonal-f®, were postulated, possibly explained by different glycosylation, especially sialylation patterns between the two preparations and/or higher batch-to-batch variability (36) and estradiol production (82), observed with Bemfola®. Further in vivo investigations and extensive clinical experience are necessary to characterize the possible occurrence of biosimilar preparation-specific effects (31).



CONCLUSIONS

Different glycosylation profiles are characteristic of the follitropin alfa and subsequent biosimilar preparations, likely due to the specific enzymatic equipment of the source cell lines. These molecular peculiarities do not result in major preparation-specific signals mediated at the intracellular level and steroid synthesis, which were found to be overall similar when follitropin alfa and biosimilars are used at concentrations resembling those obtained under physiological conditions. In light of the specific molecular features of these commercial compounds and of the slight differences demonstrated by the present study, and considering the relevance of their use for clinical purposes, the comparison between the reference follitropin alfa and biosimilar preparations merits further investigations in a variety of experimental settings.
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The follicle-stimulating hormone receptor (FSHR) plays a crucial role in reproduction. This structurally complex receptor is a member of the G-protein coupled receptor (GPCR) superfamily of membrane receptors. As with the other structurally similar glycoprotein hormone receptors (the thyroid-stimulating hormone and luteinizing hormone-chorionic gonadotropin hormone receptors), the FSHR is characterized by an extensive extracellular domain, where binding to FSH occurs, linked to the signal specificity subdomain or hinge region. This region is involved in ligand-stimulated receptor activation whereas the seven transmembrane domain is associated with receptor activation and transmission of the activation process to the intracellular loops comprised of amino acid sequences, which predicate coupling to effectors, interaction with adapter proteins, and triggering of downstream intracellular signaling. In this review, we describe the most important structural features of the FSHR intimately involved in regulation of FSHR function, including trafficking, dimerization, and oligomerization, ligand binding, agonist-stimulated activation, and signal transduction.
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INTRODUCTION

The glycoprotein hormone (GPH) receptors (GPHR), are members of the highly conserved Class A subfamily (or rhodopsin-like family) of the G protein-coupled receptor (GPCR) superfamily (1–5). GPCRs are 7-transmembrane-helix protein molecules that transmit intracellular effects through activating intracellular signaling mediated by members of the guanine-nucleotide-binding signal-transducing proteins (G proteins); they are characterized by a single polypeptide chain that traverses the lipid bilayer of the plasma membrane seven times, forming characteristic transmembrane α-helices linked by alternating extracellular and intracellular sequences or loops, with an extracellular amino-terminus end and an intracellular carboxyl-terminal tail (C-tail) of variable lengths. In the case of GPHRs, common features include a large amino-terminal extracellular domain (ECD), where recognition and binding of their cognate ligands, follicle-stimulating hormone or follitropin (FSH), luteinizing hormone (LH), and thyroid-stimulating hormone (TSH) occur (6). This domain contains a central structural motif of imperfect leucine-rich repeats [12 in the FSH receptor (FSHR), 9 in the luteinizing hormone/chorionic gonadotropin receptor (LHCGR) and 11 in the TSH receptor (TSHR) (7–9)] that is shared with several cell surface plasma membrane receptors. The leucine-rich repeats motif comprises a surface that is involved in selectivity for ligands and specific protein-protein interactions, and is formed by successive repeating units (β-strand and α-helix) that collectively predispose the ECD to adopt a horse shoe-shaped tertiary structure (see Figure 1A in the schematic representation of the FSHR, a prototypical member of the GPHR family) (7, 10). At the COOH-terminal end of the large ECD resides the “hinge” region, which links the leucine-rich repeat (LRR) ECD with the serpentine, seven-transmembrane α-helical domains (7TMD) and that plays a critical role of signaling functionality of the receptor (7) (Figure 1B). The hinge region of all GPHRs is involved not only in high affinity binding of the ligand but in also receptor activation, intramolecular signal transduction and silencing of basal activity in the absence of ligand (9).
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FIGURE 1. Schematic representation of the FSHR, showing its amino acid sequence and domains involved in different receptor functions, including binding to agonist, activation, and signal transduction. (A) Hormone specific binding domain. Residues buried in the FSH/FSHR interface and located in the high affinity-binding site are colored circles (green, binding to FSH α-subunit only; blue, binding to FSH β-subunit only; orange, residues that interact with both FSH subunits). Beta strands located in the concave (corresponding to the leucine-rich repeats) or convex surface of ECD are indicated by the colorless arrows. Mutations in this domain leading to promiscuous ligand binding are depicted in magenta (S128Y), whereas mutations in residues leading to loss-of-function are colored in red. The majority of these mutations provoke defects in receptor trafficking. (B) Hinge region with the sulfated tyrosine (in position 335) involved in ligand-provoked binding to the FSH subunits is indicated by the green oval. (C) 7TMD with the α helices represented as cylinders. The location of naturally occurring loss-of-function mutations are shown as red-colored circles, while the gain-of-function mutations are represented by green squares. The mutation at V514 (magenta circle at the EL2), led to increased plasma membrane expression of the receptor and OHSS at low FSH doses [reviewed in (4)]. Also indicated are sequences and residues located in the cytoplasmic side involved in association of the receptor with interacting proteins, receptor activation, upward trafficking, internalization, and post-endocytic fate. For details, see the text.



The FSHR is about 190 Kb long and is located on chromosome 2p21–p16 (11); its coding region comprises 10 exons, each varying in size from 69 to 1,234 bp, and 9 introns with sizes 108 to 15 kb. Exons 1–9 of the receptor gene encode the large ECD, including the hinge region, whereas exon 10 encodes the COOH-terminal end of the hinge region, the 7TMD (which contains 3 extracellular loops and 3 intracellular loops) and the intracellular C-tail (3, 11). The human FSHR (hereafter abbreviated as only FSHR) protein is composed of 695 amino acid residues; the first set of 17 amino acids encodes the signal sequence, which after cleavage results in a predicted cell surface plasma membrane (PM)-expressed, mature FSHR of 678 amino acid residues exhibiting an approximate molecular weight of 75 kDa as predicted from its cDNA sequence (12). However, further cleavage of the FSHR occurs at the C-tail, but the exact location of this cleavage has yet to be determined (13). Three of four potential N-linked glycosylation sites yields receptor forms with molecular weights (as determined by gel electrophoresis) of ~80 to ~87 kDa for the mature receptor (14). A high degree sequence homology is present in both the FSHR and its closely related LHCGR. In fact, their sequence homology is ~46% in the ECD and ~72% in the 7TMD (12, 15). Of the three domains of the gonadotropin receptors, the intracellular sequences, which include the intervening loops and the C-tail, present the lowest sequence homology (~27% identity), except the NH2-ends of the carboxyl-termini, which have cysteine residues for palmitoylation and the primary sequence motif [F(X)6LL] that is involved in intracellular trafficking from the endoplasmic reticulum to the PM (16–18). Both of these structural features are quite common in the rhodopsin-like GPCR Class and likely play a role in signaling specificity particularly when two members of the same family (FSHR and LHR) are coexpressed in the same cell (granulosa cell).

Gonadotropins and their receptors play an essential role in reproduction. In the ovary, FSHR is predominantly expressed in granulosa cells of developing follicles, where the FSH-activated receptor triggers activation of a complex signaling network that promotes follicle growth and maturation, and induces in the granulosa cells the necessary enzymes for converting the androgens provided by the theca cells under the LH stimulus to estrogens (19). In the testis, the Sertoli cells lining the seminiferous tubules are the targets of FSH action, where the gonadotropin promotes their growth and maturation and, together with testosterone produced by LH-stimulated Leydig cells, initiates, and supports high quality spermatogenesis (20, 21). Interestingly, a recent study in transgenic mice showed that a constitutively active mutant (CAM) FSHR may support normal spermatogenesis alone in the absence of androgens (22). Whether this finding in mice is relevant in humans remains an open question.

In recent years there have been reports of FSHR detected in other than the canonical gonadal tissues. Extragonadal FSHRs, which include bone (23, 24), monocytes (25, 26), different sites of the female reproductive tract and the developing placenta (27), endothelial cells from umbilical vein (28) and blood vessels from malignant tumors and metastases (29–31), and the liver (32), have been identified employing different detection approaches, mainly immunohistochemistry and more recently in vitro and in vivo imaging of FSH-conjugated NIRII-fluorophore (33). It has been proposed that these extragonadal FSHRs might play a role in diverse physiological processes, mainly related with osteoclast-mediated bone resorption and angiogenesis (34–40). However, expression of FSHRs in some extragonadal tissues has been recently questioned (41). Regarding their structure-function relationship, it is interesting to note that the FSHRs mRNA transcripts identified in human monocytes and osteoclasts apparently correspond to receptor isoforms or variants resulting from differential splicing that do not transduce signals in response to FSH via the canonical Gs protein pathway (26) but rather, probably, through Gi2 which in turn triggers MEK/Erk, NF-kB, and Akt activation leading to increased osteoclast formation (23).

More recently, Liu and colleagues (42) showed that immunoneutralization of circulating FSH levels via administration of either a polyclonal or monoclonal anti-FSHβ antibody to mice, not only led to attenuation in bone loss in ovariectomized animals but also prevented adipose tissue accumulation and parallely enhanced brown adipose tissue and thermogenesis, probably by blocking the inhibition promoted by FSH on uncoupling protein 1 (Ucp1) expression, a regulator of white fat beiging and thermogenesis (43). Given the physiological and therapeutic implications of extragonadal FSHRs, more studies, particularly in humans, are warranted to confirm that extragonadal FSHRs are expressed at sufficient densities to evoke significant biological effects particularly when exposed to increased FSH levels, as those present during the peri- and postmenopause.

The FSHR protein includes a number of specific primary sequences involved in many of the functions of the receptor. These sequences are involved in outward trafficking from its site of synthesis (the endoplasmic reticulum; ER) to the PM (upward trafficking), agonist binding and activation, signal transduction, desensitization and internalization, and degradation or recycling (downward trafficking). Alterations in any of these primary sequences by gene mutations or due to single nucleotide polymorphisms (SNPs), may potentially result in abnormal function of the receptor protein and eventually to disease.



DOMAINS AND MOTIFS INVOLVED IN FSHR UPWARD TRAFFICKING

The endoplasmic reticulum (ER) is the cell organelle where the life cycle of GPCRs begins; here, the newly synthesized peptide sequence is translocated, folded into secondary and tertiary structures via disulfide bonds formation and assembled into quaternary complexes. Properly folded receptors are then exported to the ER-Golgi intermediate complex and then to the Golgi apparatus and trans-Golgi network; here, processing is completed, and the receptor proteins are ready to complete their outward trafficking to the PM and become exposed to cognate ligands (44, 45). Similar to other GPCRs, if the FSHR is not correctly folded the quality control surveillance of the proteosome removes the misfolded receptor. If properly folded, in the ER FSHR continues its transit to the Golgi and the PM (46). N-linked glycosylation (as well as disulfide bond formation) is a frequent feature of GPCRs that occurs during biosynthesis and facilitates folding of protein precursors by increasing their solubility, protecting from detrimental non-productive protein-protein interactions and stabilizing protein conformation (47). Glycosylation plays a crucial role in folding, maturation, and intracellular trafficking of the receptors from the ER to the PM (48). As mentioned above, the ECD of the FSHR contains four potential N-linked glycosylation sites (sequence NXS/T, where X is any amino acid except proline) at positions 191, 199, 293, and 318 (12). However, the crystal structure of the FSHR ECD at residues 25 to 250 in complex with FSH (7, 49) (see below) has provided positive evidence for glycosylation at only one of these sites. That structure revealed that carbohydrate is attached at residue N191, which protrudes into solvent, while no incorporation of carbohydrate complex occurs at residue N199, which projects from the flat β-sheet into the hormone-receptor binding interface and if present would prevent hormone binding, as might be predicted by the FSH-FSHR ECD crystal structure (14). Information is lacking on FSHR glycosylation at residues 293 and 318, albeit some studies suggest that it might occur at two of the three (at positions 191, 199, 293) N-linked glycosylation consensus sequences (50) (Figure 1A). Naturally occurring mutations at the ECD of the FSHR (51, 52) near or at putative glycosylation sites are deleterious, emphasizing the important role of glycosylation on receptor targeting to the cell surface and insertion into the PM. In fact, the A189V, and N191I naturally occurring FSHR mutations lead to a profound defect in targeting the receptor protein to the PM, confirming the role of the conserved 189AFNGT193 motif (which hosts one glycosylation site) in FSHR trafficking. Nevertheless, it is not known whether the A189V mutant FSHR is glycosylated at position N191, given that V189 as well as I191 may potentially impair proper receptor LRR formation, particularly its α-helical portion, and hence receptor trafficking.

On the other hand, mutagenesis, and biochemical studies suggest that in the rat FSHR glycosylation is present at two glycosylation consensus sequences and that disruption of either of these two glycosylation sites (N191 or N293) does not apparently affect receptor folding and trafficking to the PM (50). The authors interpretation of this finding is that in this rodent species, at least one glycosylation site at the ECD is needed for FSHR folding and efficient trafficking to the PM (50). Abscence of glycosylation of the mature rat FSHR does not impact on binding or affinity, albeit glycans appear to be important structures for the maturation of the newly synthesized receptor helping on folding, conformational stability, and correct routing to the plasma membrane.

Mutations at the amino-terminal end of the ECD also affects cell surface residency of the FSHR. In this region, alanine scanning mutagenesis identified two regions comprising amino acid residues V9-L31 and E39-N47 which are apparently important for receptor trafficking (53, 54). Mutations in several amino acid residues, specifically at F30, I40, D43, L44, R46, and N47 significantly decreased cell surface PM expression due to failure for proper trafficking (54). Although mutations at these sites might impair glycosylation of the receptor, the abnormal trafficking was more likely due to abnormal NH2-terminal folding and trapping FSHR intermediates by surveillance mechanisms that incidentally may interfere with appropriate glycosylation processing in the ER-Golgi.

In addition to the above described 189AFNGT193 motif in the FSHR, where mutations influence upward trafficking of gonadotropin receptors, other sequence motifs located in intracellular domains seem to be involved in the exit of these and other GPCRs from the ER and the Golgi. Among these export motifs is the F(X)6LL (where X is any amino acid) sequence described by Duvernay and colleagues (16, 55) located between residues 633 and 641 in the FSHR (Figure 1C). The C-tail sequence of the FSHR also contains the minimal BBXXB motif reversed (BXXBB, where B represents a basic amino acid and X any other amino acid) in its juxtamembrane region (residues 631KNFRR635) (56); the last arginine residues of this latter motif (at positions 634 and 635) and the preceding F633 also are included within the NH2-terminal end of the F(X)6LL sequence, and hence substitutions in these residues impaired trafficking and PM expression of the receptor (56, 57). The intracellular loop (IL) 3 of the FSHR also contains this BXXBB motif (residues 569RIAKR573) and either deletion or replacement of its basic residues with alanine also impairs PM expression of the receptor (56, 58).

There are other naturally-occurring mutations that affect trafficking of the FSHR besides those at exon 7 already described, as well as those that impact on ECD glycosylation. These have been identified by virtue of their causal relationship to intracellular retention of FSHR and include the I160T and D224V mutations (at exons 6 and 9, respectively) at the ECD (59, 60), D408Y at the TMD2 (61), and P519T at the extracelullar loop (EL) 2 (62) (Figure 1 red-filled circles). There have been few studies of the molecular physiopathogenesis leading to impaired upward trafficking of these FSHR mutants. The Pro519Thr mutation in the middle of the EL2 results in complete failure of FSHR to bind FSH and incompetence for triggering intracellular signaling. The loss of a proline residue at this position may potentially provoke a severe conformational flexibility that leads to misfolding and intracellular trapping of the mutant receptor. The peptide backbone of proline, which is constrained in a ring structure, is associated with a forced turn in the protein sequence, which is lost when the less constraining threonine is present instead. Thus, it is possible that the abrupt turn at the middle of the EL2 [where the highly conserved motif KVSICXPMDV/T/I (residues 513–522 in the FSHR) present in all three glycoprotein hormone receptors is located], may be an obligatory requisite for both signal transduction activity and proper routing of the receptor to the PM membrane (62). The remaining mutations (at positions 160, 224, and 408) also occur at highly conserved residues or sequences across species (12), supporting their importance on FSHR function, at least on its proper intracellular routing to the PM.

The above mentioned FSHR D408Y mutation represents an interesting paradigm to explore the molecular mechanisms subserving misfolding and impaired intracellular trafficking of mutant FSHR to the PM. Potential alterations in the secondary structure of the D408Y mutant receptor have been proposed using template-based modeling techniques. Bramble et al. (61) compared a model of the WT FSHR to a model of FSHR containing the D408Y mutation using the RaptorX software (63). The exercise detected a distorted helical structure upstream at the site of the mutation at the 7TMD helix 2; this observation was corroborated by a calculated decreased in the helicity score of the 400 to 410 region using ExPASy secondary structure predictor (61). A caveat should be noted, however, that template-based-modeling relies on known structures of proteins (templates) that display sequence homology with the unknown protein [by homology modeling or fold recognition of individual amino acids in the context of all known structures (protein threading)]. Therefore, the accuracy of prediction of protein structure using template-based modeling of membrane proteins will be limited by the fact that there are not many solved structures of GPCR TM domains. This will likely resolve in the near future as the use of cryo-electron microscopy becomes more accessible to scientists studying GPCRs (64), which undoubtedly will transform further understanding of how GPCRs function. In the absence of such advances and complementary to this new resource, alternative approaches, such as molecular dynamics (MD) simulations, had emerged (65). All-atom MD simulations provides atomistic grounds for understanding membrane folding processes, protein-lipid affinity, and protein conformational changes, among other important phenomena for studying membrane proteins physiology in an aqueous environment. For example, in the case of the D408Y FSHR mutant, all atom MD simulations performed for a period of 20 ns within a lipid bilater environment of polyunsaturated lipids predicted that mutations at residue 408 would only affect very slightly the secondary structure. This is because the H-bonds stabilizing the helical domains are located in the hydrophobic core of the bilayer, where electrostatic interactions are enhanced due to the non-polar environment of the lipid hydrocarbon tails. However, contacts between TMD2 and TMD7 are indeed disrupted upon replacement of aspartic acid with tyrosine at position 408 (Figure 2). Here Y408 made contacts (with S456 at TMD3, C584 at TMD6, and H615 at TM7) not observed in the WT receptor (Figure 3). This indicated that replacements at position 408 may severely impact on the conformational dynamics of the receptor and thereby promote distinct fluctuations throughout to the whole receptor structure (Figure 4), which may potentially lead to misfolding and retention of the mutant receptor within the cell by the quality control system of the cell.
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FIGURE 2. Follicle stimulating hormone receptor (magenta ribbons) in a lipid membrane bilayer (violet spheres and sticks). The 7TMD domains are identified with numbers 1–7. Extracellular loops 2 and 3, and the intracellular loop 3, are labeled as EL2, EL3 and IL3, respectively. The NH2 terminus with a fragment of the ectodomain (ECD) (starting at residue 317) is depicted in the extracellular side. Palmitoylated cysteine residues anchored in the membrane are depicted in cyan spheres. The lipid heads are represented by the phosphorous atoms, which are depicted as violet spheres, and the lipid tails are represented as free-drawn vertical lines in the background. Water molecules at the intra- and extraccelular sides are depicted as a continum solvent in violent.
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FIGURE 3. Contacts between side chain atoms of residues at helix 2 (TMD2) and residues at helices 3 (TMD3), 6 (TMD6), and 7 (TMD7). (A) Side chain interactions in the WT FSHR with the carboxyl group of D408 forming hydrogen bonds with S619 and N622. (B) Side chain interactions of Y408 at TMD helix 2 and residues at TMD helix 3, helix 6, and helix 7. A hydrogen bond between Y408 and H615 is shown; C584 is depicted since it is close neighbor of Y408 within a 3.5 Å cut-off. Side chains are depicted as sticks, and the color code is: carbon,cyan; oxigen,red; hydrogen, white; sulfur,yellow; and nitrogen, blue. Only small fragments of the helical regions are depicted (green or cyan ribons for the WT and 408 mutant receptors, respectively).
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FIGURE 4. Root mean square fluctiations (RMSF) for α-carbon atoms of the WT FSHR and the mutant D408Y. (A) Fluctuations calculated for residues in the tansmembrane domain from Y362 to C646. Helical regions display lower RMSF values since they are rather rigid within the bilayer hydrophobic core, whereas larger fluctuations represent flexible regions such as the loops. (B) Structures of the WT FSHR and the D408Y mutant colored according to the RMSF values, with rigid regions in red and flexible regions in blue. Flexibility seems to increase from helix 5 to helix 8 in the mutant receptor, since larger RMSF values were yield by the mutant than by the WT FSHR.




Dimerization and Upward Trafficking

Association between GPCRs, either in the form of dimers or oligomers, plays a pivotal role in GPCR function, influencing intracellular trafficking, ligand binding, and signaling regulation (66–68). In the case of the FSHR, the receptor self-associates early during receptor biosynthesis, and using both biochemical and super-resolution imaging approaches evidence supports the quaternary association at the PM as both monomers and higher order structures (dimers and oligomers) (13, 69, 70). Nevertheless, whether association of FSHRs in the ER is an obligatory pre-requisite for trafficking to the PM, as with other GPCRs (71–77), is an open question. Although biochemical studies have found that both the ECD and TMD contribute to early FSHR association, the sites of interaction(s) remain to be identified. In fact, in one study (69), mutations in TMD helix 1 and/or 4, which have previously been suggested to be involved in dimerization of the α1β-adrenergic receptor, dopamine D2 receptor, and CCR5 (78–80), failed to alter the propensity of the FSHR to associate. Nevertheless, some domains potentially involved in intracellular FSHR-FSHR interactions have been identified employing short interfering sequences specific for particular TMDs and the C-tail (57). That study suggested that association of FSHRs may occur via multiple contact sites at the 7TMD, including helices 5, 6, and 7, and the C-tail. Although in how this FSHR-FSHR interaction might influence upward traffic of the FSHR to the PM has not yet been particularly addressed, the same study also demonstrated that heterozygous mutations causing misrouting of the receptor led to defective upward intracellular trafficking and interfered with proper maturation of the WT, functional FSHR (57). The more recent crystal structure of the FSHR ECD, which included the entire 350 amino acid of the ECD, demonstrated an additional mode of association of hormone with the ECD that includes the hinge region of the receptor (Figure 1B) and represented a trimeric receptor structure (14, 81). This latter observation will be an important platform for defining the number of FSH molecules hosted by the receptor but whose formation during the biosynthetic process and role in receptor trafficking has not been yet documented. In this vein it is possible that association of FSHR receptors as dimers or trimers may facilitate coupling the receptor to several and distinct G proteins and adaptors. In fact, a recent study has shown that heteromers of adenosine A2A receptor and dopamine D2 receptor homodimers associated to distinct G proteins, may modulate signal transduction selectivity through different molecular interactions with effectors (82).

Heterodimerization of FSHR with the closely related LHCGR, has been studied employing different experimental approaches (57, 70, 83, 84). However, it is not yet known whether such hetero-association also occurs early during biosynthesis, as demonstrated for FSHR homodimers, or later, when the individual receptors are already at the cell surface PM. In any case, the presence of FSHR-LHCGR heterodimers appears to convey important physiological implications, particularly during follicular maturation, as it may prevent premature luteinization of the follicle or ovarian hyperstimulation, according with the level of expression of each receptor (83). As in the case of association between FSHRs, it is still unknown which are the potential contact sites of interaction between these receptors, although experiments using mutant FSHRs coexpressed with the WT LHCGR suggest that this hetero-association may also occur via multiple inter-TMD contacts (57).




FSHR DOMAINS INVOLVED IN LIGAND BINDING AND RECEPTOR ACTIVATION


The Extracellular Domain (ECD) and Ligand Binding

As described above and shown in Figure 1A, the mature, PM expressed FSHR exhibits a large ectodomain, where recognition and binding of its cognate ligand occurs (14). The current dogma is that in the FSHR ECD resides both the binding site for agonist and the region essential for ligand-provoked triggering of receptor activation. The first reported structure of the FSH complexed with the extracellular-hormone binding domain of the FSHR (FSHRHB) (49) documented the important structural relationship between FSH and FSHR. However, the expressed protein used for crystalization did not include the signal specificity subdomain or hinge region, which had been considered as a separate structure participating on FSHR activation (85–87). This groundbreaking structure showed for the first time that FSH binds to FSHRHB like a “handclasp” and that most β-strands in the inner surface are involved in ligand binding (Figure 1A). Moreover, extensive previous mutagenesis and biochemical analyses of FSH mutants provided an immediate validation of the dogma that both non-covalently linked α- and β-subunits (present in all glycoprotein hormones) are involved in specific binding to the receptor. Importantly, this structure also demonstrated that carbohydrates are not actually involved in the formation of the binding interface of the FSH–FSHRHB structure, but are rather sequestered to the periphery of the complex (88, 89). This observation would argue against the notion that pharmacodynamics of FSH biosimilars may vary depending on their carbohydrate composition. The second and subsequent crystal structure of the FSH-FSHR complex shed additional light on this topic while suggesting even more complicated structure-function correlates to consider.

The second crystal structure of FSH bound with the entire FSHR ECD reported by Jiang and colleagues (7) includes the hinge region (FSHRED). That structure described in more detail the role of the glycoprotein hormones receptors ECD not only in ligand binding but also on receptor activation. Accordingly, this structure predicts that FSH is initially recruited by the previously described FSHRHB through high-affinity interactions between the gonadotropin and the concave surface of leucine-rich repeats (Figure 1A, gray arrows within the amino acid sequence of the ECD) 1–8. However, the interface between the FSH and the FSHR ECD is broader than that previously identified in the Fan and Hendrickson FSH-FSHRHB structure (49) due to the presence of secondary interaction sites (shown also in Figure 1A). According to this newer structure, binding of FSH to the FSHR hormone binding domain provokes conformational alterations in the L2β loop (residues V38β-Q48β) of FSH leading to interactions between amino acid residues in the L2β loop and LRRs 8 and 9, as well as to interactions of FSHR residues located in the hinge region with residues on FSH α- and β-subunits. Several residues on the FSHR determine specificity of the receptor for its ligand, including L55, E76, R101, K179, and I222, in which L55 and K179 are important to distinctly identify LH, human chorionic gonadotropin (hCG) and FSH due to their interaction with the FSHβ “seat belt,” whereas the other residues dictate specificity preventing binding to TSH (7, 14). A more detailed map of interaction between residues from FSH and the FSHED is shown in Figure 5. The FSHR ECD structure reported by Jiang and colleagues (7), identified the hinge region as an integral part of the ECD (Figure 1B), and confirmed previously reported biochemical data on the FSHR and TSHR (85, 90–93), underlying the role of this region in ligand-stimulated receptor activation. These and other studies (94) have also suggested that the ECD of the glycoprotein hormone receptors acts as a tethered inverse agonist. In this scenario, the ECD acts as an agonist upon ligand binding and activates the sequence 353FNPCEDIMGY362 located in the junction of the carboxyl-terminal end of the hinge region and the 7TMD helix 1, which function as an internal agonist unit (Figure 1B).


[image: image]

FIGURE 5. Schematic representation of detailed interaction of FSH and FSHR interface. Contacting residues from FSHR hormone binding domain are shown as yellow dots, those from FSHα as red dots, and FSHβ as blue dots. The middle area indicates the specific side-chain interactions between FSHR and its ligand. Interactions that contribute to common affinities among all the GPH–GPHR family members are shown as green-filled circles (for charge–charge interactions) or boxes (for non-charged atomic contacts), and they are connected by green lines toward the yellow dots in FSHR or red or blue dots in FSH α- or β-subunits, respectively. Interactions involved in specificity are shown as purple- or red-filled circles or boxes connected by lines of the same color to the dotted residues in the receptor and ligand. LRR, leucine-rich repeats.



The agonist-stimulated activation mechanism of the FSHR includes a sulfated tyrosine residue at position 335 of the hinge region. Here, exposure of a pocket located in the interface of the α- and β-subunits of FSH formed upon binding of the ligand to the hormone binding domain, is the binding site for the sulfated tyrosine residue located immediately adjacent to the rigid hairpin loop (Figure 1B). The proposal is that this initial binding event is followed by lifting of the hairpin loop leading to relieving of the inhibitory effects of the loop on the 7TMD. Rotation of a fixed short helix formed by residues S273 to A279 (Figure 1B) additionally contributes to the conformational change of the hinge region that leads to receptor activation (7, 14). The fact that substitution of the S273 residue with a non-polar hydrophobic residue (isoleucine; S273I) leads to constitutive activation of the receptor, emphasizes on the importance of this helix movements on FSHR activation; this mechanism may also explain the effect of the S277I mutation on LHCGR constitutive activation (95). The disulfide bridges C275-C346 and C276-C356 play an additional role in FSHR activation through fastening the last β-strand (LRR 12) to the short helix forming a rigid body and tying this helix to the last few residues before the 7TMD helix 1 (internal agonist in Figure 1B). The movement of the hairpin loop occurring upon ligand binding presumably affects and influences the conformation of this and the remaining TMDs, thereby provoking receptor activation (see below). This structure has far-reaching impact. Given the similarity among the structures of glycoprotein hormones and glycoprotein hormone receptors, it is highly possible that all glycoprotein hormone receptors share the 2-step recognition/activation process described above. For example, mutants of glycoprotein hormone receptors created to remove this critical sulfated tyrosine, exhibit a marked loss of sensitivity to their corresponding ligands (86, 87, 96). Moreover, FSH with mutations in residues located below the sulfated tyrosine-binding pocket or at the potential exosite (αF74E and βL73E, respectively) promote signaling presumably by taking the hairpin loop up toward the top of the pocket (7).

FSHR (and TSHR as well) promiscuity for ligand specificity caused by particular mutations in the ECD (and the 7TMD as well, see below) (Figure 1) is an issue that has important implications in the clinical setting. This is because of the structural similarities among the glycoprotein hormones and their receptors and the limited number of residues in the ligand and the LRRs at the hormone-binding domain that participate in ligand-receptor interactions. For example, a ligand structurally similar to a glycoprotein hormone receptor cognate ligand could interact with and activate the receptor. This could even occur with a low affinity and without triggering detectable receptor activation under basal conditions. In this regard, replacements of key residues that presumably participate in receptor-ligand interaction may hamper ligand discrimination of the receptor and result in recognition and interaction of the mutant receptor with other than its specific ligand. In this setting, the S128Y mutation at the FSHR (Figure 1) may provoke ovarian hyperstimulation syndrome [OHSS; which may be life-threatening in its severe form (97)] associated to pregnancy due to increased responsiveness of the FSHR to high levels of hCG present during the first trimester of pregnancy (98). In this mutation, replacement of serine with tyrosine allows the FSHR to hydrogen bond αR95 at the hCG molecule, leading to receptor activation.

Since the ELs are extracellular projections of the TMDs, it was anticipated that these loops also may be involved in ligand-receptor interaction and receptor activation, particularly EL1 and EL3, which is, indeed, the case. The role of the FSHR ELs in these processes has been described in detail in a recent review (4).



The 7TMD and Receptor Activation

Given that no structural data are currently available on gonadotropin receptors 7TMD, homology modeling with other GPCRs has been a very useful tool to explore the potential molecular mechanisms occurring at the 7TMD level that lead to the initial activation of FSHR by its ligand. Among a number of ligand-bound GPCR structures currently available, the following structures are important to understand the activation mechanism: a. A ligand-free form of opsin that is co-crystalized with the carboxyl-terminus of the α-subunit of Gαt (99); b. A β2AR bound to agonist and stabilized in the active conformation by a nanobody mimicking the G protein (100); c. Agonist-bound β2AR and adenosine A2A receptor co-crystallized with heterotrimeric stimulatory G protein (Gαs−β1γ2) (101, 102); and d. The structures of four GPCRs bound to Gi obtained through cryo-electron microscopy (103–106). Previously described crystal structures, may be useful as a first approximation of ligand-induced activation of FSHR. However, since none of those receptors entertain a large extracellular domain for ligand binding, the common structural rearrangements noted may not translate well to the FSHR or other glycoprotein hormone receptors (107). Upon ligand binding, the extracellular portion of the 7TMD is initially affected by agonist-evoked local structural changes, including: a. A small distortion of TM helix 5; b. Relocation of TM helices 3 and 7; and c. Translation/rotation of TM helix 5 and helix 6. These movements occur concurrently with rearrangements in a cluster of conserved hydrophobic and aromatic residues (positions 3.40, 5.51, 6.44, and 6.48)1, that constitute a transmission switch deeper in the core of the receptor leading to rearrangement at the TMD helix 3–helix 5 interface, and formation of new non-covalent contacts at the TMD helix 5–TMD helix 6 interface (109). Several residues in this transmission switch are highly conserved among Class A GPCRs, suggesting that they are a common feature of GPCR activation of effector proteins. These local changes are translated into large-scale helix movements occurring intracellularly at the cytoplasmic side of the plasma membrane (107), yielding rearrangements of TMD helix 5 at its cytoplasmic side (110) associated with a modification of theTMD helix 5–helix 6 interface, which result in the large-scale relocation of the cytoplasmic side of TMD helix 6 (111). Consequently, a cleft required for hosting G protein α-subunits opens. Further, recent studies on receptor-Gi complexes suggest that a smaller displacement of the TMD helix 6 might interfere with binding of the receptor to Gs and allow to selectively bind Gi (103–106). Importantly, residues from the IL2 and the cytoplasmic end of TMD helix 3 (R3.50 of the conserved E/DRY/W sequence) participate in interaction with the G protein following activation (101, 112). As a result of receptor activation, the salt bridge between residues R3.50 and E6.30 in the inactive state is broken (99). These structural and biophysical studies indicate that agonist binding may not be solely sufficient to stabilize fully active states of the receptor and that binding of an effector protein on the cytosolic face of the receptor seems necessary to fully attain the active state of the receptor (113). Further, there may not be a single active state arguing that different ligands with or without allosteric modulators, can stabilize distinct conformations and give rise to diverse and distinct downstream responses (114, 115). It would follow then that CAM receptors might exist in conformations that facilitate recruitment of non-G protein effectors such as β-arrestins (116, 117), giving rise to biased signaling. Thus, from a clinical point of view understanding or determining their structure can guide development of therapeutically useful negative allosteric modulators. From a basic view, solving the structures of the constitutively active receptors will lead to additional insights about ligand-induced activation of FSHR, particularly with regard to engagement of downstream effectors.

Long-range conformational changes and rearrangements transmitted down stream the intracellular extensions of the TMD helices and associated with the ILs and C-tail of the receptor induce reorganization that allows accommodation and activation of multiple downstream effectors. The α-helices conforming the 7TMD may oscillate between multiple active conformations, which eventually determine the activation of several or distinct downstream signaling pathways and account for functional selectivity (see below). Given the structural and functional similarities among Class A GPCRs, it is highly possible that the FSHR (and other glycoprotein hormone receptors as well) may share some of recently described structural mechanisms of activation at the 7TMD exhibited by other members of this particular Class of GPCRs. Here it is important to note that in the case of rhodopsin the active conformation is not as variable as in other GPCRs with diffusible ligands, because upon light exposure rhodopsin exhibits (and, in fact, vision requires) a high switching fidelity and very fast activation dynamics than other GPCRs, which switch asynchronically during the ligand-stimulated activation process (118). In fact, a recent crystal structure of rhodopsin in complex with a mini-Go protein (119) showed that the structure and active conformational state of rhodopsin bound to Go is very similar to that previously observed for the rhodopsin-arrestin complex (120), implying that rhodopsin exposes the same sites to recognize its cognate G protein (Gt) and arrestin and that fewer stable conformations in the active state exist in this receptor compared to other GPCRs (119).

The specific intermolecular interactions and nature of the conformational changes subserving stabilization of the glycoprotein hormone receptors 7TMD in different (inactive or active) conformations are not yet fully understood at atomic resolution. Yet evidence derived from combined experimental approaches (mutagenic, structural, and in silico strategies) as well as from in vitro recreation of naturally occurring inactivating and activating mutations (see below), have allowed identification of potential structural determinants and network interactions that predominate during the inactive and active conformations of these receptors (7, 121–126). Application of in silico and mutagenesis approaches, particularly on the LHCGR, have unveiled important information about TMD helices and particular amino acid residues involved in intra- and inter-helical non-covalent ionic interactions, network formation, and pathways that are associated with the different activation states of the gonadotropin receptors. In this regard, almost all conserved amino acid residues in the majority of the LHCGR helices participate in the formation of intramolecular networks in either inactive and/or active states. Moreover, highly conserved and non-conserved residues form ionic inter-helix network pathways that connect the extracellular and intracellular components of this receptor during different conformational states. Finally, salt bridging of R464 (R467 in the FSHR) at the ERW highly conserved motif located at the COOH-end of the TM3 (Figure 1C) with E463 (FSHR E466) and D564 (FSHR D567) (at the IL3-TMD helix 6 junction) represents a key network important for stabilization of the inactive conformation of the receptor (122, 123, 125, 127). This is the case for other GPCRs belonging to the rhodopsin/β-adrenergic-like family. As shown by recent crystal structures of GPCRs-coupled with G proteins, the majority of LHCGR CAMs would disrupt this essential TMD3-TMD6 inter-helical stabilizing bridge. That would enable flexibility for the opening of an intracellular crevice between the IL2 and IL3 and TMD helix 3 and helix 6, which in turn would allow exposure of key residues potentially involved in Gs and Gi activation, (99–106). Integrity of the TMD helix 3-helix 6 salt bridge as a requisite for keeping the inactive conformation of glycoprotein hormone receptors is further emphasized by experimental evidence. For example, D567G/N and D619G mutations lead to constitutive activation of the FSH and TSH receptors, respectively (128–133). In addition, in silico studies on a number of laboratory manufactured CAM FSHRs harboring mutations at residues 401, 580, 545, and 460 (Figure 1) are known to provoke constitutive activation of the LHCGR (127). It is also noteworthy that the majority of naturally occurring CAMs in the LHCG and TSH receptors are located at the TMD helix 6, which again underlines the importance of this particular helix on G protein coupling and signal transduction.

In contrast to the LHCGR or TSHR, gain-of-function mutations in the 7TMD of the FSHR leading to constitutive activation are relatively rare (Figure 1) despite the relatively high homology between their 7TMD [reviewed in (134)]. This observation suggests a higher stability of the FSHR 7TMD in the inactive state compared with those of other glycoprotein hormone receptors (135). Nevertheless, it is important to keep in mind that CAMs of the FSHR are actually difficult to detect in the clinic because they usually do not exhibit severe phenotypes (136). In fact, mutations leading to ligand-independent activation of LHCGR show low constitutive activity when introduced into the FSHR (127, 135), despite strong promiscuous activation by hCG and TSH (127). Promiscuous activation also has been observed in three out of six naturally occurring FSHR CAMs (134), suggesting a close link between constitutive activation of this receptor and ligand promiscuity, an association not always observed in the other related receptors (91, 130). Partial activation of the FSHR apparently facilitates relaxing the inhibitory constraints of the 7TMD, making the receptor prone to full activation by related ligands when present at high concentrations.




FSHR DOMAINS AND SIGNAL TRANSDUCTION

As described above, binding of agonist to the FSHR provokes conformational changes in the receptor molecule, that are transmitted through the 7TMD to the intracellular domains, where coupling to effectors, interaction with adapter proteins, and triggering of downstream intracellular signaling takes place. As in other GPCRs, the intracellular domains of the glycoprotein hormone receptors are extensions of the TMDs, that participate in downstream effector activation. Accordingly, conformational changes in the 7TMD helices lead to activation of G proteins and other interacting proteins involved in signaling, desensitization and internalization of the receptor (15, 56, 58, 122, 137–142) (Figure 1C). In addition to activation of the canonical Gs/adenylyl ciclase(cAMP/protein kinase A (PKA) pathway, the FSHR also activates signaling cascades involved in a variety of cellular processes, including proliferation and/or differentiation, functional selectivity and differential gene expression [reviewed in (143)]. Some of the motifs involved in these complex signaling networks are shown in Figure 1. For example interaction of the FSHR with the adaptor protein containing pleckstrin homology domain, phosphotyrosine binding domain, and leucine zipper motif (APPL), has been mapped to the IL-1, specifically to K393, L394, and F399 (144, 145). The adapter APPL1 may regulate signal specificity and trafficking through the interaction with PI3K and Akt, which is followed by FOXO1a phosphorylation, leading to abrogation of apoptosis (145); in addition, this adaptor is also involved in FSHR-mediated Ca2+ signaling and other functions (84, 146). Meanwhile, association of the FSHR with the 14-3-3τ protein has been mapped to the IL2, overlapping the above mentioned ERW motif (138, 147); 14-3-3 proteins are involved in several cell processes and play an important role in modulating signaling pathways through interacting with activated signaling proteins (148). Mutagenesis studies also have identified other residues in this loop, such as Leu477, that are important for maintaining the receptor in an inactive conformation (142), and it has been suggested that this particular loop may function as a conformational switch to evoke G protein activation, as reported for the LHCGR (58, 149, 150). Sequences in IL3 have been identified that are involved in signal transduction, including the reverse BBXXB motif in the juxtamembrane region of this loop (56, 151, 152). Replacement of R573 with cysteine does not affect PM expression or binding to agonist yet signaling mediated by Gs is severely impaired (59).

The C-tail exhibits a putative class B S/T cluster closely related with receptor phosphorylation by G protein-coupled receptor kinases (GRKs) and β-arrestin recruitment, which are scaffold intermediates involved not only in receptor desensitization, internalization, and recycling, but also in Gs-independent ERK1/2-mediated signaling (see below) (153–156).

The C-tail of the FSHR also exhibits an aspargine residue at position 680, which is the site for the expression of the most common functional variant (N680S) of the WT FSHR resulting from a single nucleotide polymorfism (SNP) in the FSHR and that exists in strong linkage disequilibrium with the amino acid residue in position 307 (T307A) at the ECD (157). Expression of the S680S FSHR variant in vivo has been associated with variations in the sensitivity of the FSHR to its cognate ligand (158, 159), whereas in vitro this variant exhibited attenuated intracellular signaling kinetics, enhanced β-arresting recruitment and ligand-stimulated internalization, and decreased CREB-dependent gene transcription and nuclear PKA activation (160, 161). The functional abnormalities of the S680S FSHR variant might be responsible for the altered response to exogenous FSH administration presented by women bearing the homozygous state as well as for the lower pregnancy rates observed in some particular populations (162).

Potentially important domains at the 7TMD and ILs involved in receptor-G protein association have been described in the preceding section.



FSHR DOMAINS INVOLVED IN INTERNALIZATION AND POST-ENDOCYTIC PROCESSING

G protein-coupled receptor interaction with agonist at the PM triggers downward trafficking of the receptor, which occurs through a series of well-known distinct processes. These include: a. phosphorylation and β-arrestin recruitment, which by interacting with clathrin and the clathrin adaptor AP2 promote receptor internalization into endosomes, and b. either targeting of the receptor to the lysosomes and/or proteasomes or recycling of the receptor back to the PM. Hence, the balance between trafficking from the site of synthesis (the ER) to the PM and the endocytosis-recycling/degradation pathway is what defines the final density of receptor protein available to agonist and required to evoke a biological response. Recently, FSHR was identified in very early endosomes during its post-endocytic sorting, rather than to early endosomes as in most GPCRs; apparently, sorting to very early endosomes represents an important mechanism subserving receptor recycling, where PKA-phosphorylated APPL1 present in this particular endosomal compartment plays an essential role (163–165). In addition to phosphorylation by PKA and PKC (both second messenger-dependent kinases), FSHR is phosphorylated by GRKs 2, 3, 5, and 6 (153, 155, 166, 167). Although both PKA and PKC participate in agonist-dependent and -independent desensitization (homologous and heterologous desensitization, respectively) of the FSHR, phosphorylation mediated by GRK results in more complex effects, including homologous desensitization, regulation of β-arrestin recruitment, internalization, and G protein-independent signaling (153). As described in the previous section, a cluster of five serine and threonine residues has been identified in the C-tail of the FSHR as target for phosphorylation by GRKs (153). β-arrestins associated with the GRK2- or GRK5/6-phosphorylated, agonist-occupied FSHR, apparently extert distinct intracellular functions: the FSHR phosphorylated by GRK2 predominates in the β-arrestin-stimulated desensitization process, while phosphorylation by GRK5- and GRK6- is necessary for β-arrestin-mediated MAPK-ERK1/2 activation (153, 154, 168).

β-arrestin recruitment to GRK-phosphorylated FSHR is a well-recognized process leading to receptor internalization (153, 167, 169). In the case of the LHCGR this effect is rather mediated by the interaction with ADP ribosylation factor nucleotide-binding site opener (ARNO), which is an exchange factor for ADP ribosylation factor 6 (ARF6) that recruits β-arrestins when bound to GTP (170, 171). In contrast with the LHCGR (in which only 30% of the internalized receptor recycles back to the PM), most of the internalized FSHR is recycled back to the cell surface (166, 172). Palmitoylation plays and important role in determining the post-endocytic fate (degradation vs. recycling) of gonadotropin receptors (17, 18, 173–175). The importance of this S-acylation in internalization and post-endocytic processing of GPCRs varies depending on the particular receptor. In contrast to the LHCGR in which prevention of palmitoylation by site-directed mutagenesis increased the rate of agonist-stimulated internalization (174), abrogation of palmitoylation of the C-tail cysteine residues (cysteines 644, 646, and 672, Figure 1C) at the FSHR did not affect the dynamics of internalization of the hormone/FSHR complex (172). Nevertheless, in both unpalmitoylated receptors, recycling to the cell surface was impaired and the fraction of receptor/hormone complex submitted to degradation via the proteasome/lysosome pathway was increased (17, 174). Further, studies in HEK293 cells showed that in the non-palmitoylated FSHR degradation through proteasomes predominated over that mediated by lysosomes, as revealed by experiments in which proteosomal but not lysosomal degradation was inhibited (17). In fact, the FSHR is ubiquitinated in IL3 (Figure 1C) and proteosomal inhibitors increase cell surface residency of this receptor (17, 176). Thus in both gonadotropin receptors, S-acylation plays an important role in postendocytic processing.

In addition to palmitoylation, postendocytic trafficking also may be influenced by specific amino acid residues present in the C-tail of the FSHR. Similar to the LHCGR, truncations involving the last eight residues of the FSHR resulted in re-routing of a substantial amount of the internalized FSH-FSHR complex to the degradation pathway (166).



CONCLUSIONS

This review summarizes the information available on the relationship between structure and function of the FSHR. Although a substantial amount of information on this particular receptor structure-activity relationship has emerged during the last decade, there are still several issues that remain to be resolved, including elucidation of the entire crystal structure of the receptor including the 7TMD. This critical step will unambiguously and more precisely identify those residues and domains within the 7TMD and intracellular domains involved in receptor activation, FSHR-FSHR and FSHR/LHCGR association, and interaction with the array of proteins involved in intracellular signaling, and also in specific binding of allosteric modulators, the latter with important implications in the clinical arena.

Since there is no firm structural data on whether reported extragonadal FSHRs are variants of the canonical FSHR structure, particularly the FSHRs represented to be in bone, adipose tissue and malignant tumors (33, 177, 178), a more precise identification of such structural features might allow the design of highly specific therapeutic strategies, which block putative deleterious FSH effects on these particular tissues. In this vein, application of novel imaging techniques (179) may be useful to critically evaluate whether expression levels of FSHR in those extragonadal tissues are sufficient to incur these deleterious effects or whether their density changes as the menopausal status progresses. Without any doubt, crystals of gonadotropin receptors also will aid to clarify many aspects on extragonadal FSHRs function that may be translated in the near-term to human therapeutics.

Finally, another interesting issue concerns to the altered response of the S680S FSHR variant to the FSH stimulus. In this regard, two novel therapeutic FSH compounds produced by human cell lines have emerged; comparatively, these preparations differ somehow in glycosylation pattern and apparently exhibit a more favorable pharmacodynamic profile than the recombinant preparations synthesized by non-human cell lines (180–182). Those novel FSH preparations might be more advantageous than the widely used non-human cell-derived FSH compounds in women bearing the less favorable S680S FSHR variant. Nonetheless, more detailed data on the structural and biochemical features of these human cell-derived FSH preparations as well as on their binding dynamics at the FSHR and, more importantly, their effects on intracellular signaling, still are necessary before considering these new FSH formulations as a worthy option for these women.
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FOOTNOTES

1Amino acid numbering according to the Ballesteros and Weinstein nomenclature, in which the first number denotes the helix (1–7) and the second the residue position relative to the most conserved position, which is assigned the number 50. [see Ballesteros and Weinstein (108)].
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Follicle stimulating hormone (FSH) plays a key role in human reproduction through, among others, induction of spermatogenesis in men and production of estrogen in women. The function FSH is performed upon binding to its cognate receptor—follicle-stimulating hormone receptor (FSHR) expressed on the surface of target cells (granulosa and Sertoli cells). FSHR belongs to the family of G protein-coupled receptors (GPCRs), a family of receptors distinguished by the presence of various signaling pathway activation as well as formation of cross-talking aggregates. Until recently, it was claimed that the FSHR occurred naturally as a monomer, however, the crystal structure as well as experimental evidence have shown that FSHR both self-associates and forms heterodimers with the luteinizing hormone/chorionic gonadotropin receptor—LHCGR. The tremendous gain of knowledge is also visible on the subject of receptor activation. It was once thought that activation occurs only as a result of ligand binding to a particular receptor, however there is mounting evidence of trans-activation as well as biased signaling between GPCRs. Herein, we describe the mechanisms of aforementioned phenomena as well as briefly describe important experiments that contributed to their better understanding.

Keywords: follicle-stimulating hormone (FSH), follicle-stimulating hormone receptor (FSHR), G protein-coupled receptor (GPCR), transactivation, biased signaling, oligomerization, homodimers, heterodimers


INTRODUCTION

Gonadotrophin hormones, which include luteinizing hormone (LH), follicle stimulating hormone (FSH) and human chorionic gonadotropin (hCG), perform a number of functions pivotal for the process of sexual development and reproduction as well as for the fetal development in the case of the latter hormone. Alongside the thyroid-stimulating hormone (TSH) they comprise a glycoprotein hormone family. LH, FSH, and TSH are synthesized and secreted by the cells of the anterior pituitary gland (gonadotrophs), while hCG is produced by placental syncytiotrophoblasts.

The action of these hormones is achieved by the presence of receptors belonging to the class A of G protein-coupled receptors (GPCRs)—FSH constitutes ligand for FSHR, TSH for TSHR, whereas LH and hCG for their common LHCGR (1). GPCRs constitute the largest protein superfamily and the most various group of all membrane receptors in human genome, and they transmit a broad spectrum of extracellular signals in cell physiology and homeostasis (2, 3). Receptors belonging to the GPCRs are distinguished by the presence of transmembrane domain built of seven α-helices and coupling with G proteins responsible for the signal transduction following the activation of receptor with corresponding ligand. Due to their structure, one could define three areas of the protein: the extracellular domain (N-terminus and three extracellular loops), transmembrane domain, and the intracellular domain (three intracellular loops as well as the C-terminus) (4). Glycoprotein receptors differ from other class A GPCRs due to the presence of large N-terminal domain (exodomain) within which the ligand-binding site is located (5, 6). Their exodomain is composed of nine subdomains containing leucine-rich repeats (LRR) as well as cysteine-rich subdomains located at the C- and N-terminus of this domain, respectively (7).

