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Gonadotropins regulate reproductive functions by binding to G protein-coupled receptors (FSHR and LHCGR) expressed in the gonads. They activate multiple, cell-specific signalling pathways, consisting of ligand-dependent intracellular events. Signalling cascades may be modulated by synthetic compounds which bind allosteric sites of FSHR and LHCGR or by membrane receptor interactions. Despite the hormone binding to the orthosteric site, allosteric ligands, and receptor heteromerizations may reshape intracellular signalling pattern. These molecules act as positive, negative, or neutral allosteric modulators, as well as non-competitive or inverse agonist ligands, providing a set of new compounds of a different nature and with unique pharmacological characteristics. Gonadotropin receptor allosteric modulation is gathering increasing interest from the scientific community and may be potentially exploited for clinical purposes. This review summarizes the current knowledge on gonadotropin receptor allosteric modulation and their potential, clinical use.
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Activation and allosteric modulation of gonadotropin receptor signalling

Luteinizing hormone (LH), follicle-stimulating hormone (FSH) and human chorionic gonadotropin (hCG) are glycoproteins supporting development and reproductive functions (1, 2). LH and FSH are produced by pituitary in a pulsatile fashion and sustain gametogenesis and the conversion of androgens into estrogens. hCG is the pregnancy hormone produced by trophoblast cells and its main action is to mediate progestational effects. These hormones have a receptor-specific β subunit and a common α subunit, shared with the cognate molecule thyroid-stimulating hormone (TSH). LH/hCG receptor (LHCGR) and follicle-stimulating hormone receptor (FSHR) belong to G protein-coupled receptor (GPCR) superfamily. They have a conserved molecular structure characterized by seven helical transmembrane domain (7TMD) linked to a N-terminal extracellular domain (ECD) and a C-terminal intracellular domain. The ECD and the 7TMD are connected with a hinge region, which plays a fundamental role in receptor activation. Also, the 7TMD has three extracellular and three intracellular loops involved in hormone binding and signal transduction, respectively (3, 4). Hormone binding to the orthosteric site induces a conformational change that provokes the activation of multiple intracellular signalling pathways. The structure of LHCGR bound to hCG and the shift from inactive to active state of the receptor were recently resolved by cryo-electron mycroscopy (cryo-EM). Hormone-receptor binding occurs through electrostatic interactions between the hormone and amino acid residues located on the leucine-rich repeats of the ECD (4). hCG binding to LHCGR implies a “push-and-pull” mechanism involving the ECD and the hinge region, impacting the 7TMD spatial conformation (4). It was observed a similar mechanism of FSHR activation, where FSHβ induces the rotation of ECD by pushing it away from the membrane layer, while the hinge region pulls the complex in the active upright conformation by interacting with the α subunit (5–7). Finally, a highly conserved sulfated tyrosine at the hinge loop is fundamental for ligand binding (7). Since it exists in all glycoprotein hormone receptors, it is plausible that the mechanism of receptor activation is highly conserved. In addition to the orthosteric site, GPCRs have a variety of allosteric binding sites for different ligands (Figure 1), which may be responsible for conformational changes of the tertiary and quaternary protein structures (8, 9). Due to their structural and sequence similarities, glycoprotein hormone receptors were reported to share important allosteric binding pockets located in the top half part of the TMDs (7). Allosteric modulators may bind their own site and modulate the activity of orthosteric ligands modulating the conformational structure of the active receptor (10, 11). Moreover, they may impact binding affinity or modify signaling patterns mediated by natural ligands (12), or activate the receptor in the absence of orthosteric ligand, resulting in agonistic effect. This is due to a lack of specificity in allosteric binding sites, which are not as highly conserved as the orthosteric site (13). In addition, allosteric binders may modulate or induce receptor trafficking and/or biased signaling (14), and change potency and/or efficacy of the endogenous agonist (15). Finally, these modulators may also lead to saturating effects, limiting, or impairing agonist action (16). Allosterism at the FSHR and LHCGR was also found upon receptor-receptor interaction (6, 17–21) or by binding of specific antibodies (22, 23). Taken together, allosteric modulation of gonadotropin receptors may be induced by different natural and synthetic ligands (Table 1) and could naturally occur via interaction with partner membrane receptors. These concepts may be exploited to modulate or bias the signalling network mediated by gonadotropin receptors, for clinical purposes.