Binding of LH/hCG, TSH or FSH to their cognate receptors results in activation of intracellular signaling pathways which in turn leads to the stimulation of cell growth, differentiation, and proliferation. In the case of FSHR and LHCGR, the cyclic AMP (cAMP) pathway plays a major role in intracellular signaling and it involves the coupling of receptor with Gαs protein that is responsible for activation of adenylyl cyclase and thereby an increased level of cAMP. Aside from the cAMP pathway, other signaling pathways can be distinguished herein, including the extracellular regulated kinases (ERKs), phosphatidylinositol-3 kinase (PI3K), protein kinase B (PKB), p38 mitogen-activated protein kinases (MAPKs), and protein kinase C (PKC) pathways (8, 9). Although not all of them are solely G protein-dependent, such as the ERK pathway which can also be activated via β-arrestins (10).

The major expression sites of FSHR, posing the subject of this review article, constitute Sertoli cells in the testis and granulosa cells in the ovary (11). Extragonadal FSHR expression has been detected in a variety of other cell types and tissues including osteoclasts (12, 13), human umbilical vein endothelial cells (14), monocytes (15, 16), female reproductive tract (17), and liver (18), although the functional and physiological significance of this is debatable (19). FSH stimulates estrogen production by granulosa cells, the growth and maturation of ovarian follicles as well as it regulates the ovulatory cycle, whereas in males it induces the secretion of androgen-binding protein, stimulates Sertoli cells and thereby the spermatogenesis process (5).

In the last one and a half decades, GPCRs have been found to form functional oligomers composed of two or more receptors (20). Furthermore, these protomers are built of either one type or different types of GPCRs, thus they can form homo- and/or heterodimers. The significance of GPCR oligomerization for proper cellular functioning consists in regulation of intracellular signaling via diversification and/or modulation of the signal, as well as during biosynthesis and desensitization. Presumably, monomers and oligomers remain in equilibrium, thus enabling the control of ligand action and intracellular signaling in response to ligand binding (21).



GPCRS OLIGOMERIZATION

Oligomerization is a term used to describe the GPCR complexes composed of two (dimers), three (trimers) or higher number of protomers. Heretofore, a number of reports have been published about the formation of oligomers by receptors belonging to different classes of the GPCR family. Among the oligomers, we can distinguish homomers created by receptors of the same type, as well as heteromers composed of various closely related types of GPCRs (21). GPCRs must fulfill certain conditions to be classified as heteromers such as colocalization and physical interaction between protomers (Figure 1A). Additionally, they should be distinguished by acquisition of new properties, absence of monomers, or the loss of the characteristics typical for single protomers (22).


[image: image]

FIGURE 1. Schematic representation of possible options for GPCR activation (A) The function of the wild-type (WT) receptor is possible due to either cis-activation or trans-activation. (B) Two mutant receptors, a binding-deficient and a signaling-deficient are unable to function separately. Nonetheless, when they are co-expressed, they interact together and form a functional complex as a result of transactivation.



The first mention of presumable dimerization by GPCRs dates from the 1980s and it comes from the work of Birdsall (23). This conclusion was derived from experimental observations carried out by another research group several years earlier, where decreased binding affinity of β2 adrenergic receptor (β2AR) in the presence of GTP was noticed. Further treatment with methacholine, being the agonist for muscarinic cholinergic receptor, restored the binding affinity of β2AR, suggesting that the ligand binding by one receptor may affect the binding affinity of other receptor (24).

The first tangible evidence confirming the existence of oligomers among members of GPCRs family concerned mainly the C class of GPCRs, as several of these receptors are forced oligomers—they need to form oligomers to function (25). Co-immunoprecipitation studies performed by Romano et al. showed that metabotropic glutamate receptors (mGluRs) form dimers through the presence of one or more intermolecular disulphide bridges within the extracellular domain (26, 27). Yet, later they discovered that covalent dimerization is not a prerequisite for ligand binding but mGluRs form a non-covalent dimers in the absence of disulphide bridges (28). Simultaneously, the group led by Julia H. White studied the metabotropic γ-aminobutyric acid receptor, which was found to heterodimerize by two polypeptide chains within the carboxyl terminus, and its heterodimerization is required for its proper membrane expression as well as ligand binding affinity (29). Methodological developments have made possible to study oligomerization of GPCRs in more detail (see section Methods to investigate the oligomerization of FSHR for a better description of methods). For example, bioluminescence resonance energy transfer (BRET) was used by the group of Ali Salahpour for studying the homodimerization of β2AR. The researchers created β2AR mutants either carrying an endoplasmic reticulum (ER)-retention signal or lacking the ER-export motif as well as mutants with disturbed putative dimerization motif. All of the aforementioned mutant receptors formed dimers with the WT receptors, thus they inhibited the transport of WT β2AR to the cell membrane (30).

The abovementioned examples as well as many other dimer-forming C class of GPCRs provided evidence that made possible to ascertain that receptor dimerization is of vital importance for receptor functionality. Moreover, they have provided evidence for the existence of both homomerization and heteromerization at multiple levels in their live cycles. Homomerization of β2AR constitute an example of dimerization at the protein synthesis level. Alteration of one protomer results in inhibition of dimer trafficking, thus it prevents the expression of abnormal receptor on the cell membrane. Hence, dimerization seems to occasionally be a quality control mechanism during biosynthesis (31). Di/oligomerization may also occur during the next stages of receptor biosynthesis, such as protein maturation at Golgi apparatus as well as following ligand binding and activation of mature receptor on the plasma membrane (32).

Oligomer formation involves different regions of GPCRs with the special contribution of transmembrane domains and extracellular domains among receptors with large exodomains (31). Di- or oligomerization divided opinions: those who claimed there were no di/oligomers (seen as biochemical artifacts), those saying that di/oligomers existed but had no effect, and those that professed that only di/oligomers were functional. As often in biological systems, there was no single answer, instead more than 15 years of active research provided evidence that while some GPCRs work as monomers (cis-activation), others work in congregates, and others do both. What was less expected was the number of combinations these receptors can create, in particular at hetero-dimers/hetero-oligomers rendezvous. These aggregates often result in allosteric modulation—where the activation of one receptor can modify the affinity or responses of the second receptor to its ligand; or in the activation of (an) unliganded receptor(s) by the activation of another (or several) neighboring receptor(s)—this latter sequential signal activation is often called receptor trans-activation.

As many other GPCRs, the glycoprotein hormone receptors (LHCGR, TSHR and FSHR) have also been found to self-associate as well as to form heterodimers with other GPCRs (32–37). Moreover, the glycoprotein hormone receptors are also able to trans-activate, often in what seems to be another example of the regulatory mechanism for intracellular signaling via signal selection (38).



GPCRS TRANS-ACTIVATION

The first report on GPCR trans-activation was published by Daub et al. in (39), where they found that the epidermal growth factor receptor (EGFR), not a GPCR, became tyrosine-phosphorylated when rat fibroblasts were stimulated with GPCR agonists such as thrombin, endothelin-1 and lysoposphatic acid. These results provided evidence that the activation of a GPCR may result in the activation of another receptor, not necessarily another member of GPCR family (39).

It is worth mentioning that initially only cis-activation of GPCRs was postulated, meaning the activation of a single receptor (monomer) upon ligand binding (38). The phenomenon of trans-activation on the other hand, involves the interaction of two receptors either of the same type or different type. The earliest reports on GPCR trans-activation found that the ligand to one GPCR, e.g., muscarinic receptor, could alter, by binding to its own receptor, the affinity of a neighboring receptor e.g., β2AR for its own ligand (24). With the advent of molecular biology, the search for interacting GPCRs began, with unexpectedly large numbers of receptors found in dimers or higher order oligomers (20). The next problems to solve were to understand how these interactions affect the receptors, how to map the interacting domains between receptors, and whether oligomerization equals trans-activation (38).

Trans-activation of GPCRs has then been further elucidated by many elegant experiments using chimeric or mutant receptors, where only the presence of two complementary receptors would trigger downstream signaling (40). Large part of the interactions between heterodimeric receptors have been mapped to their transmembrane helices and C-terminal tails (29, 31).


FSHR Trans-activation

Unlike other class A GPCRs, the glycoprotein hormone receptors (TSHR, LHCGR, and FSHR) have a very large extracellular N-terminal that is responsible for binding their respective hormones (41, 42). Such large extracellular binding arm could potentially reach another uncoupled receptor in a close proximity. In an attempt to test its feasibility, the group of Tae Ji generated a series of chimeric LHCGRs (37), and later on FSHRs (36), where the large N-terminal was fused to a membrane protein while a binding-deficient receptor was used as acceptor to transmit downstream signaling. The first set of mutants involved changes in the LRR of the LHCGR (or LHR as in some cases the mouse or rat LHR was used) as non-binding mutants, yet these still possess the intact transmembrane and intracellular domains to convey signaling. The first LHR signal-deficient mutant was created by substitution of lysine to arginine at position 605 of the polypeptide chain (initially referred as K578R due to old nomenclature). The co-expression of these two mutants in HEK293 cells resulted in binding of hCG, by the signal-deficient mutant, with the same affinity as in the case of the LHR WT, and a concomitant cAMP generation of about 30% of that of WT LHR via trans-activation of the binding-deficient mutant (37, 43).

Two years later, the same group of researchers created several FSHR constructs—some binding-deficient and the other signal-deficient. For the latter, the exodomain of FSHR (exoFSHR) was fused with either the glycosyl phosphatidylinositol (exoGPI) or the transmembrane domain of CD8 receptor (exoCD) (Figure 1B). Afterwards, stable lines expressing the signal-deficient FSHR mutants were transiently transfected with one of the plasmids encoding the exo-FSHR. The results revealed that a binding-deficient receptor could be trans-activated by signaling-deficient receptors. Unexpectedly, exoFSHR-GPI was able to activate the binding-deficient mutants FSHRP24A, FSHRD26A, and FSHRF36A only via the cAMP pathway, whereas trans-activation of FSHRL27A resulted in no cAMP but only activation of the IP signaling pathway. This form of trans-activation, subsequently named intermolecular cooperation to differentiate from the TMD-TMD trans-activation, maintains its specificity as the exo-FSHR could not trans-activate the LHR (36). Similar results were obtained by the group led by Jeoung (38).

Intermolecular cooperation was further tested in mice, using the LHR knockout mice (LuRKO), to avoid cofounding effects by the presence of the WT LHR, and signal-deficient and binding-deficient mutant LHRs. The expression of the two mutants was able to partly rescue LHR signaling, and generate measurable levels of testosterone, which was enough to rescue the fertility of male mice (40). Although, these experiments were performed using the LHR, one could speculate, due to their structural similarities and previous results in vitro, that the FSHR would be able to do the same. Evidence supporting intermolecular cooperation continuous to accumulate over the years (44, 45).

One lesson we can learn from intermolecular cooperation is that a ligand-exodomain is sometimes able to activate single pathways on the binding-deficient receptor, pointing out that GPCRs have different switches for triggering different pathways. This is a major focus in pharmacology where the search for compounds that trigger bias signaling is of clinical importance.




FSHR BIASED SIGNALING

Another interesting issue related to trans-activation constitutes the phenomenon of biased signaling. Nevertheless, in order to be able to expound the biased signaling in the context of the FSHR, it is necessary to first clarify this term and take into account the entire GPCR family. GPCRs adopt multiple conformational states, both active and inactive. Each conformation is associated with different signaling pathway, and thus various downstream effects (46). Therefore, the presence of one particular conformational state can lead to the recruitment of G proteins and/or β-arrestins and thus lead to the activation of different signaling pathways (Figure 2). Furthermore, biased signaling may also be considered for the strength to which the signaling pathways are activated. Biased agonism occurs when binding of certain ligands to a GPCR results in transduction of different intracellular signaling to varying extents. Although most of the studies on GPCR biased signaling have been carried out on the β2AR and angiotensin receptors, it is speculated that this phenomenon concerns the vast majority of GPCR family (46, 47).


[image: image]

FIGURE 2. Scheme illustrating the FSHR biased signaling. The upper part of the figure presents the G protein-dependent and β-arrestin-dependent signal transduction of the wild-type FSHR. The lower part of the figure shows the bias toward either the G protein-dependent pathway (left) or the β-arrestin pathway (right) when a binding-deficient and a signal-deficient FSHR are co-expressed.



In the case of FSHR, we can distinguish three main types of biased signaling. The first type may occur due to the attachment of small chemical ligands to the FSHR transmembrane domain resulting in a stabilization of conformation and thus leading to biased signaling. This category of biased signaling arises greatest interest in the scientific community due to its therapeutic potential. The second type constitutes a consequence of modifications in the receptor structure due to the presence of mutation or polymorphism. In turn, the last type, also referred as conditional effectiveness, is caused by the presence of interacting proteins in the same environment as the FSHR (48). All these are of physiological and clinical importance as we will discuss below.

Clinical treatment using hormones is associated with the presence of a wide range of side effects resulting from the activation of multiple signaling pathways. Therefore, the possibility of influencing single signaling pathways constitutes another useful tool during research aimed at eliminating the side effects of hormone therapy (36).

With the above in mind, a high throughput screen for FSHR modulators that induce biased signaling was carried out by the group led by James A. Dias in collaboration with Addex Pharmaceuticals. They identified a small chemical molecule referred as ADX61623 which behaves as a negative allosteric modulator (NAM) of FSHR. When FSH and ADX61623 were simultaneously bound to the FSHR of rat granulosa primary cells, no cAMP nor progesterone production but concurrent estrogen production occurred. Nonetheless, in vivo studies carried out on female rats did not find any effect in follicular development (49). Three years later, the same research group described two new NAMs, structurally similar to ADX61623, termed ADX68692 and ADX68693. Whilst ADX68692 effectively inhibited cAMP, progesterone production and oestradiol synthesis in rat granulosa cells, as well as follicular growth in female rats, ADX68693 blocked cAMP and progesterone production but it was ineffectual in the case of oestradiol and in vivo experiments (50, 51).

In addition to studies focused on NAMs and their potential use in contraception, attention was also devoted to development of a positive allosteric modulators (PAMs) aimed for the treatment of infertility. Sriraman et al. discovered the efficacy of a thiazolidinone derivative as a PAM of FSHR. The treatment of rat granulosa cell line with aforementioned compound resulted in activation of ERK/Akt pathways and increased production of oestradiol. The latter was also present in the case of human granulosa cell line treated with this compound. Furthermore, stimulation of cultured preantral follicles with the thiazolidinone derivative triggered their maturation, in line with its FSH-like properties. Although, this compound has high genotoxicity and unfavorable pharmacokinetics and oral availability (52).

FSHR biased signaling was first identified in clinical samples by Aittomaki et al. in 1995 as the cause of hereditary hypergonadotropic ovarian failure in women and subfertility in men. A mutation at position 189, alanine to valine A189V, caused complete suppression of cAMP/PKA pathway, whereas it induced the ERK/MAPK pathway (53). Detailed in vitro experiments found that FSHR-A189V-induced ERK phosphorylation via β-arrestins (54), and that this was the result of the number of membrane-localized receptors—since an increase of receptor number in the presence of phosphodiesterase inhibitors resulted in elevated cAMP generation via G proteins. Thus, this suggests that the density of FSHRs affects the biased signaling where activation of G proteins requires a higher density of the FSHRs than those required by β-arrestins (55).



FSHR OLIGOMERIZATION

In the case of rhodopsin-like receptors, class A GPCRs, oligomerization is not a prerequisite for signaling occurrence, but it constitutes another form of its regulatory mechanism that can affect membrane expression of the receptor, ligand binding, desensitization as well as signal transduction (21).

FSHR oligomerization was first observed on the surface of Chinese hamster ovary using a confocal microscope in 1994 (56). However, for further biochemical and biophysical studies it was necessary to wait for the development of techniques and equipment. Nevertheless, before the presence of FSHR oligomers was confirmed, a number of studies have been carried out on the other two glycoprotein hormone receptors. Oligomers formed by the LHCGR were first reported in studies carried out by Osuga et al. (54) They co-expressed the binding-deficient LHCGR and either the chimeric receptor composed of FSHR extracellular region and LHCGR transmembrane domain or N-terminally truncated LHCGR, thereby providing information on the interactions between the two receptors (54). Shortly thereafter, the presence of TSHR dimers and oligomers was observed in thyroid tissue using FRET (57). Tao et al. revealed that LHCGR self-associates and forms both dimers and oligomers (58). Other research groups have shown that activation of LHCGR with either of its ligands causes clustering (59), whereas in the case of TSHR, stimulation with agonist results in cluster dissociation (60).

The crystal structure of FSHR revealed a dimeric complex composed of FSH-bound FSHR exodomain, or hormone-binding domain, (FSH/FSHRHB), suggesting that this dimer is, at least one of, the functional form of FSHR. The atomic organization also showed that FSHR oligomers are formed via hydrophobic interactions between LRR 2–4 (42). Next was to find FSHR oligomers in cells, which was firstly reported by the group of Richard M. Thomas, involving complementary coimmunoprecipitation of Myc- and FLAG-tagged FSHRs. This revealed the presence of FSHR oligomers in the ER, suggesting that the formation of FSHR oligomers takes place at the early stages of the biosynthesis of this receptor. Unlike the LHCGR and TSHR, the FSHR oligomers seem to be barely affected by ligand stimulation. An additional peculiarity of the FSHR, as compared to other glycoprotein receptors, is that its C-terminal is proteolytically processed just as oligomerization during protein biosynthesis—which was a limitation to tag this receptor using fluorescent proteins at its C-terminus (61). The constitutive formation of FSHR oligomers during the protein biosynthesis was confirmed by the group led by Rongbin Guan. They have also showed that the exodomain and the serpentine region are involved in the oligomerization (62). The issue of inserting a tag or florescent protein fusion to the C-terminus of FSHR was solved by Mazurkiewicz et al. by creating a construct in which the C-terminus of FSHR was replaced by that of the LHR, to which the fluorescent protein (FP) was subsequently joined to form the FSHR-LHRcT-FP chimera (63).

Another indication of FSHR homomerization, and one that suggests functional consequences, constitutes the phenomenon of negative cooperativity reported by a number of independent research groups. This allosteric mechanism involves decreased binding affinity of one homodimer-forming receptor due to the attachment of the ligand to the second protomer (64, 65). As a result of hormone-binding by FSHR, conformational changes in the receptor occur (65). As mentioned above, the existence of the FSHR oligomerization is also fully supported by the phenomenon of its trans-activation and intramolecular cooperation described, among others, by Ji et al. (36).

Interestingly, a few years after revealing the first crystal structure of the complex built of FSH and part of the FSHR exodomain, a novel crystal structure was unveiled. In contrast to the earlier model, this one includes the entire exodomain of FSHR (FSH-FSHRED complex) as well as a hinge region. This model revealed the presence of trimers in an asymmetrical unit (66) that can bind either one molecule of fully glycosylated FSH or three molecules of deglycosylated FSH (67).


FSHR/LHCGR Heteromerization

In addition to the self-association of FSHR, this receptor also heteromerizes (Figure 3). While in testes the FSHR and LHCGR are expressed in different cells types, in the ovary both receptors are expressed at least in one cell type—granulosa cells. Therefore, the heteromerization and cross-talk between these two receptors is of particular interest.
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FIGURE 3. Scheme showing the FSHR complexes. (A) Homodimer composed of two FSHR protomers. (B) Heterodimer composed of one FSHR protomer and one different GPCR X protomer. (C) Oligomer composed of FSHR protomers and one different GPCR protomer (in ratio 3:1).



The first report on the heteromerization between the FSHR and LHCGR was made as a result of an experiment carried out by Feng et al. (65) in 2013. In that study, HEK293 cells were transiently transfected with either the hFSHR-Renilla luciferase (RLuc) and LHCGR-GFP pair or the LHCGR-RLuc and hFSHR-GFP pair. Importantly, the expression of the RLuc constructs was constant, whereas the expression the GFP2 constructs was incremented. Following co-transfection of HEK293 cells, BRET was performed showing that the FSHR and LHCGR form heteromers on the cell membrane. Interestingly, dimerization of LHCGR with FSHR resulted in the attenuation of the cAMP production upon stimulation with either hCG or LH, whereas FSH stimulation led to the attenuation of cAMP production (Figure 4). Therefore, the results of this study show that heteromerization between these two receptors occurs and that it leads to the attenuation of hormone-dependent signaling. This is physiologically relevant since these two receptors play essential roles in signal regulation in mature granulosa cells in ovaries (68).
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FIGURE 4. Schematic representation of FSHR and LHCGR expression in the ovarian granulosa cells during the menstrual cycle. (A) The domination of FSHR expression is noticeable during the first half of the cycle, while the second half of the cycle is dominated by the LHCGR expression. However, small expression of the LHCGR receptor is present during the early follicular stages. (B) During the simultaneous expression of LHCGR and FSHR both receptors form heterodimers. (C) Co-expression of liganded LHCGR and non-liganded FSHR results in either decreased cAMP production or prolonged Ca2+ release in LHCGR.



The work of Mazurkiewicz et al. provided another evidence of FSHR/LHCGR heteromerization. HEK293 cells co-transfected with a pair of constructs—hFSHR-rLHR-cT-mCherry and LHR-YFP, revealed the presence of FSHR/LHCGR heteromers on the plasma membrane by FRET, thereby confirming previous reports (63).

More detailed reports on FSHR/LHCGR heteromerization suggest that LHCGR couples with the Gαq/11 protein that activates phospholipase C. That in turn lead to increased concentration of intracellular diacyl glycerol and inositol phosphates triggering the release of Ca2+. Nonetheless, the Gαq/11-Ca2+ signaling is induced only under conditions of high LHCGR membrane expression and high hormone concentrations. HEK293 transiently transfected with either HA-FSHR or FLAG-LHCGR or both plasmids simultaneously, established that only co-expression of both receptors simultaneously induced a sustained LH-induced Ca2+ release, showing that the non-liganded FSHR is able to disrupt the Gαq/11-dependent Ca2+ signaling of engaged LHCGR. Primary human granulosa cell line expressing both receptors resulted in similar results to those derived from the experiment with HEK293 cells. The LHCGR/FSHR crosstalk is able to alter LHCGR signaling, presumably constituting a regulatory mechanism of the functions of granulosa cells (69).

The phenomenon of FSHR/LHCGR heteromerization seems to play an important role in terms of antral follicular development. A recently suggested model infers that low expression of LHCGR is yet noticeable during the FSH/FSHR-dependent early antral stages (Figure 4). At the time, both receptors form heteromers, and binding of FSH to its cognate receptor results in the trans-activation of LHCGR in an environment of very low LH. Low LH is likely required for keeping LHCGR-expressing theca cells under low steroidogenesis while proper follicular selection occurs. Therefore, FSHR/LHCGR crosstalk in granulosa cells may explain their steroidogenic activity at this stage of folliculogenesis, an activity otherwise associated to LH-activation in large antral stages (70). Clinical and in vivo studies will help to elucidate some of the remaining unsolved conundrums in folliculogenesis and its relation with FSHR/LHCGR interactions.



Methods to Investigate the Oligomerization of FSHR

Oligomerization and trans-activation of GPCRs have taken long to be widely accepted, due to (partly) the need for novel techniques and equipment such as super-resolution microscopy, to visualize these molecules with enough definition. One of the first and most common methods used to study GPCR oligomerization was co-immunoprecipitation (co-IP) (64). This is a technique that allows the precipitation of protein complexes using specific binding antibodies, followed by visualization with SDS-PAGE and Western Blotting. The advantages of co-IP include relatively low costs and its simplicity. The key issue for the widespread use of co-IP for detection of GPCRs homo- and heterodimers was the cloning of epitope-tags on GPCRs (71). However, co-IP requires many controls to rule out non-specific aggregation, non-specific antibody binding and appropriate lysis protocols. An additional limitation of this method is the lack of specific antibodies recognizing endogenous GPCRs (64, 72, 73). Co-IP has been used to detect many oligomeric complexes, including Myc- and FLAG-tagged FSHRs. Discovering that FSHR forms oligomers at the early stages of biosynthesis as mentioned above (61).

Another biochemical method allowing the electrophoretic separation of intact protein complexes is Blue Native Electrophoresis (BN-PAGE). This method is characterized by the use of non-denaturing detergents that do not affect the quaternary structure of proteins, unlike SDS. In addition, Coomassie Blue dye gives the proteins a negative charge and prevents non-specific protein aggregation during electrophoresis. Visualization of the examined types of GPCR is possible by means of immunoblotting (74, 75). The use of this method allows simple determination of the proportion of different oligomeric types of GPCR (76).

Förster resonance energy transfer (FRET) is a method for studying the interaction between proteins in a living cell. The phenomenon of resonance energy transfer between donor and acceptor was pioneered by Förster (77). Non-radiative energy transfer occurs between one excited fluorescent protein and another at a distance no >100 Å. An additional condition for the occurrence of this phenomenon is the overlap of the emission spectrum of the donor molecule and the excitation spectrum of the acceptor molecule. The most frequent donor-acceptor pair is GFP and one of its variant with different spectral characteristics (78, 79). Using FRET it is possible to detect both ligand-induced signal transduction of GPCR (80), activation of GPCR in response to ligands (81) and GPCR oligomerization (82). In FRET studies two different GFP variants, meeting the energy transfer conditions, are linked to the same or different type of GPCRs or GPCR and their corresponding ligands. Detection of the ratio of donor:acceptor protein emission spectrum indicates the interaction between the proteins tested. Nonetheless, the fluorescent proteins used in this method are relatively large, which can affect the interaction or function of the proteins (83). In addition, accuracy of measurements can be affected by bleed-through, background signals, cross-talk and photobleaching (83, 84). This method has been used repeatedly for studies on oligomerization of the full-length native FSHR. The use of specific monoclonal antibodies or Fab fragments that have been tagged with various fluorophores has shown that FSHRs are present as oligomers on the plasma membrane (61).

Some of the limitations of FRET have been solved by Time Resolved FRET (TR-FRET), which is based on the use of a fluorescent donor containing lanthanides. Terbium and europium are characterized by long-lasting fluorescent light emission. This results in a significant reduction in noise, and thus a higher signal-to-noise ratio. These elements are trapped in stable cryptates that absorb light and transfer energy to the lanthanide (85, 86). Receptors can be tagged non-covalently using antibodies or covalently using tag proteins such as SNAP, CLIP or Halotag. If the labeled receptors form dimers, the tags are located close to each other and a TR-FRET signal is generated (87).

Bioluminescence resonance energy transfer (BRET) is the transfer of energy from a luminescent donor to a fluorescent protein as an acceptor. Depending on the type of substrate, the luciferase and the fluorescent protein, the BRET method can be divided into: BRET1, BRET2, BRET3, eBRET, and QD-BRET (88). In first generation of BRET (BRET1), the energy transfer pairing was the most popular bioluminescent protein—RLuc and enhanced yellow fluorescent protein (eYFP). The substrate of RLuc is coelenterazine (71, 89). Nevertheless, the BRET1 system is distinguished by the presence of a high background due to the bleed-through of donor emission peak at the acceptor emission wavelength. Therefore, the second generation of BRET (BRET2) was developed with a better separation of the acceptor and donor spectra in comparison to BRET1. This was achieved by the use of different substrate, referred as DeepBlueC, which is an analog of coelenterazine that is characterized by lower emission interference with the acceptor, better biophysical properties, cell permeability as well as reduced toxicity. DeepBlueC is used with modified GPF2 instead of eYFP. Nonetheless, DeepBlueC has some disadvantages that include its short lifetime and low light emission. In the third generation of BRET (BRET3) the firefly luciferase is used as a donor, while various types of fluorescent proteins that are excited by the wavelength emitted by luciferase (565 nm) are used as acceptors. Other types of BRET constitute extended BRET (eBRET) that enables to monitor experiments in real-time using coelentrazine as well as QD-BRET based on the use of quantum dots (90, 91). Compared with FRET, the advantage in favor of this method is that there is no need to use a light source to excite the donor and thus no-photobleaching. However, BRET is characterized by low sensitivity and to be unable to determine the location of the signal in a cell (71). BRET is a method enabling the study of oligomerization (92) and GPCR interactions with other proteins as well as receptor signaling and activation (90).

Determining the structure GPCR is performed by X-Ray crystallography. This method can contribute to the increase of our knowledge about the ligand-receptor and receptor-effector protein interactions, as well as GPCR oligomerization. However, care should be taken as some of these interfaces might be artificial and potentially may not represent a functional biological assembly (91).

Beside the methods to detect protein-protein interaction, the raise of biosensors and assays to analyze secondary metabolites and signaling players have been vital to determine the functionality of oligomers and complementing receptors (91, 93–95).




CONCLUSIONS

The last several years of research centered around the FSHR shed new light on the processes of its biosynthesis, maturation, membrane expression, activation and intracellular signaling. In this review we have discussed the evidence on the existence of trans-activation, oligomerization and biased signaling of the FSHR. Oligomerization studies revealed that the FSHR is present not only as a monomer, but it also forms higher-order complexes such as homo- and heteromers (with the LHCGR). Homomerization occurring during the protein biosynthesis constitutes the quality control checkpoint at the ER level. The discovery of FSHR oligomers resulted in further dissecting the interaction between receptors, which led to the conclusion that the FSHR can be activated not only via cis- but also trans-activation. Furthermore, trans-activation studies have also provided evidence for the existence of biased FSHR signaling at various levels. All aforementioned phenomena constitute FSHR regulatory mechanisms of intracellular signaling control through the determination, modification and fine-tuning of the signal.

Better insight in the molecular mechanisms and functioning of the FSHR may contribute to the development of new drugs to trigger single signaling pathways. Furthermore, it is worth noting that the importance of FSHR/LHCGR heteromerization is mainly due to their co-expression on the surface of granulosa cells and the participation of both receptors in the ovulation process. The expression of FSHR and LHCGR on the plasma membrane as well as the level of gonadotropins fluctuate during the menstrual cycle—the FSH/FSHR prevails during the first phase of the cycle, whereas the second phase is dominated by the LH/LHCGR. The expression of FSHR is induced at the beginning of the menstrual cycle and then decreases with the maturation of the ovarian follicle. Afterwards, the expression of LHCGR is induced due to the FSH-stimulation, via the FSHR, plus other factors. Following this, the LHCGR expression decreases upon desensitization by LH surge (Figure 4) (96). It is believed that the crosstalk between both receptors is responsible for switching the dominance between the FSHR and LHCGR expression during the cycle as a result of affecting the LHCGR and LH signaling (69). Therefore, disturbed interactions between FSHR and LHCGR may cause the development of several diseases. Presumably, crosstalk disturbances may lead to the overexpression of LHCGR and thus to the development of polycystic ovary syndrome (97, 98).
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Models of G protein-coupled receptor (GPCR) signaling have dramatically altered over the past two decades. Indeed, GPCRs such as the follicle-stimulating hormone receptor (FSHR) have contributed to these new emerging models. We now understand that receptor signaling is highly organized at a spatial level, whereby signaling not only occurs from the plasma membrane but distinct intracellular compartments. Recent studies in the role of membrane trafficking and spatial organization of GPCR signaling in regulating gonadotropin hormone receptor activity has identified novel intracellular compartments, which are tightly linked with receptor signaling and reciprocally regulated by the cellular trafficking machinery. Understanding the impact of these cell biological mechanisms to physiology and pathophysiology is emerging for certain GPCRs. However, for FSHR, the potential impact in both health and disease and the therapeutic possibilities of these newly identified systems is currently unknown, but offers the potential to reassess prior strategies, or unveil novel opportunities, in targeting this receptor.
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INTRODUCTION

The follicle-stimulating hormone receptor (FSHR) belongs to the superfamily of G protein-coupled receptors (GPCRs). With more than 800 members in humans they represent the largest family of signaling receptors and a major, successful, drug target (1). The canonical model of GPCR signaling is via plasma membrane localized receptors coupling to distinct heterotrimeric G proteins. However, we now understand the signaling pathways activated by GPCRs are much more complex to mediate the many distinct functions these receptors play in all physiological systems, but also equally important to decipher is how such signal pathways are regulated. These novel mechanisms are beginning to open up new avenues for therapeutic exploitation. One mechanism that not only contributes to the diversification of signaling but how cells decode or specify these signals is membrane trafficking. Classically, membrane trafficking was viewed as a mechanism to regulate sensitivity of a tissue to hormone, by altering the level of surface receptor either through ligand-mediated endocytosis in to the cell, and/or reduced biosynthetic trafficking of newly synthesized receptor. However, intracellular membrane compartments have been shown to represent additional signaling platforms for many kinds of receptors, including GPCRs such as FSHR.

This review will discuss our current understanding of the molecular mechanisms and signaling roles of membrane trafficking of FSHR, and how gonadotropin hormone receptors have shed light on novel cell biological pathways potentially applicable to many GPCRs. We will primarily focus on post-endocytic intracellular trafficking, and then discuss how this novel cell biology could shed light on specific facets of FSH/FSHR function and its implications to endocrine function.



CLASSICAL REGULATION OF FSHR SIGNALING PATHWAYS


Pleiotropic G Protein Signal Profiles of FSHR

FSHR is a member of the glycoprotein hormone receptor subfamily of the rhodopsin-like, or Class-A, family of GPCRs, which comprise a unique subgroup within the Class A family due to their leucine-rich repeat-containing extracellular ectodomain. Furthermore, the high glycosylation status of its ligand FSH, like other glycoprotein hormones, makes them the most complex of protein hormones. Glycoprotein hormones are heterodimers that consist of a common α-subunit and a β-subunit that confers hormone specificity. These subunits are linked non-covalently and both subunits are subjected to N-glycosylation that can alter their bioactivity (2). For FSH, two naturally occurring glycoforms have been identified, the hypo-glycosylated FSH21/18 and the fully glycosylated FSH24 (3), which have distinct activities [recently reviewed in (4)] and may be of significance to the trafficking pathways and intracellular signaling to be discussed below.

FSHR plays critical roles in reproduction, identified via numerous studies in both animal models and disease causing mutations in humans reviewed in Huhtaniemi and Themmen(5) and Jonas (6), but also extragonadal functions in uterus, adipose and bone, have been identified. In the gonads, FSH binds its receptor in testicular Sertoli cells and ovarian granulosa cells, where they regulate follicular development, steroidogenesis and spermatogenesis. Additional roles of FSHR in non-gonadal sites include myometrial contractility, regulation of lipid deposition, beiging and steroidogenesis in adipocytes and bone resorption functions in osteoclasts (7–10). The primary G protein pathway classically associated with the gonadally expressed receptor is the Gαs/cAMP/PKA (11). However, FSHR has also been shown to couple to additional G protein pathways: Gαq/11, which leads to activation of phospholipase C, leading to production of diacylglycerol and inositol trisphosphate second messengers, the latter of which leads to increases in intracellular calcium levels. However, coupling of Gαq/11 to human FSHR is weaker than rodent FSHR and requires high receptor and hormone levels (12–14). Recently it was reported that in pregnant myometrium FSHR levels are coupled to Gαs to increase cAMP, a second messenger known to quiesce the myocytes, but during labor FSHR levels increase and the signaling switches to the pro-contractile calcium pathway, possibly by Gαq/11 coupling (7). Other G protein pathways can also be activated by FSHR. In Sertoli cells and osteoclasts FSHR has been reported to couple to Gαi/o family members, such as Gαi2, with subsequent MEK/Erk, NF-κB, Akt activation (9, 15, 16). Thus, like many GPCRs, FSHR exhibits the potential to activate G protein signaling in a pleiotropic manner, and such diversity in G protein signaling profiles may be tissue specific (Figure 1). The mechanisms underlying this tissue specificity in G protein coupling of FSHR may go beyond alterations in the levels of specific Gα subunits. Indeed, mechanisms such as GPCR homo and heteromerization and plasma membrane organization of receptors and signaling proteins such as in lipid rafts, are known to alter signal profiles of different GPCRs (17–19). FSHR is also subject to such mechanisms of signal diversity (20–22), although its role in directing tissue, or cell specific, responses is unknown.
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FIGURE 1. Summary of G protein and arrestin-mediated signal pathways activated by FSHR. Upon ligand binding FSHR has been reported to couple to Gαs, Gαq/11, and Gαi/o heterotrimeric G proteins to mediate its downstream effects, both those in the gonads such as spermatogenesis, steroidogenesis, and follicular development, and more recently at non-gonadal sites, see text for further details. The archetypal view of GPCR signaling occurs in a G protein-dependent manner, however, agonist-activated, phosphorylated receptor recruits arrestin, for G protein signal desensitization and internalization via clathrin-coated pits. Furthermore, arrestin mediates signaling pathways independent of G proteins. This can occur through the scaffolding protein binding signaling proteins such as components of MAPK pathways after G protein activation, or independent of FSHR by complexing and activating ribosomal protein, p70S6K.





Arrestin-Dependent Desensitization, Internalization and Signaling

The mechanisms mediating regulation of GPCR/G protein signaling are critical in shaping, or programming, the G protein signal profile from the plasma membrane. Although models of this classic pathway of GPCR signal desensitization and internalization have rapidly evolved in the last 5 years, exhibiting increasing complexity, particularly as application of structural and super-resolution imaging are increasingly applied, the core features of this model (Figure 1) are still critical. Signal activation of GPCRs at the plasma membrane is regulated initially via a process of rapid desensitization, followed by internalization via clathrin-coated pits (CCPs). The initial step in this model involves receptor phosphorylation on serine/threonine residues by second messenger-activated kinases and/or GPCR kinases (GRKs). It is both the activated and phosphorylated receptor that enables recruitment of the adaptor protein arrestin from the cytoplasm. Arrestins are a family of adaptor proteins with an increasing array of functions, both for GPCRs and non-GPCR mediated signaling. The family contains four isoforms, where arrestin-1 and−4 are restricted to the visual system and are also termed “visual arrestins” (23, 24), whereas the other two isoforms, arrestin-2 and -3, also called β-arrestin-1 and -2, are ubiquitously distributed and bind many GPCRs (25, 26). The arrestin-bound receptor desensitizes signaling via the uncoupling of receptor from its cognate G protein. Rapid arrestin-dependent internalization occurs by firstly inducing receptor clustering into CCPs, via its ability to bind receptor, clathrin heavy chain and core clathrin adaptor proteins (namely the β2 subunit of AP2) (27). This model, comprehensively described across many reviews, have discussed ways in which GPCRs may employ this system in distinct manners, such as differential phosphorylation of intracellular GPCR domains, primarily at the carboxy terminal tail (C-tail), alters association kinetics of GPCR to arrestin and its subsequent impact on receptor activity (28, 29). However, more recent structural and functional studies demonstrating the distinct modalities that arrestin can complex with GPCR and the G protein bound GPCR (30–34) have unveiled novel features of regulation that could be highly pertinent for FSHR, and will be discussed below.

FSHR signaling is regulated by this canonical GRK/arrestin model. As discussed above, internalization and desensitization are mediated by GRK phosphorylation, followed by arrestin binding. This is true for FSHR, where a cluster of five serine/threonine residues in its C-tail were identified as the key sites for GRK 2, 5, and 6 phosphorylation (35). Interestingly, while GRK 2 is predominantly involved in FSHR arrestin-mediated desensitization, GRKs 5 and 6 also promote arrestin binding but for scaffolding signaling proteins and signal activation (36). For FSHR, specific threonine residues in the third intracellular loop have been identified to dictate their rate of internalization and arrestin sensitivity, or binding (37). Further, there are differences in how FSHR engages with the GRK/arrestin mechanism between rodent and human receptors and also when compared to its “sister receptor” the LH receptor (LHR) that has unveiled specific structural motifs in FSHR involved in its internalization rate. The rodent FSHR internalizes faster than the rodent LHR and the human FSHR. Creating chimeras between receptors revealed that six amino-acids in transmembrane 4, intracellular loop 3 and transmembrane 7 determine internalization of rodent FSHR to be 3 times faster than human FSHR, and its sensitivity to arrestins in enhancing receptor internalization (38). In addition, a serine/threonine phosphorylation cluster in the rodent FSHR C-tail is also involved in arrestin binding and arrestin-dependent internalization and desensitization, but not MAPK signaling (36). The importance of the third intracellular loop and C-tail residues in arrestin binding is interesting especially given recent key developments in our molecular understanding of how arrestin engages with GPCRs to mediate its distinct functions. Structural studies have now shown that arrestin engages active receptor in at least three forms, via the phosphorylated C-tail, the receptor core, or both. These forms have helped to explain how arrestin can mediate G protein uncoupling, internalization and yet also facilitate signaling when either as a stable or transient GPCR/arrestin complex (30, 31, 33, 39). These differences in arrestin binding to receptor could suggest that for FSHR core and C-tail interactions with arrestin may mediate its functions in an opposing manner than described for other GPCRs. However, as will be covered in the next section, arrestins also have roles in driving gonadotropin hormone receptor signaling and there may be alternate FSHR/arrestin conformations to mediate its various functions.

The role of arrestins as scaffolding proteins for different signaling proteins is now well recognized. The primary signaling pathway studied that is activated by such arrestin scaffolds is the MAPK pathway (40–42). For FSHR, ligand-dependent ERK signaling exhibits a sustained profile whereby the early activation is dependent on Gαs/PKA activation while the sustained response requires arrestins [(36) and Figure 1]. Likewise, the ligand-dependent interactions between FSHR and arrestin are also sustained as measured by BRET (43), although there have been no image-based data confirming sustained, or internalized FSHR/arrestin complexes in cells. Given arrestins are involved in FSHR internalization, its role in signaling strongly suggests additional scaffolding roles of this adaptor protein, and/or a requirement of receptor internalization of ERK signaling as has been demonstrated for LHR (44). However, a partial inhibition of FSHR internalization via arrestin and dynamin dominant negative mutants did not impact ERK signaling (45). Although more work is required to clarify how arrestins mediate G protein-independent FSH signaling, perhaps recent studies could provide clues to a mechanistic understanding of how FSHR mediates sustained arrestin-dependent MAPK responses. The β1-adrenergic receptor (β1AR) is a GPCR that induces a sustained ERK profile mediated by arrestins, but only transiently associates with arrestin at the plasma membrane, while arrestin remains associated within CCPs in order to activate signaling in a sustained manner (46). The authors demonstrated that arrestin transiently binds to the core of β1AR only, which induces a conformational change in arrestin resulting in its capture by binding phosphoinositides in the plasma membrane and clathrin associated adaptor proteins (33). Given the sustained ERK signaling profile of FSHR, that the third intracellular loop residues are involved in arrestin binding, while C-tail sites do not regulate ERK signaling (37, 47, 48) and further similarities in these receptors with the β1AR in their post-endocytic pathways [see section Post-endocytic sorting and endosomal signaling of FSHR from a novel compartment; the very early endosome (VEE)], it is possible that arrestin engages with FSHR in a similar manner. Alternatively, or in addition to this receptor-independent arrestin signaling complex, is the recent elegant report demonstrating that FSHR activates p70S6K within an arrestin complex constitutively assembled with a p70S6K/ribosomal protein S6 (rpS6) to regulate mRNA translation (49). This study supports recent structural findings that arrestin, after its dissociation from receptor, can maintain various active conformations (50), but also suggests that receptor-independent “active” arrestin complexes may not only be a feature of CCPs but also other subcellular locations.

The ability of GPCRs to activate more than one pathway of signaling, such as G protein and arrestin-mediated signaling via the stabilization of a certain active conformation of the receptor, is termed signaling bias (28) and is of high pharmacological interest. Bias can occur through different ligands (ligand bias) or even receptor mutations (receptor bias) (51). From a therapeutic perspective, the ability to specifically target the desired cellular effects, through one pathway, without activating unwanted side effects has been shown to be a feasible strategy for certain GPCRs. In terms of G protein vs. arrestin-mediated signaling, recent studies have challenged this model for certain GPCRs, suggesting that G protein activation is still an essential upstream event of arrestin-dependent ERK signaling (52, 53). Perhaps an argument against a requirement for G protein activation in arrestin-mediated signaling for FSHR is via the observation that lowering expression levels of the receptor to a level where there is no detectable cAMP signaling can induce bias to arrestin-dependent signaling (54). This was first revealed by studies on the A189V FSHR mutant, which is expressed at very low levels on the cell surface and is non-functional with respects to Gαs/cAMP signaling (55). Yet, when both A189V mutant and wild-type FSHR are expressed at equivalent low levels they are only able to trigger G-protein independent MAPK activation (54).

For biased signaling to be therapeutically explored for FSHR, there must be a well characterized understanding of the in vivo role of arrestin in FSHR signaling. So far, it has been demonstrated that in Sertoli cells arrestin may regulate mRNA translation and a possible negative regulation of FSH-induced aromatase expression in rodent granulosa cells (via manipulation of GRK6 levels as an upstream step in arrestin binding) (56) (Figure 1). This latter study is perhaps corroborated by findings in an immortalized human granulosa tumor cell line, whereby arrestins negatively regulate Gαs/cAMP/PKA pathway, not in terms of classical desensitization, as in these cells gonadotropin-mediated ERK signaling via arrestins was evident in the absence of cAMP signaling. Specifically, FSH, but not LH, dependent apoptosis occurred by cellular depletion of arrestins, due to increases in cAMP/PKA signaling, thus suggesting a role for arrestins in regulating balance between cell proliferation and apoptosis (57). While promising, further work needs to be conducted to evaluate the potential benefit of arrestin-based biased agonism.



Post-endocytic Intracellular Trafficking Pathways of FSHR

Following internalization, GPCRs are trafficked to endosomes where they are sorted to either a plasma membrane recycling pathway, or to the lysosomal pathway for degradation. Such pathways program the temporal profile of G protein signaling, by regulating resensitization/hormone recovery (recycling) or permanent signal termination (degradation), Additionally, the sorting fate of a GPCR pharmacologically manipulated and altered in disease (58). However, we now know that the endocytic system does not only regulate the surface density of receptors but that these divergent, and complex, sorting pathways have direct roles as platforms for signaling, including G protein signaling (59–61). This will be further discussed in section Postendocytic sorting and endosomal signaling of FSHR from a novel compartment; the very early endosome (VEE). The mechanisms that underlie these divergent post-endocytic fates are tightly regulated at multiple levels and are interlinked with the receptors own signaling. These complex mechanisms have recently been reviewed by us and others (61–64) and will not be described in detail here except to illustrate core features that enable discussion of current understanding of FSHR sorting and intracellular signaling.

The textbook model of cargo sorting depicts the Rab5 early endosome (EE) as the common post-endocytic compartment from which receptors are first sorted to opposing fates. GPCRs sorted to a degradative pathway following internalization are trafficked from EEs to Rab7 positive late endosomes. Receptors are involuted into vesicles within the lumen of these endosomes, to form multivesicular bodies (MVBs). MVBs will then fuse with lysosomes resulting in protein degradation. GPCRs will engage with this pathway with distinct kinetics and for those receptors targeted to the recycling pathway, chronic ligand stimulation will reroute receptors to this degradative pathway as part of the mechanism of downregulation. Classically, lysosomal targeting of different receptors is via ubiquitination at lysine residues and engagement with endosomal sorting complex required for transport (ESCRT)-dependent degradation, however, GPCRs exhibit ubiquitin-independent and ESCRT-independence in their mechanisms of degradation [reviewed in (65, 66)]. GPCRs targeted to a rapid recycling pathway are sorted from EEs to Rab4 positive recycling endosomes. An important feature of GPCRs targeted to recycling pathways, is that this is regulated by interactions with specific sequences in the GPCR C-tails, also termed sequence-directed, or regulated, recycling. This mode of recycling is distinct from recycling of other kinds of membrane cargo, e.g., transferrin receptor that does not require its C-tail for recycling and occurs with the bulk membrane flow (default recycling). The distal C-tail receptor sequences are not only essential for recycling, but if fused to the carboxy-terminus of a GPCR sorted to a degradative pathway, it will reroute that GPCR to the recycling pathway. There are no common sequences that determine whether any GPCR undergoes regulated recycling, as they are highly divergent. However, several recycling sequences identified, such as first identified with the β2-adrenergic receptor (β2AR), correspond to a type 1 (PSD95)/discs large (Dlg)/zonula occludens-1 (Zo-1) (PDZ) binding sequence or “PDZ ligand,” specifically S/T–X–Φ, (where Φ is any hydrophobic residue) (67, 68). PDZ proteins are scaffold proteins and for GPCRs that bind PDZ proteins, they are often able to bind more than 1 PDZ protein (69), suggesting these sequences and interactions may have additional functions to directing receptors to the recycling pathway. For the β2AR the interacting PDZ-domain containing protein partner responsible for recycling is the endosomally localized PDZ protein, sorting nexin-27 (SNX27) (70). As mentioned above, these recycling sequences are very distinct amongst receptors, so there are several examples of GPCRs targeted to a recycling pathway that do not contain PDZ type 1 ligands or any other recognizable motif, and hence for many their corresponding interacting protein partners are unknown (58, 71). This is also the case for the FSHR whereby both rodent and human FSHR are recycled back to the plasma membrane via specific C-tail sequences that does not indicate any potential binding partners such as a PDZ protein (72). More recently a role for palmitoylation in FSHR sorting has been proposed (73). In FSHR it is known that there are 2 conserved and 1 non-conserved cysteine in the FSHR C-tail that were all palmitoylated, but only 1 of the conserved cysteines (cysteine 629) affected receptor function by impairing cell surface expression (74). A follow up study demonstrated that mutation of all three cysteines to glycine significantly impaired biosynthetic trafficking of the receptor to the plasma membrane and thus exhibited reduced signaling. Interestingly, the receptor that was transported to the plasma membrane exhibited similar internalization kinetics but impaired recycling, the receptor thus being routed to the degradative pathway (73). This suggests that altering palmitoylation of the receptor changes the ability of the C-tail, and presumably the distal recycling sequence, to interact with key machinery that mediates its sorting, but also indicates that a cell could alter FSHR trafficking, and subsequently signaling responsiveness, through alterations in these post-translation modifications.

While the above describes that the recycling pathway of FSHR, and other GPCRs, involves a one-step mechanism with its recycling sequence and interacting partner, which may be unique to a given GPCR, we now know that both common and receptor-specific post-endocytic mechanisms exist. Furthermore, sequence-directed recycling (and lysosomal sorting) occur via a complex, multi-step system, with the GPCR's own signaling playing a key role in driving receptors to these distinct cellular fates, in addition to trafficking regulating the signal from that receptor. This interconnected property of post-endocytic trafficking and GPCR signaling has been highlighted recently through studies of the gonadotropin hormone receptors and will be discussed next.




POST-ENDOCYTIC SORTING AND ENDOSOMAL SIGNALING OF FSHR FROM A NOVEL COMPARTMENT; THE VERY EARLY ENDOSOME (VEE)

The internalization of GPCRs into the endocytic network is no longer viewed as a mechanism to only control plasma membrane signaling but to also provide additional platforms to continue or reactivate signaling from intracellular compartments, including G protein signaling. Furthermore, this spatial control of signaling has been shown to be important for cells to decode common second messenger signaling molecules, such as cAMP signaling, activated by many GPCRs, into specific downstream cellular functions (59–61). Intracellular signaling is also important for the FSHR, however, it is through studies on human LHR has unveiled how important, and tightly regulated, the compartmentalization of receptors within the complex endomembrane network is to receptor endosomal signaling.


Discovery of the VEE; A Tale of Serendipity

Many GPCRs, including the human FSHR and LHR undergo the regulated recycling pathway described in Section Post-endocytic intracellular trafficking pathways of FSHR. Our studies first identifying the VEE with the gonadotropin hormone receptors were initially driven as way to understand why GPCRs have distinct recycling sequences if there is a common primary function, i.e., sorting to the recycling pathway. Thus, comparisons were first made between the β2AR and LHR that initially seem quite similar in their signaling and trafficking profiles (44). Both are Gαs-coupled receptors that internalize via arrestin/clathrin pathways and undergo sequence-directed recycling. However, they have distinct C-tail recycling sequences and bind different PDZ proteins for their sorting, SNX27 for β2AR and GIPC (Gαi-interacting protein, C-terminus) for LHR (68, 70). Unexpectedly, when agonist-induced LHR endocytosis was monitored by live confocal microscopy imaging it was evident this receptor trafficked to endosomes closer to the plasma membrane that were approximately a third of the diameter of endosomes containing β2AR. FSHR and the β1AR also internalized to these small endosomes. The identity of this compartment, in terms of the proteins or adaptors that traffic there are poorly understood, except they are distinct from those classically found in the EE and EE intermediates such as EE antigen 1, phosphatidylinositol-3 phosphate (a lipid enriched in the EE membrane) and Rab5 (44). As it was previously established that LHR sorting to the recycling pathway required its C-tail interaction with the PDZ protein GIPC, the hypothesis was that this protein interaction also directed LHR to these small endosomes. Indeed, truncation of the LHR recycling sequence or knockdown of GIPC levels inhibited recycling and also rerouted receptor to the larger EEs (Figures 2A,B). As interactions with GIPC occurred only early on during receptor clustering in to CCPs, further supported a model whereby LHR recycling must occur from these small endosomes, we then termed very early endosomes (VEEs) (44). While the discovery of a new cellular compartment was very unexpected, our original aim of understanding the role of these different GPCR recycling sequences was also in part addressed, as it highlights these sorting sequences may encode functions at distinct steps in the endocytic trafficking of a GPCR, and not only sorting from endosomes. In this case, it was sorting to distinct populations of endosomes. It is well known that trafficking regulates signaling, thus what were the signaling functions of the VEE? Surprisingly, when LHR trafficking was rerouted away from VEEs to EEs, via inhibiting interaction with GIPC, the ligand-induced cAMP signaling was not affected but ERK signaling profile was altered from a sustained to a transient one (Figure 2B) (44). Given that both acute and sustained ERK signaling was dependent on internalization, suggests that under conditions when GIPC is depleted, the receptor is rapidly routed through the VEE, but not maintained in this compartment due to its trafficking to EEs, hence the altered temporal ERK signaling profile (see Figure 2B). It also highlights the interconnectivity of endomembrane systems; indeed, we also demonstrated in this study that the transferrin receptor can internalize through the VEE on its way to the EE. Intriguingly, the ligand-induced ERK signaling of β1AR and FSHR was also affected by GIPC knockdown. While β1AR is known to interact with GIPC via its C-tail (75), this result was unexpected for FSHR since its recycling sequence contains no PDZ ligand and there are no prior reports of its interaction with GIPC. However, FSHR is known to directly interact with the adaptor protein containing PH domain, PTB domain, and leucine zipper motif (APPL1) (12, 76, 77), and so far, APPL1 is the only protein identified that localizes to a subpopulation of VEEs. Given APPL1 can directly bind GIPC (78) this may underlie the GIPC-dependent nature of ERK signaling by FSHR.


[image: image]

FIGURE 2. Model summarizing current understanding of gonadotropin hormone receptor post-endocytic pathways and receptor signaling from VEEs. The trafficking of FSHR and LHR to the VEE is inextricably linked to the receptor's signal output, whereby the manipulation of which at distinct steps results in different trafficking and signal profiles. (A) Following ligand-activation FSHR internalizes to the very early endosome (VEE). The VEE differs from the early endosome (EE) in its smaller size and neither contain EEA1 nor Rab5, classical markers for the EE. During receptor-mediated endocytosis of FSHR into a clathrin-coated pit, the PDZ domain protein, GIPC, is recruited at the cytosolic interface of the GPCR. Receptor then enters the complex endosomal network where it is primarily localized to the VEE. There are two types of VEE depicted, one contains the adaptor protein, APPL1 (see text), and one is without. GIPC dissociates before FSHR enters the VEE. From the VEE receptor is able to elicit downstream signaling cascades, including cAMP generation and ERK1/2 activation. This cAMP/PKA signal phosphorylates APPL1 on Serine 410. Receptor is trafficked to APPL1 positive VEEs, where the unphosphorylated APPL1 negatively regulates endosomal cAMP signaling. The phosphorylated APPL1 is required for receptor recycling back to the plasma membrane. (B) The receptor can be rerouted from the VEE to the EE by the loss of GIPC or disruptions in the receptors ability to interact with this PDZ protein. Loss of GIPC results in the trafficking of the receptor from the VEE pathway to the EE and loss of plasma membrane recycling. While endosomal cAMP signaling is not affected, ERK signaling profile is more transient as the receptor only rapidly passes through the VEE to the EE. (C) Loss of APPL1 does not alter the endosomal organization of the receptor but inhibits recycling. The “trapped” receptor in the VEE compartment results in increases in endosomal cAMP signaling due to APPL1's role in negative regulation of G protein signaling, but without impacting ERK signal profile. (D) Manipulating the ability of APPL1 to be phosphorylated on Serine 410, either by inhibition of PKA activity or mutation of serine 410 to alanine, specifically inhibits recycling but not cAMP endosomal signaling.





The Role of APPL1 in FSHR and VEE Function

To date, APPL1 is the only known protein present on the VEEs, as the PDZ protein GIPC only associates during the very early steps of endocytosis at the CCP (44). APPL1 is a well-studied adaptor protein comprised by multiple protein and membrane interacting domains (79). Prior studies have shown it localize to EE Rab5 compartment but at an intermediate step prior to conversion of endosomes to EEA1 positive endosomes (80). APPL1 is reported to localize to other compartments including vesicles that do not have Rab5 (81), akin to what we have observed with the gonadotropin hormone receptors and the VEE (44). APPL1 displays multiple, and integrative functions in cargo trafficking and receptor signaling, as evident from the numerous reported interactions including Rabs, receptors such as FSHR, EGF receptor, insulin receptor, adiponectin receptor, androgen receptor, kinases and phosphatases, like protein kinase B and PtdIns(3)P kinase, and PDZ proteins like GIPC (82). Prior to our reports on the VEE, APPL1 was shown to form a complex with FSHR, not via the C-tail but via three specific residues in its first intracellular loop (76). In addition, this complex contained additional adaptor and signaling proteins, including APPL2, Akt, and FOXO1. Such a complex was shown to propagate FSH-induced PI3K/Akt signaling, IP3 production and calcium release (12, 76, 77, 83). This is consistent with APPL1's roles in positive regulation of signaling (78). These signal pathways in FSHR/APPL1 complexes remain to be studied in the context of the VEE where focus so far has been primarily on cAMP and MAPK.

APPL1 plays critical roles in gonadotropin receptor trafficking and endosomal cAMP signaling from the VEE (84). As described above, interactions with GIPC are essential for directing receptors to the VEE (Figure 2B). In contrast, APPL1 is not required for GPCR localization to the VEE but is essential for LHR and FSHR recycling (Figure 2C). Interestingly, it is the receptor's own cAMP/PKA signaling that drives this APPL1-dependent recycling (60). The mechanism underlying this requirement is that LH-mediated PKA activation must phosphorylate APPL1 at serine 410 for the receptor to recycle back to the plasma membrane. This raised the possibility that LHR activates signaling from the VEE as it would provide a means for high localized regulation of APPL1 (phosphorylation) at the endomembrane, and perhaps specific populations of APPL1. Inhibiting internalization of LHR almost completely abolished ligand induced increases in cAMP, a finding corroborated using a nanobody biosensor that recognizes active Gαs (85), which localized to a subpopulation of LHR endosomes (84). If the primary location of cAMP signaling from these receptors was the VEE, then inhibition of recycling should enhance cAMP signals. Indeed, this is the case when cellular levels of APPL1 are depleted for all known VEE-targeted receptors (LHR, FSHR, and β1AR, see Figure 2C). However, ERK signaling (strength and kinetics) is not affected under these conditions and inhibition of LHR recycling via a PKA inhibitor (as APPL1 phosphorylation is needed for recycling) has no effect on LHR-cAMP signaling. Thus, APPL1 has an additional role in negatively regulating cAMP from VEE targeted GPCRs (84). How APPL1 controls GPCR/Gαs coupling is still unknown, yet intriguingly it is the unphosphorylated form of APPL1 that mediates this, indicating that distinct populations of APPL1, phosphorylated and unphosphorylated forms, have opposing functions on VEE-targeted receptors (Figure 2). Furthermore, it highlights that endosomal signaling must be “switched off” prior to receptor recycling, as has been shown in GPCR endosomal signaling from the EE and the role of the retromer complex (86, 87). Overall, the VEE-network displays exquisite control of signaling and trafficking via the actions of APPL1. There are many outstanding molecular questions for this system, including if there are any roles for the related protein APPL2, which has both common and distinct functions to APPL1, especially as FSHR forms a complex with both adaptor proteins (77). Are other signal pathways that FSHR is known to activate, such as Gαi signaling (see section Classical regulation of FSHR signaling pathways), also regulated at the level of the VEE and by APPL1? Another question these studies have raised is why is such complexity within the endosomal system required? One possibility is that it enables a cell to alter receptor activity at many levels and potentially in a pathway specific manner (location bias in signaling), perhaps in response to physiologically relevant changes in its extracellular environment (e.g., dynamic hormonal environment during menstrual cycle) to pathological changes in disease. This is illustrated in Figure 2, whereby altering levels of key adaptor proteins GIPC and APPL1, alters receptor signaling to ERK or cAMP respectively (Figures 2B,C), or at the level of APPL1 regulation of PKA mediated phosphorylation, would result in a distinct trafficking and signal phenotype (Figure 2D).

Overall, compartmentalization of internalized gonadotropin hormone receptors, and indeed many other GPCRs, mediates their signal activity at specific intracellular sites, and represents a mechanism for cells to diversify signaling even from the same pathway (e.g., cAMP/PKA) to possibly distinct functional consequences. It also raises the intriguing possibility that GPCR activity, can be reprogrammed by the cell to alter the compartment the receptor is targeted to via altering expression of key proteins in this pathway, e.g., GIPC, APPL1 (Figure 2). Such a model may explain how FSHR activity in the gonads, commonly mediated by cAMP/PKA, underlies distinct functions but also specificity of this pleiotropically coupled GPCR.




OUTSTANDING QUESTIONS AND FUTURE PERSPECTIVES

These recent advances in FSHR function from its distinct roles in extragonadal tissues and novel cell biological functions demonstrates that FSHR is a good example of a GPCR that achieves signal diversification via multiple strategies and a prototype receptor for understanding novel facets of GPCR function. Whether such pathways are then perturbed in disease and if we can harness these properties of GPCRs therapeutically needs to be addressed.

While much has been uncovered about novel intracellular trafficking systems, there are numerous outstanding questions at the molecular level. A major one to be tackled in the future is the identifying the molecular composition (both protein and lipid content of the membrane) of the VEEs, as so far APPL1 is the only known protein to reside there and is only present in ~50% of the VEE population (84). While not a trivial task to unpick, recent developments in proteomics such as the application of engineered ascorbic acid peroxidase (APEX)-mediated approaches that can capture the local protein network of a receptor with high spatial-temporal resolution as it traffics through the endocytic system (88), may be able to uncover specific VEE proteins and whether such proteins are core to these endosomes, or receptor-specific. A critical outstanding question is understanding the downstream role of VEE targeting, and could there be any clues from disease-causing mutations in the gonadotropin hormone receptors? It is likely that the VEE and APPL1-dependent regulation is a conserved mechanism across cells, as for many membrane trafficking pathways. In primary human endometrial stromal cells, LHR could traffic to VEEs and recycle in an APPL1-dependent manner (84), although the downstream functional role/s in the endometrium, a tissue reported to express both functional LHR and FSHR are unknown. A role for APPL1 in regulating gonadotropin action has been reported in the ovary whereby knockdown of APPL1 in bovine theca cells enhances LH-mediated androgen production (89). Given loss of APPL1 increases ligand-dependent cAMP signaling in HEK 293 cells (84) (Figure 2C), is consistent with this finding and could suggest that deregulated signaling by VEE/APPL1 has key physiological/pathophysiological roles in the ovary such as steroidogenesis and conditions where there is enhanced LH activity e.g., PCOS. Indeed, a direct role for gonadotropin hormone receptor endocytosis in LH-mediated cAMP signaling in the mouse ovarian follicle and the resumption of meiosis in the oocyte has been demonstrated (90). Specific roles for FSH/FSHR function will need to be investigated, given there are known disease causing mutations that alter FSHR signal desensitization and inhibit internalization (91). The reassessment of known mutations in the context of the VEE would be highly informative as tools for further understanding how FSHR engages with these intracellular trafficking and signaling mechanisms. However, such disease-causing mutations are rare, and from a translational perspective there would be value in assessing known single nucleotide polymorphisms that impact FSHR activity for potential alterations in VEE function. For example, the FSHR asparagine/serine polymorphism at position 680 (N680S), whereby in the general population approximately 60% are N680 and 40% S680, while in infertile individuals this is more 50/50. This SNP determines poorer responsiveness to FSH in women bearing the N variant compared to the S carriers that has been linked to temporal alterations in cAMP, ERK1/2 and CREB responses in human granulosa cells, whereby interestingly it is the N variant that exhibits faster signal properties (92, 93). These altered signal properties could result in altered arrestin-mediated signaling and/or altered sorting of FSHR to endosomal compartments. Although any potential alterations in intracellular trafficking at the level of the VEE are unknown, given the C-tail location of the SNP, located upstream of the distal recycling sequence of FSHR (72), one could predict that this variant may modulate interactions with protein partners that bind this distal recycling sequence, resulting in distinct post-endocytic fates and altered endosomal compartmentalization. The faster kinetics in signaling exhibited by the N variant may indicate for example, a lack of APPL1-dependent regulation in signaling and/or inability of GIPC to direct the receptors to the VEE. Given the more widespread functions of FSH that have been reported, this SNP may be predictive of other conditions, such as pre-term birth whereby carriers homozygous for the N variant, as evaluated from placental samples, had a significantly higher risk of pre-term birth than the S variant (94). This variant is not only of significance to female health but also to males. Infertile men carrying the 680N variant compared to the 680S respond better to FSH treatment as assessed by improved DNA fragmentation index of their spermatozoa (95). Furthermore, the increasing reports of FSHR in endothelial cells, bone and adipose (8, 9) may unveil future roles for altered spatial control of FSHR signaling in cancer, obesity, type 2 diabetes and osteoporosis.

The ability to pharmacologically exploit these new GPCR signaling models and target the intracellular signaling receptor specifically has been recently demonstrated for three distinct GPCRs. Employing cholestenol-conjugated antagonists, which accumulate in the lumen of endosomal compartments, can block endosomal signaling from the neurokinin 1 receptor and calcitonin-gene related peptide receptor and has been shown to be an effective nociceptive target in animal models (96, 97). Whilst a similar strategy to inhibit endosomal signaling of the protease-activated receptor 2 prevented hyperexcitability of pain receptors in the colon and thus has been proposed to be of therapeutic value in pain management of irritable bowel syndrome (98). These studies set an important precedent for the likely success of targeting intracellular signaling of GPCRs, however, we know GPCRs including FSHR exhibit pleiotropic signaling and the ability to also target intracellular signaling more specifically, either at a pathway level or endosomal compartment level (e.g., VEE vs. EE) could be valuable. In other words, to create biased intracellularly targeted compounds may offer avenues for more efficacious compounds with less side effects. For FSHR there may already exist avenues to develop such ligands, as a number of small molecule, orally available, and cell permeable, compounds have been produced (99), although their role in altering intracellular signaling of FSHR remain to be determined. It may not always be necessary to target intracellular receptors, and perhaps altering the endosomal fate of a receptor by targeting the plasma membrane receptor prior to its internalization may be advantageous, to also induce location bias. This could even be achieved through native ligands; for FSHR there are known glycovariants of FSH that exhibit distinct activities (4).

In summary, our understanding of the complexity of GPCR signaling pathways via the tight control of their intracellular location has been advanced through studies on the gonadotropin hormone receptors. Such mechanisms have highlighted the interconnected nature of these intracellular systems, and thus a primary future goal is to further understand the significance of these molecular systems to health and disease if they are to be of therapeutic value. The critical nature of intracellular sorting of FSHR to signaling has been demonstrated, so it is not a question of is it important, but rather how the intricacies of modulating receptor from one intracellular compartment to another impact specific functions in vivo. This would provide the opportunity to be able to target these intracellular signaling modalities with high precision, in order to create the next generation of therapeutics for reproductive medicine.
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Knowledge on G protein-coupled receptor (GPCRs) structure and mechanism of activation has profoundly evolved over the past years. The way drugs targeting this family of receptors are discovered and used has also changed. Ligands appear to bind a growing number of GPCRs in a competitive or allosteric manner to elicit balanced signaling or biased signaling (i.e., differential efficacy in activating or inhibiting selective signaling pathway(s) compared to the reference ligand). These novel concepts and developments transform our understanding of the follicle-stimulating hormone (FSH) receptor (FSHR) biology and the way it could be pharmacologically modulated in the future. The FSHR is expressed in somatic cells of the gonads and plays a major role in reproduction. When compared to classical GPCRs, the FSHR exhibits intrinsic peculiarities, such as a very large NH2-terminal extracellular domain that binds a naturally heterogeneous, large heterodimeric glycoprotein, namely FSH. Once activated, the FSHR couples to Gαs and, in some instances, to other Gα subunits. G protein-coupled receptor kinases and β-arrestins are also recruited to this receptor and account for its desensitization, trafficking, and intracellular signaling. Different classes of pharmacological tools capable of biasing FSHR signaling have been reported and open promising prospects both in basic research and for therapeutic applications. Here we provide an updated review of the most salient peculiarities of FSHR signaling and its selective modulation.
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INTRODUCTION

Follicle stimulating hormone (FSH) plays a crucial role in the control of male and female reproduction. FSH is a heterodimeric glycoprotein consisting of an α-subunit non-covalently associated with a β-subunit. The α-subunit is shared with luteinizing hormone (LH), chorionic gonadotropin (CG) and thyroid-stimulating hormone (TSH), whereas the β chain is specific of each glycoprotein hormone (1). FSH is synthesized and secreted by the pituitary and binds to a plasma membrane receptor (FSHR) that belongs to the class A of the G protein-coupled receptor (GPCR) superfamily. The FSHR displays a high degree of tissue specificity as it is expressed in Sertoli and granulosa cells located in the male and female gonads, respectively (2). FSH is required for normal growth and maturation of ovarian follicles in women and for normal spermatogenesis in men (3). Female mice with FSHβ or FSHR gene knockout present an incomplete follicle development leading to infertility, whereas males display oligozoospermia and subfertility (4, 5). Consistently, women expressing non-functional variants of the FSHR are infertile while men are oligozoospermic, yet fertile (6). To date, only native forms of FSH, either purified from urine or by using recombinant technology, are being used in reproductive medicine with no other pharmacological agents being currently available in clinic (7–9). Novel classes of FSHR agonists with varying pharmacological profiles could potentially help improving the overall efficiency of assisted reproductive technology. On the other hand, FSHR antagonists could represent an avenue for non-steroidal approach to contraception (10). This paper offers an updated overview of the way FSHR signals and of how selective modulation of its signaling can be achieved.



STRUCTURE OF THE FSHR

For the vast majority of GPCRs, the orthosteric site (i.e., the region that binds the natural ligand), is located in a cavity defined by the transmembrane helices. This is not the case for the FSHR, which binds its natural ligand, FSH, through its characteristic large horse-shoe-shaped extracellular domain (ECD). Consequently, the orthosteric site spans over the nine leucine rich repeats (LRRs) of the ECD (Figure 1). The first crystal structure of FSH bound to part of the ECD came out in 2005 and led to a detailed understanding of the molecular basis leading to the specificity of hormone binding (11). The ECD of the receptor contains 12 LRRs linked to three disulfide bonds and two unstructured sequence motifs that define the hinge region connecting the ECD to transmembrane domains (TMD). However, the recombinant protein used for crystallization did not include amino acid residues in the hinge region. Therefore, the receptor activation mechanism remained poorly understood, until recently, when another crystal structure including the hinge region was reported (12). Interestingly, it revealed a two-step activation mechanism of the receptor: interaction of FSH with LRR1-9 reshapes hormone conformation, so that exposed residues located at the interface of the hormone α- and β-subunits form a binding pocket for sulfated Tyr335 of the hinge region, resulting in a conformational change of the latter (13, 14). This two-step interaction process not only stabilizes the FSH/FSHR interaction but also relieves the tethered inverse agonistic activity previously mapped within the hinge region (15). Since no structural data of gonadotropin receptor TMD are currently available, homology modeling with other GPCRs is necessary. The structure of human neuropeptide Y1 receptor that recently came out (PDB:5BZQ) displays the highest identity with FSHR (25%) and LHR (24%) TM domains. Prior to that, gonadotropin receptor TM domains have been successfully modeled using adenosine receptor crystal structure (16). This revealed the existence of two adjacent pockets that could accommodate small ligands. These sites have been assigned P1 and P2 (major and minor site, respectively). The P1 site is located between TMs III, IV, V, and VI, and P2 between TMs I, II, III, and VII (Figure 1A) (17). These putative TM domain allosteric sites have been confirmed in studies utilizing chimeric receptors and mutagenesis. Interestingly, it was found that a FSHR small-molecule agonist at high concentration specifically displaced the binding of radiolabelled adenosine A3 receptor (A3R) agonist on A3R (18). This suggests a similarity between glycoprotein receptor and A3R in the TMD region for the allosteric binding pocket (19). As suggested from studies on other GPCRs, allosteric sites distinct from P1 and P2 may also exist and affect FSHR activity (20).


[image: image]

FIGURE 1. Orthosteric and allosteric sites in the FSHR. (A) Cartoon and surface view of the transmembrane regions of the FSHR showing P1 and P2 allosteric sites. (B) Complex between the ectodomain of the FSHR (gray) and FSH (violet: alpha chain, pink: beta chain). The colored spheres represent sulphated Tyr355. (C) Residues involved in FSH binding are shown in red. (D) Close-up on the interaction between sulphated Tyr335 (colored spheres) and FSH.





FSHR COUPLING TO G PROTEINS

By analogy with other GPCRs, it is reasonable to posit that FSH binding leads to conformational rearrangements within the transmembrane regions, thereby causing the recruitment and coupling of signal transducers (G proteins, β-arrestins) that ultimately trigger a complex intracellular signaling network (21, 22). The primary transduction effector described for the FSHR is Gαs that triggers the canonical adenylyl cyclase/cAMP/protein kinase A (PKA) signaling cascade. Once activated, PKA phosphorylates many proteins such as transcription factors of the cAMP response element-binding protein (CREB) family (23–31). cAMP action is also mediated by the Exchange Proteins directly Activated by cAMP (EPACs) (32–34). Upon cAMP binding, EPAC1/2 stimulate Ras-related protein (RAP1/2), small GTPases that lead to protein kinase B phosphorylation (PKB) (35, 36). In addition, the FSHR has been reported to interact with Gαi and Gαq. Gαi inhibits adenylate cyclase, blocking Gαs-induced cAMP production (37). The stimulation of Gαq requires in vitro stimulation with high FSH concentrations (>50 nM) (22, 38–40). This coupling leads to the production of inositol 1,4,5 triphosphate (IP3) and diacylglycerol (DAG), increased intracellular calcium concentration and activation of protein kinase C (PKC). Pleiotropic coupling of FSHR to various heterotrimeric proteins suggests the co-existence of multiple active conformations of the receptor in the plasma membrane (41, 42).



FSHR COUPLING TO β-ARRESTIN

Similarly to most GPCRs, the FSHR interacts with β-arrestins, scaffolding proteins that control receptor desensitization, internalization and recycling (24, 43–46). Classically, β-arrestins are recruited following (i) receptor activation and (ii) receptor phosphorylation by G protein-coupled receptor kinases (GRK). Due to steric hindrance, FSHR coupling to Gαs is impaired once β-arrestins are recruited (47, 48). In a model of rat primary Sertoli cells that express the FSHR endogenously, it has been demonstrated that agonist-induced cAMP levels decreased upon β-arrestin overexpression, consistently with its role in FSHR desensitization (49). In heterologous cells, the carboxyl tail of FSHR has been reported to be phosphorylated on several serine and threonine residues (43). In addition to these classical functions, it has become increasingly clear that β-arrestins can also initiate specific, G protein-independent signaling events leading to the activation of many pathways, amongst which the ERK (Extracellular signal-Regulated Kinase) MAP (Mitogen-Activated Protein) kinase pathway has been the most studied (50). Of note, ERK activation kinetics at the FSHR has been reported to vary in heterologous cells as a function of the upstream transduction mechanism involved: β-arrestin-mediated ERK activation is delayed but more sustained compared to Gαs-dependent ERK activation, which occurs early but is transient (43). Consistent with the concept of “phosphorylation barcode” which links particular GRK-mediated phosphorylation signatures at the receptor level to the activation of distinct β-arrestin-dependent functions (51, 52), a relationship has been found between the subtype of GRK involved in FSHR phosphorylation and the nature of β-arrestin-mediated actions. In particular, β-arrestins recruited to GRK2 or GRK3-phosphorylated FSHR favor receptor desensitization whereas GRK5 or GRK6-mediated phosphorylation of FSHR were involved in β-arrestin-dependent ERK activation (43, 53, 54). Recently, phosphorylation of Tyrosine383 in β-arrestin 2 has proved to be crucial for β-arrestin-mediated ERK activation by the FSHR and other GPCRs. More precisely, ligand-induced receptor activation provokes MEK (Mitogen-activated protein kinase kinase)-mediated phosphorylation of Tyr383, necessary for β-arrestin 2-mediated ERK recruitment and activation (55). β-arrestins also play a role in FSHR-induced translation, mediated by a β-arrestin/p70S6K/ribosomal S6 complex that assembles in heterologous and in primary Sertoli cells. Upon FSH stimulation, activation of G protein-dependent signaling enhances p70S6K activity within the β-arrestin/p70S6K/rpS6 preassembled complex, leading to the fast and robust translation of 5′ oligopyrimidine track (5′TOP) mRNA (56). In addition, the balance between FSHR-mediated proliferation vs apoptosis seems to be regulated by β-arrestins. In hGL5 human granulosa cells, silencing of β-arrestins leads to an increase in cAMP/PKA and a decrease in β-arrestin-mediated proliferative pathway, resulting in cell death (57). Evidence reported for other GPCRs demonstrated that the internalized receptor can form molecular complexes involving simultaneous interactions with Gαs to the core domain and β-arrestin to the C-tail of the receptor (58). These complexes, named “megaplexes,” are able to signal from the endosome by inducing a second wave of cAMP (58, 59). Based on structural evidence, a two-step mechanism for β-arrestin recruitment has been proposed (60). First, β-arrestins are recruited to the phosphorylated C-tail, resulting in a so-called “partially engaged” complex which the authors reported to be sufficient for ERK signaling and internalization. Interestingly, this conformation allows the receptor to simultaneously couple to G protein α subunit. Second, a conformational rearrangement of β-arrestins allows them to interact with the receptor core domain, forming a “fully engaged complex” incompatible with further G protein coupling (58, 60–62). More recently, a separate study uncovered another mechanism of β-arrestin activation that the authors called “catalytic activation.” Upon ligand-induced recruitment of inactivated β-arrestin to the receptor core domain, a conformational change in β-arrestin occurs that exposes a PIP2-binding motif and allows β-arrestin to bind membrane lipid rafts independently of the receptor. Interestingly, the authors noticed an accumulation of active β-arrestin in clathrin-coated endocytic structures in the absence of the receptor, revealing the existence of a receptor C-tail-independent β-arrestin activation mechanism (63). No evidence currently exist that the aforementioned mechanisms also apply to the FSHR. Further studies will be necessary to clarify the molecular mechanisms involved in β-arrestin recruitment and activation at the FSHR and to determine their possible peculiarities.



FSHR INTERACTION WITH OTHER PARTNERS

Beside G proteins, GRKs and β-arrestins, the signal is also transduced at the FSHR by other direct binding partners (44). For example, adaptor protein, phosphotyrosine interacting with the Adapter protein with PH domain, PTB domain, and leucine zipper 1 (APPL1) binds intracellular loop 1 of the FSHR (64). This protein has lately retained the greatest attention in the gonadotropin community for two main reasons. The first one is that this adapter protein links the FSHR directly to inositide phosphate metabolism and Ca2+ release in granulosa cells (65), hence it induces cAMP-independent signaling; the second is that, like β-arrestins, APPL1 recruitment plays a role in the subcellular routing of FSHR. This discovery had been heralded by the previously identified interaction between GAIP-interacting protein C-tail (GIPC) adaptor and the FSHR (or the LHR), presumably requiring the carboxyterminal end of the receptor. Interestingly, GIPC reroutes the internalized FSHR from Early Endosomes (EE) to recycling Very Early Endosomes (VEE), and by these means, enables sustained ERK phosphorylation (66). Likewise, in HEK293 cells, APPL1 has been shown to convey internalized FSHR, as well as LHR, to VEE for recycling, and PKA-dependent phosphorylation of APPL1 leads to endosomal cAMP signaling (67). These two sets of observations on ERK MAP kinases and cAMP suggest that spatially restricted FSH signaling may be generalized to several of its components. In addition, 14-3-3τ has been shown to interact directly with the second intracellular loop of the receptor FSHR (68, 69). The 14-3-3τ interaction site on the FSHR encompasses the ERW motif involved in G protein association (70), that is consistent with the observation that 14-3-3τ overexpression in HEK293 cells reduces FSH-induced cAMP response (68). The co-occurrence of these direct binding partners as well as G protein, GRK and β-arrestins, raises fundamental questions about their sequence/dynamics of interaction on a single FSHR or about the possibility that FSHR oligomers might cluster transduction assembly of variable composition at the plasma membrane and in intracellular compartments.



TRAFFICKING AND ENDOSOMAL SIGNALING

Compartmentalization of signaling is now viewed as an important feature for many signaling proteins and plays key roles in cellular responses. This is particularly the case for membrane receptors such as GPCRs since, in the past years, several examples have revealed connections between membrane compartmentalization, endocytic trafficking and signaling patterns. Originally thought to function solely at the plasma membrane, the multifunctional protein β-arrestin assemble signaling molecules (e.g., MAPK, Src, etc) that direct GPCRs to the endocytic pathway and regulate their post-endocytic fate, as mentioned above. For some GPCRs forming a stable interaction with β-arrestin, β-arrestin/receptor/signaling molecule complexes are found in endosomes, allowing prolonged signaling from these intracellular structures (71–73). The nature of the β-arrestin binding motifs, in particular serine/threonine clusters in the C-tail of the receptor, regulates the stability of this interaction. GPCRs that display high affinity binding to β-arrestin, are classified as class B (74, 75). In the FSHR, a cluster of 5 serines/threonines is involved in both internalization and binding of β-arrestin to the receptor and is consistent with the class B definition. Such interaction was confirmed by bioluminescence energy transfer experiments (BRET) and co-immunoprecipitation experiments, however no imaging data have confirmed the existence of a functional complex in endosomes (24, 43). In addition, it is unclear whether β-arrestin-mediated ERK signaling by FSHR requires β-arrestin localization in endosomes. Recently, both the FSHR and LHR were reported to predominantly localize to an atypical endosome denoted as VEE (Figure 2). Alteration of this endosomal trafficking by blocking internalization inhibits activation of ERK through the LHR, suggesting that VEE are a location for signaling (66). These particular endosomes are upstream of the classical endosomes and are devoid of typical early endosomes markers such as the Rab5 GTPase or the phosphatidylinositol-3-phosphate (PI(3)P) or the PI(3)P-bound EEA1 proteins. Morphologically, they are smaller (<400 nm) than conventional sorting EE but their exact nature remains to be defined. Interestingly, gonadotropin receptor localization in VEE requires an intact receptor C-tail and the GIPC PDZ-domain protein (66). PDZ motifs are found in several GPCRs to regulate their spatial localization or trafficking (76). The PDZ motif of the LHR directly binds GIPC that sequesters the receptor into VEE following agonist-induced internalization. In fact, in cells depleted in GIPC or expressing LHR lacking the distal PDZ motif in its C-tail, the receptors are rerouted and accumulated into the classical EE where they fail to recycle back to the plasma membrane. In addition, they were not able to signal to ERK MAP kinases (66), suggesting that endosomal ERK activity occurs from this specific compartment. It is worth noting that the FSHR does not display a known PDZ ligand in its C-tail and the exact mechanism on how GIPC controls FSHR fate remains to be determined. However, APPL1, a known FSHR binding partner, localizes to a subset of VEE and displays a PDZ motif previously shown to interact with GIPC (64, 65, 77). A possible scenario would be that FSHR, via its interaction with APPL1, connects with GIPC and is targeted to VEE where it activates ERK (78). Earlier work supports the idea that endosomal APPL1 defines a signaling platform upstream of the Rab5/PI(3)P endosomes. Disruption of EE leads to the accumulation of the EGFR Tyrosine kinase receptor in APPL1 vesicles, leading to a sustained activation of ERK from this compartment (79, 80). As shown for the LHR, the endosomal cAMP/PKA dependent phosphorylation of APPL1 on Ser410 is necessary for the recycling of the receptor (67).
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FIGURE 2. FSHR signaling and trafficking. Upon FSH binding, the FSHR mainly activates Gαs protein, leading to conversion of ATP to cAMP by adenylyl cyclases and activation of intracellular effector kinases, including PKA. After stimulation, GRK phosphorylates and desensitizes the FSHR. Phosphorylated FSHR recruits β-arrestin, which in turn induces its own signaling, including ERK activation, as well as receptor internalization in the endosomes. FSHR potentially activates G protein-dependent and -independent signaling from the endosomal compartment, before quickly recycling back to the plasma membrane. Effector proteins drive the cellular responses, including gene transcription, cell proliferation and differentiation. APPL1, Adaptor protein, phosphotyrosine interacting with PH domain and leucine zipper 1; CREB, cAMP response element binding protein; ERK, extracellular signal-regulated kinase; FSH, Follicle-stimulating hormone; GRK, G protein-coupled receptor kinase; PKA, protein Kinase A.



This concept of endosomal signaling compartmentalization was further supported by the findings that GPCR can induce a second phase of G protein activation following their internalization (81–83). This allowed the advent of a new paradigm where some GPCRs do not only transduce and activate G proteins from the plasma membrane but also from endocytic compartments (the so-called “megaplex” mentioned above). Interestingly, the two other members of the glycoprotein hormone receptor family, TSHR and LHR, were both shown to transduce via Gαs and promote sustained cAMP production from endocytic compartments (59, 67, 84, 85). While the TSHR acts from EE and trans-Golgi compartments, the LHR signaling is restricted to the VEE. It has yet to be shown whether the FSHR also activates G proteins from the VEE but the fact that it shares several features with GPCRs known to signal from endosomes, including LHR, V2R or PTHR, supports this possibility. FSHR trafficking mimics the LHR as discussed above and it displays a phosphorylation code similar to those found in the C-tail of V2R and PTHR. More precisely, the formation of a “megaplex” has been shown to induce cAMP from the EE in response to PTHR activation (86, 87). That the FSHR could signal in endocytic compartments through G proteins in a similar way as the PTHR, but from VEE, is conceivable, but further studies are needed to demonstrate this possibility. Despite the identification of structural determinants in the FSHR C-tail that regulate its trafficking (88), very little is known about the mechanisms involved in the post-endocytic trafficking of this receptor.



BIASED SIGNALING AND ITS QUANTIFICATION

The action of a given ligand on its cognate receptor has classically been characterized by its effect on downstream effectors (second messengers). Compared to the reference ligand (generally, the physiological ligand), a pharmacological agent can be either an agonist (it produces a biological response similar to that of the reference ligand), an antagonist (it blocks the biological response elicited by the reference ligand) or an inverse agonist (it produces an opposite biological response that leads to a decrease in the receptor basal activity). Importantly, it has long been thought that these characteristics hold irrespectively of effector measured (89). However, some ligands did not match with one of these categories, because they displayed both agonist and antagonist (or inverse agonist) activities at the same receptor, depending on the downstream pathway measured. For instance, carvedilol, a clinically used β-blocker, has a clear inverse agonist profile on Gαs-dependent activity at the β2 adrenergic receptor while being a weak partial agonist for β-arrestin-dependent ERK activation (90). To deal with these discrepancies, the concept of biased signaling or functional selectivity, recently came to the fore (89, 91, 92). According to this concept, a ligand is biased when it triggers imbalanced responses, compared to a reference ligand acting on the same receptor (classically the endogenous ligand). Importantly, a biased ligand can selectively activate only a subset of the biological responses or activate all of them but with different efficacies compared to the reference ligand. As these ideas hold profound implications and potential for the design of new therapeutics, biased signaling is a very active area of research in pharmacology (93, 94). Over the last decade, biased signaling has been evidenced in many different receptors, including gonadotropin receptors, as will be discussed in a forthcoming section. By analogy with a ligand bias, the notion of receptor bias has been proposed (95). Two receptors, diverging only by a mutation or a polymorphism, once activated by the same ligand may induce two signaling pathways with different relative efficacies. Importantly, biased signaling has been extended to allosteric ligands, which can modulate not only the efficacy of a given ligand-induced receptor signal but also select and bias the activation of the receptor toward a subset of the biological responses (93). Ligand bias and receptor bias must be set apart from system bias or observational bias (95). System bias refers to bias that are due to the particular biological system used (some transducer molecules, such as G proteins, may be expressed differentially in different cell types for instance). Observational bias refers to the modification or amplification of the signals inherent to the specific assays used for the measurements. Besides being supported by numerous experimental evidences, biased signaling is consistent with the receptor conformation theory, which views a receptor population as an ensemble of conformations that evolve dynamically, according to some energy landscape and subjected to external perturbations (96). In such theory, ligand-induced receptor activation is concomitant with a stabilization of some receptor conformations and a modification of the receptor conformation energy landscape, resulting from the interaction of the ligand with its receptor. Several studies have thus shown that receptor conformational equilibrium models, such as the extended ternary complex model, can satisfactorily explain ligand bias (97, 98). Several groups have attempted to address the problem of bias quantification. Considering a given receptor and two signaling pathways (A and B), the objective is to be able to classify ligand bias, as having for instance a low, a moderate or a high bias toward pathway A vs pathway B, when compared to a reference ligand. The most popular method to quantify ligand bias uses dose-response data and the so-called operational model (99, 100). The latter is widely used to perform regression on dose-response data, which have in many cases a sigmoid shape. The parameters of the operational model are derived from a simple chemical reaction scheme that takes into account ligand receptor association/dissociation reactions and that links the ligand-receptor concentration to the biological response thanks to a logistic function (similar to enzymatic reaction models). The usefulness of this model for the quantification of ligand bias is associated with the interpretation of its parameters. In particular, the two main parameters of the operational model are the ligand-receptor dissociation constant Ka and the intrinsic efficacy τ (which describes the ability of the ligand-receptor association to be converted into a response). With these two coefficients, a single transduction coefficient, given by log(τ/Ka), has been proposed to characterize the agonism of a ligand for a given signaling pathway (100). This coefficient can then be compared between two pathways and between two ligands, to ensure normalization. Hence
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quantifies the activation of a pathway by ligand A, compared to ligand B. In addition,
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evaluates the differences of activation between the two pathways. Finally, the bias is defined as
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This procedure for bias quantification, together with its statistical significance, has been detailed as a step-by-step protocol using Prism (v6.0; GraphPad Software) (101–103). Other logistic regressions that lead to different quantifications and parameter interpretations have been proposed and compared (104). A notion of dose-dependent ligand bias, which may reveal subtle nonlinear effects of the ligand, has also been defined using logistic function (105). Overall, the statistical regression of dose-response data (sigmoid curves) can be ambiguous and lead to a misinterpretation of the results. Moreover, it has been shown experimentally that different procedures may exhibit discrepancies between each other, and may fail to detect ligand bias or lead to false positives, probably due to the presence of system or observational bias (104). A semi-quantitative method to classify ligand bias that would be more robust than quantitative methods has been proposed, based on logistic regression (104). However, the major concern of the operational approach to quantify ligand bias is that it disregards an important aspect of signaling pathways, namely the temporal activation of the different signaling processes (106). This has been revealed by the relatively simple observation that the bias value, as calculated with the operational model, could change as a function of the kinetics of response (107). Actually, the apparent bias can even be in an opposite direction for two different time points when the biological responses are measured. While part of the explanation of this phenomena resides in the different time scales at stake within a signal transduction pathway (binding kinetics, second messenger and effector kinetics), it also reveals the whole complexity of a receptor trafficking system (108), that can certainly not be condensed into a single number. Thus, methodological developments such as dynamical versions of the operational model and/or the extended ternary complex model (109, 110) must be developed to address this complexity and allow better characterization of the effect of a ligand on its cognate receptor.



BIASED SIGNALING AT THE FSHR

To date, different classes of biases have been reported to elicit selective modulation at the FSHR (Figure 3). Ligand bias can be provoked by small molecule ligands, glycosylation variants of FSH or by antibodies acting at FSH or FSHR. Receptor bias due to mutations or single nucleotide polymorphisms (SNP) at the FSHR have also been reported.
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FIGURE 3. Ligand bias at the FSHR. Balanced agonists or PAM at the FSHR induce both G protein and β-arrestin recruitment. FSH binding to the FSHR can be prevented using small competitive ligands, antibodies directed against the binding pocket of the FSHR or directly against FSH. Biased signaling toward Gαi, Gαs, or β-arrestin recruitment can result from glycosylation forms of FSH (fully glycosylated FSH24 vs partially glycosylated FSH21-18), antibody or small chemical compounds.




Small Molecule Ligands

Several classes of chemical compounds exhibiting the ability to modulate FSHR-mediated signaling upon binding have been identified to date. Readers interested in the chemical diversity of currently known FSHR small molecules classes can refer to Figure 2 of Anderson et al. in the same special issue of Frontiers in Endocrinology (19). According to their mode of action and effect on the receptor, they can be divided in four classes: allosteric agonists, positive allosteric modulators (PAMs), negative allosteric modulators (NAMs) and neutral allosteric ligands (NALs) (111). While PAMs or NAMs need the presence of FSH to detect the enhancement or the decrease of FSHR activation, respectively, agonists have the capacity to activate it on their own. Even though NALs do not influence signaling, they can potentially prevent other allosteric modulators from binding (112). Thiazolidinones, identified by screening combinatorial chemical scaffolds, were the first class of FSHR allosteric agonists to be reported (113). The allosteric nature of thiazolidinone derivatives was confirmed thanks to experiments involving FSHR/TSHR chimeras, which showed that their binding site was localized in the TMD (114). A nanomolar potent thiazolidinone FSHR agonist was reported to trigger signaling pathways similar to FSH, both in vitro and in vivo (115). Interestingly, some thiazolidinone analogs demonstrated biased agonism by mobilizing the Gαi protein instead of Gαs or both as observed for other thiazolidinone analogs or FSH preparations (116). Besides, high throughput screening on substituted benzamides allowed the identification of a series of FSHR PAMs that showed improved selectivity against LHR and TSHR. Interesting pharmacokinetic properties were also described for two selected compounds (117). A dihydropyridine compound, Org 24444-0, is another PAM, which displayed a good selectivity toward FSHR and induced cAMP production in presence of FSH (118). The compound was also able to reproduce the effects of FSH on the follicle phase maturation in mature female rats. Among the currently known NAMs, tetrahydroquinolines constitute a good example of biased signaling. It was indeed established that the compounds inhibited FSHR-induced cAMP production, without inhibiting FSH binding (119). Unfortunately, the tetrahydroquinolines did not display any in vivo activity. Three other NAMs have been characterized by Dias et al. (120, 121). The first one, ADX61623, was reported to inhibit cAMP and progesterone but not estradiol production in rat granulosa primary cells. Using 125I-hFSH, it was established that ADX61623 did not compete with FSH, but rather increased FSH binding, suggesting that it does not bind the extracellular domain of FSHR. When tested in vivo, the compound was not able to decrease FSH-induced preovulatory follicle development (120). Two similar compounds were described later: ADX68692 and ADX68693. Both were reported to inhibit cAMP and progesterone production in rat granulosa primary cells, but while ADX68692 also affected estradiol and decreased the number of oocytes recovered in mature female rat, ADX68693 had no effect on estradiol, nor on the number of retrieved oocytes (121). Interestingly, ADX68692 and ADX68693 were also reported to exert similar actions on the LHR (122). The first FSHR competitive antagonist described in scientific literature, suramin, was reported to inhibit testosterone production and FSHR signaling, by competing with FSH binding (123). Another non-competitive antagonist of human and rat FSHR showing the same behavior was later identified (124).



Glycosylation Variants

Gonadotropins present natural heterogeneity in their glycan moieties that contribute up to nearly 30% of the hormone's mass (125–128). The presence of glycans has important outcomes on the in vivo half-life of the hormone because, by doubling its diameter, it limits its glomerular filtration. FSH contains two potential N-linked oligosaccharides on each subunit that are sources of heterogeneities. Importantly, these glycan chains are involved in FSH folding, assembly, stability, quality control, secretion, transport as well as the biological activity and potency (15, 129–138). The α chain is glycosylated at asparagine 52 (Asn52) and Asn78, while the FSH β subunit can be glycosylated at Asn7 and Asn24. Partially glycosylated variants that are missing either one or both of these oligosaccharides on FSHβ have been reported in equine FSHβ, human FSHβ (hFSH β), rhesus FSHβ and Japanese macaque FSHβ (139–142). Glycosylation profile of each subunit plays a critical role in the activity and clearance of FSH (131, 143, 144). Interestingly, while FSHα subunit amino-acid sequences are identical to LH, TSH and CG α-subunits, the N-glycan populations at Asn52 and Asn78 differ from those of the other hormones (145–147). FSHβ subunit shares 34–40% of sequence homology with the other human glycoprotein hormone β-subunits, yet the main structural hallmarks (i.e., six disulfide bonds, cystine knot motif and seatbelt loop) are conserved (148, 149). Interestingly, the abundance of the glycosylated variants in FSHβ subunit appears to be physiologically regulated (141). Although glycosylations are involved in the FSH bioactivity, they are not directly interacting with the receptor binding site (11, 12, 15, 150). Removal of the carbohydrate residue at position 78 from α-subunit significantly increases receptor binding affinity of human FSH. Likewise, carbohydrate at position 52 of the α-subunit was found to be essential for bioactivity since its removal resulted in significant decrease in potency. Furthermore, β-subunit carbohydrates are essential for FSHβ/FSHα heterodimerization (138, 151). In binding assays, hypoglycosylated FSH (triglycosylated FSH21/18, missing either Asn7 or Asn24-linked oligosaccharide on the β chain) was 9–26-fold more active than fully glycosylated FSH (tetraglycosylated FSH24) (139). Likewise, a deglycosylated FSH variant, which possesses only α-subunit oligosaccharides, is significantly more bioactive in vitro and more efficient in receptor binding than the tetraglycosylated form of the hormone (141, 142, 152). However, this hypoglycosylated FSH is not physiologically relevant because subunit heterodimerization is extremely inefficient when both FSHβ glycans are missing, precluding secretion of enough active forms (151). In contrast, ovulated eggs and subsequent in vitro embryo development was increased by hyperglycosylated FSH (153). FSH variant abundance is tightly correlated with fertility: FSH24 predominates in men and post-menopausal women whereas FSH21/18 is more abundant in younger females. This observation suggests that hypoglycosylated FSH may play a preferential role in efficient stimulation of ovarian follicle development (154). Noteworthy, FSH variants have been reported to exhibit biased signaling: FSH21/18 is better to activate the cAMP/PKA pathway and is 10-fold more potent in inducing CYP19A1 and estrogen than fully glycosylated FSH24 (155). Bias at the FSHR has also been reported with partially deglycosylated eLH (eLHdg) preparation. β-arrestin depletion revealed that eLHdg induced β-arrestin recruitment to the FSHR and activated both ERK and PI3K pathways in a β-arrestin-dependent and Gαs/cAMP-independent manner (156). Altogether, these data suggest that FSH glycoforms may act as physiological bias (157). A recent study revealing signaling bias between human LH and hCG is consistent with this hypothesis (158).



Antibody

Particular antibodies have been shown to selectively modulate FSHR activation, likely eliciting structural constraints and stabilizing distinct conformations of FSH and/or its receptor (21). Monoclonal antibodies against bovine FSHβ and anti-peptide antibodies targeting ovine FSHβ both significantly enhanced biological activity in mice (159, 160). Interestingly, in non-equine species, equine CG (eCG) binds to both FSHR and LHR and elicits their activation (161–164). Studies have evaluated the impact on gonadotropin bioactivities of different eCG/anti-eCG antibody complexes generated using individual sera from a large number of eCG-treated goats. Interestingly, both inhibition and hyperstimulation of LH and FSH bioactivity were recorded (165). In a follow-up study, Wehbi et al. investigated the effects of these complexes on FSH signaling in more details (166). Three stimulatory complexes were tested, displaying modulatory effect on cAMP production but all exhibited increased β-arrestin-dependent ERK response, suggesting biased properties. Recently, Ji et al. developed two anti-FSHβ monoclonal antibodies using synthetic peptides located at the binding interface of FSHR (167). Strikingly, this study demonstrated that blocking FSH action using antibodies against FSHβ protects ovariectomized mice against bone loss, by stimulating new bone formation and reducing bone removal besides inhibiting fat accumulation. Direct targeting of GPCR with antibody or antibody fragments in order to modulate their signaling is increasingly viewed as a viable approach that even led to therapeutic applications in the last few years (168). The FSHR has been targeted by antibodies in different studies. Recombinant filamentous phages displaying at their surface three overlapping N-terminal decapeptides of the FSHR, A18–27, B25–34, and C29–38 peptides were used for immunizing ewes and female mice. When tested in vitro, antiA and antiB immunoglobulins behaved as antagonists for FSH binding and for cAMP production, whereas antiC immunoglobulins did not compete for hormone binding but displayed agonist activity on FSHR-mediated cAMP response (169). Studies using polyclonal and monoclonal antibodies or scFv fragments specific of the hinge region of FSHR, LHR, or TSHR, while not affecting hormone binding, all revealed agonistic activities, unequivocally establishing the role of the hinge region in the activation of these receptors (170–172). More recently, recombinant nanobodies capable of specifically recognizing FSHR and of inhibiting cAMP accumulation have been identified (173). Even though the biased nature of the above-discussed anti-FSHR antibodies have not been assessed in the original studies, it is tempting to speculate that antibodies and antibody fragments hold a lot of promises as research tools and as therapeutic agents capable of eliciting functional selectivity at the FSHR.



Single Nucleotide Polymorphisms and Mutations

Induced or natural mutations have been shown to elicit biased signaling in various GPCRs (174–176). In the FSHR, active and inactive mutations and SNP have been reported (177) but most of them are insufficiently documented to suggest they could induce a receptor bias. However, some studies suggested that a mutation or a SNP at the FSHR can modify the balance between different signaling pathways (Figure 4). The Ala189Val inactive mutation, leading to subfertility in men and infertility in women, impairs the G protein pathway but not β-arrestin-dependent ERK activation (6, 178). However, this Ala189Val mutation provokes intracellular retention of the FSHR, hence decreases its plasma membrane expression level (179). Tranchant et al. demonstrated that the FSHR also elicits preferential β-arrestin-dependent signaling when its plasma membrane density is similar to that of the Ala189Val mutant. Therefore, the Ala189Val mutation could very well represent a case of system bias rather than of receptor bias. Uchida et al. described an inactivating mutation (Met512Ile) in the FSHR of a woman with ovarian hyperstimulation syndrome (OHSS) but probably not related with this pathology (179). The mutant receptor led to decreased cAMP and PI3K responses whereas ERK activation remained unchanged compared to wild-type FSHR. Further investigations are required to ascertain whether the imbalance between the different signaling pathways is caused by a true receptor bias or whether it also results from affected cell surface expression of the receptor. Another case is the Asp431Ile mutation in the extracellular loop 1 (EL1) that has been found in a man with undetectable circulating FSH but normal spermatogenesis (180). This mutation leads to a marked decrease in FSH-induced desensitization and internalization compared to the wild-type receptor.
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FIGURE 4. Mutation-induced receptor bias at the FSHR. Mutations can lead to biased signal transduction at the FSHR upon exposure to fully glycosylated FSH (FSH24). Green, Gs-biased mutants; purple, β-arrestin-biased mutant.