Figure 1 | Allosteric modulation of FSHR and LHCGR signalling. Positive allosteric modulators (PAMs) potentiate the agonist-induced signalling, while negative allosteric modulators (NAMs) induce inhibitory effects. Neutral allosteric ligands (NALs) do not affect the ligand activity, while biased allosteric modulators (BAMs) lead to pathway-specific effects.




Table 1 | Allosteric modulators of LHCGR and FSHR.



Biased signaling is defined as preferential signaling through a specific intracellular interactor (44). Molecules acting as allosteric binders may exert negative or positive modulation of signaling pathways typically triggered by endogenous ligands (8). Considering these issues, positive allosteric modulators (PAMs) are defined as ligand that enhance agonists effects on GPCRs, increasing its efficacy or affinity (45); negative allosteric modulators (NAMs) are non-competitive or inverse agonist ligands attenuating agonist affinity and/or efficacy (46); neutral allosteric ligands (NALs) are those not affecting receptor or orthosteric ligand activity (8). The latter are also called “silent allosteric modulator” and may block the activity of NAMs, PAMs, or allosteric agonists, without exerting any effects by themselves (8, 47, 48). Biased allosteric modulators (BAMs) were identified as molecules activating pathway-specific effects among receptor signaling cascades (49).

This review discusses the most recent updates about allosteric modulation of gonadotropin hormone receptors.





PAMs on LHCGR

Many small synthetic peptides capable of modulating LHCGR activity have been discovered. They are structurally similar low-molecular weight (LMW) agonists selectively activating intracellular effectors. These molecules which similarly interact with LHCGR, are all potential compounds to be used in clinical practice as alternatives of LH and hCG. Besides a selective activation of the LHCGR-mediated pathways, they often display other useful characteristics such as a greater resistance to peptidase activity than endogenous agonists, which are more vulnerable to degradation and consequently hardly proposed for orally administrable molecules (31). Most of these compounds are thienopyrimidines, which interact with the receptor by binding an allosteric pocket within the TMs of the receptor (4, 24, 28) and activating the intracellular signalling without the involvement of the extracellular domain (28).

The allosteric agonist 5-amino-N-tert-butyl-4-(3-(1-methylpyrazole-4-carboxamido)-phenyl)-2-(methylthio) thieno [2,3-d] pyrimidine-6-carboxylic acid amide (TP4/2) is one of the most recent thienopyrimidines and it was tested in four-month-old, aging (18-month-old) and diabetic male Wistar rats with impaired testicular functions, where the compound was administered both intraperitoneally and subcutaneously for five days. TP4/2 induced the expression of genes coding StAR (STARD1) and 17,20-lyase (CYP17A1) enzymes, potentially enhancing the steroidogenic signal and without suppressing the expression of the LHCGR gene (24). The latter is important to sustain the sensitivity of the testis to endogenous gonadotropins, improving parameters of sperm quality (24). Similar results were obtained with orally administrable LHCGR LMW agonists, which act on the same allosteric site as the other thienopyrimidines. These compounds get close to the transmembrane domain and interact with the transmembrane helices (TMHs) 3, 4, 5, 6 and 7 (4, 50). Because of their similar and sometimes overlapping binding pockets, these PAMs were observed to induced similar effect both in vivo and in vitro. Org41841 was the first LMW-agonist for a gonadotropin receptor with in vivo efficacy after oral administration. This molecule induced testosterone synthesis, in mouse Leydig cells, and ovulation in 40% of immature mice when administered orally. Moreover, it induces an upregulation of FSHR expression (25, 26). However, one of the main issues linked to these allosteric modulators are the lack of specific action on LHCGR due to the high homology among glycoprotein hormone receptors. Org41841 was indeed demonstrated to have a binding capability and agonistic activity towards the thyroid-stimulating hormone receptor (TSHR), which shares with LHCGR the highly conserved pocket where Org41841 interact with the receptors (4, 50). Another LHCGR PAM is Org43553 (19, 51), which belongs to the group of thienopyrimidines and interacts with a LHCGR binding pocket located between TMH 3, 5, 6 and 7 (4, 31) as well as residues of extracellular loop (ECL) 2 and 3 and the receptor hinge region (4) The first evidence of Org43553 modulatory activity through the TMD of LHCGR was demonstrated by two chimeric TSHR and LHCGR with the extracellular domains of the two receptors exchanged. Only the wild type LHCGR and the chimeric receptor with the LHCGR TMD could mediated the intracellular signalling in response to Org43553 treatment, demonstrating both the specific action of the PAM on LHCGR and its interaction site on TMD (28). Particularly relevant for the allosteric modulator action are the residues A589 and I585, whose mutations cause a reduced Org43553 functional activity (4). This compound triggers LHCGR-mediated intracellular cAMP increase in Chinese hamster ovary (CHO) cells, but not LHCGR-mediated phospholipase C (PLC) activation in HEK293 cells expressing human LHCGR. Org43553 strongly inhibited LH-induced inositol phosphate (IP) production in a non-competitive manner, showing biased agonism at the receptor (28). Moreover, Org43553 may be administered orally, and has high oral bioavailability with short half-life (between 30 and 47 h) (52). Experiments in rodents revealed that this PAM may induce ovulation in females and increases serum testosterone in males (27, 29, 53). Most importantly, the clinical use of Org43553 was suggested in women undergoing assisted reproduction, to reduce the potential risk of ovarian hyperstimulation syndrome (OHSS). This is a pathological condition that may occur upon administration of hCG to induce ovulation. Since Org43553 has shorter half-life than hCG, it is plausible that the use of this PAM could be associated with lower OHSS risk, but this issue needs to be clinically confirmed (54).





NAMs on the LHCGR

Unlike LHCGR agonists, the number of LHCGR antagonists is very limited. LUF5771 was the first LMW NAM acting on LHCGR (30). LUF5771 may displace both hCG and Org43553 from the receptor and reduce the expression of a CRE promoter-controlled reporter system (30, 31). Interestingly, these effects were decreased 2- to 10-fold in the presence of another modulator (LUF5419), which can enhance Org43553 binding and efficacy as well (30). Structural receptor modelling studies predicted the existence of two different allosteric binding pockets located in the upper portion of the TMD, that partially overlap, and which may explain the activating or inhibitory effects of the compounds on the receptor. While LUF5771 has a binding site located between TMHs 1, 2, 3, 6, 7 and the ECL2, Org43553 interact with the receptor at the TMHs 3, 5 and 6 level. LUF5419 shares with LUF5771 the same binding pocket, however it does not interact with TMH 1 and 2, showing no inhibitory effect (30, 32). These structural predictions underline that the inhibitory effect may require TMH 2 and 7 by keeping the receptor in the inactive state (30). In conclusion, compounds displaying antagonist activity at the LHCGR exist, but further studies are needed to characterize their full mode of action and, eventually, to develop binders with different effects.

Recently, two molecules with potent LHCGR negative allosteric activity have been identified. They are tetrahydro-1,6-naphthyridine-based compounds namely BAY-298 and BAY-899, suitable for application in animal models and able to reduce LH-dependent sex steroids serum levels. BAY-298 binds to a site different to that of LH and Org43553, since its binding to the receptor does not compete either with the hormone and the allosteric modulator (32), confirming what previously observed with other NAMs (30). In female rats, BAY-298 reduced LH-mediated gene expression, while the compound inhibited production of testosterone in males. Moreover, it led to cycle arrest in diestrus and metestrus, interrupting folliculogenesis in a dose-dependent manner. BAY-899 was tested in female rats as well, demonstrating that it may reduce serum estradiol levels (32). Other compounds have been designed to modulate LHCGR activity, however they resulted in a low specificity for the receptor, showing cross-reactivity with FSHR as well and diverse actions depending on the cell model analyzed. Two benzamide compounds, ADX68692 and ADX68693 with structural similarities to N-[4-(Cyano-dimethyl-methyl)-phenyl]-3,4-dimethoxy-benzamide (ADX61623), act as NAMs on the FSHR, leading to different effects on steroidogenesis and ovulation. In particular, ADX68692 blocked FSHR-promoted cAMP, progesterone and estradiol production, while ADX68693 inhibited cAMP and progesterone production with similar efficacy as ADX68692, but not estradiol production in rat primary granulosa cells in vitro (33, 34). Moreover, both compounds antagonized LHCGR signalling in several cell models, such as human embryonic kidney (HEK293), murine Leydig tumor cell lines (mLTC-1) and rat primary Leydig cells (35). Benzamides inhibited the hCG-mediated cAMP production, although ADX68693 was more potent than ADX68692. Interestingly, both molecules had negative allosteric behavior on hCG-induced β-arrestin 2 recruitment and this effect occurs very rapidly. The impact of ADX68692 and ADX68693 was tested in Leydig primary cells and cell lines. Although these benzamides did not modulate hCG-induced progesterone production in mLTC1 cells, different results were obtained in rat primary Leydig cells. In this cell model, hCG-induced progesterone levels increased in the presence of ADX68692, while the opposite effects were observed upon ADX68693 administration. ADX6892 led to partial inhibition of testosterone synthesis, while ADX68693 completely abolished hCG-promoted testosterone production. These results suggest that both compounds lead to biased effects on intracellular signalling pathways mediating steroidogenesis, since both molecules blocked the canonical Gs/cAMP pathway but not testosterone production (35). To date no structural studies have been carried on ADX68692 and ADX68693 interaction with the two gonadotropin receptors, however it might be supposed that they bind a conserved binding pocket common to the receptors, leading to a similar inhibitory effect on the mediated signalling. Conversely other small molecules designed with a NAM activity were observed to act as PAM as well. In particular, dichlorodiphenyltrichloroethane (p,p′DDT) is an endocrine-disrupting chemical that targets FSHR, increasing the cAMP response to FSH in CHO cells (36). p,p′DDT acts as a LHCGR NAM as well, decreasing the hCG-induced cAMP production in CHO cells (37). Moreover, this compound reduced LH- and hCG-induced β-arrestin 2 recruitment and progesterone production, without altering testosterone secretion (37).