The FSHR gene carries about 2,000 SNPs, among which the SNP p.N680S (c.2039A>G) is a discrete marker of ovarian response. Women bearing the serine variant display resistance to FSH compared with those bearing the asparagine variant. p.N680S S homozygous FSHR differently stimulates intracellular cAMP and leads to different kinetics of ERK and CREB phosphorylation (181). Kara et al. have shown that site-directed mutagenesis of all the five ser/thr residues located in the C-tail at position 638–644 of the rat FSHR reduced its ability to interact with β-arrestins upon FSH stimulation (43). Interestingly, the internalization of the mutant receptor was reduced while its ability to activate ERK via the β-arrestin-dependent pathway was increased, indicating receptor bias.




CONCLUSIONS

The observation that FSHR transduction can be finely tuned by a variety of biased ligands, mutations or polymorphisms, further emphasizes the importance to better understand the complex signaling networks that are modulated (i.e., activated or inhibited) downstream of the FSHR. These novel biased ligands and receptor variants are great research tools that should really help us deciphering the molecular mechanisms involved in FSHR-associated physiopathology. In addition, a number of existing ligands and mutants have been characterized solely by measuring plasma membrane expression and/or cAMP response. Further characterization is required and may generate insightful findings. Biased ligands also open intriguing prospects in drug discovery. In particular, low molecular weight agonists of the FSHR could lead to the development of orally-active treatments. Such administration route would bypass the multiple injections of gonadotropin preparations that remain needed in the current protocols used in assisted reproduction. Moreover, it becomes possible to sort out the pathways leading to ovulation and those responsible for OHSS, and the availability of pathway-selective low molecular weight agonists at the FSHR could pave the way for the development of safer treatments, presenting reducing risks of OHSS. Modulation of relative FSH and LH activities could also open new avenues in the treatment of polycystic ovarian syndrome (PCOS).

On a more general note, the availability of allosteric compounds active at the FSHR, opens the unprecedented opportunity to enhance or dampen the transduction activities of the FSHR in vivo, while conserving the rhythmicity and biochemical diversity of endogenous FSH, a property that no orthosteric compound can match. The conditions of application of such treatments will obviously require extensive pre-clinical and clinical studies. Despite of these limitations, hampering any hope for short-term clinical use, the advent of biased and allosteric compounds certainly represents an important juncture in a field that has uniquely relied for so long on natural and recombinant gonadotropins to treat infertility. Finally, orally active low molecular weight FSHR antagonists may also lead to novel classes of oral contraceptives devoid of the side effects associated with current sex steroid-based contraceptives.
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The follicle-stimulating hormone receptor (FSHR) has been targeted therapeutically for decades, due to its pivotal role in reproduction. To date, only purified and recombinant/biosimilar FSH have been used to target FSHR in assisted reproduction, with the exception of corifollitropin alfa; a modified gonadotropin in which the FSH beta subunit is joined to the C-terminal peptide of the human choriogonadotropin beta subunit, to extend serum half-life. Assisted reproduction protocols usually entail the trauma of multiple injections of FSH to initiate and promote folliculogenesis, which has prompted the development of a number of orally-available low molecular weight (LMW) chemical scaffolds targeting the FSHR. Furthermore, the recently documented roles of the FSHR in diverse extragonadal tissues, including cancer, fat metabolism, and bone density regulation, has highlighted the potential utility of LMW modulators of FSHR activity. Despite these chemical scaffolds encompassing a spectrum of in vitro and in vivo activities and pharmacological profiles, none have yet reached the clinic. In this review we discuss the major chemical classes of LMW molecules targeting the FSHR, and document their activity profiles and current status of development, in addition to discussing potential clinical applications.
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INTRODUCTION

The hypothalamic-pituitary-gonadal axis comprises hypothalamic kisspeptin and neurokinin B (NKB) driving the secretion of gonadotropin-releasing hormone (GnRH). GnRH subsequently stimulates the pituitary secretion of the gonadotropin hormones luteinizing hormone (LH) and follicle stimulating hormone (FSH), into the general circulation, resulting in gonadal steroidogenesis, and pubertal development via activation of their cognate gonadotropin receptors, FSH receptor (FSHR), and LH receptor (LHR/LHCGR). In this article we review the development and potential clinical application of small molecule/low molecular weight (LMW) modulators of FSHR activity.

The FSHR is a G protein-coupled receptor (GPCR) that belongs to the glycoprotein hormone receptor sub-family of GPCRs that also includes the luteinizing hormone receptor (LHR/LHCGR), and the thyroid-stimulating hormone receptor (TSHR). These GPCRs are characterized by the presence of large extracellular N-terminal ectodomains (ECDs) that bind the heterodimeric glycoprotein hormones, in addition to the classical seven transmembrane domain region (TMD) characteristic of the GPCR superfamily. FSHR predominantly couples to and activates the Gαs class of intracellular G proteins, resulting in adenylyl cyclase stimulation, and a subsequent increase in the second messenger cyclic adenosine monophosphate (cAMP). cAMP then binds to and modulates the activity of a number of cyclic nucleotide-binding proteins, including cAMP-dependent protein kinases, and ion channels.

While Gαs is considered the main effector of FSHR-mediated signaling, Gαq-mediated signaling, and β-arrestin mediated (G protein-independent) signaling have also been observed (1–3). These different signaling modalities are responsible for the activation of a multitude of downstream effectors, thus representing a complex network of possible signaling outcomes (2).

It is necessary that the full complement of possible signaling pathways is acknowledged both in the context of gonadal steroidogenesis, but also drug development, as a number of LMW molecules (described in detail below) are emerging with selective signaling profiles (a phenomena referred to as “biased-signaling”). These molecules have greatly informed as to the pathways involved (and required) for successful gonadal steroidogenesis, while simultaneously highlighting the inherent dangers of in vitro characterization of LMW molecules targeting the FSHR by measuring cAMP response in isolation.

Despite the successful application of corifollitropin, which comprises a hybrid molecule in which the FSHβ subunit is fused to the C-terminal 24 amino acids of the human chorionic gonadotropin β subunit (hCGβ) to increase serum half-life (marketed under the trade name Elonva) in assisted reproduction (4) and taking into account the signaling complexities discussed above there still remains a drive to develop LMW modulators of the gonadotropin receptors. The utilization of LMW orally-active modulators of FSHR has many theoretical advantages. Multiple injections (and associated site irritation) of polypeptide FSH during assisted reproduction would be avoided. Such classical LMW orally-active pharmaceutical compounds are also potentially superior in their greater stability and uniformity unlike gonadotropin polypeptides which require refrigeration and are subject to variable post-translational glycosylation which might affect half-life and bioactivity (5–8). The desirable properties of LMW analogs would therefore potentially result in more clinically effective treatment regimens. Another advantage of using orally-active gonadotropin analogs is the potential to vary dose which may have an additional benefit in avoiding the vexing and potentially life-threatening condition of ovarian hyperstimulation syndrome (OHSS).

In addition to these potential advantages, orally bioavailable LMW FSH antagonists may have potential as oral contraceptives. Current sex steroid-based contraceptives are administered at supra physiological doses to inhibit ovulation which can increase the risk of side effects, such as cardiovascular thrombosis events associated with estradiol-based contraceptives (9). It is arguable that some of these side effects would be mitigated by targeting the FSHR, although the potential health risks of increased pituitary FSH release in response to antagonism of FSHR would require investigation. This is in light of the reported links between FSH oversecretion and the progression of certain cancers, bone loss, and increased body fat (10, 11), although it might be predicted that at least some of these effects would be mitigated by the presence of the FSHR antagonist (see Concluding remarks and future perspectives).

Despite the theoretical therapeutic potential of LMW modulators of FSHR, a number of substantial challenges needed to be overcome. The FSHR is a leucine-rich repeat containing GPCR, belonging to the glycoprotein hormone receptor family, which also includes the TSHR, and LHR. In addition, there are other GPCRs containing leucine-rich-repeat motifs. These GPCRs share high degrees of sequence conservation with the FSHR suggesting that drug cross-reactivity/specificity could be a potential problem. Moreover, the gonadotropins are large dimeric proteins that contact the gonadotropin receptors via multiple residues that include the glycan moieties, in addition to having a complex mechanism of receptor activation that includes structural movements within the extracellular domain (ECD) and the transmembrane (TM) domains of the receptor. As a result, it appeared that a LMW molecule might not fulfill the requirements of both receptor binding and activation. Nevertheless, these challenges could be successfully addressed in the development of both LHR and FSHR orthosteric agonists and antagonists (whose binding site overlaps with that of the natural ligand), and allosteric analogs which interact with the receptor at a site distinct from the orthosteric ligand binding site (12).

Allosteric GPCR modulators can be categorized based on measures of gonadotropin receptor signaling activity (most frequently measurement of cAMP, but biased modulators have also been described), and fall into three groups; allosteric agonists (allo-agonists) and positive and negative allosteric modulators (PAMs and NAMs). Allosteric agonists have agonist activity, in the absence of gonadotropin, in contrast to PAMs and NAMs whose activity can only be demonstrated in the presence of agonist, usually via modulation of orthosteric hormone binding affinity or altering the ability of the receptor to interact with intracellular signal transducers. In this way, PAMs and NAMs can either augment or diminish the response to orthosteric agonists, respectively. PAMs and NAMs have garnered much interest in the pharmaceutical industry, as these classes of allosteric modulators only have activity in the presence of co-bound endogenous ligand meaning that GPCR activation is limited to the spatio-temporal release of endogenous ligands. This is extremely advantageous, as many of the reproductive neuroendocrine hormones are released/secreted in cyclical patterns or pulses (13).

Structural modeling has been successfully utilized to identify allosteric sites in GPCRs for LMW compounds. Gonadotropin receptor TM domains have been modeled using adenosine receptor crystal structures, and identified two putative allosteric sites within the TM domains, positioned adjacent to the ECL loops (14, 15). These putative TM domain allosteric sites have been confirmed in studies utilizing chimeric trophic hormone receptors, and mutagenesis approaches. These sites have been assigned P1 and P2 (major site and minor site respectively) (14, 16, 17) (Figure 1). The P1 site is located between TMs III, IV, V, and VI, and P2 between TMs I, II, III, and VII (15).
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FIGURE 1. The top view of the LHR with partially removed extracellular loops (ECLs) highlights the two putative allosteric binding sites for LMW gonadotropin receptor ligands (magenta), located within the transmembrane (TM) domains and adjacent to the ECLs. These sites are labeled the P1 (major) site and P2 (minor) site. Reproduced with permission from (10).



Several cell-based screening assays have successfully been employed to identify structural scaffolds that can allosterically bind to the gonadotropin receptors (18). The large array of chemical scaffolds with FSHR activity have revealed a number of interesting and unique activity profiles, both in vitro and in vivo, with allo-agonists, NAMs, and PAMs identified. While LMW compounds targeting the closely-related, LHR have been identified, most endeavor has been directed toward developing LMW molecules targeting the FSHR. This is predictable, given that ovarian hyperstimulation requires multiple injections of FSH, in contrast to the single administration of LH/hCG (or other stimulus, such as GnRH agonist) needed to induce ovulation. Despite considerable progress in the development of LMW FSH analogs, none have yet entered the clinic. In many cases, this is a result of in vitro activity failing to translate into in vivo activity, off-target effects/toxicity, synthesis issues, and frequently termination of research programs following pharmaceutical company acquisitions, and differing priorities of the acquiring company. These issues have been previously reviewed in detail (18). Here we review the progress that has been made in developing LMW orally active FSHR analogs, and discuss their potential clinical applications.



FSHR AGONISTS


Thiazolidinones

Thiazolidinone (TZD) core scaffolds have previously been utilized in a number of successful GPCR drug discovery programs, and offer a flexible and versatile platform for compound development (19). Affymax (Cupertino, US) utilized a TZD compound library containing 42,000 molecules, and identified several lead compounds with agonist activity at the FSHR. Several hits with nanomolar (nM) potencies were identified from this screen including a partial agonist (Emax 24% of maximal recombinant FSH stimulation) with an EC50 of 32 nM (20). This lead compound was subsequently modified by adding γ-lactam congeners and 5-alkyl substituents in an attempt to address stereoselectivity issues with the heterocyclic ring in which the trans isomer predominated over the active cis isomer during synthesis (21, 22). A parallel drug discovery program run between Affymax and Wyeth [since acquired by Pfizer (New York City, US)] also screened a large compound library representing a spectrum of core scaffolds, with two of the best hits containing TZD core structures. These lead compounds had poor EC50's of approximately 20 μM, but following parallel synthesis resulted in three promising compounds with nanomolar potencies and full efficacy in vitro (1–6 nM) (23). Subsequent studies in which chimeric receptors were created via exchanging of the N-termini and TM domains of the TSHR and FSHR supported the notion that that the analogs bind within the TM domain of the FSHR. The site of interaction of these allo-agonists with the FSHR was further refined to a site located between TM I and ECL2 (23). A compound, (compound 5) (Figure 2), was identified and was demonstrated to be capable of stimulating steroid production in FSHR transfected rat primary granulosa cells and mouse adrenal Y1 cells to the same level as FSH, albeit with approximately 1,000-fold lower potency (23). In vivo activity was evaluated in a rat ovulation assay, where a dose-dependent increase in the number of ovulated oocytes was observed, however, poor oral bioavailability, and genotoxic effects were noted stalling further development (24).
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FIGURE 2. Core scaffolds for the major classes of LMW FSHR agonists and antagonists.



The pharmacological properties of TZD-containing compounds was further evaluated, and intriguingly it was discovered that minor modification to the core thiazolidine ring, at either an aryl group at position 3 or an acetic acid amide chain at position 5 of the thiazolidine ring resulted in differing pharmacological profiles to the parent compound (25). These activities ranged from agonists (activating Gαs) through to NAMs which inhibited estradiol production in rat granulosa cells via Gαi activation (“compound 3”; Figure 2) (25). These simple TZD core structures therefore have the potential to deliver a spectrum of LMW allosteric modulators targeting multiple FSHR signaling pathways, should synthesis, bioavailability, and toxicity issues be mitigated.



Diketopiperazines

Pharmacopeia Inc. (now Ligand Pharmaceuticals, San Diego, United States) and Organon [now Merck & Co/Merck Sharpe & Dohme (MSD), Kenilworth, United States] screened a large diketopiperazine compound library. A number of biaryl agonists were identified, with the most potent compounds containing heterocyclic diketopiperazine substituents (26). Lead optimisation, through modification of the diketopiperazine core side chains, led to increased potency of activation, (in the nanomolar range) in a cAMP-response element (CRE)-containing luciferase reporter gene assay, and a cAMP accumulation assay (27). These compounds were apparently not developed further and there is no information on specificity or in vivo activity. Interestingly, other piperazine compounds with FSHR activity have been described, and a patent was submitted by Serono, describing low nanomolar FSHR piperazine agonists (28).



Hexahydroquinolines

Poor oral activity of many LMW compounds has hampered development. Organon demonstrated the first high potency LMW compound with good oral activity targeting the FSHR following the filing of patents on the use of hexahydroquinoline scaffolds (4-phenyl-5-oxo-l,4,5,6,7,8-hexahydroquinolines) as FSHR activators (29, 30). These LMW compounds had potencies of < 10 nM in an in vitro CRE-luciferase reporter gene assay, and subsequently a hexahydroquinoline LMW allosteric agonist at the FSHR, Org 214444-0 was described (31) (Figure 2). Co-incubation with FSH resulted in a substantial increase in FSH affinity and FSH potency in the CRE-luciferase reporter gene assay, confirming that this compound was an FSHR PAM (31). Administration of Org 214444-0 induced follicular growth in a rat ovulation assay following oral dosing at 1 mg/kg every 4 h in mature cycling rats, by potentiating endogenous FSH activity, thus demonstrating oral-activity of an FSHR LMW agonist for the first time (31).



Thienopyrimidines

Organon reported a number of orally-active thienopyrimidine and thienopyridine compounds with activity at the LHR, both in vitro and in vivo (32–34). Lead compound optimisation resulted in a thienopyrimidine compound (Org 43553; Figure 2), with low nanomolar potency at the LHR, but also activity at the FSHR (approximately 10-fold reduced potency vs. LHR). Radioligand dissociation assays and the generation of chimeric LHR/TSHR receptors showed that Org 43553 interacts with a single allosteric site, located in the LHR TM domains (35, 36). Interestingly, Org 43553 appeared to induce an active conformation of the receptor necessary for adenylyl cyclase activation, but not inositol phosphate (IP) generation, unlike the endogenous hormones (36). Furthermore, Org 43553 was demonstrated to inhibit LH-induced IP production (36). Following successful induction of ovulation in rodents (37) this compound was tested for safety and efficacy in humans following oral administration in a pre-clinical trial, where it was tolerated in doses up to 2,700 mg, and induced ovulation in healthy females (38). Interestingly, selectivity of Org 43553 for LHR was improved via linkage of two Org43553 molecules, with flexible or rigid linkers, or by conjugating an FSHR LMW antagonist, implying that modification to abolish gonadotropin receptor cross-reactivity is possible (39, 40). The thienopyrimidine class of compounds therefore represent a promising scaffold from which to develop LMW modulators of FSHR.



Agonists With Undisclosed Scaffolds/Other Scaffolds

Piperidine carboxyamide derivatives were identified in a high-throughput screen by Serono (now Merck KGaA, Darmstadt, Germany). Lead compounds were shown to have low nanomolar potency in vitro in a luciferase reporter gene assay, but poor potency in an estradiol production assay utilizing rat granulosa cells (41).

MSD identified two LMW FSHR agonists with undisclosed scaffolds. These agonists had low nanomolar potency at the FSHR, but were notable for their unusual very short-acting profiles with a half-life and Tmax of approximately 1.5 and 0.5 h respectively) compared to recombinant FSH [half-life approximately 24–48 h (42–44)]. These compounds were subsequently shown to inhibit ovulation, and induce the production of luteinized unruptured follicles in cycling rats when administered orally, with complete reversal of the effect, and resumption of cyclicity following withdrawal of the compounds (44). These compounds may yet form the basis for an effective novel contraceptive, but the inability to reproduce a similar effect in primates has limited their immediate therapeutic potential (44). The mechanism was apparently not investigated and possibly resulted from desensitization of the FSHR.




FSHR ANTAGONISTS


Sulfonic Acid

Suramin, a sulfonic acid-containing compound (Figure 2), is an established treatment for trypanosomiasis (African sleeping sickness) and has been used for almost a century (45). Suramin has been shown to inhibit the signaling of a number of peptide hormones/receptors. Interestingly, rats treated with suramin displayed decreased plasma testosterone and FSH levels, and in vitro experiments showed suramin-mediated inhibition of both hCG and FSH activities (46). Subsequent radioligand competition-binding experiments have suggested that suramin interacts with the orthosteric ligand binding pocket of FSHR (46, 47). It has also been suggested that suramin inhibits ternary complex formation, by blocking GPCR-G protein interactions, preventing GDP-release (48, 49), but the validity of these claims remains to be established, in light of the fact that suramin has been demonstrated to inhibit receptor tyrosine kinases, such as epidermal growth factor receptor, and platelet-derived growth factor receptor, which do not couple to G proteins (45). Suramin has also been tested in patients with refractory cancers including prostate cancer. In these patients decreases in plasma testosterone, FSH and prostate specific antigen have been observed (50, 51), and while overall survival rates were unchanged between placebo and suramin treatment groups, there were suggested palliative benefits with reduced pain, and opioid analgesic uptake (51). These observations have led to increased interest in suramin within the arena of GPCR drug development, and despite poor oral uptake (suramin is administered intravenously), have propagated interest in sulfonic acid containing LMW compounds as possible modulators of FSHR activity.



(Bis)Sulfonic Acid, (Bis)Benzamides

Three (bis)sulfonic acid, (bis)benzamide FSHR antagonists were identified, with moderate potencies of activation in a number of in vitro assays (52). While suramin appears to interact with a number of GPCRs, the (bis)sulfonic acid, (bis)benzamide FSHR LMW antagonists displayed no LHR and TSHR binding and signaling activity up to 100 μM (52). Concurrently, Wyeth identified a naphthalene sulfonic acid compound (“compound 1”; Figure 2) that non-competitively inhibited FSH binding to the FSHR, despite binding to the FSHR extracellular domain (ECD), resulting in a reduction of FSH binding sites but not affinity (53). In addition this compound completely abolished the cAMP response to FSH (53). This was substantiated in vivo in cycling female rats receiving 100 mg/kg i.p. which inhibited ovulation in all treated animals (53). Issues with oral bioavailability, and safety/off-target effects, including mild inflammation of the ovarian surface epithelium and growth retardation have hindered the successful development and transition of these compounds into the clinic despite promising in vitro activity profiles (53). Modification to improve oral absorption of these compounds was attempted, but carboxylic acid substituents abolished FSHR binding activity (52).



Tetrahydroquinolines

A tetrahydroquinoline (THQ) scaffold containing an amino group at position 6 with modest micromolar FSHR agonistic activity and an efficacy of 85% relative to FSH, was identified by Organon using a CRE-luciferase reporter assay. In a similar vein to the TZD agonists, minor modification of the core structure, in this case introduction of an aromatic group at position 6 of the THQ scaffold, resulted in compounds with completely different pharmacologies. Aromatic groups incorporated at position 6 resulted in a switch from full agonists to full antagonists, with nanomolar IC50's (compound 10; Figure 2) (54). It was established that the binding pocket was likely large and lipophilic, given that large aromatic substituents at position 6 of the THQ scaffold were tolerated (including biphenyl groups), also suggesting that the compounds likely bound in the TM domain. In support of this, competition binding assays showed lack of displacement of FSH binding by these compounds (54). Additionally, it was also shown that these aromatic groups were preferred for antagonistic activity (54). In a mouse ex vivo follicular growth assay one of the biphenyl-substituted THQ compounds inhibited follicular growth in the presence of FSH, and substantially inhibited ovulation (up to 78% of follicles) (54).



Benzamide Derivatives

Addex Pharmaceuticals (Geneva, Switzerland) used a homogenous time resolved fluorescence (HTRF) screening assay to screen for FSHR NAMs, and identified a benzamide compound (ADX61623; Figure 2) with activity (IC50 0.7 μM with 55% inhibition of FSH EC80). Interestingly, ADX61623 inhibited cAMP and progesterone production in the presence of FSH in vitro in a dose-dependent manner, and conversely stimulated estradiol production at high concentrations (55). These results suggest that cAMP signaling is not a requirement for estradiol production. Indeed, it is known that the ovarian functions of FSH (such as estradiol production) are under the control of a number of signaling pathways (see Introduction). In an in vivo setting, administration of 50 mg/kg ADX61623 s.c. was ineffective in completely inhibiting folliculogenesis and ovulation in rats following sequential treatment with pituitary FSH and hCG, as measured by number of oocytes recovered and ovarian weight (55). The authors postulate that this may be due to the inability of ADX61623 to inhibit the production of estradiol despite inhibition of cAMP. Two additional benzamide analogs, identified by Addex, (ADX68692 and ADX68693) corroborated the antagonistic activity profile of ADX61623, substantiating the requirement for blockade of both arms of the FSHR steroidogenic signaling pathway to inhibit follicular maturation and ovulation in rats (56). Indeed, while subcutaneous or oral administration of ADX68692 (which was demonstrated in primary rat granulosa cells to inhibit progesterone and estradiol production) was shown to disrupt cyclicity in mature female rats, and reduced the number of oocytes recovered, ADX68693 which inhibited progesterone but not estradiol production, had no effect (56). Interestingly, ADX68692 and ADX68693 demonstrated biased-activity profiles at the LHR as well as the FSHR, with ADX68693 abolishing testosterone and inhibiting progesterone production in rat primary leydig cells while ADX68692 partially inhibited testosterone and potentiated progesterone production (57). Many LMW compound screening strategies assay for a single signaling output, with the benzamide compound series highlighting the inherent dangers of this strategy, and may in part explain the failure of many gonadotropin LMW compounds to translate promising in vitro efficacy to in vivo bioactivity.



Other FSHR Antagonists

In addition to the compound families described above, acyltryptophanol and pyrrolobenzodiazepine LMW FSHR antagonists have been identified through HTRF and CRE-luciferase screening assays respectively, with a spectrum of IC50 concentrations (58, 59). The current status of these programs is unknown.

Additionally, a novel substituted aminoalkylamide series of FSHR modulators have been identified with antagonistic activity. Ortho-McNeil Pharmaceutical discovered two potent compounds (identified in a cAMP screening assay) but they failed to effectively inhibit ovulation and spermatogenesis in Wistar rats (60). To determine whether the inability of the compounds to inhibit FSHR in vivo was due to restricted oral bioavailability, poor intestinal absorption, and/or rapid clearance, additional pharmacokinetic data would be required.




CONCLUDING REMARKS AND FUTURE PERSPECTIVES

Natural and recombinant gonadotropins have been the mainstay of infertility treatment in men and women for decades, and are still an essential component of assisted reproductive technologies which have impressively addressed the needs of infertile patients world-wide. However, there is a perceived need to develop gonadotropin analogs and orally-available LMW compounds with gonadotropin receptor activity which would obviate current multiple injection protocols, and importantly, reduce OHSS risk. Modulation of relative FSH and LH activities would also have application in women's health conditions such as polycystic ovarian syndrome (PCOS) and would possibly offer a novel method of contraception. Other potential applications of gonadotropin receptor modulators could include the management of animal reproduction, both as contraceptives in population control, and utilization in assisted reproduction for animal husbandry purposes and in endangered animals. With regards to the latter, IVF and cryopreservation protocols have been applied with varying degrees of success in endangered ungulates, and felid species (61–63).

Although several promising FSHR LMW agonists and antagonists have been shown to have desirable properties in animal models, none have shown efficacy in human clinical studies. This is in contrast to LHR LMW molecules which have been demonstrated to be efficacious in stimulating ovulation in women. One example is MK-8389 (developed by MSD) which had promising activity in a rat model but when tested in an ascending dose study on pituitary-suppressed females, showed an effect on thyroid function, despite no effect on follicular development, or estradiol production (64). Thus, further research endeavors are required to produce efficacious orally-active FSH LMW agonists as substitutes for multiple injections of conventional polypeptide FSH.

Despite these setbacks, the pursuit of FSHR LMW compounds with in vitro activity has been highly successful with the impressive development of dozens of allosteric compounds with appropriate properties. The majority of these LMW compounds have arisen from a relatively limited number of core scaffolds, each with distinctive chemistries, and an array of interesting properties. Amongst these allosteric compounds are NAMs and PAMs which have unique properties for exploitation, such as biased-activity profiles, which may be of value in differential stimulation or inhibition of estradiol and progesterone. In view of the diverse structures of molecular scaffolds utilized it is highly likely that following sufficient investment and development, several of these would have the appropriate characteristics and safety profile to be therapeutics.

The acquisition of reproductive health companies by big pharma may have played a significant role in the termination of LMW gonadotropin analog development, due to differing research priorities. For example, the acquisition of Wyeth by Pfizer may have halted development of the TZD FSHR agonist. Encouragingly, a number of small biotech companies are still focussing on the development of LMW modulators of FSHR activity, and we may yet see compounds entering the clinic for a diversity of applications.

An exciting new development in the arena of LMW gonadotropin analogs is the discovery that some of these compounds have gonadotropin receptor “pharmacological chaperone” or “pharmacoperone” activity. These pharmacoperone compounds can restore plasma membrane localization and function to intracellularly-retained GPCRs harboring mutations that result in misfolding and intracellular retention/degradation. LMW LHR allosteric agonists have been shown to act as pharmacoperones, “rescuing” cell surface expression of intracellularly retained mutant LHRs (65) (an outcome of the majority of inactivating point mutations in the LHR) (66). We and others have demonstrated that at high concentrations the LHR LMW molecules are also able to restore cell surface expression to intracellularly retained human FSHR mutants (67). As there is currently no treatment for patients harboring these mutations, the LMW pharmacoperones potentially represent an exciting novel breakthrough in personalized and precision medicine in reproduction.

It has been suggested that the FSHR is expressed in a number of extragonadal tissues, and current research implies that these receptors may be physiologically important. Indeed, the utilization of LMW gonadotropin analogs targeting the FSHR may extend beyond the current remit of assisted reproduction and may yet herald a new era of gonadotropic therapeutics (68, 69). For example, post-menopausal women have low oestrogens, and elevated FSH, with concomitant bone loss, and increased body fat. It has been implied that FSH as well as low oestrogens may be playing a role, and indeed in ovariectomised mice, an FSHβ neutralizing antibody was found to reduce bone resorption and stimulate bone synthesis (10). In a subsequent publication the neutralizing antibody was demonstrated to induce thermogenic adipose tissue and additionally reduced body fat and increased the lean mass/total mass ratio, compared to control IgG (11). There are, however, opposing views, on the physiological relevance of extragonadal FSHR, and also contradictory findings in in vivo studies. The intimate relationship between FSH/FSHR and estradiol frequently confuse and confound the interpretation of data, in addition to the complicated often-opposed effects of the two hormones such as on osteoclasts (and the additional roles of activins in bone). Another area of potential FSHR LMW analog application is in oncology. Reported proliferative effects of FSH and FSHR in prostatic and ovarian cancers alludes to other novel applications for FSHR LMW agonists and antagonists (70–73), although as with other putative extragonadal functions of FSH/FSHR these data are frequently contradictory. Thus, more research is required to fully understand the physiological mechanisms behind these phenomena, and exploit possible therapeutic opportunities.
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The established clinical indication for FSH use in male infertility is the treatment of patients with hypogonadotropic hypogonadism for stimulation of spermatogenesis that allows the induction of a clinical pregnancy in the female partner and finally the birth of a healthy child. Several clinical studies with urinary, purified, and recombinant FSH preparations in combination with hCG have demonstrated the high treatment efficacy regarding these clinical endpoints. Shortcomings of this hormone therapy are the long duration of treatment, sometimes longer than 2 years, and the inconvenience of injections every second or third day. However, improvements of therapy might be expected with new hormonal treatment options already available for infertility treatment in the female. FSH use for treatment of patients with normogonadotropic idiopathic infertility and oligozoospermia is still considered experimental in most countries. Recent meta-analyses have shown that FSH can significantly increase pregnancy rates in the female partners of these patients, but the effect-size is relatively low. Therefore, predictive factors for treatment success have to be identified, including FSH pharmacogenetics, to select the right normogonadotropic patients with idiopathic infertility for FSH therapy.
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INTRODUCTION

In male infertility, the indication for treatment with follicle stimulating hormone (FSH) is the induction and maintenance of spermatogenesis in patients with hypogonadotropic hypogonadism (1). As these patients are normally azoospermic without gonadotropin stimulation and during testosterone therapy, the presence of sufficiently high numbers of progressively motile and normally formed sperm in the ejaculate during exogenous gonadotropin therapy might result in the desired clinical pregnancy for many infertile couples. On an experimental basis, and in some places already in clinical routine, FSH preparations are also used for treatment of normogonadotropic infertile men with idiopathic impairment of spermatogenesis (2, 3).

The primary goal of FSH therapy in the hypogonadotropic or normogonadotropic patients is not the stimulation of testicular growth or spermatogenesis per se, but the induction of a pregnancy in the female partner of the infertile couple, and finally the live birth of a healthy child. This review summarizes the effects of FSH treatment on this primary clinical outcome in these two patient groups with male infertility. The administration of FSH to children or during adolescence is not the topic of this review.



FSH THERAPY FOR MALE INFERTILITY IN PATIENTS WITH HYPOGONADOTROPIC HYPOGONADISM

In patients with hypogonadotropic hypogonadism, male infertility is due to the lack of stimulation of spermatogenesis by the gonadotropins FSH and luteinizing hormone (LH). In so-called idiopathic/isolated/congenital hypogonadotropic hypogonadism (IHH or CHH) and Kallmann syndrome, the core pathophysiological feature is the disturbed hypothalamic synthesis or secretion of gonadotropin-releasing hormone (GnRH) (4). This leads to diminished or absent LH and FSH synthesis or secretion by the unstimulated pituitary gland and finally to endocrine hypogonadism with low testosterone serum levels and infertility with azoospermia or severe oligozoospermia as the respective laboratory markers. Various other diseases including secondary GnRH deficiency lead to the same pathophysiology (4).

Other causes for hypogonadotropic hypogonadism are pituitary insufficiency due to tumors (especially makro-prolactinomas), metastases of the pituitary and the hypophyseal stalk, post-operative states, radiotherapy of the pituitary region, traumata, infections, hemochromatosis, vascular disorders, and others (4). Hypogonadotropic hypogonadism is caused by the insufficiency of the pituitary gland to secret significant levels of LH and FSH. The clinical picture in these patients is additionally influenced by possible disturbances of the other pituitary hormones.

The therapy of choice in patients with hypogonadotropic hypogonadism due to various pathophysiologic causes as mentioned above is—for most of the time of the life-span—the exogenous substitution of testosterone to maintain all androgen-dependent functions. This therapy is well established over decades, relatively convenient for the male patients and comparably inexpensive (5).

In case the patients develop the wish to have children with their female partner, the testosterone substitution therapy is no longer sufficient and has to be interrupted. The patients should then be treated with FSH preparations and in addition with a pharmacological preparation to stimulate intratesticular testosterone production by the Leydig cells. As no LH preparation is currently approved for male hypogonadotropic hypogonadism, patients are usually treated with human chorionic gonadotropin (hCG) preparations with similar, but not identical bioactivity (6). hCG has a longer elimination half-life than LH and patients can be treated effectively by two injections per week (4).

In patients with hypogonadotropic hypogonadism caused by hypothalamic disorders, exogenous pulsatile GnRH can also be used for treatment, as this will stimulate the FSH and LH secretion from the pituitary gland (4, 7). Because of the complex and time-consuming pulsatile therapy, today only few patients with hypogonadotropic hypogonadism are treated with pulsatile GnRH. Pulsatile GnRH therapy seems to have no proven advantage over FSH plus hCG therapy in patients with hypothalamic hypogonadotropic hypogonadism. However, the lack of sufficient well-designed, randomized prospective studies does not allow firm conclusions on the best therapy for infertility in these patients (8, 9).


Early Experience With hMG in Combination With hCG Therapy

FSH has been used successfully for infertility treatment of patients with hypogonadotropic hypogonadism for more than 50 years, initially with urinary menopausal gonadotropins having FSH activity. It is worth reading the initial reports of FSH therapy in hypogonadotropic patients. MacLeod and coworkers reported on the successful therapy with urinary menopausal gonadotropins of a 37-year-old patient who underwent complete hypophysectomy in 1963 (10, 11). The patient had provided a semen sample 1 day before the hypophysectomy that showed 576 million sperm per ejaculate and quite good sperm motility and morphology. After surgery, the ejaculate quality decreased significantly and, following several weeks after hypophysectomy, the patient was unable to provide semen samples any more. Approximately 14 weeks after hypophysectomy, a bilateral testicular biopsy was performed which showed involution of spermatogenesis to the level of spermatogonia and only few areas with primary spermatocytes. One day after the first testicular biopsy, treatment with hMG (human menopausal gonadotropin originating from human urine with mainly FSH and some LH activity) was initiated in the patient, at a dose of approximately 206 I.U. per day.

After 64 days of menopausal gonadotropin treatment, another testicular biopsy only of the right testis revealed stimulated spermatogenesis, showing all stages of spermatogenesis including late elongated testicular spermatids. However, the restoration of spermatogenesis appeared only qualitatively normal, not quantitatively. As a patient was still unable to produce an ejaculate probably due to the insufficient low LH activity in the hMG preparation and therefore low testosterone serum levels, hCG therapy with 4000 I.U. on alternate days was added to stimulate testosterone production by the Leydig cells. At the same time the hMG dose of 206 I.U. was given no longer daily, but only every second day (alternating with hCG injections). With the combined therapy of hMG and hCG the patient regained the ability to produce an ejaculate that showed a total sperm count of several million with progressive sperm motility and normal sperm morphology, that were still decreased compared to the levels analyzed before hypophysectomy (11). Later the patient decided not to continue with hMG therapy and, unfortunately, no fertility data are available. However, this early comprehensive case report demonstrated clearly the principle of FSH therapy in combination with hCG for stimulation of spermatogenesis in patients with hypogonadotropic hypogonadism.



Clinical Studies With hMG in Combination With hCG Therapy

Since then, several patients with hypogonadotropic hypogonadism were treated successfully with hMG plus hCG, for stimulation of spermatogenesis and achieving the desired pregnancy in the female partner. One of the most comprehensive studies on the treatment efficacy in patients with different etiologies for hypogonadotropic hypogonadism was published by Büchter et al. more than 20 years ago (8). This study might be regarded as one reference study for hMG treatment of these patients, as at that time hMG has been replaced more and more by highly purified or recombinant FSH preparations in the andrology clinic (12, 13). In this study by Büchter and colleagues, 21 patients with hypogonadotropic hypogonadism due to pituitary disorders were treated with hMG plus hCG. As in some of these patients more than one treatment course was performed, 30 treatment courses could be included in the study analysis. Another 18 patients with hypogonadotropic hypogonadism due to hypothalamic disorders such as Kallmann syndrome or congenital hypogonadotropic hypogonadism were treated with hMG plus hCG (18 cases, 20 treatment courses). Altogether, 31 of the 50 treatment courses with hMG plus hCG were initiated for the induction of pregnancy in the female partner and 19 of 50 courses only for the induction of spermatogenesis.

In all of the 30 treatment courses (100%) in patients with a pituitary disorder, spermatogenesis was stimulated from azoospermia to the presence of sperm in the ejaculate. In patients with a hypothalamic disorder, gonadotropin therapy induced spermatogenesis in 18 of 20 treatment courses (90%). The duration of therapy until the first detection of sperm in the ejaculate was quite variable. In the patients with a pituitary disorder, the average treatment time was 4 months (range 2–16 months). In the patients with a hypothalamic disorder, the average treatment duration was 6 months (1–18 months). The duration of time until induction of pregnancy of the female partner in patients with pituitary disorders was 10 months (2–46 months), and 8 months (1–15 months) in the patients with hypothalamic disorders. For this review article, the information on pregnancies was included that was added in proof of the publication by Büchter et al. (8). An additional pregnancy in the female partner occurred after gonadotropin treatment of one patient with pituitary disorder for 42 months as well as one patient with hypothalamic disorder treated for 48 months. Including these data, hMG plus hCG therapy in patients with a pituitary disorder resulted in 18 pregnancies in 21 treatment courses (86%) and 6 pregnancies in 10 treatment courses (60%) in patients with a hypothalamic disorder (8). Compared to other current treatments of infertility including application of assisted reproductive techniques (ART), this “causal” therapy of male infertility in patients with hypogonadotropic hypogonadism proved to be highly effective (14).



Factors Influencing the Efficacy of Treatment

While hMG plus hCG therapy of infertile patients with hypogonadotropic hypogonadism appears to be quite successful regarding stimulation of spermatogenesis and finally clinical pregnancy induction in the female partner, the treatment might last quite long. Patients have to be informed that hormone therapy might last for several months and even years before the desired pregnancy can be achieved. Therefore, it is relevant to identify predictive factors influencing treatment efficacy (Box 1).


Box 1. Predictive factors for treatment success.

Clinical factors at initiation of FSH plus hCG therapy of adult male patients with hypogonadotropic hypogonadism predicting successful infertility treatment (15)

• History of normal puberty or pubertal arrest

• No history of cryptorchidism

• Higher baseline testicular volume

• Higher baseline serum levels of inhibin B



In an recent study on 51 adult patients with hypogonadotropic hypogonadism who had undergone one treatment cycle with FSH (urinary or recombinant FSH) plus hCG, those patients who had hypogonadotropic hypogonadism acquired after puberty or had a pubertal arrest showed significantly better treatment outcome (15). These patients achieved higher final bilateral testicular volume and higher final sperm concentrations compared to patients with hypogonadotropic hypogonadism manifesting before the normal onset of puberty. Most relevant, the pregnancy rate of 62% was higher in patients with post-pubertally acquired hypogonadotropic hypogonadism compared with those patients with pre-pubertally acquired hypogonadism (42%). In addition, a conception in the female partners of patients with post-pubertally acquired hypogonadotropic hypogonadism occurred significantly earlier (20.3 ± 11.5 months) than in the female partners of patients with pre-pubertally acquired hypogonadism (43.1 ± 43.8 months).

The therapeutic success was also higher in patients without previously undescended testes, in patients with higher baseline testicular volume and in patients with higher baseline inhibin B serum concentrations (15). The identification of these predictive factors is in line with various clinical studies by other study groups (16–21).



Clinical Studies With Recombinant or Urinary FSH in Combination With hCG Therapy

No adequate large, randomized controlled trials (RCTs) have been performed to compare efficacy of recombinant or highly purified FSH with the urinary hMG preparations in males—quite in contrast to the application of FSH preparations in females for ART. From the available information, it seems that the efficacy of the various FSH preparations in male patients with hypogonadotropic hypogonadism is quite comparable, regarding stimulation of spermatogenesis and inducing the desired pregnancy in the female partner (13, 18, 20–25). Today, in Germany only recombinant FSH and no longer urinary FSH preparations are approved for this therapy in male patients.



Common Dosing Schemes

One of the most common dosing schemes of gonadotropins in male hypogonadotropic hypogonadism is the administration of 150–225 I.U. FSH two or three times a week in combination with 1000–2500 I.U. of hCG two times per week (4). Several physicians start treatment with hCG alone for e.g., 3 months, as some patients—maybe those with some residual FSH activity—achieve stimulation of spermatogenesis by hCG alone (13, 20, 25, 26). However, the sperm concentrations seen after hCG therapy alone appear to be lower than those with the combined treatment with FSH plus hCG (27). Therefore, FSH should also be added in these hCG-treated patients at some time-point to achieve best treatment outcome. In addition, it has been shown that induction of spermatogenesis achieved by FSH plus hCG treatment in hypogonadotropic hypogonadism can be maintained qualitatively, but not quantitatively in most of the patients with hCG alone (28). On this line, a sequential therapy with 3 months treatment with FSH plus hCG alternated by hCG therapy alone for another 3 months has been proposed to reduce the relatively high costs of gonadotropin therapy (29). However, it is not known if this dosing regimen has the same high efficacy on the primary outcome clinical pregnancy rate.

The dose and injection interval of FSH might be adapted in individual hypogonadotropic patients to achieve optimal treatment outcome. The efficacy can be monitored by the increase of testicular volume, the stimulation of spermatogenesis, the serum levels of FSH achieved, the serum levels of testosterone achieved, and other factors. Unfortunately, large randomized comparative studies with different FSH preparations, different doses and different injection intervals are missing (13, 24). A retrospective study suggested that lower weekly FSH doses are sufficient to stimulate spermatogenesis and allow induction of the desired pregnancy in the female partner (24). Others have argued that the hCG dose in combination with FSH might be too high for optimal treatment effects (30). As the current FSH plus hCG dosing schemes have still the drawback of a quite long treatment duration before the desired pregnancy is achieved, it still seems rewarding to test different FSH and hCG preparations and dosing regimens by proper designed randomized controlled clinical trials to improve treatment outcome of gonadotropin therapy in male hypogonadotropic hypogonadism.



FSH in Combination With Recombinant hCG or LH

In Germany, recombinant hCG and LH preparation are approved for reproductive hormone therapy in women. In men, so far no adequate studies have been published comparing these preparations with urinary hCG. A combination of recombinant FSH with recombinant LH or hCG in one injection pen would allow easier self-administration, more fine tuning of individual therapy, higher compliance and maybe higher treatment efficacy. In addition, it could be speculated that LH instead of hCG therapy in combination with FSH could lead to much better clinical efficacy regarding stimulation of spermatogenesis and pregnancy rate in male hypogonadotropic hypogonadism (6, 30). So far injection pens with recombinant LH are only approved for treatment of females and it is about time to provide these options also to male hypogonadotropic patients. The pharmaceutical companies should be encouraged to initiate the respective clinical studies.



Long-Acting FSH Preparations

Another option for treatment improvement would be to use long-acting FSH analogs that are already used successfully in the fertility care of women. In a recent phase III multicenter clinical trial of corifollitropin alfa in azoospermic men with hypogonadotropic hypogonadism, it was demonstrated that administration of 150 μg of a long-acting FSH preparation given every second week leads to significant increase of testicular volume and induction of spermatogenesis, comparable to the effects seen with short-acting recombinant FSH preparations (25).




FSH THERAPY IN NORMOGONADOTROPIC MEN WITH IDIOPATHIC INFERTILITY


Early Non-randomized Studies

As FSH therapy proved to be quite successful regarding stimulation of spermatogenesis of patients with hypogonadotropic hypogonadism and pregnancy rate in their female partners, it was tested whether this therapy can also be applied successfully in male patients with normogonadotropic idiopathic infertility. Early uncontrolled studies in these patients with hMG plus hCG therapy over a treatment period of 3 months demonstrated an increase of total sperm number in the ejaculate and also pregnancy rate in the female partners (31). The increase in pregnancy rate was especially evident in the so-called responders who were defined by an increase of sperm output of at least 25 million per ejaculate (31).



Placebo-Controlled Randomized Studies

However, it could not be excluded that the positive FSH effects in the normogonadotropic patients in uncontrolled trials were due to the well-known regression-to-the-mean phenomenon. The efficacy of hMG plus hCG treatment for 13 weeks in normogonadotropic patients with oligozoospermia was consequently revisited in a randomized, placebo-controlled, double-blind clinical study. The positive effects seen in the uncontrolled trials could not be confirmed by this randomized study. The effects on the classical variables of ejaculate analysis according to WHO were similar in the verum and placebo group (32). However, two of 19 patients treated with hMG plus hCG achieved a pregnancy in the female partner within 2 months after cessation of treatment while no pregnancy was induced by the 20 patients treated with placebo.

Because of the low number of patients included, this randomized controlled study did not have enough power to allow conclusions about pregnancy rates. In addition, the conventional ejaculate analysis might not detect all positive effects that are relevant for fertility. FSH therapy has clear positive effects on sperm DNA condensation and fragmentation that seems to be quite relevant for fertility (2, 33–37). These aspects might be overlooked by the standard procedures for semen analysis currently recommended by WHO (38).



Meta-Analysis of Controlled Studies

As there are no published controlled studies with sufficiently high numbers of participants yet, the effects on the pregnancy rate can only be assessed by meta-analysis. In 2013, an updated Cochrane review summarized the scientific evidence on efficacy of gonadotropin therapy in idiopathic male factor infertility to increase clinical pregnancy rate in the female partner (Table 1) (39). In this review, only RCTs with FSH/hMG alone or in combination with hCG for patients with idiopathic male factor infertility were considered that had a control group with placebo or no treatment. Finally, six RCTs were included in the analysis. The spontaneous pregnancy rate resulting from natural intercourse of 16% in the female partners of patients receiving gonadotropin treatment turned out to be significantly higher than the spontaneous pregnancy rate of 7% in the partners of men receiving placebo or no treatment (Peto odds ratio [OR] 4.94, 95% CI 2.13–11.44; 5 clinical studies; 412 participants; moderate-quality evidence). No difference was seen for pregnancy rates between the verum and control groups after additional treatment with intracytoplasmic sperm injection (ICSI) or intrauterine insemination, but the number of included patients was too low to allow final conclusions.



Table 1. Main results of two recent meta-analyses on pregnancy rates after FSH treatment of men with idiopathic infertility.
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Recently, another comprehensive meta-analysis (Table 1) on clinical pregnancy rate as the main outcome variable was performed by Santi et al. including all controlled clinical trials on FSH administration (including one small study with hMG plus hCG) to male partners with idiopathic infertility (40). Randomization was not an inclusion criterion for this analysis. Altogether, 15 controlled clinical trials were included with 614 men treated with FSH and 661 patients with placebo or untreated patients. Nine of the 15 studies reported on spontaneous pregnancy rate (384 FSH-treated patients, 308 control patients). The spontaneous pregnancy rate in these nine studies was significantly higher in patients treated with FSH compared to controls (OR 4.50, 95% CI 2.17–9.33). Eight studies evaluated pregnancy rate after FSH therapy and application of additional ART (322 FSH-treated patients, 275 controls). The ART pregnancy rate in this meta-analysis turned out to be significantly higher in the female partners of male patients with FSH treatment compared to controls (OR 1.60, 95% CI 1.08–2.37).



Effect Size of FSH Therapy on Pregnancy Rate

Although these meta-analyses have demonstrated that FSH therapy in idiopathic normogonadotropic male infertility can increase clinical pregnancies in the female partners, the effect size is still relatively low. It has been calculated that 10 patients have to be treated with FSH to achieve one spontaneous pregnancy (40). Eighteen patients have to be treated with FSH to achieve one additional pregnancy after ART (40). As FSH preparations are quite expensive and many physicians involved in infertility treatment consider this effect not high enough, FSH treatment in idiopathic male infertility is so far not part of the routine treatment regime and not covered by insurance companies in many countries (3).



Selecting the Right Normogonadotropic Patient for FSH Therapy

To overcome these shortcomings, it is mandatory to select the right patients for FSH therapy. The evidence on FSH therapy in normogonadotropic patients is so far restricted to idiopathic infertility, which means that no identifiable, generally accepted cause for male infertility could be detected. Therefore, all male patients have to have a proper diagnostic andrological work-up before initiating any FSH therapy, and also the female partner needs to have a proper diagnostic gynecological work-up! Normogonadotropic male patients with identifiable and possibly treatable causes for male infertility (e.g., obstruction) should not be treated with FSH. Obviously, male patients with elevated bioactive FSH serum levels should not receive FSH therapy. It has been suggested not to provide FSH treatment to infertile patients with hypospermatogenesis associated with maturational disturbances at the spermatid level (2).

In addition to these factors, FSH therapy in normozoospermic infertile patients might be improved by optimizing the FSH dose, injection interval and especially treatment duration (1). In a recent prospective, double-blind, placebo-controlled clinical study in China including 354 patients with idiopathic oligozoospermia, the best results were seen in patients treated with the highest FSH dose of 300 I.U. every second day and for the longest treatment duration (maximal treatment duration in this study was 5 months) (41). Using the knowledge from the gonadotropin therapy in hypogonadotropic patients, it could be speculated that longer treatment of normogonadotropic patients would also improve pregnancy rates in the female partner (8).

One other promising approach to improve treatment outcome might be the application of FSH pharmacogenetics. Single nucleic polymorphism (SNP) p.N680S in exon 10 of the FSH receptor gene (FSHR) has been shown to influence the ovarian response during controlled ovarian stimulation (42). Therefore, it was logical to test the effect of p.N680S also regarding FSH therapy for normogonadotropic patients with idiopathic infertility (34). In this study, the primary outcome variable was DNA fragmentation index (DFI) of sperm in the ejaculate (36, 37). It could be shown that total DFI decreased significantly from baseline to the end of the study—a surrogate effect indicating improved fertility—in male patients with the p.N680S homozygous N polymorphism, but not in the patients with p.N680S homozygous S polymorphism of the FSH receptor. These findings indicate that a selection of the right normogonadotropic patients for FSH therapy might be possible, and probably different treatment regimens could be used for different patients groups.

Several pharmacogenetic studies have been performed in normogonadotropic men over the last years that tested SNPs of the FSH beta subunit gene (FSHB), SNPs of the FSHR, or combinations thereof (34, 35, 43, 44). These trials have been reviewed comprehensibly by Schubert and co-workers in this Research Topic of Frontiers in Endocrinology (45). Unfortunately, these clinical trials come to quite divergent study results, probably due to study design, inclusion criteria, and as one of the main factors FSH doses and injection intervals. However, only large, placebo-controlled, randomized multicentre studies with pregnancy rate—and not any surrogate marker—as the primary outcome variable will finally allow a conclusion on the value of FSH pharmacogenetics to select the right normogonadotropic patients with idiopathic infertility for FSH therapy.



FSH Therapy in Patients With Failed TESE

FSH therapy is currently suggested by different clinicians for patients with idiopathic azoospermia after failed testicular sperm extraction (TESE) (46–48). So far, these studies are case reports or have low patient numbers and do not include a randomized control group. Therefore, no firm conclusion on the efficacy of FSH therapy in these patients with idiopathic azoospermia is possible, yet.




PERSPECTIVES

Although ART treatment is quite effective for infertile couples regarding the desired clinical pregnancy and the birth of a healthy child, there is a growing demand from patients and health authorities to apply effective causal therapies for the infertile male whenever possible and meaningful. Therefore, a systematic andrological examination of the male partner of the infertile couple should always be performed, even when some gynecological reasons for infertility have already been identified. In Germany, the thorough andrological work-up is now mandatory before any ART therapy can be initiated (49).

Hypogonadotropic hypogonadism is a good example how causal hormone therapy of male infertility can be applied with high clinical efficacy regarding induction of pregnancy in the female partner. It remains to be seen if FSH therapy will also be useful and generally accepted for treatment of male infertility in normogonadotropic patients with idiopathic impairment of spermatogenesis.

Without question, more well-designed, prospective randomized studies are needed to identify the best FSH treatment for the infertile male patient. All relevant players in the healthcare system should be stimulated to provide the respective resources for optimizing treatment outcome of male infertility—in the male!
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The art of ovarian stimulation for IVF/ICSI treatment using exogenous FSH should be balanced against the relative contribution of other steps of the ART process such as the IVF-lab-phase and the Embryo-Transfer. The aim of ovarian stimulation is to obtain a certain number of oocytes, that will enable the best probability of achieving a live birth. It has been suggested that more oocytes will create a better prospect for pregnancy, but studies on the question whether the retrieval of a few oocytes less or more will make the difference are not clearly supportive for this mantra. Personalization strategies have been the subject of many studies over the past 20 years. Creating the optimal response in a patient in terms of live birth prognosis as well as OHSS risks may be based on information from the Ovarian Reserve testing using the Antral Follicle Count or Anti-Mullerian Hormone, the patient's bodyweight, the ovarian response in a previous cycle, and the dosage level of FSH. Taken together, steering the ovarian response into a supposed optimal range may appear difficult as the interrelation for each of these factors with the egg number is weak. Using OR testing for choosing FSH dosage, compared to a standard normal dosage of 150 IU, has been studied in several trials. Dosage individualization, in general, does not appear to improve the prospects for live birth, but the reduction in OHSS risk may be substantial. This implies that the use of high dosages of FSH in predicted LOW responders lacks any cost-benefit for the patient and may be abandoned, while in predicted HIGH responders, reduction of the usual dosage level of 150 IU may create better safety, provided that in case of an unexpected LOW response cancelation of the cycle is refrained from. In view of recent developments in using GnRH agonist triggering of final oocyte maturation, the trend could be that with the Antagonist co-medication system and a standard dosage of 150 IU of FSH, prior ovarian reserve testing may become futile, as safety can be managed well in actual HIGH responders by replacing the high dose hCG trigger.

Keywords: FSH, ovarian response, live birth, safety, OHSS, ovarian reserve testing, dosage individualization, ovarian stimulation


INTRODUCTION


The “ART” of Assisted Reproduction

Infertility is a disease state with potential profound consequences for the quality of life of both women and men. Reproduction is one of the key elements of life and failing to create offspring may lead to lifelong mental and physical health problems. Also, couples faced with infertility are frequently subjected to long-lasting, time consuming, and agonizing treatment schedules, living often between hope, and fear, and frustration. The development of IVF as a tool for solving problems such as tubal disease, severe male factor, anovulation states, and even, although not convincingly proven, conditions like ill-explained infertility, has brought enormous potential to the infertility treatment armamentarium.

Very soon after the development of the IVF technology, the single oocyte system was replaced by the art of ovarian stimulation in order to obtain multiple oocytes. This was aimed at solving two problems: one was the elimination of the risk of having no oocyte at all. The other was the urge to improve efficiency, by obtaining several embryo's and by replacing more than one in order to yield the highest possible probability of a live birth. Ovarian stimulation has thereby become one of the cornerstones of the IVF treatment, next to the in vitro handling of gametes and embryos, and the embryo replacement process.

The relative contribution to the overall success of IVF from the ovarian stimulation phase is difficult to assess. Many years of research have aimed at optimizing this specific phase. Issues have been addressed ranging from using urinary FSH products or recombinants, using high or low FSH dosages, triggering with urinary or recombinant, high or low dosage of hCG, adding LH or LH like activity to the FSH as principal drug, management of high, and low responders, adding medication to improve antral follicle availability, etcetera. At the same time, debates have been kept on beliefs like “the more (oocytes) the better,” less (mild stimulation) is more (quality), “normal (8–15 oocytes) is the best,” and “we need eggs, not ALL the eggs.” It seems that agreement on how ovarian stimulation could contribute to the best probability of success is far from settled.



Folliculogenesis

Complex as it seems, the endocrine background for ovarian stimulation is quite straightforward. FSH levels must become elevated above the level that in the normal menstrual cycle will help to select and grow ONE single follicle, out of a group of antral follicles presenting in the FSH “window.” During this window period, levels of FSH surpass a certain threshold above which follicle granulosa cells become responsive and start to enhance proliferation, leading to expansion of the granulosa cell mass and the follicle fluid volume This will typically lead to the development of only one follicle, while other potential responsive antral follicles are destined for atresia, as a result of selection mechanisms that are still not fully understood (Figure 1). In surpassing the FSH threshold to a greater extent and for a longer period of time, more than one of the antral follicles will become capable of entering the dominant follicle development stage, with the ultimate opportunity of triggering the ovulation process and harvest the eggs within these follicles. Apart from administering FSH as an exogenous drug for the maturation of more than one follicle, other compounds such as selective estradiol receptor blockers, or steroid biosynthesis inhibitors may yield the same effect: increase and prolonged FSH exposure, albeit from an endogenous source.


[image: image]

FIGURE 1. Folliculogenesis in the human ovaries. The antral stages of development provide a continuous target for exogenous or endogenous FSH to drive all or part of the present follicles into dominant follicle growth. It is demonstrated that the ovaries have initial, continuous recruitment with continuously filling, and emptying the pool of antral follicles, a process that is highly independent of control by pituitary hormones. Only during reproductive years, cyclic recruitment from the antral follicle pool occurs resulting in the ovulatory menstrual cycle.





Pharmacokinetics: FSH Levels

For the drug FSH it has become clear that the one-compartment model with first-order absorption and a transit model for adding a delay in the absorption best describes the process of drug distribution and elimination in the body. This model principally assumes that the human body acts like a single, uniform compartment. When FSH is given in the form of a subcutaneous bolus, the entire dose of the drug enters the bloodstream after a short lag phase and distributes via the circulatory system to potentially all the tissues in the body. The modeled distribution implies that bodyweight, but not other potential confounders such as subject's age, affects the volume of distribution and clearance rate of the FSH medication. Both these effects, however, are small, with substantial variation in FSH serum levels after a standard dosage within bodyweight classes (1).



Pharmacodynamics: FSH Dosage and Number of Oocytes

As indicated, the purpose of ovarian stimulation is to obtain at least one mature oocyte, and in most cases of prolonged supraphysiologic exposure to FSH, the response of the ovaries will be much more intense with a high degree of variation, ranging from 1 to 25 oocytes. The background for this variation may be multifactorial. The number of antral follicles present in the ovaries at any time will be the principal factor. However, under the assumption that these follicles may have different levels of sensitivity to FSH and may be at varying time points in their development through the antral stages, the level of exposure to FSH may be a second factor of importance. From a limited number of sources, it has become apparent that the exogenous FSH dosage will have some degree of positive relation to the oocyte yield, although it may only be true across a narrow range (from ~50 to ~225 IU per day). This relation is, however, far from precise, as actual serum levels of FSH, using a fixed daily dosage, may vary substantially across individuals, with a small contribution of body weight to this variation (2–4) (Figure 2). This all means that accurate steering of the oocyte number by the exogenous FSH dosing may not be a very reliable tool for obtaining a certain optimal oocyte number.
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FIGURE 2. The relation between Bodyweight and Oocyte number in equal dosage (150 IU rec FSH) cases (n = 900), showing a weak correlation. With a weight of 60 kg the oocyte number ranges from 1 to 26. In the weight group of 90 kg the variation in oocyte number is not much different: 2–24. Drawn from the Optimist study database (18). It indicates that bodyweight may only have a weak role as a tool for dose assessment in ovarian hyperstimulation.






OVARIAN RESPONSE


Response Categories

The level of oocyte yield has obtained a differential clinical appreciation, regards items such as success and safety. The “low” ovarian response defined as the yield of <4 oocytes is related to an unfavorable prognosis for live birth, although much of this poor prognosis is in fact dictated by female age and not by the low egg number per se (5). At the other side of the spectrum a high response, arbitrarily defined as obtaining more than 15 oocytes at pick up, will jeopardize safety for the patient and may even slightly limit the rates of live birth (6). It is therefore that many clinicians across the world try to foresee the ovarian response category in order to adjust the stimulation protocol with the expectation that the ovarian response can be brought into a “normal range” (5–15 oocytes).



Factors That Predict Ovarian Response

Prediction of ovarian response category today is mainly applied by using the Antral Follicle Count by transvaginal ultrasound examination or the serum AntiMullerian Hormone level in the early follicle phase. Both relate to the number of antral follicles present at any time in the ovaries. These are the source for the number of dominant follicles that could grow in result to the application of exogenous FSH. As such, these two ovarian response tests (ORTs) have become the standard test for ovarian response prediction, although factors such as female age and, possibly, bodyweight may add to this predictive information.

Both tests may be affected by factors that may make response prediction less reliable. For the AFC ultrasound equipment quality and interobserver variation may be troublesome, as is the exact category of follicles: are only sizes of 2–6 mm or all follicles sized 2–10 mm counted on one of the first days of the cycle (7, 8). AMH assays have been under intense development over the past 15 years, leading to quite some inter-assay variation in results. With the advent of well-controlled automated assay systems many of the procedure problems have now been dealt with, although current available systems may not perfectly overlap (9, 10). It may therefore be noted, that AFC or AMH based predictions will be false positive in some 15–20% of cases, while only 60–70% of truly “out of the normal range” responders will be identified. Basing the FSH stimulation dosage on such predictions therefore may be imprecise practice from the start. Whether this reliability problem arises from imprecise response categorization by the ORT or relates to variation in the ovarian response within the patient to an equivalent dosage of FSH is not fully clear.

Parallel to this, FSH receptor polymorphisms have been long considered as welcome new attributes for response prediction (11). The Asn/Ser allelic variant may reflect a higher FSH sensitivity of follicles, leading to a better and more rapid ovarian response compared to the other two SNP variants. This differential FSH sensitivity may well be overcome by slightly lower or higher FSH dosages, but seems not to impact on live birth rates (12–14). Meaningful application of FSH receptor genomics in dosage personalization is still awaited.



Factors That Predict Success

Success in Assisted Reproduction is defined as the occurrence of an ongoing pregnancy, leading to a healthy live-born, as a result of the IVF procedure. As indicated, the relative contribution of the ovarian stimulation phase and oocyte retrieval to this major outcome is not really known. In principle, the laboratory phase, with characteristics such as fertilization rate, embryo development rate, and embryo implantation rate, is an important part of the ART process, and must be under rigorous quality control. Also, the luteal phase with the embryo transfer, with the endocrine management of endometrium development and timing, and the deposition of the embryo in the uterus with only indirect and incomplete information on the correct “arrival” of the embryo, will contribute greatly to the outcome of the three-step process.

It is assumed that the quality of the oocytes that arrive in the IVF laboratory after follicle aspiration is the important factor. Good quality oocytes handled under optimal laboratory conditions and subsequent good quality embryos placed smoothly and well-timed in the uterine cavity, create the highest chances for having a baby from the ART cycle.

The question is then: will the approach in the stimulation and egg retrieval phase make a difference for the oocyte quality? Many clinicians today follow the idea that more oocytes will lead to a better outcome, especially regarding live birth rates. Such belief is probably not supported by evidence, but strongly suggested by retrospective studies (6, 15). In these studies, the individual patient profiles may be much more relevant than the number of obtained oocytes. The real question here is whether retrieving seven oocytes where potentially the patient could have had 11, creates a disadvantage, or reversely, whether a patient would have a benefit from creating 12 instead of the eight oocytes she obtained in a previous stimulation cycle. The answers here should come from randomizing these two hypothetical patients, and as this is impossible, to rely on group-randomized studies. Such studies seem to indicate that getting oocytes may be more important than striving for a maximal response (2, 7–9). Still, we struggle with a lack of knowledge on whether the hierarchy among the cohort of antral follicles that is capable of responding to elevated FSH levels from exogenous source, is such that the most sensitive follicles will provide the best oocytes in this cohort. From studies where only part of the recruitable follicles are driven into dominant growth and subsequent oocyte retrieval, it has been suggested that this will not create a lower number of good quality eggs compared to maximal stimulation where all follicles present in the FSH sensitive window are captured (2, 16, 17). More specifically, the relation between dosage of recFSH and ovarian response was studied in a randomized design. With increasing dosage, increasing numbers of oocytes were obtained, both in “low” as well as in “high” predicted responders. However, the cumulative rates of ongoing pregnancies per FSH dosage group, from fresh and frozen replacement cycles, revealed no better outcomes with increasing number of oocytes harvested (2).

Finally, knowing oocyte quality beforehand is to date not possible. We have a clear knowledge gap regarding the question which quality level is present for the oocytes present in the follicle cohort of a specific woman, as well as the quality of the monthly ovulated oocyte. The same is true for a woman entering an ART programme, where we would wish to know whether this woman is a good, poor, or moderate egg quality carrier. It is only after oocyte retrieval that some of this quality information becomes unveiled. More specifically, the retrieval of immature oocytes at aspiration, after well-timed ovarian stimulation and triggering of the ovulation process, does indicate a quality problem that is easily recognized in the lab. The vast majority of oocytes, however, will be mature and have succeeded in getting into the metaphase II stage. How to identify overall quality, and more interestingly, the individual competence of these oocytes to create a viable embryo after fertilization and to move on to the subsequent birth of a baby. Only small pieces of information have recently emerged on factors that may indicate quality in the in vitro stage and could become useful as a testing device, such as IL7 (19) and EGF (20). Whether such tools will help only in selecting the best oocyte or may also assist in optimizing the in vivo oocyte-follicle maturation during ovarian stimulation remains to become reality.




THE ROLE OF FSH DOSAGE IN OPTIMIZING OUTCOME


What Is the Normal FSH Dosage?

From the limited number of studies that have tried to study the dose response relationship for the drug FSH (2, 2, 21, 22) it has become clear that going from only a single dominant follicle to a maximal ovarian response the FSH dosage needs to be raised from ~50 to 225 IU daily. In order to obtain a reasonable number in between only one and the maximum, a daily dosage of 150 IU is often promoted and in fact adopted as an empirical “normal” dose. Such dosage will allow for obtaining an optimal or “normal” number of 8–15 oocytes in a large part of the ART patient population. However, with this dosage a subset of patients will produce either a Low or High response, and for reasons outlined above, clinicians are keen on trying to prevent such conditions, amongst other by FSH dosage individualization. In fact, the belief is such that with effective correction of the Low responder into a Normal responder the live birth rates will improve. Also, the production of a Normal response in High responders will create a better safety profile, without jeopardizing the outcome live birth. Although such High responder management is very likely to be a real improvement for the patient (23), the low responder may not have any benefit from FSH dose adjustments. This may be true for predicted low responders, as they have no additional follicles available, but also for unexpected low responders, who will have no better prospects in spite of a higher egg number (3, 24).

Today, FSH dosage individualization is based on two components. First, there is a need for an Ovarian Response Test that can predict a woman's response when given a particular dose of FSH. Second, there must be some dose-response relationship, enabling manipulation of the response through adaptation of the dose. With regard to prediction of response, studies have reported that ORT can be used to predict ovarian response to stimulation, with AMH and AFC being superior to bFSH (25–27). Thereby, the effects of FSH dose adjustments in ovarian response categories could be studied.



Is There a Best FSH Preparation?

Compounds containing FSH as primary component are urine derived mixtures of FSH and LH, sometimes enriched with human chorion gonadotropins, urine derived FSH only preparations, recombinant technology based FSH preparations with or without added recombinant LH, and slow release, long acting modifications. Many efforts have been undertaken over the past three decades to demonstrate the benefit of one preparation over the other. Issues like FSH dosage stability and added LH (or hCG) activity for full sustained endocrine support of the follicle have formed most of the backgrounds to propel research, next to cost efficacy needs.

Looking into the current literature there is no evidence of a preference for any of the compounds available today (28–30). This may also be true for application in specific subgroups of patients such as low responders (28, 31), where neither LH/hCG enriched, nor long-acting FSH only compounds have made a difference (32). The only category with a specific and obvious need of ovarian stimulation with both FSH and LH are patients with a hypothalamic amenorrhea.



Higher Dosages in Predicted Low Responders

Several randomized controlled trials have demonstrated that ORT based individualized dosing of FSH will not alter the fate of the predicted low responder. Specifically, in predicted poor responders the actual occurrence of a poor response will mean that the couple is in a prognostic unfavorable category, although female age may be an important additional value for the real prognosis (5). The prognosis for live birth in young predicted low responders may indeed be three times as good compared to old predicted poor responders (33). Thus, the combination of low AMH or AFC, the actual first cycle poor response, and female age may help to decide whether continuation of the ART treatment is really feasible. This theme has been clearly addressed by the POSEIDON group, where both the prior expectation regarding ovarian response, as well as the age of the patient will place her in distinct low responder groups, with potentially differing management and prognosis for live birth (34, 35). It is, however, clear that the use of extremely high dosages of FSH, such as 300–600 IU per day, will not make any difference for the patient, but do have undesirable effects on the costs of treatment (36).



Lower Dosages in Predicted High Responders

The real gain of individualized FSH dosing could be the management of the hyper responding patient. Several studies have indicated that with the use of submaximal dosages of FSH a mitigated response of the ovaries can be obtained, without jeopardizing efficacy and with a clear improvement of the safety profile, in terms of measures needed to be taken to prevent the OHSS syndrome as well as the actual occurrence of the syndrome (2, 23, 37). This then could be considered as primary preventive management of the OHSS in predicted high responders. At the same time, we may consider whether a standard 150 IU dosage using an antagonist protocol, with the escape of GnRH agonist triggering and with a freeze all strategy as added option, may be the method of secondary OHSS prevention. Such a strategy would bypass imprecise dose picking based on ovarian response tests with moderate accuracy.

Regimens with GnRH antagonist LH peak prevention may, however, be impractical in view of planning issues regards the availability of the IVF laboratory in special cases such as ICSI-PGD or ICSI TESE. Here, OC pretreatment may affect the prognosis for live birth in antagonist cycles, while agonist co-medicated cycles do not seem to have these disadvantages. In the latter, only lower FSH stimulation doses and freeze all are available as safety tools. With lower dosages may arrive conditions where the hyper response is prevented, but in return a low response is observed (37). The fear by clinicians that the patient may then become disadvantaged by collecting fewer oocytes than believed to be optimal is not be supported by current evidence, and thus clinicians may reassure patients at this point (38–40).

The question then remains how ovarian response testing should be embedded in the ART programs. Should we screen every patient and only apply dose adjustments in predicted high responders? Or do we need to scout ovarian reserve status by applying the AFC as a screening test. This could select out patients to undergo an AMH assessment where in predicted high responders either reduced doses of FSH or standard dosing with antagonist co-medication protocols are applied.

For the subgroup of PCOS patients, FSH dosing studies are quite limited in number. In many cases previous cycles of low dose step up FSH ovulation induction will be of help in the right dose picking once entering an IVF programme, in order to manage the substantial risk of extreme hyper response in these patients. Dosages at which mono-follicular follicle growth is obtained may be increased by ~50 units to obtain multi-follicular growth (41). In order to remain within safety limits further parameters such as female age, BMI and AMH level may help in individualizing the dosage levels, which will typically be between 75 and 150 IU per day (42). Needless to state that a GnRH antagonist LH suppression regimen may be preferred in view of secondary options in OHSS prevention (43).



ORT-Based Individualization Studies

Five studies have so far studied the value of ORT based dosage individualization in the general ART population compared to a standard dose of 150 IU (23, 24, 36, 44–46). There is now moderate quality evidence for the absence of a difference between the groups in live birth rate (OR 1.04, 95% CI 0.88 to 1.23) (Figure 3). The incidence of moderate to severe OHSS was reduced when compared to a standard dose (OR 0.58, 95% CI 0.34 to 1.00) (Figure 3), but this evidence was of also of low quality. So, the promises that individualized dosing based on ovarian reserve markers would positively affect live birth rates in the ART program (46) have not been fulfilled. Yet, the possible gain of FSH dose individualization lies in the better grip on safety for the patient, albeit that dose management may not be the only way forward here. Studies that have compared the use of AMH with the AFC for dose individualization in the general ART patient (47), have not yielded any obvious difference in outcome live birth or OHSS rate. So, there is a strong need for trials recruiting specific patient groups for which a personalized approach would make the relevant difference compared to a standard approach. In such studies, both the added value at the level of oocytes number and good quality embryo's, as well as at the level of children's health need to be considered.


[image: image]

FIGURE 3. ORT-based vs. Standard dosing of FSH in IVF patients. Effects on Live birth or Ongoing pregnancy per woman randomized (upper panel) and on occurrence of Moderate or Severe OHSS. The individualized dosing has no beneficial effects on the outcome Pregnancy rates but does reduce treatment Risks [Redrawn form Lensen et al. (36)].






SUMMARIZING CONCLUSIONS

For many years we have held the belief that more oocytes will produce better outcome in terms of live birth rate. The current evidence from well-designed studies has helped us to separate fiction from facts. The facts are that we need more than one oocyte, preferably a number in the range of 8–15. Below that number, but specifically below five oocytes, prognosis for live birth will become jeopardized. Oocyte numbers over 15, and specifically over 20, are undesirable in view of the risk of OHSS occurring. Low responders cannot really be prevented by applying higher than normal dosages, while high responders may benefit from FSH dosage reduction, mainly for the safety issue. So, for that latter purpose, ovarian reserve testing and subsequent dose adjustments could be justified. The high responder patient, however, may also be served by the GnRH antagonist co-medicated stimulation approach: standard dosing with 150 IU, with the option of triggering final oocyte maturation by a GnRH agonist with or without deferred embryo transfer (48–50). With these facts together, we may find that the FSH dose individualization practice may become a realm of the past.
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Male infertility is a major contributor to couple infertility, however in most cases it remains “idiopathic” and putative treatment regimens are lacking. This leads to a scenario in which intra-cytoplasmic spermatozoa injection (ICSI) is widely used in idiopathic male infertility, though the treatment burden is high for the couple and it entails considerable costs and risks. Given the crucial role of the Follicle-stimulating hormone (FSH) for spermatogenesis, FSH has been used empirically to improve semen parameters, but the response to FSH varied strongly among treated infertile men. Single nucleotide polymorphisms (SNPs) within FSH ligand/receptor genes (FSHB/FSHR), significantly influencing reproductive parameters in men, represent promising candidates to serve as pharmacogenetic markers to improve prediction of response to FSH. Consequently, several FSH-based pharmacogenetic studies have been conducted within the last years with unfortunately wide divergence concerning selection criteria, treatment and primary endpoints. In this review we therefore outline the current knowledge on single nucleotide polymorphisms (SNPs) in the FSH and FSH receptor genes and their putative functional effects. We compile and critically assess the previously performed pharmacogenetic studies in the male and propose a putative strategy that might allow identifying patients who could benefit from FSH treatment.
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BACKGROUND

Infertility concerns at least 15% of couples in western countries in their reproductive age and in 50% of all cases male factor infertility contributes essentially (1). Several factors such as genetic or oncological causes (e.g., testicular tumors) clearly contribute to impaired spermatogenesis; but a specific cause can only be attributed to 28% of unselected infertile men. This leaves around 72% of men with idiopathic/unexplained infertility or with minor causes, e.g., low grade varicocele, not sufficient to explain their underlying infertility (2) (Figure 1). Reduced spermatogenesis is also mirrored in a large fraction of about 60% of infertile men by increased Follicle-stimulating hormone (FSH) and decreased Inhibin levels due to a disturbed feedback loop within the hypothalamic-pituitary–testis axis. Men displaying this endocrine pattern also exhibit reduced testicular volume, decreased serum Testosterone and increased Luteinizing hormone (LH) levels as a general sign for a hypergonadotropic hypogonadism (2). In a small fraction of men, however, this feedback loop is differentially regulated and characterized by lowered testicular volume, reduced sperm count but subnormal to normal FSH levels for so far unknown reasons. This group of idiopathic infertile men could resemble a target group for which a FSH treatment could be beneficial (3). By increasing FSH serum levels spermatogenesis could be stimulated further, a scenario not valid for the group of hypergonadotropic hypogonadal patients who already have elevated FSH serum levels.
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FIGURE 1. (A) Descriptive diagnoses according to semen analyses of 26,091 men in infertile couples who attended the Center of Reproductive Medicine and Andrology (CeRA), Münster over the last 30 years. (B) Clinical diagnoses in the same men. Data from Androbase©, the clinical patient database. Adopted from Tüttelmann et al. (2).



Although the essential role of FSH for spermatogenesis has been recognized for decades (6) and several studies on FSH treatment for infertile men have been conducted, the overall outcome is disappointing. The only significant improvement which could be deduced from the different FSH studies is improved pregnancy rates (7, 8). However, clinical consequences cannot be drawn from these results. According to the recent EAA guidelines, FSH treatment can be offered in selected men [normogonadotropic with idiopathic oligo- or oligo-astheno-teratozoospermia (OAT)], however, with low evidence for success only (9). The Italian Society of Andrology and Sexual Medicine recently suggested in a consensus statement to use FSH to increase sperm concentration and motility in infertile normogonadotropic men with idiopathic oligozoospermia or OAT, with moderate evidence grading. The treatment with FSH is suggested in these men to improve both spontaneous pregnancy as well as pregnancy rates after ART (10). To which extent these recommendations can be adapted by other European countries remains to be seen.

Nowadays in clinical routine, if no causative factor for impaired infertility can be identified and treated, the agreed on procedure for men with idiopathic infertility is to undergo assisted reproduction (ART), which is mainly due to the fact that a clear treatment option cannot be offered or does just not exist. Recent data from the German in vitro fertilization (IVF) registry indicates that there is an increasing rate for not only the usage of ART but also for replacing IVF by intracytoplasmic sperm injection (ICSI) treatment (11). This strong tendency can also be observed worldwide, despite the fact that assisted reproduction techniques and treatment is putting the burden on the female side only. Besides the risks for women undergoing ART e.g., ovarian hyperstimulation syndrome, complications by oocyte retrieval and re-implantation, there is also clear evidence that progeny health might be affected by a treatment such as ICSI. In the current literature putative risks of ART for congenital malformations, epigenetic disorders, chromosomal abnormalities, subfertility, cancer and impaired cardio-metabolic profiles are discussed (12). These potential risks may be due to the fact that a routine ICSI procedure circumvents nearly all barriers naturally existing for fertilization such as sperm selection, competition etc.

Taken together, the clear tendency in reproductive medicine to neglect male infertility as a treatable condition and instead to routinely apply ART, demands novel strategies for curing male infertility. The currently most promising approach is to induce full spermatogenesis by FSH treatment. However, it is also clear that FSH treatment is not beneficial for all subfertile/infertile men, and that a personalized treatment regimen which takes into account clinical and genetic factors controlling spermatogenesis might resemble the most promising approach.

In this review we therefore outline the current knowledge on single nucleotide polymorphisms (SNPs) in the FSH beta and FSH receptor genes, we compile and critically assess the previously performed pharmacogenetic studies in the male and propose a putative selection strategy that might allow identifying patients who could benefit from FSH treatment. Detailed information on pharmacogenetics are comprised in Box 1.


BOX 1. Pharmacogenetics

The general principle of a pharmacogenetics approach is to optimize drug efficacy, minimize toxic effects based on the inherited genetic variation in each individual. In general genetic variants such as single nucleotide polymorphisms (SNPs) with a frequent prevalence in the population are being used (Minor allele frequency >5%), otherwise the applicability for pharmacogenetic approaches will be limited to individual persons only. For further details on nomenclature of variants, [see (4)].

This personalized medical approach has the potential to identify the most appropriate patient for which a given treatment is really beneficial. Pitfalls of personalized approaches based on genetic information are to which extent variability may be attributed to biological factors (e.g., general health, age etc.) and environmental/behavioral factors (e.g., smoking) giving rise to responders and non-responders. Caution has to be given to the fact that the clinical outcome of a pharmacogenetic study might vary due to either genetically distinct populations or that a subset of unfavorable genetic variants might interfere with the variant being tested and thus bias the expected drug-gene/outcome interaction (5).




Follicle-Stimulating Hormone Action in Sertoli Cells

For qualitative and quantitative normal spermatogenesis an intact hypothalamic-pituitary-gonadal (HPG) axis is essential. Gonadotropin releasing hormone (GnRH) is released by the hypothalamus. In turn, GnRH stimulates the pituitary to secrete LH and FSH. LH stimulates production of testosterone in Leydig cells, which negatively feeds back to the pituitary as well as the hypothalamus in order to modulate the production of GnRH and by this gonadotropin levels (13). FSH synthesis and secretion depends on slow GnRH pulses (every 2–4 h), while rapid GnRH pulses (every 30 min) lead to preferential secretion of LH (14).

During the “mini puberty” (12–18 months of age) the HPG axis is activated for normal genital development, later on during development the HPG axis is again activated with the onset of puberty. During prenatal and prepubertal stage, FSH stimulates Sertoli cell proliferation and by this determines their final number and subsequently testicular size. The proliferation and functional maturation of Sertoli cells is controlled and terminated by thyroid-stimulating hormone (TSH) (15).

Sertoli cells (SCs) are part of the seminiferous tubules of the testes and play a key role in spermatogenesis. They are “nurse cells” as they provide nutritional support for germ cell development. Moreover, they contribute to the spermatogonial stem cell (SSC) niche and are this way indispensable for functional spermatogenesis (16). Sertoli cells and their metabolism are regulated by hormones (17). Some hormone receptors are solely expressed in Sertoli cells which underlines the importance of hormonal signaling for spermatogenesis (17). Thus, Sertoli cells transduce endocrine signals into the paracrine regulation of germ cells (16).

Busch et al. showed that boys with the genotype FSHB c.-211GT/TT and FSHR c.-29AA entered puberty later, which indicates that the overall endocrine network as well as FSH action might be affected in early phases by SNPs (18). In the adult stage, proliferation is ceased in mature Sertoli cell and FSH stimulates the proliferation of spermatogonia (19). In humans FSH mainly regulates sperm output of the seminiferous epithelium by controlling the expansion of premeiotic germ cells (20). FSH also influences the proliferation of type A spermatogonia upregulating nerve growth factor inducible gene B (NGFI-B, also known as Nur77) which increases the expression of glial cell line-derived neurotrophic factor (GDNF) in SCs (21). GDNF in turn supports the proliferation of germinal stem cells (GSCs) and other undifferentiated spermatogonia (22).



Follicle-Stimulating Hormone Signal Transduction

The FSH receptor (FSHR) belongs to the 7 transmembrane domains receptor (7TMR) family of G-protein coupled receptors and is only expressed in Sertoli cells (23). FSH binding induces a conformational change of the FSHR especially within the TM domains 5 and 6 which cause intracellularly the dissociation of α- and βγ- subunits of G protein heterotrimer inside the cell. Subsequently, the α-subunit binds to and triggers adenylyl cyclase, which leads to an increase of cAMP levels (24). The main signal transduction pathway for the FSHR is the cAMP-PKA pathway. Its activation leads to a release of the catalytic subunit of protein kinase A (PKA); followed by phosphorylation of enzymes and proteins. Moreover, it targets the cAMP response element binding protein (CREB) which activates transcription of FSH-dependent genes (25). The MAP kinase cascade and extracellular-signal regulated kinase (ERK) get activated most likely via cAMP interactions with guanine nucleotide exchange factors (GEFs) and activation of Ras-like G proteins. By GEFs the phosphatidylinositol 3-kinase (PI3-K) pathway gets activated which leads to an activation of protein kinase B (PBK) (26). The PI3-K pathway plays an important role as it regulates several biological processes e.g., glucose uptake, oxidative burst and mitogenesis (17). Moreover, FSH causes an increase in intracellular calcium mediated by cAMP. Elevated calcium concentrations cause an activation of calmodulin and CaM kinases which result in downstream effects including the phosphorylation of CREB. FSH inducts phospholipase A2 (PLA2) and the release of arachidonic acid (AA) and the activation of eicosanoids (26). These different pathways activate different transcription factors thereby stimulating the transcription of FSH-targeted genes (27). Consequently, Sertoli cells transduce signals from FSH into production of necessary factors for germ cell nutrition and differentiation.




GENETICS OF FOLLICLE-STIMULATING HORMONE/FOLLICLE-STIMULATING HORMONE RECEPTOR


The Follicle-Stimulating Hormone Beta (FSHB) Subunit Gene

FSH is a pituitary derived heterodimeric glycoprotein which consists of an alpha-subunit and a unique beta-subunit that determines biological specificity and provides specificity for receptor binding (14). The human FSHB gene (National Center for Biotechnology Information (NCBI) database https://www.ncbi.nlm.nih.gov/gene/2488; GeneID:2488; Locus tag:HGNC:3964) is located on chromosome 11p13 and consist of 3 exons (Figure 2A) (30). It encodes the FSH beta-subunit consisting of an 18-amino acid (aa) signal peptide and the 111-aa mature protein (31). The NCBI SNP database (https://www.ncbi.nlm.nih.gov/SNP/) lists 1380 SNPs in the gene region of FSHB, 114 SNPs in coding regions. Only very few SNPs have proven clinical relevance. One of them, SNP rs10835638 (c.-211G>T) is located in the 5′untranslated region within an evolutionary conserved element of the FSHB promotor (Table 1; Figure 2A), which leads to an influence on gene transcription (33). This SNP impairs LHX3 binding and induction of FSHB transcription. Thus, the SNP rs10835638 reveals significant functional importance (33). The regulation of FSHB transcription in gonadotropic cells is essential as the amount of the beta-subunit being transcribed is the rate limiting step in FSHB synthesis and defines how much mature hormone will eventually be secreted, as the alpha subunit is shared with LH, Thyroid-stimulating hormone (TSH) and human Chorionic Gonadotropin (hCG), and produced in excess. Hence, FSHB transcription is directly associated with its translation, secretion and serum levels (14).
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FIGURE 2. FSHB and FSHR: Gene, promotor and protein structure. (A) Structure of the FSHB gene and promotor. The FSHB gene consists of three exons. The transcription factor LHX3 binds to the FSHB promotor as well as FOXL2 (binding sites are bold) and SMAD (binding sites are underlined) (28). The transcription start site is located on exon 1. The SNP rs10835638 (c.-211G>T) is located in the promotor region of the FSHB gene. (B) Structure of the FSHR gene and promotor. The gene consists of 10 exons. The transcription factors USF bind to the E-box and the transcription starts. The SNP rs1294205 is located in the promotor region (c.-29G>A) of the FSHR gene. The SNPs rs6165 (c.919A>G) and rs616 (c.2039A>G) are located in exon 10. (C) Protein structure of FSH and FSHR. A three-dimensional homology model of the FSH/FSHR complex is shown. The 7 TMD, constituted by transmembrane helices connected by intracellular (IL) and extracellular (EL) loops, was modeled based on the determined active structure-conformation of the β2-adrenergic receptor (29). The (monomeric) extracellular complex between the hinge region, the leucine-rich repeat domain, and FSH were taken as suggested by a structure determined for a fragment (24). The hinge region structurally links the leucine-rich repeat domain with the 7 TMD. The FSHR (backbone white-7 TMD, light blue-hinge, light gray leucine-rich repeat domain) binds the hormone [FSHβ (dark gray) and FSHα (blue), surface representation] at the extracellular side between the leucine-rich repeat domain and the hinge region. The exact orientation between the different components to each other is still unclear. The p.Thr307Al variant is located in the hinge region, where a derived structure is not known yet. The intracellular coiled loop (light green), where also not structural motifs are known yet, harbors the second amino acid variant p.Asn680Ser. The 3-D model of the FSH/FSHR-complex was kindly provided by Gunnar Kleinau (Charité Berlin, Germany).





Table 1. Minor allele frequencies of the most relevant SNPs within the FSHB and FSHR genes. Taken from the 1000 Genomes project (32).
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The Follicle-Stimulating Hormone Receptor (FSHR) Gene

The 76 kDa FSH receptor (FSHR) is a G protein-coupled receptor, which belongs to the rhodopsin-like receptor subfamily, and consists of 695 amino acids (34). The FSHR gene (NCBI database https://www.ncbi.nlm.nih.gov/gene/2492; GeneID:2492; Locus tag:HGNC:3969) is located on chromosome 2 p21-p16 and consists of 10 exons of which the first nine exons encode the extracellular amino-terminal domain of the receptor (34, 35). Exon 10 encodes the transmembrane and intracellular portions of the protein (Figure 2B) (36). Two human isoforms are known, one containing all exons (NM_000145) and the second one lacking exon 6 (NM_181446) (13). The extracellular domain contains a stretch of leucine-rich repeats essential for FSH binding and is encoded by exon 2-9 (Figure 2C) (36). The NCBI SNP database (https://www.ncbi.nlm.nih.gov/SNP/) lists 51.677 SNPs in the gene region of FSHR, 779 SNPs are located in coding regions. The following SNPs: rs6166 (c.2039A > G, p.N680S) and rs6165 (c.919A > G, p.T307A) (Table 1), which are located in exon 10 have been analyzed more thoroughly and are in linkage disequilibrium (LD). The SNP c.919A>G results in an amino acid exchange removing a potential O-linked glycosylation site in the hinge region of the receptor, the SNP c.2039A>G also results in an amino acid exchange causing a potential phosphorylation site in the intracellular domain of the receptor (37, 38). Other known SNPs rs1394205 (c.-29G>A) and rs115357990 [c.-114T>C; MAF 0.0126 (1000 Genomes Project)] are located in the promotor region of the FSHR gene (39).



The Impact of FSHB/FSHR SNPs on Endocrine Function and Spermatogenesis

Interestingly, data on the putative impact of the several SNPs within the FSHB and FSHR genes have been mainly and firstly obtained from clinical studies and only later in part paralleled by experimental studies. There are only few in vitro studies available concerning the effect of FSHB and FSHR SNPs on FSH action in the male. This is mainly due to the fact that appropriate read-out systems for studying FSH function and corresponding SNPs functions do not exist. There are neither human gonadotropic nor Sertoli cell lines available. While it is generally believed that mouse gonadotropic cell lines such as the LßT2 cell line are useful and informative for the human as well, the situation for Sertoli cells is worse. The commercial available “Sertoli” cell lines are closer to peritubular cells than to Sertoli cells and therefore of only limited usefulness. Moreover, immortalized Sertoli cells tend to lose their intrinsic FSH receptor expression, making it difficult to study FSH action (40). Some groups have therefore stably transfected Sertoli cell lines with the FSH receptor to regain FSH sensitivity (41). The characteristic feature of losing FSH receptor during immortalization of testicular somatic cells can also be observed for the female pendant of Sertoli cells, the granulosa cells. One of the reasons for the shut-down of FSH receptor expression might be aberrant methylation of regulatory elements controlling receptor expression (42).

Usage of primary cells as a substitute for lacking immortalized cell lines is at least for adult human Sertoli cells also not an option, since there is currently no protocol available which allows to isolate intact Sertoli cells in sufficient amounts. This is mainly due to the fact that the Sertoli germ cell niche is so tightly interlinked, that most cell separation protocols lead to the destruction of these cells. Thus, there is a great need for cell model systems which would allow studying the impact of SNPs and mutations in the male.

Nevertheless, in the mouse gonadotropic cell line (LßT2) it could be shown that the FSHB c.-211G>T polymorphism, located on the promoter region has an effect on the binding of the LHX3 homeodomain transcription factor, which leads to an impaired binding and this way to a 50% decrease in transcriptional promotor activity (33).

The SNP in the promotor region of FSHR c.-29G>A, currently used in a number of FSH studies, was analyzed in murine Sertoli cells SK11, but a significant effect could not be shown (39). Conflicting to this result, another group showed that the FSHR c.-29G>A decreases transcriptional promoter activity by 56% for the A allele in vitro in Chinese hamster ovary (CHO) cells (43). While these results await further confirmation by additional experiments, one should note that there are more SNPs allocated in the core promotor region of the FSHR gene such as a highly variable oligo-A stretch and a SNP at position at c.-114T>C. Therefore, a valid investigation on the impact of the c.-29G>A SNP should include the other polymorphic sites as well (39).

The impact of the SNPs in exon 10 in FSHR was analyzed in vivo showing that a decreased activity of the FSHR has a clinical implication for female infertility (44–46) and in vitro (38, 47): Nordhoff and colleagues analyzed the increase of cAMP and Estradiol after FSH stimulation between the variants NN and SS in human granulosa cells and could not show a difference in the mentioned parameters (47). Simoni and Casarini also used human granulosa-lutein cells (hGLC), but analyzed the kinetics of different signal transduction pathways. The p.Asn680Ser FSHR variant led to decreased ERK1/2 activation and the FSHR seemed to be less active (38). Again, no data on the impact of these SNPs on Sertoli cells are available. Hence, there are some in vitro studies demonstrating the effect of SNP in FSHB/FSHR granulosa cells/cell lines, but more in vitro studies targeting the molecular impact of the SNPs on FSH signaling using Sertoli cells are needed.



Clinical Impact of FSHB/FSHR SNPs on Spermatogenesis

The essential role of FSH for spermatogenesis is underlined by the identification and clinical characterization of inactivating FSHB mutations. Until now five men with such FSHB mutations have been described which all showed azoospermia and either very low or absence of FSH serum levels (31). Similar to this, several mutations and variants of the FSHR have already been described in humans (48–50). The first description of a human inactivating FSHR mutation (p.Ala189 Val) showed elevated FSH levels and abnormal sperm parameters, but no azoospermia in affected men (51). An activating FSHR mutation (p.Asp567Gly) was discovered by Gromoll et al. describing a hypophysectomized man who fathered children being under Testosterone treatment only (52). So far, there have been 11 inactivating - and 7 activating mutations of the FSHR described in men and women (53).

Along the findings of completely abolishing FSH action by inactivating mutation, minor genetic changes such as SNPs affecting FSHB transcription, FSH binding properties or FSH receptor sensitivity could impact male fertility too. In the FSHB gene, the SNP c.-211G>T (rs10835638) has a major effect on serum FSH concentration in men (30). This effect as well as reduced testis size, reduced sperm concentration and lower serum Inhibin B and Testosterone was also shown in a cohort of Italian (54), Baltic (55), and German men (56).

Tüttelmann et al. analyzed the combined effect of a SNP in FSHB and FSHR on male reproductive parameters. They found a marked dominant effect of FSHB c.-211G>T in combination with FSHR c.2039A>G on serum FSH and testicular volume. The T allele carriers of the SNP c.-211G>T showed reduced FSH, increased LH, lower testicular volume, lower sperm count and concentrations in comparison to GG homozygotes men (Figure 3) (56). A recent study on the impact of FSHB c.-211G>T in Italian men from Tamburino et al. described decreased FSH, LH, Testosterone, sperm count and testicular volumes in men with GT or TT in comparison to GG (57). Additionally, two population-based studies analyzed the effect of FSHR c.-29G>A in a Baltic and an Italian men cohort, respectively. Grigorova et al. showed an association between this SNP and FSH levels and Tamburino et al. showed that the FSHR c.-29G>A SNP is associated with higher FSH and LH in normozoospermic men. This effect could only be observed in normozoospermic men but not in men with alterations in conventional sperm parameters (58, 59).
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FIGURE 3. Impact of rs10835638 (FSHB c.-211G>T) and rs6166 (FSHR c.2039 A>G) on serum FSH, transcriptional activity of FSHB and receptor sensitivity of FSHR. Decreasing receptor sensitivity and transcriptional activity of FSHB lead to reduced testicular volume shown by circle diameter. The red color indicates unfavorable genotype, the green color a favorable genotype for reproductive fitness. The numbers show the percentage of carriers of combined genotypes in a German population group. The least favorable genotypes are marked with a black line. Men with TT/GG are predicted to show lowest testicular volume. Adopted from Tüttelmann et al. (56).



The impact of the total phenotypic variance (SNP) was evaluated for the first time in a cohort of young Baltic men by Grigorova et al. (58). The FSHB –c.211G>T in combination with the FSHR c.-29G>A and the FSHR c.2039A>G explained 2,3% of serum FSH variance in young men as well as 1,4% serum Inhibin B, 1% Testosterone and 1,1% total testes volume. Additionally, in a cohort of infertile Estonian men the SNP combination affected 2,3% of serum FSH variance, 2,6% serum Inhibin B and 2% total testes volume (58). In a recent meta-analysis Wu et al. investigated the effect of four SNPs (FSHB c.-211G>T, FSHR c.-29G>A, FSHR c.919A>G, FSHR c.2039A>G) on male infertility. It seems that the combination of three SNP genotypes of FSHR (FSHR c.-29G, c.919A, c.2039A) results in protection against male sterility than either one alone (60).




CLINICAL IMPACT OF FSH IN INFERTILE MEN


Clinical Studies in Infertile Men Using FSH Current Status

In the past multiple clinical studies were carried out on idiopathic infertile men receiving FSH therapy to increase birth and pregnancy rates in the couple. However, results were conflicting. Therefore, a Cochrane Review and a recent meta-analysis were carried out to further elucidate these diverse results (7, 61).

Attia and colleagues analyzed 6 randomized controlled trials (RCTs) in which application of FSH was compared to placebo or no treatment at all. The main results comprise a significant increase in spontaneous pregnancy rate and in live birth rate in couples with FSH treatment in the male. The authors critically conclude that these results are promising, but since number of RCTs and participants is small and the evidence is low, no final clinical conclusions can be drawn (7).

In the most recent meta-analysis Santi et al. evaluated similar endpoints of FSH treatment outcome in idiopathic infertile men in 15 studies. The key finding of this analysis, supporting the prior Cochrane analysis, was the significant improvement in pregnancy rate in FSH-treated men (61). Additionally, an increased pregnancy rate was observed after ART when applying FSH. The pregnancies achieved were independent of FSH preparation and duration of therapy. Interestingly, in the sub-analysis considering the treatment response in terms of sperm parameters, a significant increase was only seen in sperm concentration, whereas other semen parameters did not change.

These are in principle promising results for FSH treatment of idiopathic infertile males, however the most susceptible parameters like FSH serum level or basal sperm count do not contribute to distinguish patients who will benefit from treatment from those who won't; predictive markers are therefore eagerly warranted (61) and a pharmacogenetic approach was suggested by several groups (3, 38).



State of the Art of Pharmacogenetic FSH Studies in Men

To our knowledge, there are currently only 4 studies (54, 62–64), that chose a FSH-based pharmacogenetic approach (Table 2). Our literature search was conducted in MEDLINE (PubMed), the Cochrane Library, Scopus and UpToDate. Search was last updated in October 2018.



Table 2. Overview of the current FSH-based pharmacogenetic studies.
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Records for: FSH/male infertility (n = 2245); FSH/male infertility/gene (n = 292); FSHB gene/male infertility/SNP (n = 23); FSH/male infertility/pharmacogenetics (n = 9). The four pharmacogenetics studies identified via the literature search are being discussed in terms of study design, selection criteria, treatment, endpoints and results.

Study Design

The four studies have in common a prospective approach, and were, except for the study by Simoni et al, carried out in a monocenter setting. The number of subjects treated with FSH was between n = 40–70. Only one study had a 2:1 randomization to a cohort of patients who did not receive treatment and was followed-up (63); all other studies only included subjects that received FSH treatment. No placebo controls were included in any of these studies. Statistical power analyses considering the primary end-point variation was provided by only one study (64).

Selection Criteria

The general selection criteria for the four studies were quite homogenous; more heterogeneity was evident in terms of specific inclusion criteria (see below and Table 2). All studies included male patients with idiopathic infertility, excluding major factors affecting spermatogenesis such as karyotype anomalies, Y-chromosomal microdeletions and congenital bilateral aplasia of the vas deferens. (See respective studies for further inclusion and exclusion criteria). FSH was within the regular range (< 8IU/l), this was also true for LH, Testosterone, Prolactin, Inhibin B and Estradiol. Heterogeneity exists among inclusion criteria for sperm parameters. This varied from patients with azoospermia or severe OAT, to patients with normozoospermia and “only” increased DNA fragmentation index (DFI). One group selected for hypospermatogenesis (reduced number of germ cells without maturation arrest, via fine needle aspiration) as inclusion criterion (see Table 2 for details). With respect to the genetic composition the FSHB promoter region (c.-211G>T) or the FSHR (c.919A>G, c.2039A>G, c.-29G>A) or a combination was chosen. Interestingly, the pharmacogenetic approach in 3 of the 4 studies was performed on FSHR SNPs, for which the clinical impact in men is still under debate. In several studies it was shown previously that the impact of the FSHR p.N680S polymorphism only slightly influences reproductive parameters (65–67). Surprisingly, only two studies reported on the female partners and comprised inclusion (regular ovulation and tubal function) and exclusion criteria (endometriosis, endocrine abnormalities (polycystic ovaries, anovulation, infections). Since female factors present a major factor for pregnancy rates, study results neglecting these parameters should be handled with caution.

FSH Treatment

Great heterogeneity exists among the FSH therapy concerning dosages and time of the application. In the respective studies treatment varied from 75 IU highly purified FSH (hpFSH) every other day to 150 IU recombinant FSH (rFSH) thrice weekly. The treatment period was 3 months in all studies, some accompanied by a follow-up (wash-out) period of further 3 months. In the most recent meta-analysis Santi et al. conclude that the positive effect of FSH (on spontaneous pregnancies and pregnancies after ART) was not dependent on the kind of FSH: hpFSH or rFSH (61). In the current EAA guidelines on the management of OAT treatment with “FSH can be suggested with low evidence in selected men with idiopathic oligozoospermia or OAT” (9). However, no further information on the dosages and the time of application is given.

Endpoints

The primary endpoints chosen were either sperm parameters like total sperm count (TSC), functional sperm tests like DFI or sperm-HBA (hyaluronic acid binding capacity). The latter being a biomarker for complete spermatogenesis, as suggested by the authors (62), since only mature spermatozoa, which have correctly completed spermiogenesis, express receptors for hyaluronic acid (68). DFI was chosen as endpoint, since it can be a predictor of the probability for conception. By using the TUNEL method, a distinction between viable cells (brighter DFI fraction) and dead cells (dimmer fraction of DFI) could be made (69, 70).

Considering the improvement of impaired fertility parameters in patients with idiopathic infertility by FSH as primary objective, one would rather see known and commonly accepted sperm parameters (i.e., TSC, motility) or pregnancy rate as directly linked parameters, rather than functional sperm tests. Especially tests such as DFI and HAB are interesting, but not reliable measures that are accepted as norms and/or standards in evaluation of fertility. These measures reveal further relevant information, but should therefore rather be considered as secondary endpoints. In the four studies the secondary endpoints were quite homogenous, reflecting hormonal parameters (i.e., FSH, LH, Testosterone), sperm parameters (TSC, sperm concentration, motility, morphology), clinical parameters (testicular volume) and pregnancy rate (Table 2).

Study Results

Selice et al. having the only study that included a control group (without treatment), showed significant increase in TSC, sperm concentration, motility and morphology in subjects with at least one serine in position 680, whereas patients homozygous for TN/TN showed no significant change in any semen parameters (Table 2) (63). However, the authors did not compare these parameters between the treated—and the untreated group. The only reference to the untreated group was to show that in these subjects the parameters did not change significantly upon follow-up. Evaluating polymorphisms in the FSHR as putative predictive factors for response to FSH treatment, a comparison between treatment and no treatment would have revealed additional valuable information.

The group around Casamonti et al. chose the sperm-HBA binding capacity, as biomarker for fully completed spermatogenesis, as primary endpoint. As secondary objective they stratified the patients according to the SNPs in FSHB c.-211G<T and FSHR c.2039A>G and c.-29G>A in order to find predictive markers for HBA responsiveness. Over all groups (irrespective of SNP) an increase of HBA-binding capacity was observed after short-term and 3 months of treatment, this increase was also evident in secondary parameters like TSC and total motile sperm count (TMSC) (62). Substratifications of the groups for sperm parameters, baseline-HBA, clinical parameters, pharmacogenetic parameters were carried out to identify predictive factors, which contribute to responsiveness of increased HBA (see Casamonti et al. for detailed results). In terms of the stratified SNP-groups, there was no clear-cut effect of the genotype of the SNP in predicting response to treatment, neither with regard to classical semen parameters, nor to HA binding capacity. However, the patient number of the study was probably too low to make such comparisons, since the study was statistically not powered for a pharmacogenetic approach. Additionally, the impact of sperm-HBA capacity needs to be discussed further in terms of clinical relevance for male infertility.

The pharmacogenetic approach by Ferlin was a subanalysis (n = 67) of a large population based study (n = 762) on the association of FSHB with FSH serum levels and sperm parameters. The 67 subjects, who were treated with FSH, showed a significant increase in sperm count, FSH and Inhibin B. T allele carriers additionally showed a significant increase in sperm concentration and total motile sperm count. The most impressive increase in sperm parameters was evident in the patients homozygous for T (compared to G allele carriers). Also the response rate in terms of doubling of sperm count was highest in the TT-group compared to GT and the wildtype GG carriers (p = 0.001). The authors point out the more severe increase in sperm count and quality in TT carriers compared to the increase seen in a general population of oligozoospermic men treated with FSH (54).

In the study by Simoni et al. the prime pharmacogenetic selection criterion was the FSHR p.N680S, whereby one group contained subjects homogenous for N and the other comprised homogenous S genotypes. Another inclusion criterion was a DFI>15% (Table 2). Total DFI decreased significantly in the homozygous N group after 3 months of treatment and in the consecutive follow-up visit after another 3 months (57.92−43.68%, p = 0.004) (64). These results are in contrast to the study by Selice et al. who found the homozygous S genotype of the FSHR to be the one benefiting more from FSH treatment by improving sperm concentration and total sperm number. Simoni et al. declare study-design and inter-laboratory variability in results of semen analyses as possible reasons for these divergent results (64).

Eventually FSHB c.-211G>T was also evaluated in this study; comparing the brighter DFI amongst the three different genotypes for FSHB –c.211G>T (GG/GT/TT) there was no significant difference amongst the groups. When FSHR and FSHB genotypes were combined, a significant improvement in sperm total—and brighter DFI was observed for the homozygous FSHR p.N680S N and homozygous FSHB G genotypes (p = 0.025) (64). This is in contrast to the study by Ferlin and colleagues, who found the homozygous wildtype of the FSHB c.-211G>T to respond the least on FSH treatment. Simoni argues with the “traffic light” model by Tüttelmann et al., where the combination FSHR c.2039A>G AA or AG and FSHB c.-211G>T GG are the carriers with the best combination for FSH action (Figure 3) (56, 64).

Pregnancy rates were reported in the studies by Simoni and by Selice. In the latter the rate was compared amongst couples with treated males vs. males without FSH therapy, but the differences (14.8% vs. 4.6%) were not significant (63) and female factors have not been considered. In the study by Simoni, twelve pregnancies were reported during the trial, 6 in each group, both after natural conception or ART (64).

Interestingly, in all studies there were no comparisons on primary endpoints between the study arms. The statistical analyses rather focused on longitudinal effects from baseline to the end of therapy within one distinct SNP-group, rather than comparing it to the results of another SNP-group. Therefore, the predictive value of SNPs in FSHR or FSHB or the combinations thereof on putative beneficial effects of FSH on spermatogenesis are almost impossible to conclude.

Taken together, at present several pharmacogenomics studies addressed the effect of FSH treatment on spermatogenesis in idiopathic infertile men. However, due to the fact that selection criteria, treatment phase, and endpoint definitions are varying, no reliable conclusions and consequences can be drawn in terms of clinical application.




CONSIDERATIONS FOR FUTURE FSH-BASED PHARMACOGENETIC STUDIES IN INFERTILE MEN

As of today the need for treatment options for infertile men are clearly documented, warranted and should be brought to the public, the reproductive societies and the centers which daily face these patients. Besides these recipients it is also of crucial importance to convince the pharmaceutical industry that curing male infertility is a worthwhile investment. The financial support by them is a backbone to conduct proper clinical trials, but at the same time a limiting step, since study designs do not always follow the most appropriate approach, but are influenced by economic views which clearly affect the solidity of studies.

Taken into account the increasing knowledge of the importance of FSH for qualitative and quantitative normal spermatogenesis, principles of FSH-based pharmacogenetic studies emerge, which we strive to outline in the following chapter.

At the experimental side definitely more studies on the already known SNPs affecting FSH action are needed. For example it now becomes clear that some of these SNPs are displaying gender specific differences. In the case of the c.-211G>T FSHB SNP the genotype (GT/TT) leads to a decrease of FSH serum levels in men, presumably by affecting the transcriptional activity. In women this SNP induces an upregulation of FSH serum levels (71, 72). Keeping in mind that the majority of functional studies is being conducted in female cells or unrelated cell lines such as HEK-293 cells, it becomes very clear that human Sertoli cell systems or suitable cell lines are strongly needed.

At the genetic level it is to be assumed that the current work on SNPs from the FSHB and FSHR gene reflect only the tip of the iceberg and that there might be more upstream or downstream SNPs modulating FSH action. For example SNPs in transcription factors (e.g., SMAD, LHX3) might affect transcriptional regulation of FSHB or more downstream located SNPs in GDNF, or CXCL12 which impact FSHR signaling and thereby have an impact on spermatogenesis. Thus, it is crucial to decipher the FSH signaling network on spermatogenesis and to identify SNPs affecting this network. Using the potential of Genome Wide Association Studies (GWAS) this might provide novel insights into biological pathways, the discovery of novel target genes and the identification of SNPs influencing the FSH signaling network (73). It is to be envisaged that in the future a pharmacogenetic approach for identifying infertile men with a distinct set of unfavorable SNPs, will pinpoint individual patients eligible for FSH treatment and hence decrease the number of so far unexplained infertile males (idiopathic). However, the current outline of the studies is heterogeneous and shows a variety of study designs, treatments and endpoints as depicted in Figure 4. We therefore have made the attempt to propose an outline for FSH-based pharmacogenetic studies (Figure 4).


[image: image]

FIGURE 4. Current study outline and proposal for upcoming study outline. The current study outlines for pharmacogenetic studies are very heterogeneous and vary in many components. With the proposal for upcoming study outline we suggest to focus on the selected parameters to generate a substantial clinical study. The colored circles indicate the major critical components of a clinical study. The circles are complemented by the respective subgroups that contribute to this parameter. In the selected parameters for proposing upcoming study outlines, the colors of the artificial pie-chart correspond to the respective parameters like study design, selection criteria, FSH treatment, and endpoints on the left side.



We suggest the study design to be prospective, randomized and placebo-controlled. Longitudinal evaluations within one SNP-group could reveal important information, but statistical analyses amongst the two study arms (FSH treatment vs. Placebo) are necessary, informative and can help to rule out individual variances.

For the selection of patients we suggest that two major criteria should be applied: the male and the female factor. If one wants to evaluate pregnancy rates after FSH treatment in the male, the female parameters are necessarily to be considered and mentioned. Concerning the male inclusion criteria we believe that rather commonly used sperm parameters like sperm count should be applied than functional sperm tests that reveal important additional information but are not part of a routinely used infertility workup. In terms of the pharmacogenetic selection of SNPs we strongly suggest to complement this by experimental studies (see above). By this translational approach the patient selection will be more precise, and the response to treatment putatively increased. There is no gold standard for the FSH treatment period and dosage, but a treatment for 6 months due to the spermatogenic cycle length of 74d, is most reasonable. From studies on patients with congenital hypogonadotropic hypogonadism we know that doses of 150 IU thrice weekly showed best treatment results, however these patients have another etiology of their impaired fertility and were treated with hCG as well (74). In a prospective, placebo-controlled clinical study in idiopathic infertile Chinese men, a FSH dose of 300 IU on alternate days for 5 months turned out to be successful (75). We therefore suggest that either dose can be applied. One of the major parameters for a successful study is the careful determination of endpoints. As suggested by the committee of the International Conference on Harmonization (ICH), on statistical principles the selection of the primary variable should reflect the accepted norms and standards in the relevant field of research (76). We therefore recommend taking the change in total sperm count as primary endpoint. Secondary endpoints may then be accomplished by further sperm parameters, functional sperm tests and pregnancy rate (after careful selection of female partners) (Figure 4).

Future trials could change the diagnostic and therapeutic work-up in patients with idiopathic infertility tremendously. Assessment of FSH polymorphisms and consecutive diagnose will be part of consulting and consequently will lead to FSH treatment options for a selected group of men. A significant increase of total sperm counts by FSH treatment could improve pregnancy rates, preferentially spontaneously conceived and thereby reduce the risks for the offspring caused by ART treatment.
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The purpose of a pharmacogenomic approach is to tailor treatment on the basis of an individual human genotype. This strategy is becoming increasingly common in medicine, and important results have been obtained in oncologic and antimicrobial therapies. The rapid technological developments and availability of innovative methodologies have revealed the existence of numerous genotypes that can influence the action of medications and give rise to the idea that a true “individualized” approach could become in the future a reality in clinical practice. Moreover, compared to the past, genotype analyses are now more easily available at accessible cost. Concerning human reproduction, there is ample evidence that several variants of gonadotropins and their receptors influence female reproductive health and ovarian response to exogenous gonadotropins. In more detail, variants in genes of follicle-stimulating hormone β-chain (FSH-B) and its receptor (FSH-R) seem to be the most promising candidates for a pharmacogenomic approach to controlled ovarian stimulation in assisted reproductive technologies. In the present review, we summarize the evidence regarding FSH-B and FSH-R variants, with special reference to their impact on reproductive health and assisted reproductive technology treatments.
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INTRODUCTION

Follicle-stimulating hormone (FSH) is a pituitary gonadotropic hormone, which is fundamental for follicle growth in females and spermatogenesis in males. FSH is an heterodimeric molecule belonging to the glycoprotein hormone family. It consists of the common α-subunit shares as with other glycoprotein hormones (LH, hCG, TSH) and the hormone specific β subunit. FSH, when in the ovary and testis, binds to its cognate receptor (FSH-R), which belongs to the superfamily of the G-protein coupled receptors. It is characterized by a long ligand-binding extracellular domain, seven transmembrane domains, mediating the hormonal stimulus, and an intracellular C-terminal domain participating in receptor internalization and desensitization of the signal. Through the interaction with its receptor, FSH activated several intracellular signaling pathways, the most important of them being adenylyl cyclase and β-arrestins (1, 2).

It has recently been demonstrated that FSH exerts its action outside the reproductive tract, including in the placenta, hepatocytes and tumor blood vessels (3, 4). In addition, FSH was demonstrated to be involved in the pathogenesis of endometriotic lesions (5). Focusing on the female reproductive tract, it was also recently demonstrated that FSH could exert its effect on the endometrial glands. In detail, FSH-R was able to increase in these cells intracellular levels of cAMP, leading to induction of steroidogenesis (6). During the menstrual cycle, FSH has several important actions. Firstly, it promotes folliculogenesis by stimulating estradiol production by the aromatase enzyme system, stimulating granulosa cell growth and inducing the expression of luteinizing hormone receptors (1). Together with LH, FSH levels peak in the mid-cycle which induces important actions in the ovulation process, such as the stimulation of proteolytic enzymes essential for follicular wall rupture (7). Finally, in the early follicular phase FSH is involved in the recruitment of new antral follicles for the next cycle of folliculogenesis (8). On the basis of differences in the terminal sialic acid residues in the carbohydrate moieties that are attached to the FSH protein, numerous isoforms of FSH have been identified (9). Acidic isoforms seems to be involved in follicular recruitment at the end of menstrual cycles, while follicle selection and rupture seem to be promoted by basic FSH isoforms (9). Given its biological importance in folliculogenesis, pharmaceutical FSH products are currently adapted for multiple follicular growth in assisted reproductive technology (ART) (10). The ovarian activity, as well as the ovarian response to exogenous gonadotropin appear to be influenced by specific genetic traits involving gonadotropins and their receptors (11–14) (Table 1). In the present review, we will summarize the most important evidence concerning variants of FSH and FSH-R and their implication in female reproductive functions.



Table 1. Clinical manifestations and pathogenetic effects of FSH-R and FSH-B subunit most common variants (https://www.ncbi.nlm.nih.gov/snp).
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METHODS

A systematic search was carried out using MEDLINE (Pubmed) AND Scopus databases with no restriction of language or time period. The search strategy consisted in the use of the combinations of the following keywords: “controlled ovarian stimulation,” “ART,” “IVF,” “ICSI,” “FIVET,” “IUI,” “intrauterine insemination,” “ovulation induction,” “ovarian stimulation,” “polymorphism,” “SNV,” “Single nucleotide variant,” “FSH Receptor,” “FSHR,” “FSH,” “follicle-stimulating hormone,” “follicle-stimulating hormone,” and “beta subunit.”

In view of the recent meta-analysis published by our group (15) we updated our research adding also more recent papers in the present review (29–32).

As recommended by Human Genome Variation Society (33) every single nucleotide variants (SNV) illustrated in the present paper was reported indicating Locus Reference Genomic sequence (LRG) and RefSeqGene or transcript (Table 1).


Genetic Variants of FSH Beta Subunit

In contrast to LH beta subunit, FSH-B appears to be highly conserved (34). Indeed, few variants of the gene encoding for FSH-B subunit have been identified so far. The first variant was identified in 1993 in a women with primary amenorrhea, sexual infantilism and infertility (35, 36). This variant consisted in a two-nucleotide deletion in codon 61 that gave rise to premature stop codon. Thereafter, several other inactivating variants have been identified. Most of them induce an alteration of the cysteine knot structure of FSH which is crucial for its biological activity (34). Thus, the majority of variants inactivating FSH-B are characterized by the absence of puberty, infertility and the absence of breast maturation and few of them show partial puberty development (34, 37).

Considering the conserved structure of FSH, very few clinically significant variants have been identified. Among the 24 SNVs identified (18) only the one located in FSH-B chain promoter (C.-221G>T, RS10835638) seems to have significant clinical impact on male and female reproduction (38, 39). In the first report by Grigorova et al. T homozygous men showed lower FSH levels and reduced testicular volume than other haplotypes (38). Conversely, in 365 women with normal menses the T homozygotes showed elevated FSH and LH levels with reduced progesterone production (39). In another study, the T allele resulted in longer menstrual cycles [0.16 Standard differences; 95% confidence interval (CI) 0.12–0.20; P < 0.05], in delayed age at menopause (0.13 years; 95% CI 0.04–0.22; P < 0.05), and greater female nulliparity [odds ratio (OR) = 1.06; 95% CI 1.02–1.11; P < 0.05] (26). Interestingly, the same study showed lower risk of endometriosis among T carriers compared with other haplotypes [OR = 0.79; 95% CI 0.69–0.90; P < 0.05]. In another study, involving 193 infertile eumenorrheic women, a statistically significant reduction of FSH on cycle day 3 was observed in carriers with the combination of FSH-B (C-211 G>T, RS10835638) GT + TT/FSH-R (C.2039 G>A, RS6166) AA genotype, compared with the FSH-B GG/FSH-R GG genotype (27). More recently, it was confirmed that the T allele carriers were associated with higher FSH and LH levels and idiopathic infertility (40). The T allele of FSH-B C-211 G>T, RS10835638 appears to decrease transcriptional activity of the gene (28). Very recently, Trevisan et al. observed in a cross-sectional study involving 140 infertile women (median age 33 years), that women carrying GT genotype (n = 38) had a lower response to ovarian stimulation compared to GG (wild type) genotype (n = 102) with of number of oocytes retrieved (3.0 vs. 5.0, p = 0.03) and a lower number of embryos at the end of stimulation (2 vs. 3, p = 0.02) (29).

There is also evidence which suggests that another variant of FSH-B subunit (C.228 C>T, RS6169) might be implicated in the development polycystic ovarian syndrome (24, 25). A retrospective analysis of 135 Chinese women between 19 and 38 years of age affected by PCOS with 105 as a normal control, a higher prevalence of homozygous carrier was observed in PCOS than in the control group (12.6 vs. 3.8%) (25). Furthermore, the frequency of this variant was more pronounced in a specific subgroup of PCOS women, namely those with obesity (0.50 and 31.0%, respectively) and hyperandrogenism. These findings support the concept that hyperandrogenic PCOS women could show peculiar characteristics and probably display specific pathogenetic mechanisms (41). In a recent prospective trials involving 30 normogonadotropic women, we did not observe differences in terms of ovarian response or pregnancy rate when comparing different haplotypes of this variant (13). Despite the low number of patients recruited, our study did not support any implications in terms of ovarian response to exogenous gonadotropin and ART success.



Genetic Variants of FSH Receptor

Several inactivating and activating variants of FSH-R have been identified (42). The majority of the inactivating variants are located on exons 7 and 10 (42). The most typical clinical manifestations are primary amenorrhea, elevated FSH levels, and infertility. Specific inactivating variants were also associated with polycystic ovarian syndrome (43). Also, the majority of activating variants are located in exon 10. The most common clinical manifestation is a spontaneous occurrence of ovarian hyperstimulation syndrome. In general, while activating variants in the FSH-R gene can manifest in heterozygotes, the inactivating variants alter the phenotype only when present in the homozygous or compound heterozygous form Desai et al. (42).

The FSH-R gene carries more than 2000 single nucleotide variants (SNVs) (18). Among them the most widely studied common variants which apparently impact on female reproduction are: -29 G>A. (RS1394205); C.919G>A (RS6165); C.2039G>A (RS6166). Two FSH-R variants with SNVs in the coding region have been identified and well-characterized (44). The SNV known as the Serine680 variant causes the replacement of asparagine (Asn) for serine (Ser) at the 680 position, which is located in the intracellular domain of the FSH-R protein. The RS6165 SNV replaces threonine (Thr) by alanine (Ala). Except in some African populations, the two SNVs are in linkage disequilibrium (19); this means that carriers who possess Thr307 nearly always have Asn680 present on the same allele and carriers who have Ala307 have Ser680 on the same allele (45). The former (RS6166) introduces a potential phosphorylation site and the latter (RS6165) results in a change from a polar to a non-polar hydrophobic amino acid, thereby removing a potential O-linked glycosylation site (19). In vitro studies conducted using human granulosa cells showed that GG carriers of the FSH-R (RS6166) genotype have greater resistance to FSH than do AA carriers (18, 46) and are characterized by slower kinetics of cAMP production, ERK1/2, and CREB phosphorylation (47). Despite the linkage disequilibrium between these two SNVs, several studies suggest that these two variants could influence ovarian stimulation (OS) outcome in different ways. In detail, Achrekar et al. observed that only the FSH-R RS6165 variant could significantly impact the total FSH consumption during OS (3). Discrepancies between FSH-R (RS6166) and FSH-R (RS6166) were also reported by Trevisan et al. in a cross-sectional study involving 149 infertile women, in which a difference in terms of the number of embryos produced was observed only among different FSH-R (RS6165) haplotype (23).

Our findings in a recent systematic review corroborate these previous observations. Indeed, we found that GG FSH-R (RS6166) carriers had higher ovarian resistance to exogenous gonadotropin and, consequently, had fewer oocytes compared with AA carriers (15). These findings were also confirmed in a more recent study (31). In addition, higher FSH basal levels and resistance to clomiphene citrate were observed in G allele carriers, supporting an higher receptorial resistance even to endogenous level of FSH (15, 27, 48, 49). Conversely, A allele carriers show an higher FSH sensitivity as confirmed in a recent retrospective study of 586 infertile women undergoing their first IVF cycle, where an increased risk for developing OHSS syndrome (OR 1.7 95% CI 1.025–2.839, p = 0.04) was observed in carriers of this allele (30).

The finding of Borgbo et al. that the FSH-R RS6166 and FSH-R RS6165 GG carriers had higher LHCGR gene expression but lower Anti-Müllerian hormone receptor-2 expression vs. carriers of the other haplotypes, suggested that these variants could affect the protein expression of human antral follicles (50). Nonetheless, it remains to be established whether FSH-R RS6166 and RS6165 influence expression of the FSH-R protein.

The FSH-R−29 G>A (RS1394205) variant is located in the 5′-untranslated region of the gene and is able to influence ovarian response. In vitro studies showed that A allele presence is characterized by reduced mRNA transcriptional activity and reduced FSH-R protein level (46, 47).

In ART context, Achrekar et al. reported with homozygous variant genotype AA lower number of oocytes and lower pregnancy rate compared with GG genotype in women who underwent OS (22). This observation was confirmed in a further larger study by Desai et al. involving 100 women (16) where those with the AA genotype at position−29 were at higher risk for poor ovarian response in comparison to the other haplotypes (OR 8.63, 95% CI 1.84–45.79; P = 0.001). In contrast, other authors did not confirm significant effects of this variant concerning the ovarian response (31, 32, 51). The evidence regarding the clinical effect of the FSH-R−29 G>A (RS1394205) variant on OS was summarized in a recent meta-analysis, which showed that higher exogenous FSH consumption is required in homozygotes for the A allele than carriers of the G allele (15).



Is There Need for a Pharmacogenomic Approach in ART?

Demographic and anthropometric characteristics of women and the ovarian reserve tests do not fully explain the ovarian response to exogenous gonadotropin (52, 53). Indeed, there is a subgroup of women that, despite showing normal ovarian reserve in terms of functional and biochemical markers, have an “unexpected” impaired prognosis to ART and poor or suboptimal number of oocytes at the end of stimulation (54). This ovarian resistance to exogenous gonadotropin is also called “hypo-response,” and it was recently included in the new POSEIDON classification of low prognosis patients in ART (55–58).

The fact that several variants could in some way affect the ovarian response to OS opens up the way to a pharmacogenomic approach to ART and might partially explain the hypo-response phenomenon (13, 59). The pharmacogenomic approach is spreading more and more to several fields, and it could provide the explanations for adverse or poor drug effects (60). In the ART scenario, a pharmacogenomic approach to OS could optimize ART treatments, thereby reducing both poor response rates and potentially life-threatening excessive ovarian responses (53). However, although more than 30 studies have already been published, no large randomized clinical trials on this topic have been conducted, indicating that the pharmacogenomic approach to OS is still a largely neglected topic. In addition, it should be underlined that variants, especially those involving FSH receptors are very common in general population (19, 61–63) (Figures 1, 2). Furthermore, the genotype analysis can now be provided at low cost (15). So far, few studies have adopted a pharmacogenomic approach to ART with the FSH-R variant rs6166 being the one most often investigated (2, 20). The first one was conducted by Behre et al. (21). In detail, women undergoing controlled ovarian hyperstimulation for ART, homozygous for the wild-type or for the FSH-R SNV(C.2039G>A [RS6166]), were randomly assigned to group I (GG carriers, n = 24), receiving an FSH daily dose of 150 U/day, or group II (GG carries, n = 25), receiving an FSH dose of 225 U/day. Age- and body mass index-matched AA carriers, receiving a daily dose of 150 IU, served as control group. The wild-type group (AA carriers) had higher estradiol production after treatment with 150 IU/day of FSH compared with the GG carriers who received the same dose. The increment of dosage for 150–225 IU/day was able to compensate for this discrepancy. This finding was confirmed by those reported by Genro et al. (64). The authors showed that the follicle development during OS was not significantly influenced by the presence of FSH-R RS6166/RS6165 when a high FSH dose (300 IU per day) was administrated during OS (64). These results suggested that increasing FSH dosage during OS could mitigate the negative effect exerted by the FSH-R variant on the ovarian response. Finally, a recent meta-analysis including 4,425 observation concluded that GG allele carriers produced a significantly lower number of oocytes compared with AA (Random Weight Mean Difference: 0.84, 95% CI: 0.19–1.49, P = 0.01, P = 0.03) and AG carriers (Random Weight Mean Difference: 0.88, 95% CI: 0.12–1.63, P = 0.02) (15). Furthermore, gonadotropin type seems to influence the number of oocytes collected in relation to the FSH-R (RS6166) genotype distribution. As a matter of fact, the number of oocytes retrieved was significantly higher in AA carriers than in GG carriers when recombinant FSH was used, but not when urinary FSH formulations with LH activity were used (15). Although this finding suggests that the addition of LH in OS (65–67) could also mitigate the effects of FSH-R RS6166 variants more data are needed on this issue.
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FIGURE 1. FSH-R variants worldwide distribution (RS6166; RS1394205; RS6165) (The Genome Aggregation Database—https://www.ncbi.nlm.nih.gov/snp/).
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FIGURE 2. FSH-B subunit variants worldwide distribution (RS6169; RS10835638) (The Genome Aggregation Database—https://www.ncbi.nlm.nih.gov/snp/).






CONCLUSION

In conclusion, increasing evidence indicates that a pharmacogenomic approach to ovarian stimulation could become a clinical reality in the future. So far, specific variants of FSH-B and FSH-R represent promising genetic markers to better standardize controlled ovarian stimulation in women undergoing ART.
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Polycystic ovary syndrome (PCOS) is the commonest endocrine abnormality in women of reproductive age typically presenting with chronic oligo- or anovulation, clinical, or biochemical hyperandrogenism and polycystic ovarian morphology (PCOM). Restoring mono-ovulation is the ultimate goal of ovulation induction and most women do respond to ovulation inducing agents causing their Follicle-stimulating hormone (FSH) levels to rise. Familial clustering and the results from twin studies strongly support an underlying genetic basis for PCOS. Recent Genome wide association studies (GWAS) have identified several genetic variants being genome wide significantly associated with PCOS. Amongst those are variants in or near the Luteinizing hormone (LH) and FSH receptor genes as well as a variant in the FSH-β gene. The aim of this review is to summarize the available evidence as to whether single nucleotide polymorphisms are able to modify the PCOS phenotype or whether they constitute a risk factor for the syndrome. Data on the role of FSHR polymorphisms in PCOS are conflicting. It seems that in large Chinese studies FSHR polymorphisms are not associated with either PCOS risk or with PCOS treatment outcome. However, in large scale studies in Caucasians these polymorphisms seem to influence the risk of having PCOS. Moreover, these studies also showed that some polymorphisms might affect some clinical features of PCOS as well as treatment outcome. Although most research has focussed on the role of FSHR polymorphisms there seems to be also some evidence showing that single nucleotide polymorphisms (SNPs) in the LHCG-Receptor as well as those in FSH-β gene might also alter the phenotype of PCOS. In conclusion most studies confirm that FSHR polymorphisms do alter the phenotype of PCOS in that they either alter the response to exogenous FSH or hat they increase the risk of having PCOS.
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INTRODUCTION

Polycystic ovary syndrome (PCOS) is the commonest endocrine abnormality in women of reproductive age, estimated to affect 5–20% of women in most populations (1). It is a heterogenous syndrome and according to the Rotterdam Criteria, PCOS is recognized in women who have two of three symptoms: chronic amenorrhea, clinical, or biochemical hyperandrogenism and the ovarian morphology of polycystic ovarian morphology (PCOM) in ultrasound imaging, after other reasons have been excluded (2). The syndrome is also associated with distressing cutaneous manifestations of androgen excess such as hirsutism and acne (3).

The typical biochemical features are elevated serum concentrations of testosterone and luteinizing hormone (LH), but PCOS is also associated with a characteristic metabolic disturbance that includes insulin resistance, hyperinsulinaemia, and abnormalities of energy expenditure. Crucially, PCOS is now recognized as a major risk factor for the development of type 2 diabetes (T2D) and cardiovascular disease in later life. Women with PCOS have a 3 to 7-fold increase in risk of T2D (3). At least in part, this reflects the strong associations between PCOS and obesity, with the latter a frequent concomitant, and likely amplifier, of the PCOS state (4).

Finally, it represents the major cause of anovulatory infertility, involving up to 20% of infertile couples. Restoring mono-ovulation is the ultimate goal of ovulation induction strategies. Typically these women do respond to ovulation inducing agents causing their own endogenous follicle-stimulating hormone (FSH) levels to rise and initiate ovulation or inducing the latter by administering exogenous FSH to them (5).



GENETICS OF PCOS

PCOS clusters within families and having a first degree relative suffering from PCOS conveys a 25% risk of either developing the full blown clinical picture or having a 25% risk of sharing characteristics of the syndrome amongst siblings to other siblings (6, 7). Similar results were obtained in several twin studies showing higher rates of concordance in PCOS characteristics between monozygotic twin sisters compared to dizygotic twins (8). Taken together these data strongly suggest a complex genetic basis for PCOS.

Several studies have attempted to explain the high overall prevalence of PCOS among women worldwide despite its link to subfertility and thus constituting an evolutionary paradox. Recently it has been shown that several genetic loci associated with the disease differently modulate the reproductive parameters of men and women. This observation suggests that these genetic variants lead to opposite effects on reproductive success in women and men. Intra-locus sexual conflict as a cause of the persistence of PCOS supports the high prevalence throughout evolution in humans (9).

To date, large numbers of genetic studies have identified over 200 susceptibility genes that might be functionally related to PCOS. However, the vast majority of these have not been replicated in other studies (10). Because PCOS seems to be a complex multigenic disease a more comprehensive, unbiased, non-hypothesis driven approach seems to be more informative. Hence high throughput genome association studies (GWAS) should be performed in order to unravel the genetic background of PCOS.

Recent GWAS have identified up to 18 genetic variants being genome wide significantly associated with PCOS (11–14) (Figure 1). Amongst those are variants in or near the LH (LHCGR) and FSH receptor (FSHR) genes as well as a variant in the FSH-β gene. Most of the identified genes have been identified and replicated in Chinese, South-East Asians as well as in Caucasian populations (15). Moreover, Mendelian randomization analyses indicate causal roles in PCOS etiology for higher body mass index (BMI), higher insulin resistance, and lower serum sex hormone binding globulin concentrations. Furthermore, genetic susceptibility to later menopause is associated with higher PCOS risk and PCOS-susceptibility alleles are associated with higher serum anti-Müllerian hormone concentrations in girls (14). In a recent paper the functional roles of strong PCOS candidate loci focusing on FSHR, LHCGR, insulin receptor (INSR), and the DENND1A gene were reviewed. The authors of this paper propose that these candidates comprise a hierarchical signaling network by which DENN domain containing 1A (DENND1A), LHCGR, INSR, RAS oncogene family member 5B (RAB5B), adapter proteins, and associated downstream signaling cascades converge to regulate theca cell androgen biosynthesis (16).
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FIGURE 1. Manhattan plot showing results of meta-analysis for PCOS status, adjusting for age. The inverse log10 of the p value (−log10(p)) is plotted on the Y axis. The green dashed line designates the minimum p value for genome-wide significance (<5.0 × 10−8). Genome wide significant loci are denoted with a label showing the nearest gene to the index SNP at each locus. SNPs with p values <1.0 × 10−2 are not depicted.





FSHR POLYMORPHISMS

The FSHR gene is located on chromosome 2 p21-p16 and consists of 10 exons and 9 introns. The first 9 exons encode for the extracellular domain of the receptor, whereas exon 10 encodes for the C-terminal end of the extracellular domain, the entire transmembrane domain and the intracellular domain of the FSHR. Exon 10 is fundamental for signal transduction, but it is not necessary for ligand binding. Up till now around 1,800 SNPs of the FSHR gene have been reported in the National Centre for Biotechnology Information (NCBI) SNP database (http://www.ncbi.nlm.nih.gov). SNPs are located either in the coding regions (exons, 8 SNPs), or within intronic regions of exons. Only 1 SNP is located in the 5′ untranslated region of the FSHR mRNA position−29 (ss2189241). Of the eight SNPs within coding regions 7 are located in exon 10 at codon positions 307, 329, 449, 524, 567, 665, and 680. Six of the latter SNPs eventually result in amino acid substitution and are therefore non-synonymous. The two best characterized polymorphisms as far as their allele frequencies and ethnic distribution is concerned are the Ala307Thr (rs6165) and the Ser680Asn (rs6166). Both of these polymorphisms are linked to each other during recombination in a way that they always occur together (17).

Several studies aimed to correlate the FSHR polymorphism and ovarian function. The polymorphism at position 680 harboring Serine residues at both alleles is associated with higher endogenous FSH serum concentrations and a longer follicular phase length. This suggest that this FSHR variant is less sensitive to FSH. Indeed, women having the Ser/Ser variant needed more exogenous FSH during their ovarian stimulation phase during IVF treatment cycles. Moreover, Asn680Ser polymorphism was not associated with premature ovarian failure (POI). Finally, in women with PCOM the distribution of the two allelic variants greatly varied amongst different studies (17–20).



FSH RECEPTOR POLYMORPHISMS AND PCOS


FSHR Polymorphisms and PCOS Susceptibility

The first study ever which screened the entire coding region of FSHR gene for pathogenic mutations in 124 patients with PCOS and found no mutations in these patients. The two well-known polymorphisms, Thr307Ala and Ser680Asn showed similar distributions of the allelic variations and protein isoforms in PCOS compared to 236 normal healthy control subjects. It appears from this study that mutations in the coding regions of FSHR gene are not a causative factor for PCOS in Chinese Singapore women (21). Similarly, Fu and co-workers recruited 384 unrelated PCOS patients and 768 healthy individuals from the Shaanxi province in the northern part of China. The Ala307Thr and Ser680Asn polymorphisms were studied together with clinical characteristics of the study subjects in a case-control setting. The frequency of FSHR Ala307Thr and Ser680Asn variants along with the haplotype were not significantly different between the PCOS patients and the controls although the Ser680 variants seemed to be associated with higher levels of endogenous FSH and low estradiol levels. This study suggests that the two variants of the FSHR gene are not a causative factor of PCOS in Northern Chinese Han women (22). In another study in Han Chinese women suffering either from PCOS (n = 215) or being healthy controls (n = 205) recruited from Shanxi Province in north China the Ala307Thr and Ser680Asn polymorphisms of FSHR were not associated with PCOS. However, the FSHR polymorphisms were related to the endogenous serum concentrations of FSH and Prolactin. No other PCOS-associated endocrine hormones as well as clinical pregnancy rates in PCOS patients were recorded in that study (23). Only one study in Chinese women revealed a significant between FSHR polymorphisms and PCOS. In a case-control sample using 60 PCOS patients and 92 healthy controls all being unrelated Han Chinese from Shanghai the haplotypes covering components Thr307Ala and Asn680Ser were studied. These authors observed a significant association of both polymorphisms and PCOS (24).

Ten case-control studies were included in the first meta-analysis addressing the relationship between the commonest FSHR polymorphisms and PCOS. This meta-analysis showed no consistent association between either the Thr307Ala polymorphism or the Asn680Ser polymorphism and susceptibility to PCOS. Stratified analysis of ethnicities also showed no association. The authors of this meta-analysis suggested that the FSHR polymorphisms were not associated with an increased risk of PCOS (25). In a second meta-analysis data from 11 studies were analyzed. The pooled odds ratio and 95% confidence interval were calculated using fixed- or random-effect model based on heterogeneity test in 5 genotype models analyses. This analysis showed that the Asn680Ser polymorphism was significantly associated with the reduced susceptibility to PCOS in a dominant model as well as in recessive, homozygote comparison, and allele contrast models. All Odds ratios were similar reducing the chance of having PCOS with about 20%. However, no significant associations were found between Thr307Ala and PCOS (26).

In a Korean study recruiting 235 PCOS patients and 128 control subjects, all within their reproductive age years, from Seoul. The FSHR polymorphisms Ser680Asn and Ala307Thr genotype frequencies were measured. They found that the Ser680Asn of FSHR was significantly more often associated with PCOS. In contrast the Ala307Thr variant was not at all associated with PCOS. However, their haplotype analysis revealed that both the Ser680Asn and Ala307Thr polymorphisms did not constitute a risk factor for PCOS (27). In another study genotyping was performed in 377 women with PCOS and 388 age-matched controls all from South Korean origin. Findings of this study suggest a significant association between FSHR gene polymorphisms Thr307Ala and the Asn680Ser allele frequencies and PCOS. The homozygote variant genotype results in significantly higher risk of PCOS (28). In a population of 522 Japanese women, the overall frequency of Asn/Asn, Asn/Ser, and Ser/Ser was 41.0, 46.9, and 12.1%, respectively. In polycystic ovary patients, the Asn/Ser population was significantly larger when compared with the spontaneously ovulating group (29). In a Pakistani study genomic results from 96 women with PCOS were compared with those from 96 healthy controls from the Punjab region in Pakistan. This study provides evidence of statistically significant associations between susceptibility to PCOS in Pakistani women and the gene polymorphisms in FSHR, the LHHCG-Receptor, LH-β chain and both ER-α and ER-β receptor genes (30). In another study in 386 Thai women with chronic anovulation either without (121 women) or with PCOS (133 women) using 132 known ovulatory fertile women as controls no association between the FSHR gene polymorphism at codons 307 and 680 and PCOS was found (31).

The first published European study assessed the distribution of the two most common FSHR polymorphisms in 148 normogonadotropic anovulatory infertile women and in 30 normo-ovulatory controls. Normogonadotropic anovulatory infertile patients have a different FSH receptor genotype than do normo-ovulatory controls (32). In another study in Dutch women with PCOS FSHR variants were strongly associated with the severity of clinical features of PCOS. The findings in a discovery cohort of 240 women with PCOS were replicated in another independent sample of 185 women suffering from PCOS and showed that the Ser/Ser genotype was associated with higher endogenous levels of FSH, LH and testosterone (19, 20).

In a study in Turkish adolescent girls the possible association between SNPs of the FSHR was studied. Samples from 44 adolescent girls with PCOS and 50 healthy controls were compared. Polymorphic loci on the FSHR (A307T, N680S) genes did not reveal any significant differences between cases and controls. These data do not support an association between SNPs of the FSHR and the susceptibility to PCOS in Turkish adolescent girls (33). Another study in Caucasians included 294 premenopausal Caucasian patients with PCOS, and 78 women with regular menorrhea and without hirsutism. In this study in Polish women no differences in genotype and allele frequencies of the Ser680Asn and Ala307Thr polymorphisms between the case and the control groups. In addition, the two FSHR variants in exon 10 did not increase the risk for PCOS in Polish women (34).

To assess the cross-ethnic effect a meta-analysis of the Dutch data (703 Dutch PCOS patients and 2,164 Dutch controls) combined with results of previously published studies in PCOS patients from China (n = 2,254) and the United States (n = 2,618) has been performed. Overall, this study observed for 12 of 17 genetic variants mapping to the Chinese PCOS loci similar effect size and identical direction in PCOS patients from Northern European ancestry, indicating a common genetic risk profile for PCOS across populations. In this study two previously identified GWAS FSHR polymorphisms, i.e., rs2268361 and rs2349415 were significantly associated with PCOS (15). Another study trying to replicate the Chinese GWAS findings in Caucasians included 905 women with PCOS and 956 control women. The strongest evidence for association mapping to FSHR was observed with rs1922476. Furthermore, markers with the FSHR gene region were associated with FSH levels in women with PCOS. Fine mapping of the chromosome 2p16.3 Chinese PCOS susceptibility locus in a European ancestry cohort provides evidence for association with two independent loci and PCOS. The gene products of the FSHR gene are therefore likely to be important in the etiology of PCOS, regardless of ethnicity (35). An American study tried to replicate the FSHR variants from the Chinese GWA studies in case-control examination in a discovery cohort of 485 women with PCOS and in 407 controls from Boston. Replication was performed in women from 884 PCOS cases and 311 controls from Greece and in an additional cohort from Boston constituting 350 cases and 1,258 controls. One variant, rs2268361-T, in the intron of FSHR was associated with PCOS and lower FSH levels (36). In an effort to replicate the hits for the Chinese GWA studies 845 European subjects with PCOS and 845 controls were recruited into this study. Variants in DENND1A, THADA, the FSHR, and the INS-Receptor were associated with PCOS in Europeans. The genetic risk score, generated for each subject based on the total number of risk alleles, was associated with the diagnosis of PCOS and remained associated even after exclusion of the four variants individually associated with PCOS (37). Finally, in an Arab case-control study, involving 203 women with PCOS, and 211 age- and ethnically-matched control women. Significantly lower frequencies of a heterozygous FSHR variant (rs11692782) genotype carriers were observed between women with PCOS and controls (38). In summary most studies in Chinese and Thai women did not substantiate an increased susceptibility for PCOS based on FSHR polymorphisms. In contrast Studies in Korean and Pakistani women did find an increased susceptibility for PCOS based SNP's in the FSHR. Results from meta-analysis are contradictory whereas most studies in women from Caucasian descent revealed a clear-cut increased susceptibility for PCOS based on the FSHR genotype (Table 1).



Table 1. Showing the effect different single nucleotide polymorphisms have on either the prevalence of PCOS or on different phenotypical features of the syndrome.
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FSHR Polymorphisms and Clinical Features of PCOS

One study aimed to investigate whether the PCOS related SNPs in the FSHR gene are associated with PCOM. The 447 unrelated Han Chinese PCOS from south China were grouped into PCOM (n = 384) and non-PCOM (n = 63) women. Significant differences were found in the allele distributions of the GG genotype of rs2268361 between the PCOM and non-PCOM groups while no significant differences were observed in the allele distributions of the GG genotype of rs2349415. When rs2268361 was considered, there were statistically significant differences of serum FSH, estradiol, and sex hormone binding globulin between genotypes in the PCOM group. In case of the rs2349415 SNP, only serum sex hormone binding globulin was statistically different between genotypes in the PCOM group (40). Similar findings were reported another study showing that the Ser/Ser genotype had significantly higher basal level of serum FSH was observed as compared with that in the Asn/Ser group (29). A study trying to replicate the GWAS findings of the first two Chinese studies in Caucasians found a similar relationship between FSHR polymorphisms and lower FSH levels (36). Several Dutch studies found similar relationships between the Ser/Ser FSHR variant and higher basal endogenous FSH serum concentrations (19, 20, 39). In one study it was also reported that the Ser/Ser variant was also associated with increased serum concentrations of LH and testosterone (39). There is only limited information available regarding the relationship between FSHR SNP's and the phenotype of PCOS. Some SNP's are associated with the PCOM whereas most data are showing a more strict relationship between higher basal FSH serum levels and the least sensitive FSHR (Table 1).




FSH RECEPTOR POLYMORPHISMS AND TREATMENT OUTCOME IN PCOS

In order to determine whether an allelic variant of the FSHR gene affects fertility parameters in women with PCOS a UK group of investigators studied 93 women with PCOS and compared those with 51 healthy controls. The allelic variant Thr307/Ser680 was found to be similarly prevalent in both study groups and had no phenotype in terms of fertility parameters in women with PCOS (41). In a study comparing 58 women with PCOS and 80 healthy ethnically matched female controls there was no evidence that the Asn680Ser FSHR genotypes were neither associated with PCOS nor with the response to clomiphene citrate (42).

In contrast in a population of 522 Japanese women the NS genotype was significantly more prominent in women with PCOS. In women with the SS genotype significantly higher basal serum levels of FSH were observed as compared with the NS group suggesting a lower sensitivity of this particular SNP. Indeed, higher doses of the exogenous FSH was required to achieve ovulation induction in the SS group. Moreover, after hCG administration, estradiol levels at the time of ovum pick-up were significantly lower in the SS group as compared to the other allelic variants. In case the two receptor variants were over expressed in 293T cell line no differences could be found in either levels of FSH-stimulated cAMP production, PI turnover or ligand-binding affinity. These results suggest some FSHR variants might have clinical implications (29). Similar results have been reported in a large Dutch case control cohort of women with PCOS and healthy controls the Ser/Ser FSHR polymorphism was associated with some clinical features such as FSH and LH serum concentrations. Indeed, the Ser/Ser FSHR polymorphism seemed to be less sensitive to endogenous FSH thereby leading to higher serum concentrations of FSH. Surprisingly this variant was also associated with higher serum LH and testosterone levels (32, 39). In the same study the Dutch group revealed an association with clomiphene citrate resistance during ovulation induction treatment. A pooled analysis showed an 89% higher chance of being CRA in homozygous carriers of the Ser/Ser FSHR variant. Similarly, a lower chance of ongoing pregnancy [hazard ratio 0.51 (95% confidence interval 0.27–0.98)] was observed among these patients during clomiphene citrate treatment in two independent prospective cohorts (39). These data may be used to design a treatment algorithm that is more efficacious and better tailored to the individual patient (20).

Similar results were obtained from another Dutch group retrospectively studying a cohort of 193 patients all diagnosed with PCOS according to Rotterdam criteria and treated with ovulation induction. Significantly more patients with Ser/Ser-polymorphism were resistant to CC compared with the Asn/Ser and Asn/Asn genotypes with an odds ratio for ovulation of 0.44. Patients with higher FSH levels, higher age and lower BMI were significantly more likely to ovulate in univariate analysis. In a multivariate logistic regression model, corrected for age, BMI, mean ovarian, volume, hyperandrogenism, and amenorrhea, only the FSHR genotype and basal FSH serum levels were predictive for ovulation (19). An Italian study compared 40 women with PCOS undergoing in-vitro fertilization (IVF) with 66 normo-ovulatory women. That study showed that the heterozygote FSH-R polymorphism Ala307Thr was significantly more frequent in women with PCOS compared to the normo-ovulatory subjects. Moreover, the Ala307Thr SNP was more frequently associated with a higher ovarian responsiveness to exogenous FSH (43). Although smaller studies in Caucasian women did not reveal a clear-cut relationship between FSHR polymorphisms and treatment outcome the larger studies did reveal an increase in clomiphene citrate resistance and the least sensitive FSHR (Ser680Ser variant) (Table 1).



OTHER GENETIC VARIANTS GONADOTROPHIC REGULATION THAT MIGHT BE ASSOCIATED WITH PCOS


FSH-β Gene Polymorphisms

In a cohort of 135 patients with PCOS and 105 normal control subjects no missense mutations were found in the functional units of the FSH-β gene in patients with PCOS. However, this study identified a thymine-cytosine substitution in exon 3 (codon 76, TAT to TAC) that led to creation of a so called AccI digestion site. The distribution pattern of this AccI polymorphism in the patients was significantly different from that in the control group since homozygous carriers were more often affected by PCOS. Within the PCOS patient group homozygosity for Accl was also associated with obesity. The latter finding correlated with significantly higher androgen levels in the obese patients. Hence the AccI polymorphism in FSHβ gene may be associated with PCOS in some women, especially those with obesity (44). A meta-analysis of Chinese GWAS data showed that the allele frequency difference of a SNP in the FSH-β gene (rs11031010) between PCOS and controls was genome-wide significant. PCOS women with AA and AC genotypes had a significantly higher LH serum levels compared to women carrying the CC genotype. Hence, variants in FSH-β gene are associated with PCOS and LH levels in Han Chinese women. The FSH-β gene is thus likely to play an important role in the etiology of PCOS, regardless of ethnicity (10) (Table 1).



LHCG-Receptor Polymorphisms

In a retrospective case-control study, involving 203 women with PCOS, and 211 age- and ethnically-matched control women LHCGR genotyping was done by allelic exclusion method. Significantly lower frequencies of heterozygous LHCGR rs7371084 genotype carriers were seen between women with PCOS vs. controls. Furthermore, an increased frequency of heterozygous homozygous LHCGR rs4953616 genotype carriers was detected between women with PCOS compared to control women. The authors of this study observed a significant increase of LHCG-Receptor variants (rs7371084, rs4953616) SNP's in women with PCOS (38). In a case control study in Hui ethnic women from China 51 patients with PCOS and 99 healthy women were involved. The frequencies of the genotype and allele frequency of rs13405728 in LHCG-Receptor gene were significantly different between the PCOS and the control women. Moreover, PCOS cases with TT genotype of the variant rs13405728 had higher serum level of total testosterone, triglycerides, and low-density lipoproteins (LDL) than those with the CC and CT genotypes. The authors concluded that the SNP rs13405728 in the LHCG-Receptor gene was associated with PCOS and some of its clinical features (45). An attempt to replicate the Chinese SNP's in an American cohort revealed that the LHCG-Receptor variant (rs13405728) was not informative in a white Americans from European descent. However, these authors identified and genotyped three markers (rs35960650, rs2956355, and rs7562879) within 5 kb of rs13405728. Of these, rs7562879 was nominally associated with PCOS. The gene products of the LHCRG-Receptor gene are therefore likely to be important in the etiology of PCOS, regardless of ethnicity (35).

In Indian study involving 204 women with PCOS and 204 healthy, sex-, and age-matched controls. This study demonstrated an association between LHCGR (rs2293275) polymorphism and PCOS. Moreover, a significant association of the GG allele with body-mass index, waist to hip ratio, insulin resistance, LH, and LH/FSH ratio was demonstrated in PCOS when compared with controls. Indeed this study also suggests that LHCG-Receptor polymorphism are associated with PCOS (46) (Table 1).




SUMMARY

Data from Chinese studies regarding the relationship between FSHR polymorphisms and PCOS susceptibility are conflicting. Although the majority of data do not substantiate such a relationship (21–23) there is one report suggesting that FSHR might play a role in genetic susceptibility to PCOS (24). Two different meta-analysis revealed also contradictory results. The first one suggested that the FSHR polymorphisms were not associated with an increased risk of PCOS (25) whereas the last one did reveal a decreased susceptibility to PCOS for Thr307Ala variant carriers (26). Several Korean (27, 28) as well as Japanese (29) and Pakistani studies (30) do substantiate the FSHR variants as a susceptibility locus for PCOS. However, a study in Thai women did not reveal such a relationship (31). It seems that data from South-East Asia are different from those generated in Chinese populations. In European women data are similarly conflicting. Some Dutch studies revealed a straight on forward association between FSHR gene polymorphisms and PCOS (19, 20, 39) whereas others did not substantiate such susceptibility (17, 33, 34). Arab women carrying certain FSHR polymorphisms seem to be more often suffering from PCOS too (38). The most convincing evidence comes from larger replication studies and a cross ethnic meta-analysis that revealed a strong relationship between FSHR variants and PCOS susceptibility (15, 35–37).

In conclusion along with these more convincing data observations underpinning the association of FSHR polymorphisms with clinical features indicating differences in sensitivity of the different receptor genotypes. These receptor variants might generate several phenotypes with differences in basal serum FSH, LH, and testosterone concentrations. Some of the data are also pointing in a direction that at least some of these genetic variants have clinical implications in that they determine individual sensitivity for exogenous FSH (19, 29, 32, 39, 42, 43). The observation that treatment outcome is also partially determined by FSHR polymorphisms is another clue that genetic variants might play a role in the pathophysiology of PCOS (19, 20, 29, 39, 42, 43).

In conclusion SNP's in the FSHR gene causing genetic variants in the FSHR on the one hand do determine the susceptibility for PCOS and on the other had do also affect the sensitivity of the receptor for exogenous FSH during ovulation induction therapy. There is also limited evidence showing that SNP's in the LHCG-Receptor as well as those in FSH-β gene might also determine a women's susceptibility for PCOS.
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The traditional view of follicle-stimulating hormone (FSH) as a reproductive hormone is changing. It has been shown that FSH receptors (FSHRs) are expressed in various extra-gonadal tissues and mediate the biological effects of FSH at those sites. Molecular, animal, epidemiologic, and clinical data suggest that elevated serum FSH may play a significant role in the evolution of bone loss and obesity, as well as contributing to cardiovascular and cancer risk. This review summarizes recent data on FSH action beyond reproduction.
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INTRODUCTION

Follicle-stimulating hormone (FSH) is long thought to exert its effects in gonadal tissues, mainly limited to Sertoli cells in testes and granulosa cells in ovaries (1). Recently, using methods such as RT-PCR, Sanger sequencing, immunohistochemistry, and competitive binding assays, FSH receptors (FSHRs) have been shown to be expressed in extragonadal tissues, including endothelium, monocytes, developing placenta, endometrium, malignant tissues, bone and fat (2–10).

Our group first demonstrated that by increasing bone resorption by osteoclasts, FSH regulates bone mass in mouse models (11). Moreover, we found that FSH exerts action on adipocytes. In particular, a novel FSH antibody blocks the action of FSH on FSHRs (10, 11), causing an increase in bone mass, a reduction of body fat and induction of beiging of white adipocytes (9). These findings are consistent with large epidemiologic data. Indeed, the Study of Women's Health Across the Nation (SWAN) has shown significant reductions in bone mineral density (BMD) and high resorption rates ~2–3 years prior to menopause, which was also associated with increased body weight and visceral adiposity (12, 13). It is important to note that these changes take place when serum FSH level is increasing and estrogen level remains normal (14). Emerging epidemiologic evidence also suggests a relationship between FSH and several cardiovascular risk factors such as coronary artery calcium deposition, carotid intima-media thickness, and the number of aortic plaques (15–17). In particular, FSH interacts with its receptor on monocytes, up-regulates RANK expression and promotes monocytic infiltration of atherosclerotic plaque (18).

With this new evidence, the view that FSH acts solely as a gonadal hormone has changed rapidly over the past decade. It also provides perspectives on new roles that FSH might have in the pathophysiology of certain diseases and how treatment approaches targeting FSH may open up new possibilities for prevention and treatment. For example, we showed that a FSH blocking antibody could prevent bone loss and visceral adiposity in various mouse models (10). These data provide the foundation for future human studies. Similarly, detection of vascular endothelial FSHR in various types of solid tumors and sarcomas has prompted a debate as to whether an anti-FSH antibody could serve as a treatment modality in future anti-cancer drugs (7, 19).

Here, we review the epidemiologic, molecular and animal data on FSH action in normal physiology and the pathophysiology of osteoporosis, obesity, cardiovascular disorders, and cancer.


The Role of FSH in Reproduction

FSH, luteinizing hormone (LH), thyroid-stimulating hormone (TSH) and human chorionic gonadotropin (hCG) are all glycoprotein hormones, which share the same alpha subunit and differ in their beta polypeptide units, specific for each of aforementioned molecules (20). Pulsatile release of gonadotropin-releasing hormone (GnRH) from the hypothalamus stimulates the release of FSH and LH. Inhibin B and estradiol are the primary inhibitors of FSH secretion (21–23). Several other pituitary-regulatory proteins, such as activin and follistatin, have been implicated in FSH secretion and action (22). The activity of FSH is regulated in part by glycosylation.

FSH exerts its biological action via a G protein-coupled receptor, FSH receptor (FSHR). A stimulatory Gαs protein initiates signal transduction via the cAMP/protein kinase A (PKA) pathway (1, 24). This cascade of events leads to the activation of cAMP regulatory element-binding protein (CREB) (24). In addition to CREB, cAMP-activated PKA activates several other factors such as p38 MAP kinases, p70-S6 kinase and phosphoinositide-3 kinase (PI3K), PKB/Akt and FOXO1 and regulates gene expression in target tissues (25, 26). According to recent data, the effect of FSHR activation is not limited to the classical pathway, but also produces its action through Gαi (27), Gαq (28), and via other molecules, including β-arrestins (29) and an adapter protein having pleckstrin homology and phosphotyrosine binding domains together with a leucine zipper motif (30). In this case, the signal transduction is accomplished though inositol trisphosphate (IP3), Akt and ERK1/2.

FSH plays a pivotal role in the development and regulation of both the male and female reproductive systems by acting on the FSHR which is predominantly expressed in granulosa and Sertoli cells (24). In females, FSH induces follicular growth and maturation, and contributes to LH-triggered ovulation and luteinization (31–33). In males, FSH regulates the mitotic proliferation of Sertoli cells, supports their growth and maturation and prompts the release of androgen-binding protein, which regulates the overall process of spermatogenesis (34). Moreover, in testis, endothelial FSHR mediates FSH transport across gonadal endothelial barrier (35). Below, we will discuss the role of FSH on bone, fat, cardiovascular system and cancer cells.



Epidemiologic and Clinical Data Supporting FSH Action on Bone

Traditionally, bone loss in peri- and postmenopausal women has been attributed primarily to reduced estrogen production due to ovarian senescence. Estrogen replacement therapy has been considered a logical therapeutic choice in an attempt to slow postmenopausal bone loss and reduce fracture risk (36). However, FSH has been implicated in bone loss in reproductive and non-reproductive age women, as well as in women undergoing menopausal transition (37, 38).

While data from placebo-controlled randomized clinical trials is not available, the multi-center multi-ethnic cohort SWAN showed a compelling correlation between FSH action and bone loss during the menopausal transition. SWAN demonstrated that changes in bone turnover markers and bone mass density (BMD) in perimenopausal women undergoing menopausal transition were independent of serum estradiol, but were inversely related to changes in the FSH level. The levels of serum FSH over a 4-year time period predicted BMD reduction in these women (14, 39). Moreover, lower levels of bone loss in the lumbar spine during perimenopause were noted in women with higher estrogen-to-FSH ratio (40). All of these observations may suggest that bone loss during perimenopause is not solely dependent on estrogen, and may be due in part to FSH action on bone.

Epidemiological data from across the US, Europe, and China further substantiate findings from SWAN (41–46). The US NHANES III cohort study documented the relationship between serum FSH and femoral neck BMD among woman between the ages of 42 and 60 (41). Likewise, using univariate regression analyses, another US cross-sectional study confirmed the inverse relation of FSH to BMD in perimenopausal women (42). The Italian Bone Turnover Range of Normality (BONTURNO) study compared women undergoing menopausal transition, and showed significantly increased bone loss in the group with FSH>30 IU/L vs. age-matched controls, although both had regular menses (43). Yet another cross-sectional study conducted in Spain included 92 postmenopausal female participants and showed a positive correlation between serum FSH and C-terminal telopeptide of type I collagen (CTX) and serum osteocalcin, but no relation to estradiol. Several Chinese studies have reported a negative relationship between bone loss, bone turnover markers and serum FSH levels in perimenopausal women (45–47), with those in the highest quartile of serum FSH showing bone loss at a rate that was 1.3–2.3-fold higher than those in the lowest quartile (48).

The detrimental and deleterious effect of FSH on bone during a woman's reproductive years can be observed in instances of hypergonadotropic conditions. For example, lower lumbar spine bone density was reported in a hypergonadotropic amenorrheic group as compared to hypogonadotropic European patients under 40 years of age (49). Groups did not differ in estradiol or progesterone levels; however, in hypergonadotropic women, FSH levels had a negative relationship with lumbar spine BMD. Interestingly, females diagnosed with functional hypothalamic amenorrhea tend to develop less severe bone loss (50, 51).

Evidence from genetic studies further explores the function of FSHR in humans. In particular, women with an activating FSHRN680S polymorphism have an increased risk of developing postmenopausal osteoporosis, independent of circulating levels of FSH and estrogens (52). Likewise, in a multicenter study of postmenopausal Spanish women two-gene combinations of wild type IVS4 or 3′UTR markers of CYP19A1 with FSHR and BMP15 genes yielded skeletal protection (53). Therefore, epidemiologic data derived from several cross-sectional and cohort studies, together with genetic association studies, suggest a detrimental effect of FSH on bone.

In contrast, a couple of clinical studies in humans using GnRH agonists failed to demonstrate any effect of FSH suppression on bone. For instance, FSH suppression with leuprolide acetate in a group of postmenopausal women has not being associated with any significant changes in bone resorption markers (54). In another study, eugonadal men receiving goserelin acetate combined with daily topical testosterone gel did not demonstrate any changes in serum N-terminal telopeptide, C-terminal telopeptide, and osteocalcin compared to control (55). However, both studies were relatively small and the duration of the intervention was short (approximately 4 months).



Mechanistic Studies on FSH Action on Bone

In 2006, we were the first to observe the direct regulation of bone mass by FSH, which resulted mainly from osteoclastic bone resorption in rodents (11). Accumulating evidence now shows that FSH acts directly on bone via a specific shorter isoform of the FSHR (identified in humans), which then increases osteoclastogenesis and stimulates bone resorption (4, 11, 56–58). Studies failed to identify the expression of FSHRs on osteoclast lineage cells most likely used PCR primers designed to target the full-length gonadal FSHR (59, 60). FSH binding to the bone FSHR has subsequently been proven in vivo through the binding of fluorophore-tagged FSH to gonads and bone. A molar excess of unlabeled FSH displaced tagged FSH underscoring the specificity of FSH binding to bone (10, 61). The level of FSH glycosylation is important, as fully glycosylated (i.e., 24 kD) recombinant FSH isoform has a higher affinity to the bone FSHR, as compared to the partially glycosylated FSH molecule (i.e., 21 kD isoform), which is more active in gonads (62, 63).

FSH acts on FSHRs on osteoclasts, stimulating NFκB, MEK/Erk, and AKT pathways and, thus, promoting osteoclast formation, function and survival. The osteoclastic FSHR is coupled to Gαi2, so that its activation causes intracellular cAMP reductions, in contrast to the ovaries where the FSHR couples with a Gαs-protein and triggers an increase in cAMP. Blocking the aforementioned pathway or absence of Gαi2 leads to bone unresponsiveness to FSH (11). Stimulation of osteoclasts by FSH also occurs via an indirect pathway—the upregulation of receptor activator NFκB (RANK) increases the synthesis of interleukin-1β (IL-1β), interleukin-6 (IL-6) and tumor necrosis factor alpha (TNFα) proportionately to FSHR expression (64, 65). Moreover, FSH can interact with an immunoreceptor tyrosine-based activation motif (ITAM) adapter to enhance osteoclastogenesis (57).

In vivo FSH injection caused enhanced bone loss, whereas FSH inhibitor administration decreased bone resorption in ovariectomized rats (66, 67). Mice with an absent or deficient allele of FSHR or FSHβ had higher bone mass and diminished bone loss, which may be partially explained by high serum androgens (68). However, mice lacking aromatase, despite elevated androgen levels, still showed dramatic bone loss (69). Moreover, when FSH inhibitor was injected into male mice they also developed increased bone mass (9). To prevent confounding, generated by the opposite effects of FSH and estrogens on bone resorption, we developed a specific antibody to FSHβ (70, 71), which was shown to decrease osteoclastogenesis in vitro (10, 71), and decrease bone loss and stimulate bone formation in vivo (11, 70, 71). It is also known that FSH acts via the FSHR on mesenchymal stem cells to suppress their differentiation into osteoblasts (70).



Epidemiologic and Clinical Data Supporting an Action of FSH on Body Composition

There is strong correlative evidence between high FSH and body fat in postmenopausal women. A Michigan sub-study of the SWAN, which included women undergoing menopausal transition, showed a positive relationship between fat mass and serum FSH. Participants with higher FSH had increased fat mass and waist circumference, even after adjusting for baseline measurements, and lower lean and skeletal muscle mass (72). In addition, the Oklahoma Postmenopausal Health Disparities Study, which included a large group of postmenopausal women, showed that the best predictors of waist-to-hip ratio were serum FSH, estradiol and body mass index (BMI) (73). A similar positive relation between FSH to central obesity in infertile females of reproductive age has also been reported (74).

FSH has also been independently associated with lean mass in 94 postmenopausal participants after adjustment for estrogen, testosterone, LH, parathyroid hormone, sex hormone binding globulin (SHBG) and urine N-telopeptide (75). The Study of Women Entering and in Endocrine Transition (SWEET) found significantly higher lean mass in premenopausal Sub-Saharan African females, as compared to postmenopausal females, with a negative correlation between FSH and lean mass (76).

However, several groups reported an inverse relationship between FSH levels and BMI in women, particularly those in the reproductive age (77–82). This phenomenon can be explained by feedback FSH inhibition by estrogens arising from adipose tissue. For example, a study from France reported that non-obese reproductive-age females undergoing infertility workups had higher levels of gonadotropins and estradiol compared to obese women (78). Another study found an inverse relationship between FSH and BMI in reproductive age females over 326 IVF cycles (77). Overweight/obese fertile women from Italy had lower FSH, LH, estradiol and inhibin B in the early follicular phase (79). The same scenario was reported in post- and perimenopausal females. For instance, Penn Ovarian Aging Study compared abdominal MR images and hormonal levels in women at different time points and demonstrated a positive relationship between estradiol and visceral fat, but a negative one was found between FSH and visceral fat (13). Furthermore, data from the 11-year follow-up SWAN study demonstrated that obesity is associated with low FSH trajectory in women of all ethnicities (80). According to The Pan-Asia Menopause (PAM) Study, gonadotropins and estradiol had a strong positive correlation with BMI. Interestingly, estrogen and LH levels were dependent on age, whereas FSH was not (81). Another study, conducted among 73 postmenopausal Serbian women, found higher FSH in normal weight individuals than in obese females (82).

These observations are consistent with those in girls, particularly among pubertal girls who underwent bioelectric impedance measures of body fat >29%. Sorensen and Juul demonstrated that girls within this cohort had significantly lower LH and FSH levels vs. normal weight comparators (83). Likewise, Bouvattier et al. observed a negative correlation between LH, FSH and GnRH responses regarding body mass index among perimenarchial and young adult girls (84).

No significant correlation between BMI and FSH was identified in observational studies of males regardless of age (85–88), except that one cross-sectional study reported that body mass index was negatively related to FSH, inhibin B, and testosterone levels in adult men (89). However, very recent data from a randomized clinical trial suggest that high serum FSH levels cause an increase in body fat in the absence of changes in other hormones. A two-arm open-label randomized clinical study included 58 men with prostate cancer, who were randomly assigned to orchiectomy or GnRH agonist treatment for 24 weeks (90). Notably, serum FSH levels increased after orchiectomy, while GnRH agonist injections inhibited FSH secretion (91). Men treated with orchiectomy experienced greater increases in total fat mass, subcutaneous adipose tissue mass, and weight at 48 weeks as compared to men treated with GnRH agonist (90). This is the first intervention study to demonstrate that FSH regulates body fat in human.

Limited data also suggests that serum FSH may be related to metabolic syndrome. For example, one cross-sectional study, of 320 Polish women reported FSH to be a better indicator of increased risk for metabolic syndrome than SHBG levels (92). Serum FSH also appeared to be more accurate in metabolic syndrome prediction compared with leptin or C-reactive peptide in menopausal females (93).

The role of FSH in non-alcoholic fatty liver disease (NAFLD) has not been well-established. However, a few studies have reported an association between serum FSH levels and fat deposition in the liver, detected by ultrasonography (94, 95). For example, the 2014 Survey on Prevalence in East China for Metabolic Diseases conducted among women over 55 years of age have revealed that serum FSH levels were negatively associated with NAFLD (94). In an adjusted model for waist circumference and HOMA-IR, FSH levels were not associated with mild hepatic steatosis, however the association of FSH with moderate-severe hepatic steatosis remained evident (P for trend <0.01) (94). Similarly, another cross-sectional study conducted among 71 elderly (i.e., 60 years of age or older) patients from China showed that the “normal” diurnal rhythm of FSH was independently associated with NAFLD (95).



FSH Action on Body Fat in Mice

There is compelling evidence for FSHR expression in chicken, murine and human adipocytes (9, 96, 97). FSH directly stimulates primary murine adipocytes and 3T3-L1 cells through Gαi-coupled FSHR (Figure 1), resulting in the up-regulation of core fat genes, such as Fas, Lpl, and Pparg, and the induction of lipid biosynthesis (9). Moreover, FSHR activation leads to cAMP reduction and subsequently UCP1 inactivation in ThermoMouse-derived differentiated brown fat cells (9).


[image: image]

FIGURE 1. Mechanism of Action of FSH on Adipocytes. The newly described FSH signaling pathway opposes β3 adrenergic signaling. The latter is known to cause the transdifferentiation of white to beige adipocytes via interaction of the β3 receptor with a Gαs protein that stimulates cAMP production and activates the MAP kinase p38 and the transcription factor ATF2, which then translocates to the nucleus causing the transcriptional activation of the Ucp1 gene (98, 99). FSH opposes this action by interacting with a Gαi-coupled FSH receptor, also involving CREB-mediated pathway (9, 97).



We have fine-mapped the receptor-binding epitope of FSHβ and developed a blocking antibody capable of binding to this motif to prevent FSHβ/FSHR interaction (9, 10). Injection of this anti-FSHβ antibody in various murine models, including ovariectomized mice and mice either pair-fed on a high-fat diet or allowed ad libitum access to normal chow, caused a significant reduction in visceral, bone marrow and subcutaneous fat (9). The FSH antibody also significantly increased bone mass in ovariectomized mice (9, 70). These phenotypes were recapitulated in haploinsufficient Fshr+/− mice, indicating a dominant role of FSH in bone and body fat regulation. Interestingly, anti-FSHβ antibody failed to decrease adiposity in Fshr+/− male mice fed on a high-fat diet, proving FSH specificity (9). These observations were reproduced contemporaneously in other centers, using various laboratory methods (9, 100).

FSH blockade in mice also led to the up-regulation of brown adipocyte genes, such as Cox7, Cox8a, Ucp1, and Cidea, in visceral fat indicating “beiging,” which, we found, was occurring independently of sympathetic tone (9). However, it is not clear as to whether the beige adipocytes were the product of transdifferentiation of white adipocytes or if they were formed from a specific precursor (101, 102). Using in vivo fluorescence imaging on the IVIS platform, FSH blockade in ThermoMice triggered UCP1 transcription in brown-fat-rich areas initially with increases in white fat-predominant regions. The production of mitochondria-rich, thermogenic “beige” adipose tissue with the anti-FSHβ antibody was further substantiated using PhAM mice, and by documenting elevated basal energy expenditure in metabolic cage studies (9). Interestingly, FSH blockade did not affect glucose or insulin metabolism (92, 93).

Other studies have found a direct correlation between abdominal fat mass and FSHR mRNA expression in female chickens (96). FSH was found to alter lipid metabolism by affecting the expression of Dci, Lpl, RarB, Rdh10, Dgat2, and Acsl3 genes, shifting fatty acid and retinol metabolism, and altering PPARγ signaling (96). Interestingly, FSH has also been shown to inhibit hepatic cholesterol metabolism. FSH was found to interact with FSHRs in HepG2 cells, reducing LDLR levels (103). Moreover, FSHR knockdown with specific siRNA in mice demonstrated lower LDLR (103), suggesting that FSH may be indirectly involved in the pathogenesis of NAFLD. Finally, in a Chinese cohort, rising FSH levels correlated positively with serum cholesterol and LDL levels in postmenopausal women (104).



FSH Action on Cardiovascular System

Males receiving androgen deprivation therapy (ADT) for prostate cancer have an increased risk of cardiovascular dysfunction, atherosclerosis and thrombosis (105–107). For example, it has been shown recently that FSH promotes the development of cardiovascular risk in ADT-treated males (18). Moreover, several studies in females have demonstrated effects of FSH on cardiovascular risk measures, such as coronary artery calcium deposition and carotid intima-media thickness. For example, the SWAN study showed that in 856 women who never reported a stroke or a heart attack, FSH trajectory was correlated positively with intima-media thickness(17). Furthermore, a sub-study of the Prospective Army Coronary Calcium project, called the Assessment of the Transition of Hormonal Evaluation with Non-invasive Imaging of Atherosclerosis, showed that serum FSH levels were associated with the number of aortic plaques in 126 women undergoing menopausal transition using contrast-enhanced CT angiography and carotid ultrasound (16). However, a 22-site population-based Survey on Prevalence in East China for Metabolic Diseases and Risk Factors, showed a negative association between FSH levels and cardiovascular risk (108). The study had a cross-sectional design and any causal relationship between FSH levels and cardiovascular risk factor factors could not be established.

Mice receiving ADT have been used to study the relation of serum FSH and cardiovascular disease (CVD) development. The interaction of FSH with FSHR on monocytes has been shown to up-regulate RANK expression and promote monocytic infiltration of atherosclerotic plaques (18). Th1 helper cells then release RANKL, which activates RANK on monocytes, leading to osteoclast formation. Osteoclasts resorb calcified areas and provoke atherosclerotic plaque instability, increasing the risk of rupture and thrombosis (18). In a second study, serum FSH levels were also found to be significantly lower in mice treated with GnRH antagonists, as compared to animals getting GnRH agonist or orchiectomized (109). The first group displayed less fat mass, at least a two-fold lower atherosclerotic plaque burden, high levels of high-density lipoproteins (HDL), and reduced serum low-density lipoproteins (LDL) compared to the latter two groups. Although all animals developed fatty changes in the aortic wall, the necrotic regions were dramatically smaller in the first group (109). This suggests that increased CVD risk in ADT cannot be explained solely by hypoandrogenemia, and may relate to changes in serum FSH. Furthermore, it has also been surmised that, as atherosclerotic plaque development is dependent on neovascularization (110), FSH may act by stimulating new vessel formation [as effectively as vascular endothelial growth factor (111, 112)] via FSHR present on vascular endothelial cells (7). The mechanism includes the stimulation of VCAM-1 synthesis by FSHR expressed on endothelial cells. VCAM-1 then recruits monocytes to affect their migration and differentiation into macrophages that accumulate lipid droplets and eventually become foam cells (17, 113). Finally, FSH may elevate production of cytokines, namely IL-6 and TNFα, from macrophages to cause low-grade inflammation, atherosclerosis development and insulin resistance (114). We have documented this direct action in osteoclasts (115).



FSH Action in Oncogenesis

FSH levels are elevated in ovarian cancer (116, 117). Furthermore, epithelial and endothelial FSHRs have been detected in various cancer types, including prostate (118, 119) and ovarian cancers (120–122), as well as in established cancer cell lines, namely prostate cancer cell lines DU145 (118) and PC-3 (118, 119), ovarian cancer cell lines including OVTOKO, CaOV-3, RNG1, OVCAR-3, and TOV-21G (121–126). Endothelial FSHR was detected by immunohistochemical and immunoblotting analysis in samples obtained from >1,000 patients with breast, prostate, colon, pancreas, urinary bladder, kidney, lung, liver, stomach, testis, and ovarian cancer (7). Recent data indicates that these FSHRs are signaling-efficient. In particular, endothelial FSHR expression is associated with vascular remodeling and tumor angiogenesis (6, 7), whereas epithelial FSHR induces cell proliferation (118–120), migration, and cancer cell invasion (127).

Interestingly, murine T-cells directed against FSHR- positive ovarian cancer cells showed increased survival without causing toxicity (122). FSHR stimulation upregulated Oct4 expression via the Erk1/2 pathway in epithelial ovarian cancer (128). Epithelial-to-mesenchymal transition in ovarian cancer was also stimulated through PI3K/Akt-Snail signaling (129). It has been suggested that FSH stimulates ovarian cancer cell proliferation via FSHR isoform 3, which is not coupled with G-proteins and not associated with cAMP production, but activates the Erk pathway in a Ca2+-dependent manner (130, 131).

Cancer cells express abundant receptors to various growth factors, suggesting the potential possibility of restricting cancer growth through antibody-mediated blockade of these receptors (132, 133). Unfortunately, the delivery of antibodies through the endothelium is poor and high doses are prone to cause toxicity (134, 135). To avoid this problem, a different approach, notably targeting the tumor vasculature, has been proposed. However, two major groups of extensively studied agents targeting tumor vessels have proven limitations and lack efficacy. Antiangiogenic agents reduce the action of various growth factors inside the tumor, preventing new blood vessel formation (136–139). Their maximum effect is tumor shrinkage and these agents have failed to improve survival (140, 141). The second group of agents, namely vascular disrupting agents, affect mature vessels, rearranging the endothelial cytoskeleton and increasing vascular wall permeability (142), thus disrupting blood supply and leading to extensive central necrosis of a tumor (143); this nonetheless leaves viable peripheral neoplastic tissue that subsequently repopulates the necrotic area (144–146). A new promising direction for anticancer target therapy is to cause peritumoral infarction using truncated tissue factor (tTF) coupled to ligands that are highly specific for FSHR (147). Antihuman FSHR antibody, conjugated with tTF, binds the FSHR, which is abundant in peritumoral endothelium, initiating blood clotting with subsequent blood supply disruption and tumor necrosis (148). Interestingly, the vasculature of bone and fat has not been shown to express FSHRs: thus, such therapy will most likely cause no issues (8, 149). However, their presence in the female reproductive system may limit anti-FSHR-tTF treatment. This approach still needs extensive investigation in the future and provokes extensive discussion on the development of a cancer therapies based on agents tethered to anti-FSHR antibodies (19).




CONCLUSION

In the transitional phase of a women's reproductive life to menopause, the risk for osteoporosis, obesity and CVDs increase concurrently. Along with declining estrogen levels, sharply rising FSH levels have now been implicated in the pathogenesis of these diseases. It is now well-known that bone loss begins even before estrogen levels are altered in the perimenopause (150).

Several key findings have emerged relating serum FSH to bone loss, obesity, and perhaps even cardiovascular risk and cancer. First, it is clear that FSH directly impacts bone cells—osteoclasts and osteoblast precursors. The underlying mechanisms include a direct action on osteoclasts through the enhancement of RANKL signaling, and indirect actions to increase the expression of RANK in osteoclasts (151) and stimulate the synthesis of pro-resorptive cytokines, including TNFα, IL1β, and IL-6. Studies also conclusively demonstrate the expression of functional FSHRs on adipose tissue (97), which, when blocked by an FSH antibody, result in a profound reduction of body fat and generation of thermogenic “beige” adipose tissue (152). Together, the studies form the framework for using a humanized FSH antibody for the simultaneous treatment of two public health hazards—obesity and osteoporosis—with a single agent. Admittedly speculative at this stage, an increased risk of cardiovascular event(s) among postmenopausal women may also be in part attributable to subclinical atherosclerosis promoted by sharply rising FSH levels (153). Finally, certain cancers, prominently ovarian tumors in which oncogenic signaling through the FSHR can be proven may be amenable to novel FSH-based therapeutic agents.

Thus, positive correlations between rising FSH levels and a plethora of illnesses like obesity, osteoporosis, cardiovascular pathology, and cancer changes our view of FSH from monogamously associated with fertility to a much broader view of the role of this “gonadotropin” in other medical conditions and in human physiology. It is therefore now conceivable that we question whether FSH is a true aging hormone. By developing new treatment approaches that target this gonadotropin, we may in the future be able to treat multiple age-related diseases perhaps even with a single drug.
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Expression of the follicle-stimulating hormone receptor (FSHR), besides gonadal tissues, has recently been detected in several extragonadal normal and tumorous tissues, including different types of primary and metastatic cancer and tumor vessel endothelial cells (TVEC). The suggested FSH actions in extragonadal tissues include promotion of angiogenesis, myometrial contractility, skeletal integrity, and adipose tissue accumulation. Non-malignant cells within cancer tissue have been shown to be devoid of FSHR expression, which implies a potential role of FSHR as a diagnostic, prognostic, or even a therapeutic tool. There are shared issues between several of the published reports questioning the validity of some of the conclusion. Firstly, protein expression of FSHR was performed solely with immunohistochemistry (IHC) using either an unavailable “in house” FSHR323 monoclonal antibody or poorly validated polyclonal antibodies, usually without additional methodological quality control and confirmations. Secondly, there is discrepancy between the hardly traceable or absent FSHR gene amplification/transcript data and non-reciprocal strong FSHR protein immunoreactivity. Thirdly, the pharmacological high doses of recombinant FSH used in in vitro studies also jeopardizes the physiological or pathophysiological meaning of the findings. We performed in this review a critical analysis of the results presenting extragonadal expression of FSHR and FSH action, and provide a rationale for the validation of the reported results using additional more accurate and sensitive supplemental methods, including in vivo models and proper positive and negative controls.
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INTRODUCTION

Follicle-stimulating hormone (FSH) is synthesized by the anterior pituitary gonadotroph cells, and it plays a critical role in controlling male and female gonadal function (1, 2). FSH acts through its specific receptor (FSHR), a member of the highly conserved family of class A G-protein-coupled receptors (GPCR) (3). In females, FSHR is expressed in granulosa cells and it regulates the maturation of Graafian follicles, granulosa cell proliferation and estrogen production (4). In males, FSHR is expressed in testicular Sertoli cells and it regulates their metabolic functions necessary for proper spermatogenesis and germ cell survival (5). FSHR activation may trigger a number of intracellular signaling pathways that will be activated in parallel or sequentially (6, 7). The canonical Gsα/cAMP/PKA signaling pathway, a key effector mechanism of FSH action, activates the cAMP response element-binding protein that modulates gene transcription (6, 7). However, in recent years, it has been shown that also Gαs-independent pathways, such as the PI3K/PIP3–AKT/mTOR pathway, β-arrestin-dependent pathway or interaction of FSHR with PPL1, FoxO1a, and 14-3-3τ, are involved in FSH-dependent cellular responses [reviewed in (8)].

Recent studies have suggested the expression of FSHR in many normal extragonadal tissues, as well as in the tumors and tumor vessel endothelial cells (TVECs) (summarized in Table 1B). Considering these new findings on extragonadal FSHR expression, a potential role for FSHR as a diagnostic, prognostic and therapeutic tool has been suggested. However, when some of the extragonadal FSHR findings have been revisited no FSHR transcript (by in situ hybridization RNAscope study) or gene amplification (by TaqMan probes-based qPCR) has been found in the tissues presenting with FSHR protein immunoreactivity by IHC staining (9, 10, 16, 17).

This review will summarize and discuss the most important extragonadal FSHR expression findings and highlights some of the caveats involved in these data. We offer our remarks in constructive spirit, and hope they will be found useful in future research on the intriguing topic of extragonadal FSH/FSHR action.



DISCREPANCY BETWEEN FSHR MRNA AND PROTEIN EXPRESSION LEVELS

Surprisingly, in many studies, the high and clearly abundant FSHR expression at protein levels by immunohistochemistry or immunofluorescence was not associated with clear FSHR mRNA amplification (9, 11, 13). Nested polymerase chain reaction with gene-specific revers transcription, instead of traditional PCR, was needed to detect FSHR expression in umbilical cord, placenta, and uterus (9, 11, 13). This could indicate a short turnover time and/or rapid degradation of the FSHR transcripts or, not totally unlikely, nonspecific IHC staining results. Moreover, the lack of sequencing data of PCR products reduces the reliability of mRNA detection (9, 11, 13). In normal testis, there is ~0.04 pg of FSHR transcripts per μg total RNA (43), whereas human ovary contains a small amount of endogenous FSHR protein (0.054 fmol/mg of total protein) (44), and thus its detection by Western Blot might be challenging (45). One explanation could be that FSHR mRNA turnover in extragonadal tissues is much faster than in gonads? Most likely not, considering that in mammals long half-life for RNAs is t(1/2) ≥ 4 h (e.g., housekeeping genes) and a short half-life for RNAs is t(1/2) < 4 h (regulatory genes); thus we should still be able to detect FSHR mRNA at a level relevant to protein levels (46).



ANTI-FSHR ANTIBODIES

Antibodies are an essential tool for determining cellular protein localization and expression. However, the commercially available monoclonal and polyclonal anti-FSHR antibodies have been poorly or not at all validated. Basic information on selected popular FSHR antibodies is listed in Table 1A. The specificity of two frequently used antibodies, sc-7798 and sc-13935, from Santa Cruz Biotechnology, has been recently revisited (47). In a comprehensive study, the authors compared these antibodies with FSHR323 (44) and two potential therapeutic anti-hFSHRs Ylanthia® antibodies (Y010913, Y010916) for their suitability in IHC detection of FSHR expression in various tissues (47). Specificity of all antibodies was tested by their binding to native hFSHR from different sources and by IHC on paraffin-embedded Flp-In Chinese hamster ovary cells transfected with FSHR (47). Unfortunately, human ovary or testis tissues were not examined, which would have served as proper positive controls (47). The study showed that only the FSHR323 antibody was suitable for target validation of hFSHR in an IHC setting. Furthermore, the authors confirmed their earlier reports on specific overexpression of FSHR in peripheral tumor blood vessels but could not repeat the previously reported FSHR overexpression in ovarian and prostate cancer cells (24, 25, 33, 47).



Table 1A. Basic information on several commonly used FSHR antibodies for protein localization.
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From a rational point of study design, testing the specificity of FSHR antibodies using (transfected) cancer cell lines or extragonadal tissues cannot be considered sufficient. The most suitable tissues for the validation of specificity of reproducibility of an anti-FSHR antibody should be the human ovary and testis, the only tissues with undisputable FSHR expression. IHC for FSHR should also be tested on FSHR-negative control tissues. The FSHR323 antibody (44), suggested to be the most specific and reproducible, unfortunately has the major disadvantage of not being available either from the laboratory of its origin or commercially. The hybridoma cell line producing FSHR323 antibodies was removed from the American Type Culture Collection selection shortly after the milestone paper on FSHR expression in TVECs (26) was published in 2010, which created a major obstacle for independent validation of the recent studies on non-gonadal FSHR expression (26). If the authors/owners of this FSHR323 antibody are confident of its efficacy in detection of FSHR, they should make it available for other investigators, e.g., by re-depositing the hybridoma cell line to ATCC, so that independent verification of their data would become possible.



FSHR IN NORMAL EXTRAGONADAL TISSUES

Recent studies on FSHR localization have suggested its expression in many normal extragonadal tissues including umbilical vein, vessel smooth muscle cells (9), placenta and placental endothelial cells (12), fallopian tube (11), myometrium, endometrial stromal cells, endometrial glandular epithelium (16, 17), liver (48) bone osteoclasts (20, 49), and monocytes (50, 51) (Table 1B).



Table 1B. Summary of studies presenting FSHR expression and FSH action in extragonadal normal and malignant tissues.
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PLACENTA, UMBILICAL CORD VESSELS, AND HUMAN UMBILICAL VEIN ENDOTHELIAL CELLS (HUVECS)

Human placenta and umbilical cord express FSHR, and these reports proposed that the expression is functional (details below) (9, 11). FSHR was found in the endothelial cells of the fetal vasculature within the chorionic villi and villous stromal cells from 8 to 10 week of gestation until term, but not in trophoblast cells (11). In human umbilical cord, the location of FSHR was suggested in Wharton's jelly, and endothelial and smooth muscle cells of the vessels (9). Expression of a splice variant lacking exon 9 was detected in primary HUVECs (9).

Further functional studies showed that FSH-stimulated HUVECs responded with AKT activation, but not with cAMP production (9). HUVECs stimulated with a high pharmacological dose of rhFSH (600 μg/L, equals to 81.86 IU/L) induced significantly tube formation, wound healing, cell migration and proliferation, nitric oxide production and cell survival (9). This prompted the authors to propose that HUVECs express “functional” FSHR expression and that the FSH-FSHR activation promotes angiogenesis as effectively as the potent well-characterized angiogenic factor VEGF (9). However, opposite results were published by our group upon revisiting the same study concept and experiments (10). In this latter study, neither FSHR expression nor rhFSH stimulation of freshly isolated HUVECs could be shown (10). In our study, FSHR expression was analyzed with two kits for reverse transcription and qPCR systems, and both gave negative results for HUVECs and an immortalized HUVEC cell line (HUV-ST) (10). The PCR products from the positive control samples were sequenced in order to reconfirm their fidelity, which was not done in the earlier study (9). Numerous methodological uncertainties [presented in detail in (10)], made the results of the previous study hard to interpret and could explain the difference between these two studies (10). Consequently, our data (10) do not support the novel concept that FSH-FSHR activation is involved in the placental vasculature and its angiogenic process (11–13). Results showing that Fshr/FSHR is essential for normal angiogenesis of the fetal placental vasculature (12) are also contradictory because both males and females with inactivating FSHR mutations, thus obligatorily devoid of functional FSHR in their placenta, appear to develop normally in utero (52). Thus, caution is needed to interpret the existing data on the FSH-FSHR activation in placental vasculature and their proangiogenic process, and the functional expression of FSHR in HUVECs still remains a subject of uncertainty.



UTERUS (ENDOMETRIUM AND MYOMETRIUM)

Several studies suggest that FSHR is expressed in uterine tissues (11, 15–18, 53). One study appeared to detect positive FSHR signal in the endothelial cells of myometrium vessels and arterial smooth muscle of the normal non-pregnant myometrium, whereas signal in myometrial muscle fibers was weak or only traceable (11). Furthermore, FSHR staining was detected in the endothelial cells, arterial smooth muscle and muscle fibers of myometrium during pregnancy (11); however, the study group was small (n = 3). They also showed through PCR analysis that human myometrium from term pregnancy expresses full-length FSHR mRNA, but the PCR product were not sequenced to reconfirm their fidelity (11). In another study, in term pregnancy non-laboring myometrium, FSH increased contractile activity, but the effects was observed only at supraphysiological doses of 100–1,000 μg/L (136.43–1364.25 IU/L) (13). In contrast to findings of the former study (11), another recent study did not detect FSHR protein or FSHR transcripts in normal human myometrium (16).

Intriguingly, women with inactivating FSHR mutation, thus lacking both gonadal and extragondal FSHR, can maintain normal pregnancy until term following ovum donation, thus undermining the functional importance of extragonadal FSH action (54).

In human endometrial epithelial and stromal cells, cycle-dependent expression of FSHR was shown, and FSHR expression increased during the endometrial secretory phase (15). Furthermore, it has been shown that FSH stimulation induced a decidual phenotype in stromal cells isolated from proliferative phase human endometrium (53). Microarray studies also proposed that FSHR mRNA expression was up-regulated in human endometrial stromal cells decidualized with progesterone and cAMP (55). Moreover, results of our study showed that FSH stimulation upregulated FSHR expression in human endometrial stromal cells undergoing decidualization in vitro (16). It has been shown that during pregnancy, FSHR is expressed in the decidual layer of the pregnant uterus in women (11). FSHR was localized in glandular epithelium and stromal cells of endometrial proliferative and secretive phases. A weak, mainly basolateral FSHR expression was localized in the microvascular endothelium of the normal proliferative endometrium (17). Our group confirmed FSHR expression at mRNA and protein levels in glandular epithelium and stromal cells of normal human secretive endometrium, but not in the proliferative endometrium (16). A very recent study also proposed the functionality of FSHR expression in human endometrium, as endometrial tissue produced cAMP upon FSHR stimulation (14). It seems that FSHR expression in human endometrium, mainly in secretive phase could be functional, but the concept that FSH/FSHR signaling may induce human endometrial stromal cell decidualization requires further evidence.



ADIPOSE TISSUE/OBESITY

The rise of FSH level in menopausal women is associated with increased visceral adiposity, and decreased bone density and energy expenditure (56). In human and mouse fat tissues and adipocytes, FSHR expression at mRNA and protein levels has been reported (23). Recently, Liu et al. published that blockage of FSH signaling with a specific polyclonal FSH antibody potentially activated brown/beige fat thermogenesis and thereafter reduced the total fat, subcutaneous fat and visceral fat volume induced by high-fat diet in wild-type mice (22). This antibody also reduced adiposity in ovariectomized mice. Immunostaining analysis showed the presence of FSHR in inguinal and visceral white adipose tissues and also in brown adipose tissues in mice. However, this study lacks the proper negative and positive (testis or ovary) tissue controls to confirm the specificity of the used FSHR antibody. To reconfirm the Fshr expression in adipocytes, the authors also sequenced full-length Fshr cDNA from primary mouse mesenchymal stem cells derived from ear lobes and mouse adipocyte-like 3T3.L1 cells (22). However, even though the expression profile of many genes was shown in white and brown adipose tissue in mice in this study, surprisingly no data on Fshr at mRNA levels was reported in those tissues. For proper FSHR expression assessment, the same tissues/cells should be used for both gene expression and protein analysis. Moreover, they showed by immunoprecipitation assay that their established FSH antibody binds to FSHβ, but the study lacks data on direct evidence for FSH binding to adipocyte FSHR (22). Another group of treatment with GnRH antagonists to block the gonadotropins (FSH) would have strengthened the findings. The most intriguing part of this FSH antibody-based data is that it contradicts with data from mice and humans using GnRH agonists/antagonists, where the endpoint is the same—blockage of gonadotropins. We did not observe any loss of body fat in transgenic mice treated by GnRH antagonist in conjunction with gonadal or adrenocortical tumor treatment (57, 58). FSH suppression concomitant with that of gonadal steroids did not decrease body fat in a clinical study on men (59). This group (22) has developed now an HF2 monoclonal antibody that targets human FSHβ, but no reports in humans have been shown yet (60).



BONE MASS/OSTEOPOROSIS

It has been proposed that enhanced postmenopausal bone resorption is caused not by estrogen deficiency, but by increased FSH level (61). Direct effect of FSH-FHSR on bone loss in mice has recently been shown (20–22). FSHR was localized in mouse and human osteoclasts and mesenchymal stem cells (20, 62). The latest study reported that blockage of FSH action by a specific monoclonal antibody targeting FSHβ subunit increased bone mass and stimulated new bone formation by osteoblasts in mice (22). Moreover, osteoclastogenesis and expression of osteoclast-specific genes, and matrix metalloproteinase-9, were reduced after attenuation of FSH action (21). The authors showed the presence of FSHR in mouse bones only in vivo, through a specific binding of the fluorescently labeled FSH with near-infrared II fluorophore to FSHR (21). They did not perform any qPCR, immunohistochemistry or Western Blot analysis to demonstrate and/or directly localize FSHR expression in bone. Furthermore, as in the study of FSH action in adipocytes, there is no data showing direct FSH binding to FSHR in bone cells (21, 22).

Human studies are not able to replicate the data from the mouse models mentioned above. A direct interventional study showed that FSH does not regulate bone loss in postmenopausal women (63). Suppression of FSH secretion by GnRH agonist did not decrease the level of bone resorption markers, but rather tended to increase some of them (63). In addition, in normal adult men, FSH did not affect bone turnover and thus appears not to be an important regulator of skeletal metabolism (64). Another in vivo study in men showed that sex steroids modulate bone resorption independently of FSH action (65). Blockage of androgen action by GnRH agonist treatment in prostate cancer patients induced increased fracture risk and bone loss, with no positive effect of FSH suppression (66). Moreover, also some mouse studies showed opposite results (19, 67), in contrast to the earlier study (20). Furthermore, FSHR knockout mice have reduced bone mass (20, 67), and a dose-dependent FSH effects on increased bone mass through an ovary-dependent mechanism in female mice have been observed (19). In male mice FSH impact on bone loss has not been demonstrated (68). Taken together, further studies are needed to determine whether the FSH-FSHR system action in bone resorption is really functional, only species-specific, a probable indirect effect of inflammatory cytokines such as tumor necrosis factor α (TNF-α) (69) or an unidentified off-target effect of the FSH antibodies used.



ENDOMETRIOSIS

Expression of FSHR has also been suggested in endometriosis (16–18). An immunohistochemical study described FSHR localization in the endometriotic glandular and stromal cells of the rectovaginal endometriotic nodules, ovarian endometriotic cysts, and peritoneal endometriotic lesions, as well as with robust vascular FSHR staining (17). Recently, our group showed functional FSHR expression in deep endometriotic lesions, where FSH through FSHR locally up-regulated aromatase expression and induced estrogen production, and FSHR localized at mRNA and protein levels in endometriotic glandular and stromal cells (16). Moreover, the ovarian pattern of differentiation with functional FSH-FSHR system, inducing production of the same steroidogenic cascade as in ovaries has been shown in endometriotic tissues (18) Based on these results, it appears that the expression of FSHR in endometriosis is functional (16, 18).



FSHR IN CANCER AND TUMOR VESSEL ENDOTHELIAL CELLS (TVECS)

A number of studies (summarized in Table 1B) have shown the expression of FSHR in different types of tumor cells suggesting a potential role of FSH in tumorigenesis and suggesting FSHR as a potential target for cancer therapy. FSHR expression was suggested to be present in prostate, ovarian, thyroid, neuroendocrine pancreatic, and pituitary cancer cells and soft tissue sarcomas (Table 1B). A breakthrough in the study of extragonadal FSHR expression was, when the receptor expression was proposed in TVECs of different types of tumors (prostate, breast, colon, pancreas, urinary bladder, kidney, lung, liver, stomach, testis, and ovary), including their metastases (26, 27, 29). In the prostate cancer FSHR-positive arterioles, capillaries and venules (but not lymphatic vessels) were located at the periphery of the tumor core (26). Endothelial cells of the vessels present in normal-appearing tissues at a distance >10 mm outside the tumors or normal prostate were FSHR-negative (26). In subsequent studies, endothelial FSHR expression was shown in thyroid and neuroendocrine tumors (35, 37, 40). Several groups suggested that the FSHR observed in TVECs and cancer cells is functional (24–26, 70–72). FSH-stimulated proliferation, migration and invasion was observed in epithelial cancer cells (70). In TUVECs, FSHR mediated the FSH transport, tumor angiogenesis and vascular remodeling (26, 29). With regard to cancer cells and TVECs (primary and metastatic), it was suggested that FSHR might serve as a potential cellular marker of different tumors and provide a novel approach for targeted cancer therapy. If extragonadal FSHR expression and function could be proven by additional independent studies in the TVECs, as well as in the cancer cells, the finding would suggest for FSHR a great utility as a biomarker and/or medicinal target. This potentially important finding needs further verification by independent studies.



PROPOSALS TO IMPROVE THE QUALITY OF FSHR LOCALIZATION—VALIDATION OF ANTI-FSHR ANTIBODIES

In light of the information reviewed above, it seems that the data on extragondal FSHR localization often relies on insufficiently verified antibodies, making interpretation of data difficult; more worryingly, to potentially erroneous conclusions. As an additional validation of FSHR IHC, we propose the use of RNAscope in situ hybridization (73) or other similar methods. This novel and sensitive method displays a single-transcript resolution and is now in common use. A set of validated, negative, and positive control probes (for genes with different expression levels), provided by manufacturer confirm the quality of the tissue used for hybridization. Using the FSHR323 antibody (donated to us by Dr. Ghinea), we were able to confirm FSHR expression in umbilical vein endothelial cells at protein level but not by in situ hybridization or qPCR on mRNA levels, leaving the question open why the expression at protein level is not supported by mRNA data (10). Recently it has been shown that endothelial cells and smooth muscle cells of umbilical cord vessels, despite clear FSHR immunoreactivity using FSHR323 antibody (9), did not express FSHR transcripts, even when confirmed by a gel electrophoresis of qPCR products (10). A similar discrepancy was observed in endometriosis samples where FSHR at protein level has been shown in endothelial cells of the endometroid tissue (17), but could not be reproduced by in situ hybridization at mRNA level (16).



IN VIVO AND IN VITRO MODELS TO STUDY EXTRAGONADAL FSH ACTION

To resolve the controversies of direct FSH action in extragonadal tissues proper in vivo mouse models would be very useful, as well as functional testing on the extragonadal receptors in vitro. Fshr null mice would be a good model for such studies; although these mice exhibit extragonadal defects, data from different scientific groups show contradictory results (20, 67). In vitro experiments on primary cell cultures from extragonadal tissues with purported FSHR expression have also yielded contradictory data (9, 10). Some in vitro studies could be performed on extragonadal tissue explants, allowing to examine mechanisms without disturbing tissue structure and tissue receptor status (16). However, to explain all inconsistencies in vivo and to prove that the extragonadal FSH-FSHR system is really functional in different extragonadal tissues, its actions should be evaluated through precise gene targeting, e.g., using the genome-editing CRISPR/Cas9–based method (74). Conditional knockout mouse models with tissue-specific deletion of FSHR via Cre-lox technology would allow us to directly analyze the loss of FSH-FSHR action in desired condition or extragonadal tissue type. A transgenic mouse model expressing human FSHR with a green fluorescent protein (GFP) or any other reporter marker expression under the FSHR promoter/enhancer could be also a very useful tool to track the FSHR expression. Thereafter, all data can be tested in vitro and in vivo with the same system to prove their functionality.



GENDER DIFFERENCES PUTATIVELY AFFECTING THE EXTRAGONADAL FSHR EXPRESSION

Many of the studies on extragonadal FSHR function were carried out only on women (endometrium, endometriosis, HUVECs etc.) (9, 10, 12, 17, 18) or female mice (osteoporosis, bone metabolism, or the FSH action on the myometrium muscle contractions etc.) (11, 13, 21, 22, 63) or cells derived from females (for example HUVECs) (9, 10, 12). Almost the only exception are the human prostate cancer tumor vessel cells or human prostate cancer tissue/cells (24–26). Some studies do not state properly the sex of the individual or sample. One cannot rule out the option that some pathologies (for example osteoporosis or bone metabolism etc.) have strong sex differences and are influenced differently by sex steroids and in general the sexually dimorphic endocrine functions.



CONCLUSIONS

FSHR expression in extragonadal tissues, despite numerous publications, remains controversial. We suggest a more critical analysis of such data, especially when the localization of FSHR in normal extragonadal and malignant tissues is based only on IHC data, without additional methodological confirmation. We suggest proper validation of antibody specificity and the reproducibility between lots. Unrestricted access to the currently existing non-commercial anti-FSHR antibodies would support the fairness of science. When planning experiments, more attention should be paid to inclusion of proper positive and negative controls. For functional studies, the doses of rhFSH should be standardized and restricted to physiologically meaningful concentrations. A proof of principle in human clinical trial with the monoclonal HF2 FSH blocking antibody with a comparison to a group of patients with GnRH antagonist is also needed. It is thus probably not yet time to re-write the textbooks with the functional implications of FSH/FSHR in extragonadal tissues or in cancer cells or TVECs. To this end, definitely many more studies are needed.
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FSH preparation Pituitary hFSH ~ Urinary hFSH  Pituitary hFSH?  Pituitary ~ Recombinant GHy hFSH*  Recombinant GHg hFSH?'
hFSH2/

FSH RLA potency (U/mg) 8,560 10,000 18,737 269,445 20,844 57,942
FSH?'/FSH ratio 14.4 28

The radfoiodinated tracer was 2.5 ng/tube '*I-hFSH and the receptor preparation was 250,000 FSHR-expressing CHO cells/tube.
Data derived from Ref. (16, 18).
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Based on band density in Westemn blots using anti-FSH{} monoclonal antibody
RFSH20 (16).
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Macroheterogeneity (% relative abundance)

FSH preparation Pituitary hFSH Urinary Pituitary Pituitary Pituitary Recombinant GHs Recombinant GHs
hFSH hFSH* hFSH? hFSH?® hFSH* hFSH?'

FSHe 7 8 100 - - 89 -

FSH?! 23 14 - 100 60 1 54

FSH'® - - - - 40 - 46

FSH' - - - - - - -

Types of oligosaccharides (% relative abundance)

Oligosaccharide type Recombinant GH-hFSH®

Biantennary 382 7.2 474 512 286 555

Triantennary(3)* 410 440 307 359 25 0

Triantennary(6)* 0 0 0 0 0 207

Tetra-antennary 15.0 148 106 60 001 0

Neutral 03 22 99 45 742 123

Sialylated 99.1 97.5 754 788 20.7 87.7

Sulfated 65 42 303 350 96 0

Sial/sulfat 59 39 240 183 45 0

Core fucose 430 239 451 478 230 506

Antenna-fucose 03 0 36 08 04 19.9

Bisect GIcNAc 326 239 17.9 232 79 470

GalNAc 28 17 203 138 14.1 105

Relative abundance determined by Western biot and mass spectrometry, respectively. Data are limited to those preparations for which both glycoform abundance and glycan

microheterogeneity exist.
“ = not detected.

lycoforms not separated.

“Triantennary(3) = third branch attached to Man(a13) branch.
“Trantennary(6) = third branch attached to Man(a1~6) branch.
Data derived from Ref. (16-18). FSH, follicle-stimulating hormone.
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Antibody

FSHR323
FSHR190
FSHR226
FSHR18
Anti-FSHR

Anti-FSHR
FSHR H-190

FSHR N-20

Anti-FSHR
Anti-FSHR
Anti-FSHR

Anti-FSHR

Catalog number

CRL-2688
ab219312

LS-A4004
sc-13935

sc-7798

LS-C120589

Y010913,
Y010916

Description

Mouse monoclonal
Mouse monoclonal
Mouse monoclonal
Mouse monoclonal
Mouse monoclonal

Rabbit polyclonal
Rabbit polyclonal

Goat polyclonal

Rabbit monoclonal

Rabbit polyclonal

Anti-human

Targeted part of the protein

N-terminal extracellular domain of human FSHR
N-terminal extracellular domain of human FSHR
N-terminal extracellular domain of human FSHR
N-terminal extracellular domain of human FSHR

Recombinant full length protein corresponding
to human FSHR

N-terminal extracellular domain of human FSHR
Reised against amino acids 1-190 of human
FSHR

Raised against a peptide mapping near the
N-terminus of human FSHR

Synthetic peptide from human FSHR. (AA
Range: 278-327)

Two different peptides of the hFSHR
extracellular domain (2a295-332)

Producer

Commercially unavailable
Commercially unavailable
Commercially unavailable
ATCC

Abcam

LifeSpan BioSciences
Santa Gruz Biotechnology

Santa Gruz Biotechnology
Chemicon
Zymed

Lifespan Biosclences

Commercially unavailable
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Type of tissue/tumor (n = number of
samples analyzed)

HUVECs and umbilical cord
HUVECs and umbiical cord

Placenta, uterus
Mouse placentas
Myormetrium (7 = 5)

Myometrium (n = 3)

Endometrium

Endometrium (1 = 12)

Endometrium (n = 7-8)

Endometriosis (1 = 122) including Ovarian
endometrioma—OE (1 = 70)
Recto-vaginal endometriotic nodules
-RVEN (1 = 52)

Control endometrium (1 = 30)

Endometriosis (1 = 194)

Endometriosis (1 = 38)

Bone (n = 6-18 mice per group)

Bone (hurman and mouse osteoclasts and
mesenchymal stem cells); RAW264.7 and
RAW-C3 cells

Bone (5 mice per group)

Adipose tissue (n = 4 mice per group);
adipocytes derived from mesenchymal
stem cells (MSC-ad); 3T3.L1 cells
Adipose tissue from human and mouse
(10 mice per group); 3T3.L1 cells

Prostate cancer and prostate cancer cell
lines: PC-3 and DU145

Prostate cancer (n = 30), BPH (n = 15),
normal prostate (n = 13). Prostate cancer
celllines PC-3 and LNGaP

Prostate (n = 773), breast (n = 112), colon
(0= 15), pancreas (n = 67), bladder and
Kidney (n = 77), lung (0 = 1), ver (n =
15), stomach (1 = 6), testis ( = 8), ovary
(=6

Kidney cancer (n = 50)

Primary tumors and metastases: prostate
(n=76), lung (n = 46), breast (1 = 42)
colon (n = 34), kidney (n = 5)

Breast cancer (n = 83)
Ovarian tumors (EOC, n = 156)

Ovarian tumors (EOC, n = 163)

Ovarian cancer—in vitro study

Ovarian cancer (n = 77)

Primary rhabdomyosarcoma (n = 58)
Neuroendocrine tumors (0 = 14)

Pancreatic neuroendocrine tumors (n =
30)

Thyroid neoplasms (1 = 44)
Thyroid neoplasms (1 = 36)
Thyroid neoplasms (1 = 312)

Pituitary adenomas (1 = 42)
Pituitary adenomas (1 = 28)
Adrenal tumors (n = 36)

Soft tissue sarcomas (n = 335, 11
subtypes)

FSHR expression detection method

IHC—FSHR323 Ab, RT-PCR, functional
analysis

IHG—FSHR323 Ab, RNAscope hybridization,
RT-PCR (TagMar) and functional analysis

IHC FSHR323 Ab
IHC—FSHR323 Ab; functional studies
IHC—FSHR323 Ab; gPCR; functional analysis

IHC—FSHR323 Ab; RT-PCR

IHC—FSHR323 Ab

IHC —anti-FSHR Ab (Santa Cruz
Biotechnology—SCBY:
RT-PCR; functional analysis

IHC—anti-FSHR (Chemicon) RT-PCR

IHC—FSHR323 Ab; RNAscope hybridization;
RT-PCR; functional analysis

IHC—FSHR323 Ab

IHC—FSHRB23 Ab; GPCR; functional analysis

RT-PCR; functional analysis

ICC—anti- FSHR (Zymed); WB; RT-PCR;
functional analysis.

NIR-1limaging of Fshr in vivo; functional
analysis

IHC —anti-Fr Ab (LS-A4004); functional analysis

IHC—FSHR (Abcam); WB; RT-PCR; functional
analysis

IHC, WB, Flow cytometry, and functional
analysis

RT-PCR, IHC, and functional analysis

IHC—FSHR323 Ab, FSHR190 Ab, FSHR225;
FISH—NA

IHC—FSHR323 Ab
IHC—FSHR323 Ab

IHC—FSHR323 Ab
IHC, Ab NA

IHC, Ab NA

Functional studies on HO8910 and HEY cell
lines

IHC, FSHR18 Ab, WB, FSHR18 Ab, GPCR,
TagMan FSHR probe

RT-PCR; functional analysis in vitro
IHC—FSHR (sc-13936), SCB

IHC, IF and WB with FSHR (H-190), FSHR
(N-20), FSHR (N-20) Ab from SCB.

IHC—FSHR (sc-13935) SCB
IHC—FSHR (sc-13935) SCB
IHC, Ab NA

IHC—FSHR (sc-13935) SCB
IHC—FSHR (sc-13935) SCB

IHC FSHR323

FSHR localization

HUVEGs, umbilical cord vessel smooth muscle cells,
Wharton's elly.

No FSHR transcripts in FSHR-positive UC vessels
detected by FSHR323 Ab.

Endotheiial cells.

Placental cells, endothelial cells.

Non-pregnant and pregnant term non-laboring
myometrium.

Endothelial cells of myometrial vessels and arterial
smooth muscle, weak in myometrial muscle fibers of the
non-pregnant myometrium. Strong in the endothelial
cells, arterial smooth muscle and muscle fibers in
pregnant myometrium.

Decidual layer of the pregnant uterus and in
non-pregnant endometrium in glandular epithelium and
stromal cells of prolfferative and secretive phase.

Endometrial gland cells throughout the glandular
epithelium.

Epithelial and stromal cells in both endometrium phases.

Glandular epithelium and stromal cells of the secretory
eendometrium and RVEN.

Endothelial cells, endometriotic glandular epithelial cells
and endometriotic stromal cells.

Epithelial and stromal cells of endometriotic lesions,
endometrial blood vessels of ectopic endometriotic
tissues.

No Fshr expression was detected in long bone or in
isolated cultured mouse osteoblast or osteoclast.

Membrane of osteoclast precursors and mature
osteoclasts.

Mouse bones in vivo.

Inguinal and visceral of white adipose and brown
adipose tissue.

Cell membrane of adipocytes.

FSH and FSHR expression in prostate cancer cells, PC-3
and DU-145 cell lines.

High FSHR expression in prostate cancer cells. Lower
FSHR expression in hyperplastic benign prostate and
normal prostate.

High clear FSHR expression in TVEGs. No expression in
normal and inflammatory tissues.

TVECs

TVECs

FSHR s expressed in ovarian tumors (64.3% analyzed
samples).

Her-2 can be a negative prognosticator only in FSHR
negative EOC cases.

FSH induced the epithelial-mesenchymal transition of
ovarian cancer cels through the FSHR-PISK/Akt-Snail
signaling pathway.

Gynecologic malignancies of different histological types,
but not in non-ovarian healthy tissues.

Rhabdomyosarcoma cel lines and primary lesions.
50% of TVECs and majority of tumor cells.
Neoplastic cells but no expression in TVECs.

Cancer cells and TVECs.
Cancer cells and TVECs.

Normal and neoplastic thyroid epithelial cels except
undifferentiated carcinoma.

Adenoma cells and TVECs.
Adenoma cells and TVECs.

TVECs and tumor cells.

IHC, immunohistochemistry; NA, not applicable; UC, umbilical cord: TVECS, tumor vessel endothelial cells.
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SNP Location Risk for PCOS Effect Ethnicity References

FOLLICLE-STIMULATING HORMONE RECEPTOR (FSHR)

FSHR 156165 Similar Not reported Chinese @1)
156166 Similar Not reported

FSHR 156165 Similar No effect Chinese ©2)
156166 Similar Higher FSH and lower Ep

FSHR 156165 Similar Higher FSH and Prl Chinese ©3)
156166 Similar Higher FSH and Prl

FSHR 156165 Similar Not reported Korean @n
156166 Increased Not reported

FSHR 156165 Increased No effects on FSH, ovarian or metabolic markers Korean ©8)
156166 Increased No effects on FSH, ovarian or metabolic markers

FSHR 156165 Similar No effect Japanese ©9)
156166 Increased Reduced FSH sensitivity

Lower E levels at OPU

FSHR 156165 Similar Not reported Pakistani (30)
156166 Increased Not reported

FSHR 156165 Similar Not reported Thai @1)
156166 Similar Not reported

FSHR 16165 Similar No effect European ©@2)
156166 Increased Higher FSH levels

FSHR 156165 Similar No effect European (19)
156166 Increased Higher FSH levels

FSHR 156165 Similar No effect European (39)
156166 Increased Higher FSH and LH and Testosterone levels

FSHR 156165 Similar No effect European (0)
156166 Increased Higher FSH levels

FSHR 156165 Similar Not Reported European @4
16166 Similar Not Reported

FSHR 156165 Similar No effect Turkish 33)
156166 Similar No effect

FSHR 157562215 Increased Not reported Caucasian (@5)
1510495960 Increased Not reported
152956355 Increased Not reported
157562879 Increased Not reported
1513405728 Increased Not reported

FSHR 152268361 Increased Lower FSH serum levels Caucasian (@6)

FSHR 1511602782 Decreased Not reported Arab (@8)

FSHR 152268361 Not reported More PCOM Chinese (40)
152349415 Not reported Different levels of FSH, Ep and SHBG

Different levels of SHBG

FSHR 16165 Similar No differences in Ol outcome Caucasian 1)
156166 Similar No differences in Ol outcome

FSHR 156165 Similar No differences in Ol outcome Gaucasian (“2)
156166 Similar No differences in Ol outcome

FSHR 156165 Increased Higher ovarian responsiveness in Ol Caucasian @3)
156166 Similar Similar ovarian responsiveness in Ol

FSHR 156165 Similar Not reported Chinese ©5)
156166 Similar Not reported (Meta-analysis)

FSHR 156165 Similar Not reported Chinese (26)
156166 Decreased Not reported (Meta-analysis)

FSHR 152268361 and Increased Not reported Caucasians and (15)
152349415 Increased Not reported Chinese

(Meta-analysis)
FOLLICLE-STIMULATING HORMONE 8 CHAIN POLYMORPHISMS (FSHB)

FSHB TtoCtmansionat  Increased in Obese  Higher FSH levels in Accl cariers and No Chinese (44)
codon 76 (Acc)) PCOS women deifferences in E» and LH values

FSHB 1511031010 Increased Higher LH serum levels Chinese (10)

LUTEINIZING HORMONE- AND HUMAN CHORIOGONADOTROPHIN-RECEPTOR (LHCG) POLYMORPHISMS

LHCGR 17371084 Increased Not reported Arab @8
154953616 Increased

LHCGR 1513405728 Increased higher serum level of testosterone, triglycerides and  Chinese (45)

low-density lipoproteins
LHCGR 1513405728 Similar Not reported Caucasians 5)

1s7562879 Increased Not reported





OPS/images/fendo-10-00136/crossmark.jpg
©

2

i

|





OPS/images/fendo-10-00136/fendo-10-00136-g001.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		FOLLICLE-STIMULATING HORMONE: FERTILITY AND BEYOND



		Editorial: Follicle-Stimulating Hormone: Fertility and Beyond



		Structure-function relationships of FSH and FSHR



		Mechanism of Action of FSH



		Physiological and Therapeutic Effects of FSH



		Genetics of FSH Action and Pharmacogenetics



		FSH and FSH Analogs for Therapy



		Extragonadal effects of FSH



		Concluding Remarks



		Author Contributions



		Acknowledgments









		The Development of Gonadotropins for Clinical Use in the Treatment of Infertility



		Introduction



		Human Chorionic Gonadotropin



		Clinical Use









		Animal Pituitary Gonadotropins



		Cadaveric Human Pituitary Gonadotropins



		Human Menopausal Gonadotropin



		Clinical Use









		Recombinant Gonadotropins



		Follicle-Stimulating Hormone



		Follitropin Alfa and Follitropin Beta



		Follitropin Delta



		Follitropin Epsilon



		Corifollitropin Alfa



		Differences Between Recombinant and Urinary Follicle-Stimulating Hormone Preparations



		r-hFSH for the Treatment of Male Infertility



		Human Chorionic Gonadotropin



		Luteinizing Hormone









		Oral Gonadotropins



		Injection Devices



		Conclusions



		Author Contributions



		Acknowledgments



		Abbreviations



		References









		In Vivo and In Vitro Impact of Carbohydrate Variation on Human Follicle-Stimulating Hormone Function



		Structural Attributes of Follicle-Stimulating Hormone (FSH) and its Subunits



		FSH Glycosylation Heterogeneity



		Impact of FSH Glycosylation Heterogeneity on Cognate Receptor Binding



		FSHR-mediated Signaling in vitro and in vivo



		Genetic Models to Study the Physiology of FSH Glycoforms



		Fshb knockout mice



		Evaluation of FSH15 in Fshb null mice









		Summary of Integrated Results



		Implementation of glycoforms in ART/IVF



		Implementation of FSH glycoforms to preserve bone









		Author Contributions



		Funding



		References









		Hormonal Regulation of Follicle-Stimulating Hormone Glycosylation in Males



		Introduction



		Changes in FSH Glycosylation During Male Sexual Development



		Studies in Experimental Models



		Studies in Humans









		Hormonal Regulation of FSH Glycosylation in the Male



		Studies in Experimental Models



		Studies in Humans









		Endocrine Regulation of Pituitary Sialyltransferase Expression



		Biological Effects of FSH Glycosylation on Sertoli Cell Endocrine Activity



		Concluding Remarks and Future Directions



		Author Contributions



		Funding



		References









		Molecular Mechanisms of Action of FSH



		Introduction



		FSHR Interaction With Membrane Receptors



		Intracellular FSHR Signal Transducing Partners



		Activation of the cAMP/PKA Steroidogenic Pathway



		Roles of cAMP-dependent PKA Activation



		Regulation of Proliferative and pro-apoptotic Signals



		Pro- and anti-apoptotic Pathways are Activated Simultaneously



		PKC and Calcium ion Signaling



		The pAKT anti-apoptotic Pathway



		Conclusions



		Author Contributions



		Acknowledgments



		References









		Role of Follicle-Stimulating Hormone in Spermatogenesis



		Introduction



		General Principles of Regulation of Spermatogenesis



		FSH is an Important Regulator of Sertoli Cell Proliferation



		FSH Supports Spermatogenesis Quantitatively in Rodents



		The Conundrum of the Role of FSH Deficiency in Human Spermatogenesis



		Excessive FSH Action has Minor Influence on Testis Development and Function



		FSH Regulates Genes Involved in Proliferation, Structure, and Function of Sertoli Cells



		High Intratesticular T Concentration may not be Essential for Complete Spermatogenesis



		LH/T Regulation of Spermatogenesis can be Replaced by Strong FSHR Activation



		Summary and Clinical Implications



		Author Contributions



		Funding



		Abbreviations



		References









		Effects of FSH on Sperm DNA Fragmentation: Review of Clinical Studies and Possible Mechanisms of Action



		Introduction



		Sperm DNA Fragmentation (sDF)



		Effect of Treatment With FSH on sDF Levels









		Conclusion



		Author Contributions



		Funding



		References









		Gain–of–Function Genetic Models to Study FSH Action



		Introduction



		GOF Mouse Models for FSH



		Expression of Human FSHB in vivo



		Gonadal Steroid Regulation of HFSHB



		GnRH-Independent Androgen Inhibition of HFSHB Transgene



		Use of HFSHB Transgenes to Achieve Genetic Rescue of Fshb Null Mice



		Ectopic Overexpression of HFSH Dimer in Transgenic Mice



		Ectopic Expression of FSH in hpg Mice



		Rerouting of FSH Into the LH Secretion Pathway



		Expression of a Transgene Encoding the Non-glycosylated Human FSHβ Subunit



		Expression of FSH in the Mammary Gland



		Expression of Porcine FSH in Mice



		Expression of Transgenic Porcine FSH in Large White Boars



		Inhibin Knock Out Mouse Model



		FSH Receptor Gain of Function









		Conclusions and Future Directions



		Author Contributions



		Funding



		Acknowledgments



		Abbreviations



		References









		Modulation of Gonadotropins Activity by Antibodies



		Introduction



		Structure and Function of Gonadotropins



		Antibodies Modulating the Activity of Chorionic Gonadotropins



		Antibodies Modulating the Activity of eCG



		Antibodies Modulating the Activity of Human Chorionic Gonadotropin (hCG)









		Antibodies Modulating the Activity of FSH or LH



		FSH and/or LH Neutralization With Antibodies



		Antibodies Potentiating the Activity of FSH









		Anti-Gonadotropin Antibodies as Therapeutic Agents



		Therapeutic Antibodies in General



		Therapeutics Involving Anti-gonadotropin Antibodies



		Other Potential Therapeutic Antibodies









		Conclusion



		Author Contributions



		References









		Glycosylation Pattern and in vitro Bioactivity of Reference Follitropin alfa and Biosimilars



		Introduction



		Materials and Methods



		Follitropin Alfa Reference Preparation (Gonal-f®) and Biosimilars



		Silver Staining and Western Blotting Analysis



		Lectin ELISA Assay and Glycopeptide Mapping



		Cell Culture and Transfection



		BRET Measurement of cAMP Production, and β-arrestin Recruitment and Intracellular Ca2+ Increase



		Evaluation of ERK1/2 and CREB Phosphorylation



		Gene Expression Analysis



		Steroid Hormone Stimulation Protocol and Measurement



		Statistical Analysis









		Results



		Western Blotting and Silver Staining Analysis



		Reference Follitropin Alfa and Biosimilar Reactivity to Lectins



		Evaluation of Intracellular cAMP Increase and β-Arrestin 2 Recruitment



		Analysis of pERK1/2 and pCREB Activation



		STARD1 and CYP19A1 Gene Expression Analysis



		Steroid Synthesis Analysis



		Intracellular Ca2+ Increase









		Discussion



		Conclusions



		Data Availability



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		References









		Structure-Function Relationships of the Follicle-Stimulating Hormone Receptor



		Introduction



		Domains and Motifs Involved in Fshr Upward Trafficking



		Dimerization and Upward Trafficking









		FSHR Domains Involved in Ligand Binding and Receptor Activation



		The Extracellular Domain (ECD) and Ligand Binding



		The 7TMD and Receptor Activation









		FSHR Domains AND Signal Transduction



		FSHR Domains Involved in Internalization AND Post-Endocytic Processing



		Conclusions



		Author Contributions



		Funding



		Acknowledgments



		Footnotes



		References









		FSHR Trans-Activation and Oligomerization



		Introduction



		GPCRs Oligomerization



		GPCRs Trans-Activation



		FSHR Trans-activation









		FSHR Biased Signaling



		FSHR Oligomerization



		FSHR/LHCGR Heteromerization



		Methods to Investigate the Oligomerization of FSHR









		Conclusions



		Author Contributions



		Funding



		References









		Intracellular Follicle-Stimulating Hormone Receptor Trafficking and Signaling



		Introduction



		Classical Regulation of FSHR Signaling Pathways



		Pleiotropic G Protein Signal Profiles of FSHR



		Arrestin-Dependent Desensitization, Internalization and Signaling



		Post-endocytic Intracellular Trafficking Pathways of FSHR









		Post-Endocytic Sorting and Endosomal Signaling of FSHR From A Novel Compartment; The Very Early Endosome (VEE)



		Discovery of the VEE; A Tale of Serendipity



		The Role of APPL1 in FSHR and VEE Function









		Outstanding Questions and Future Perspectives



		Author Contributions



		Acknowledgments



		Abbreviations



		References









		Biased Signaling and Allosteric Modulation at the FSHR



		Introduction



		Structure of the FSHR



		FSHR Coupling to G Proteins



		FSHR Coupling to β-arrestin



		FSHR Interaction With Other Partners



		Trafficking and Endosomal Signaling



		Biased Signaling and Its Quantification



		Biased Signaling at the FSHR



		Small Molecule Ligands



		Glycosylation Variants



		Antibody



		Single Nucleotide Polymorphisms and Mutations









		Conclusions



		Author Contributions



		Funding



		References









		Small Molecule Follicle-Stimulating Hormone Receptor Agonists and Antagonists



		Introduction



		FSHR Agonists



		Thiazolidinones



		Diketopiperazines



		Hexahydroquinolines



		Thienopyrimidines



		Agonists With Undisclosed Scaffolds/Other Scaffolds









		FSHR Antagonists



		Sulfonic Acid



		(Bis)Sulfonic Acid, (Bis)Benzamides



		Tetrahydroquinolines



		Benzamide Derivatives



		Other FSHR Antagonists









		Concluding Remarks and Future Perspectives



		Author Contributions



		Funding



		References









		Clinical Use of FSH in Male Infertility



		Introduction



		FSH therapy for Male Infertility in Patients With Hypogonadotropic Hypogonadism



		Early Experience With hMG in Combination With hCG Therapy



		Clinical Studies With hMG in Combination With hCG Therapy



		Factors Influencing the Efficacy of Treatment



		Clinical Studies With Recombinant or Urinary FSH in Combination With hCG Therapy



		Common Dosing Schemes



		FSH in Combination With Recombinant hCG or LH



		Long-Acting FSH Preparations









		FSH Therapy in Normogonadotropic men With Idiopathic Infertility



		Early Non-randomized Studies



		Placebo-Controlled Randomized Studies



		Meta-Analysis of Controlled Studies



		Effect Size of FSH Therapy on Pregnancy Rate



		Selecting the Right Normogonadotropic Patient for FSH Therapy



		FSH Therapy in Patients With Failed TESE









		Perspectives



		Author Contributions



		References









		Individualization of FSH Doses in Assisted Reproduction: Facts and Fiction



		Introduction



		The “ART” of Assisted Reproduction



		Folliculogenesis



		Pharmacokinetics: FSH Levels



		Pharmacodynamics: FSH Dosage and Number of Oocytes









		Ovarian Response



		Response Categories



		Factors That Predict Ovarian Response



		Factors That Predict Success









		The Role of FSH Dosage in Optimizing Outcome



		What Is the Normal FSH Dosage?



		Is There a Best FSH Preparation?



		Higher Dosages in Predicted Low Responders



		Lower Dosages in Predicted High Responders



		ORT-Based Individualization Studies









		Summarizing Conclusions



		Author Contributions



		References









		Pharmacogenetics of FSH Action in the Male



		Background



		Follicle-Stimulating Hormone Action in Sertoli Cells



		Follicle-Stimulating Hormone Signal Transduction









		Genetics of Follicle-Stimulating Hormone/Follicle-Stimulating Hormone Receptor



		The Follicle-Stimulating Hormone Beta (FSHB) Subunit Gene



		The Follicle-Stimulating Hormone Receptor (FSHR) Gene



		The Impact of FSHB/FSHR SNPs on Endocrine Function and Spermatogenesis



		Clinical Impact of FSHB/FSHR SNPs on Spermatogenesis









		Clinical Impact of FSH in Infertile Men



		Clinical Studies in Infertile Men Using FSH Current Status



		State of the Art of Pharmacogenetic FSH Studies in Men









		Considerations for Future FSH-based Pharmacogenetic Studies in Infertile Men



		Author Contributions



		Funding



		Acknowledgments



		References









		Pharmacogenetics of FSH Action in the Female



		Introduction



		Methods



		Genetic Variants of FSH Beta Subunit



		Genetic Variants of FSH Receptor



		Is There Need for a Pharmacogenomic Approach in ART?









		Conclusion



		Author Contributions



		References









		Follicle Stimulating Hormone Receptor (FSHR) Polymorphisms and Polycystic Ovary Syndrome (PCOS)



		Introduction



		Genetics of PCOS



		FSHR Polymorphisms



		FSH Receptor Polymorphisms and PCOS



		FSHR Polymorphisms and PCOS Susceptibility



		FSHR Polymorphisms and Clinical Features of PCOS









		FSH Receptor Polymorphisms and Treatment Outcome in PCOS



		Other Genetic Variants Gonadotrophic Regulation that Might be Associated With PCOS



		FSH-β Gene Polymorphisms



		LHCG-Receptor Polymorphisms









		Summary



		Author Contributions



		References









		FSH Beyond Fertility



		Introduction



		The Role of FSH in Reproduction



		Epidemiologic and Clinical Data Supporting FSH Action on Bone



		Mechanistic Studies on FSH Action on Bone



		Epidemiologic and Clinical Data Supporting an Action of FSH on Body Composition



		FSH Action on Body Fat in Mice



		FSH Action on Cardiovascular System



		FSH Action in Oncogenesis









		Conclusion



		Author Contributions



		Funding



		Acknowledgments



		References









		Extragonadal FSHR Expression and Function—Is It Real?



		Introduction



		Discrepancy Between FSHR mRNA and Protein Expression Levels



		Anti-FSHR Antibodies



		FSHR in Normal Extragonadal Tissues



		Placenta, Umbilical Cord Vessels, and Human Umbilical Vein Endothelial Cells (HUVECs)



		Uterus (Endometrium and Myometrium)



		Adipose Tissue/Obesity



		Bone Mass/Osteoporosis



		Endometriosis



		FSHR in Cancer and Tumor Vessel Endothelial Cells (TVECs)



		Proposals to Improve the Quality of FSHR Localization—Validation of Anti-FSHR Antibodies



		In vivo and in vitro Models to Study Extragonadal FSH Action



		Gender Differences Putatively Affecting the Extragonadal FSHR Expression



		Conclusions



		Author Contributions



		Funding



		References























OPS/images/fendo-10-00429/fendo-10-00429-g001.gif





OPS/images/fendo-09-00757/crossmark.jpg
©

2

i

|





OPS/images/fendo-10-00429/fendo-10-00429-t001.jpg
Mean value Follitropin alfa
Cmax 31U

tmax () 16
Bioavailabilty (%) 74

tr28 () 37

CL(Uh) 06°

Follitropin beta

8IuL
12

v

40° (M)
0014

Follitropin delta

a

10
64
40
06

2Value not reported but specified as being 1.4-fold higher than that of folitropin aifa (GONAL-f.

bMeasured after intramuscular administration.
“Measured after itravenous administration.
9Units are Vh/kg.

CL, clearance; Cynax, maximum plasma concentration; h, hours; ty/2;, terminal elimination half-lie; ta, time to Ca.

Follitropin epsilon

5.21UL
22

29

Corifollitropin alfa

42 ng/mL
44

58

70

0.13





OPS/images/fendo-09-00757/fendo-09-00757-g001.gif





OPS/images/fendo-10-00610/crossmark.jpg
©

2

i

|





OPS/images/fendo-10-00429/crossmark.jpg
©

2

i

|





OPS/images/fendo-09-00216/fendo-09-00216-g002.jpg





OPS/images/fendo-10-00148/fendo-10-00148-g004.gif





OPS/images/fendo-09-00216/fendo-09-00216-g003.jpg
A 3 & 8 ¢ ¥ 8 % n 12 13 |s1s|7‘ar|nzo1zzmyaas 2
- ¥ d otrsn| 1 b klb‘ . LE [k ok RO
s | | Wl Ve | b NE | 2| W [LE( L] g ug !{,‘# RO
e Peivl || o 5|5 LB R
72| e A O G A
y- M | L '1‘ 3 L(L TR P P P AR A A

71571

z b ENEIE
i ‘x adudid Y b

c 29 % 31 32 83 3
o 11
o o R
Roeeon| 7| 5| 1| W
o w‘va‘»h‘v i
o | o

D
e
Vs |8k i i
Rowsn Ak g A
o |4 3] oy
e || i

L
hFSHA






OPS/images/fendo-10-00148/math_1.gif
Alog(t/K,) =1og(T/ K, )ygman ~108(T /K, Dtgwar





OPS/images/fendo-10-00429/fendo-10-00429-t002.jpg
Mean value -hCG r-hLH

Bioavailabilty (%) 40 60
ti/2p () 30 ~10-12
CL (Un) 022 2

“Measured after intravenous administration.
CL, clearance, Cmax, maximum plasma concentration; h, hours; t2p, terminal elimination
half-life; tmax, time o Crmax.





OPS/images/fendo-10-00148/math_2.gif
AMog(T/ K, ) = Alog(T /K, )pen ~L108(T /K, pnga





OPS/images/fendo-09-00216/fendo-09-00216-g001.jpg





OPS/images/fendo-10-00148/math_3.gif
bias = 1p4ebelfa)





OPS/images/fendo-10-00148/crossmark.jpg
©

2

i

|





OPS/images/fendo-10-00148/fendo-10-00148-g001.gif





OPS/images/fendo-10-00148/fendo-10-00148-g002.gif





OPS/images/fendo-10-00148/fendo-10-00148-g003.gif





OPS/images/Manuela_Simoni_-_Bernini,_S._Giuseppe_con_il_Bambino._Ariccia,_Palazzo_Chigi,_Cappella_(1).jpg





OPS/images/fendo-10-00047/fendo-10-00047-g002.gif





OPS/images/fendo-10-00181/fendo-10-00181-g002.gif





OPS/images/fendo-10-00181/fendo-10-00181-g003.gif
i S

== ceasen






OPS/images/fendo-10-00047/crossmark.jpg
©

2

i

|





OPS/images/fendo-10-00047/fendo-10-00047-g001.gif





OPS/images/fendo-10-00322/crossmark.jpg
©

2

i

|





OPS/images/fendo-10-00322/fendo-10-00322-t001.jpg
Inclusion criterion Number of patients treated  Number of patients treated  Odds ratio [95% confidence interval] Reference of the

with FSH* with placebo or untreated for spontaneous pregnancy rate* meta-analysis
Randormized controlled 201 211 4.94[2.18-11.44) @9)
clinical trials
Controlied clinical trials 384 308 450 [2.17-9.33] (@0)

*In one clinical tralincluded in each meta-analysis (n = 19 patients in verum and n = 20 patients in control group) hMG + hCG injections were given instead of puriid or recombinant
FSH. #Test for overall effect: Z = 3.72 (P = 0.00020) (39) and Z = 4.04 (P < 0.0001) (40)






OPS/images/fendo-10-00181/crossmark.jpg
©

2

i

|





OPS/images/fendo-10-00181/fendo-10-00181-g001.gif
sn

L goindasy Tdws g 14days N






OPS/images/fendo-09-00757/fendo-09-00757-g002.gif
FSHR antagonists FSHR agonists

5 Thazoiinone

(Compound’)

oY

Napthtene slonicacd
(compownd 1)

Hoatyonuinotine
(o 2141420)
Suramin
sennamide 3 Thienopyinidine
(noxe1e23) o353
Tetohytroquinoine
3 (Compound 0]





OPS/images/fendo-09-00707/crossmark.jpg
©

2

i

|





OPS/images/fendo-09-00707/fendo-09-00707-g001.gif
Hinge region

Extracellular

Intracellular





OPS/images/fendo-09-00707/fendo-09-00707-g002.gif





OPS/images/fendo-09-00707/fendo-09-00707-g003.gif
AL





OPS/images/fendo-10-00503/fendo-10-00503-t003.jpg
Glycosylation Sialylation

site indexes
Asns2 S-extent (%)
S-index
Asn78 S-extent (%)
Seindex
Asn7 S-extent (%)
S-index
Asn24 S-extent (%)
Seindex

aMann-Whitney's U-test.

Gonal-f®

(means £ SEM) (means  SEM)

96.0 + 0.1
20+£00
85003
1.8+ 00
913 +02
29+£00
88.0 0.2
1900

Ovaleap®

975+ 0.2
20+£00
90.1 £ 0.2
19+ 00
954+ 04
30+£00
92307
20+ 00

po

>0.999

0.400

0.100

0.100





OPS/images/fendo-10-00503/fendo-10-00503-t004.jpg
Glycosylation Sialic acid
site

Asn52 NANA
NGNA

O-Acetylated
NANA

Asn78 NANA
NGNA

O-Acetylated
NANA

Asn7 NANA
NGNA

O-Acetylated
NANA

Asn24 NANA
NGNA

O-Acetylated
NANA

aKolmogorov-Smirmov test.

Gonal-f®

(means  SEM) (means & SEM)

973 +0.1
02+£0.1
25+0.1

95.0 £ 0.3
0.0 +£0.0
50+£03

976 + 0.4
0.0 +00
25404

928 03
02+£0.1
70+04

Ovaleap®

940+ 0.1
42+03
18+03

899 £ 0.2
44402
58+ 04

95.4 + 0.5
29402
17406

902 0.5
36+0.1
6204

p?

>0.999

>0.999

>0.999

>0.999





OPS/images/fendo-10-00503/fendo-10-00503-t005.jpg
Preparation ECso cAMP p?  ECgparrestin2  p?

(ng/ml; means + SEM; (ng/ml; means + SEM;
n=14) n=4
Gonal-{® 12925 0561 278.6+56.9 0223
Ovaleap® 147 £39 140.7 £ 42.6
Bemfola® 242460 234.957.2

2Kpuskal-Wallis test.





OPS/images/fendo-10-00503/fendo-10-00503-t006.jpg
Preparation

8h
Gonal-®
Ovaleap®
Bemfola®
24h
Gonal-f®
Ovaleap®
Bemfola®

aKruskal-Wallis test.

Progesterone

16+03
109+£37
44£15

154 +£565
57412
73420

0.285

0.799

Estradiol

10344
56+19
71+£26

33+10
25+08
34+10

0.899

0.803





OPS/images/fendo-10-00503/fendo-10-00503-t001.jpg
Lectins

MAA
SNA
Jacalin
Ricin
DSA
PHA-E
WGA

Gonal-f®

Absorbance (nm; means + SEM*103)

74+ 10
—2%1
-1£8
120£3
2650+ 8
1300 + 30
100+£7

aKruskal Wallis test and Dunn’s post-test.

Ovaleap®

Absorbance (nm; means + SEM*103)

56 % 1
-85+ 1
-9+4
70£2
370 + 13
1350 + 40
50+ 5

Bemfola®

Absorbance (nm; means + SEM*103)

60 £ 6
—-40+ 1
—17+2
180 + 2
460+ 8
1300 + 30
803

0.236
0.236
0.749
<0.0001
0.001
0814
0.809





OPS/images/fendo-10-00503/fendo-10-00503-t002.jpg
Glycosylation Antennarity Gonal-f® Ovaleap® I

distribution (means & SEM) (means  SEM)

Asn52 Di-antennary 885+ 05 90.6 +£ 0.9 >0.999
Tri-antennary 1.0+ 06 9107
Tetra-antennary 0.4 0.1 0502
Aclndex 2100 2100

Asn78 Di-antennary 915£04 98005 >0999
Tri-antennary 8304 69+02
Tetra-antennary 020.1 0201
Aclndex 2100 2100

Asn? Di-antennary 10.7 £ 0.4 6006 >0999
Tri-antennary 665+ 1.1 782+ 17
Tetra-antennary 193£09 17317
One Repeat 3304 34+05
containing
Aclndex 3200 32+00

Asn24 Mono-antennary 0.4£0.1 03£00 >0999
Di-antennary 875£07 83012
Tr-antennary 77404 105+ 03
Tetra-antennary 45+£03 61+12
One Repeat 0.1£00 0300
containing
Aclndex 2200 2200

Kolmogorov-Smirmov test.





OPS/images/back-cover.jpg
Advantages
of publishing
in Frontiers






OPS/images/fendo-09-00653/crossmark.jpg
©

2

i

|





OPS/images/fendo-09-00653/fendo-09-00653-g001.gif
uﬁ?‘

e —
e

Atestin dependent signling.






OPS/images/fendo-09-00653/fendo-09-00653-g002.gif
2 3
w‘d
e
e

K

]
/

I "{” ¥.%
é'@%" )
(] ' ) @;





OPS/images/fendo-09-00760/fendo-09-00760-g001.gif
lﬁlﬂﬁ S






OPS/images/fendo-09-00760/fendo-09-00760-g002.gif





OPS/images/fendo-09-00760/fendo-09-00760-g003.gif





OPS/images/fendo-09-00760/fendo-09-00760-g004.gif
o

FSH W
FSHR  LHCGR






OPS/images/fendo-09-00707/fendo-09-00707-g004.gif
L
i

RMSF /A






OPS/images/fendo-09-00707/fendo-09-00707-g005.gif





OPS/images/fendo-09-00760/crossmark.jpg
©

2

i

|





OPS/images/fendo-09-00734/fendo-09-00734-g001.gif
@ - romionotmanaton @

®
[c) @ i @

[ Rye———






OPS/images/fendo-10-00028/crossmark.jpg
©

2

i

|





OPS/images/fendo-09-00763/fendo-09-00763-g002.gif





OPS/images/fendo-09-00763/fendo-09-00763-g003.gif





OPS/images/fendo-09-00763/fendo-09-00763-t001.jpg
Treatment/mouse
model/human condition

Fshb> knockout

Fshr knockout

FSHR null mutation 566CT;
A189V

FSHB missense, frameshift
and truncating mutations

Acvr2a knockout
(stimulation of FSH
prevented)

hpg (gonadotropin-deficient
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40

42
27-100
7-80

40-43

500

124

19
86

Number of
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5

Cannot be measured due to
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17+
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16
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©6)
@7)

(28) and
references therein
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9

(9)

(30)

()]

@1
@1
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Model

10kb hFSH targeted
expression (pituitary)

Promoter/mutation

HFSHB promoter
(Transgenic fine)

Major phenotypes

Both:

 Sexually dimorphic expression

 Gonadectomy resulted i elevated FSH levels in
serum, elevated h/m FSHB mRNA

« Treatment with GnRH increases expression 4
t010- fold, which is suppressed by testosterone/
estradiol

« Truncation of sequences upstream of 5' promoter
region retained expression of hFSHB

« Truncation of poly-A sequences downstream of 8'
stop codon in exon 3 resulted in complete loss of
expression

* Replacement of 3’ poly-A sequences with
heterologous sequence failed to rescue
expression

Males:

* Castration: decreased FSH levels in pitutary

« Castrated + testosterone treatment: suppressed
mRNA content and serum FSH levels (more so
than normal littermates)

« Intact: increased testicular weights in aduts

« Intact: higher serum testosterone levels

Females:

© OVX: increased FSH levels in pituitary

* OVX + E treatment: FSH suppression in pituitary
and serum; MANA suppression

« Intact: normal fertlty litter size/ number of
fertiized embryos

Implications

Model for study of
hFSH regulation

References

(32-35)

Genetic rescue with
10kb hFSH targeted
expression (pituitary);

HFSHB promoter, Fshb null
genetic background,

(Type | rescue; FR-)
(Combination of a
Transgenic and a knockout)

Both:

« Targeted expression of FSH in gonadotropes

Males:

« Fertile; restored testes size and structure/
histology, normal sperm count/motiity

Females:

« Fertile (10/10), normal ltters, corpora lutea (CL) in
rescued ovaries readily apparent

Model to study
effects of pituitary
gonadotrope-
targeted
expression of FSH
on Fshb null
genetic
background

(36,37)

Ectopic FSH (low)

mMT-1 promoter
(mouse Metallothionein-1);
Fshb null background (Type
I rescue, FR-1l)

(Combination of a
Transgenic and a knockout)

Both

« Ectopic expression of FSH

Males:

* Fertile; restored testes size and structure/
histology, normal sperm count/motility

Females:

« Partially fertile (3/10), small litters, small antral
folicles and corpora lutea (CL) in rescued 2/3
females died postpartum

« Thin uteri, folliculogenesis arrested at pre-antral
stage in non-rescued mice

* Weak expressors themselves were fertile and had
no distinguishable phenotypes from normal
littermates

Model to study
effects of
ectopically
expressed FSH

(36)

Ectopic FSH (high)

mMT-1 promoter
(Transgenic fine)

Bo

« Infertile

« Elevated serum steroid hormone levels (i
testosterone, estradiol, progesterone)

Males:

« Enlarged seminal vesicies, normal testicular
size/development

« Increased (epididymal) sperm counts

« Castration reduced seminal vesicles to size similar
to castrated wild-type litermates

Females:

* Large hemorthagic/cystic ovaries

* Fluid-filed translucent ovaries

« Some folicles halted at pre-antral stage, some
developed normally

« Large/cystic kidneys, abnormal kidney
development

« Die 6-13 weeks due to urinary tract obstruction

Model to study
possible role of
FSH (and steroid
hormones) in
human
reproductive
diseases

(24)

FSH genetic rescue

Ovine FSHB (0Fshb)
promoter; Fshb nul
background (Combination
of a Transgenic and a
knockout)

Double N-glycosylation mutant hFSH compared to

WT hFSH

* Low levels in serum (both)

* Readily detectable (mutant) FSH levels in pituitary
as subunit monomer but not as FSH heterodimer

Males:

* Fertile

o Lower testes weights

* No rescue with regard to testes phenotypic
characteristics (tubule diameter, and sperm
counts)

Females:

* Infertile

* No estrus cycles

« Hypoplastic ovaries and uteri

Model to study
possible therapy
for FSH ligand
deficiency

Model to study
role of N-glycans.
onFSH

(36,38)

Ectopic HFSHB T+

Ratinsuiin Il promoter (RIP 1)
(Transgenic line)
(Combination of a
Transgenic and a natural
mutant background)

Botl

* No significant sexual dimorphism in hFSH levels

Males:

« Similar testosterone levels to controls
(non-transgenic hpg)

* No correlation between hFSH and inhibin B levels

* Strong positive correlation between hFSH and
testis size (at high serum hFSH levels)

« Disorganized testes development

* Minimal but incomplete spermatogenesis (no fully
differentiated spermatozoa)

Females:

* No apparent estradiol response to hFSH

* Strong positive correlation between hFSH and
inhibin B levels (similar to WT levels)

« Strong positive correlation between serum hFSH
and ovaries size

« Folicle development to type 7 antral follcles, but
no corpora lutea found

* hpg (Tg+ and non-Tg) body weights lower than
WT controls at 9-11 weeks

« hpg Tg+ ovaries 4x weight increase (compared
to non-Tg)

« Primordial follicle numbers 2 times higher than in
WT and hpg non-Tg controls

« Secondary follicles restored to normal levels
(9-11 wecks)

* Number of total antral folicles restored to normal
levels (9-11 weeks)

* Strong positive correlation between inhibin B and
antral folicle count

« Increased inhibin A expression (compared to
non-Tg)

* Dose dependent increase in bone mass (1pg and
non-hpg)

« Positive correlation between FSH levels and
osteoblast/bone surface area

* Negative correlation between FSH levels and
osteoctast/bone surface area

« Ovariectomy of hpg mice reslted in

- decrease of serum levels of inhibin A and
testosterone

- 47% reduction in bone mass

- uterine weights similar to control in non-hpg Tg
mice

* Uterine weights increased compared to control in
hpg (stil lower than non-hpg)

 No detectable Fshr mRNA in bone cells

« Age-specific deciine i litter production in females
due to increased embryo-fetal resorptions without
affecting the number of ovulations.

Model to stucy
FSH actions alone

(80, 39-41)

FSH re-routed

HFSHB Mut;

on Fshb nul background
(Combination of a
Transgenic and a knockout)

Both:

« Sexually dimorphic expression

« Dense core granule and chaperone proteins
co-localized in pituitary with mutant hFSHp
(similar to LHB)

* Secretion of mutant hFSH increased 2-4 times in
response to GnRH agonist (no significant release
in control mice)

« Lower levels of serum LH in mice expressing
mutant hFSH (comparable Lhb mANA levels to
those in pituitaries of Lhb +/= mice)

Males:

* No specific phenotypes

Females:

 Ovarian and uterine morphology similar between
mutant and wt hFSHB expressing mice

« Aromatase levels restored to normal in mutant
and wt hFSHB expressing mice at 9 weeks (on
Fshb> null background)

* High progesterone levels in mice expressing
mutant FSH

* 6 times more ovulations in mutant FSH
(compared to wt hFSH and normal controls)

« Identical primordial folicle counts across all
groups

« Increased pre-antral folicles, CLs, and folicie size
in mutant hFSH-expressing mice

« Decreased ocourrence of atresia in mutant hFSH-
expressing mice

* Granulosa pro-sunvival as well as FSH and
LH-responsive genes upregulated in mutant
hFSH-expressing mice

* Lhb-null mice not rescued by mutant FSH

Model to study
differences in
secretion patterns
of LH and FSH

©7)

FSH Tg+ in mik

Pig FSH Tg

Rat -casein promoter
(Transgenic line)

Bovine p-casein promoter
(Transgenic line)

Chinese Erhualian Boar
FSHa/B promoter + gene
including long range
cis-regulatory elements.
(Transgenic line)

Males:

« No phenotypes reported

Females:

 Recombinant bovine FSH detected exclusively in
mik

« Larger lumens in mammary glands of
B-casein-hFSH Tg mice than wild type controls.

« hFSH detected in milk fluids and epithelial cells of
Tg mice and not in controls

« Amount of hFSH detected in mik proportional to
transgene copy number

 hFSH increased cAMP levels in hFSH-R
transfected cells with competitive binding
(biologically active)

« Transgenic platelet count 2 times more that of WT
controls.

 26.7% of highest-expressing line displayed both
breast and ovarian granulosa cell tumors with
hemorrhagic cysts

« Mouse FSH and progesterone levels of Tg mice
higher in all phases of estrus cycle than non-Tg
litermates

Males:
* Boars:
TG compared to WT controls:
Serum FSH levels significantly higher
Semen volume, sperm concentration and motiity
similar
Germ cells per seminiferous tubule increased
Comparable body weights throughout growth
No significant differences in gut microflora or
disease markers
Females:
o Mice:
TG compared to WT controls:
* Significant increase in litter number
« Significant increase in CL number (at 14-28
weeks)
« Increased serum levels of endogenous mouse
FSH and estradiol
« Decreased serum levels of LH and testosterone-
« Decreased LH mANA content
* Boars:
TG compared to WT controls
« Higher serum FSH levels
* Higher pituitary FSHB content
« Smaller ltter size
* Comparable body weights
« No significant difference in serum LH and estradiol

Model to study
ectopic expression
of FSHin
mammary glands

Model to study
biological effects
of pig FSH

(42)

(43)

(@4)

49)

(48)

Inhibin-o KO

Inhibin o-subunit gene
deletion
(Knockout)

Both:

* Infertile

* Gonadal stromal tumors

« Increased serum FSH levels

 Die from cachexia-like symptoms

Males:

* Testicular enlargement/ hemorrhage

* Decrease in number of Leydlig cells

« Decreased spermatogenesis proportional to
tumor size

Females:

 Ovarian hemorrhage

 Decreased folliculogenesis proportional to tumor
size

Model to
understand and
study role of
Inhibin/ inhibin-e: in
development as
well as its tumor
suppressor activity
in gonads

(24, 47)

Inhibin-et / FSH double

knockout

Inhibin o-subunit and Fshb
gene deletion (Double
knockout)

Both:

« Delayed body weight loss compared to inhibin
single mutants

* Less severe cachexia in double mutants
compared to mice lacking only inhibin

Males:

* Compared to inhibin single knockouts, double
mutants five longer

* Testicular tumors in double mutants are less
hemorrhagic

Females:

« Compared to inhibin single knockouts, double
mutants live longer

* Ovarian tumors are less aggressive

* Foliculogenesis is not disrupted at early stages
but eventually hemorrhagic ovarian tumors.
develop

Model to study
how FSH acts as a
modifier factor to
regulate gonadal
tumors in the
absence of inhibin

@4

FSHR gain of function

Rat androgen binding
protein promoter (ABF) on
hpg background

(Combination of transgenic
and natural mutation)
ASpS567Gly mutant when
compared to hpg non-Tg
littermates:

TohFSHRW

TgD567G mutant

Constitutively active
FSHR mutants; Human
AMH promoter driving
separately expression of
mFshr D580H o D580Y
CDNA transgenes; or a
D580Y knock-in mouse
Fsr allele

Constitutively active FSHR
on Lhr null background

Males:
* Fertile (on non-hpg background)
« Infertil (on hpg background)

« Testis weights increased nearly 2 times

* Treatment with testosterone resulted in larger
testis

« Testis contained small numbers of both round
and elongated spermatids, mature Sertoli cells

* Increased number of seminiferous tubules
(compared to Tg-FSH group)

« Slight rise in serum and significant rise in
intra-testicular testosterone levels
Compared to non-Tg hpg littermates

« overexpression

« No effect on testis weight/serum testosterone
levels

« No additive effect on testis weight with
testosterone treatment

* No change in expression of steroid synthesis
genes

« No changes in testis structure/cellular
morphology

« Treatment with FSH increased cAMP levels 2
times more, basal levels remained the same.

« No TSH or hCG binding

* 2 times increase in testis weight

« Synergistic effects on testis weight with
testosterone treatment

« Increased expression of steroid synthesis genes

 Later stage spermatogenesis/ post-meiotic
elongated spermatids

« Treatment with FSH increased CAMP levels (40%
as much as TghFSHwt), basal levels increased
two times more

« Binds to TSH and hCG (cAMP levels increased by
40% that of FSH stimulation)

 Transgenic Fshr P58 female mice
demonstrated hemorthagic and cystic ovaries,
loss of immature follicles, increased granulosa cell
proliferation, increased E2 production, unruptured
and luteinized follicles and occasional teratomas

* Most severely affected transgenic Fshr 0580H
female mice, in addition, displayed increased
prolactin levels and mammary gland hyperplasia,
pituitary adenoma formation and adrenal defects

« Transgenic and knock-in Fshr P589Y mice
showed milder ovarian phenotypes with only
hemorthagic cysts
Compared to WT males

* Fertile

« Delayed puberty

« Mating trials had lower frequency of pregnancy
and litter size

* 20 times more of Fshr mRNA

* 40% of serum T levels

* Normal spermatogenesis and testis/seminal
vesicle size

« Treatment with antiandrogen had no effect on
spermatogenesis or testis size (though reduced
seminal vesicle size) while both were arrested in
WT

Females:

« fertile (on non-hpg background)

« No significant differences in ovarian weights
between hpg Tg and non-Tg littermates

Model to study
downstream
pathways involving

(48, 29)

(50)

61)
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