The discovery of different NAMs and their combinatorial use may be exploited for contraceptive or therapeutic applications, such as the development of a specific oral contraceptive with lesser side effects than the currently available steroidal-based drugs.





PAMs on FSHR

Several small molecule ligands have been identified that interact with FSHR, modulating the hormone binding affinity and related signaling network (55). Different classes of chemicals may act as PAMs, allosteric agonists, NALs or NAMs (55, 56). While PAM and NAM activities are subordinate to FSH binding to the receptor, agonists exert their effects even in the absence of the natural ligand (56, 57). Indeed, allosteric modulators barely interact with the N-terminal region of the receptor, while most of these molecules bind pockets allocated in the TMD of the receptor. A recent study using molecular docking analysis identified four different allosteric binding sites which seem to be specific for the enhanced or inhibitory activity of the allosteric modulators (58). In fact, the binding site situated between TMH 6 and 7 is predicted to be targeted just by NAM molecules, while the others can be bounded both by NAMs and PAMs (58). These findings underline that the biological activity of the allosteric modulator may depend on the specific interaction with residues located in different TMHs, such as Asp521 which emerged to be particularly relevant for both NAMs and PAMs function (58).

The first compounds described as modulators of FSHR activity were the thiazolidinones (TZDs). They were found in a library of combinatorial chemical scaffolds screened by FSHR reporter assay (59). This study identified three thiazolidinone compounds, defined as compounds 1, 2 and 3, interacting specifically with FSHR, without inducing cross-reaction with other glycoprotein hormone receptors, and not competing with FSH for the hormone binding site (38). Structural analysis performed using FSHR/TSHR chimeric mutants revealed that all these compounds interact with a region located within the FSHR TMH1 to TMH3 (38). Compounds 2 and 3, thiazolidinone analogues, were produced by introducing structural modifications to compound 1, thereby obtaining a partial agonist and an antagonist, respectively. These compounds might be assumed to contact differently the TMHs conferring a diverse biological activity despite their common structural origin. The agonist activity of compound 1 was demonstrated by in vitro experiments to trigger Gαs protein activation, inducing intracellular cAMP increase (39), phosphorylation of AKT and ERK1/2, and estradiol synthesis, favoring the expansion of ovarian cumulus cells and follicular growth (60). Compound 3 leads to Gαi protein activation, inhibiting cAMP and estradiol production (39, 57, 61).

One of the first orally administrated compounds with FSH-like activity was the dihydropyridine Org-214444-0, which interacts with the receptor in an allosteric binding site consisting in the top half of TMH 5, 6, 7, the ECL2 and 3, and the hinge region (7). The Cryo-EM structure of FSHR gave a further confirmation of the molecular similarities and the conserved binding site of the gonadotropin receptors (7). The analysis performed on Org-214444-0 demonstrated that the FSHR binding pocket targeted by this PAM involves the same TMH and ECL which shape one the LHCGR allosteric binding sites (4). Experimental data demonstrated that it is a lipophilic compound acting as a PAM, inducing a cAMP response and estradiol production in human granulosa cells (40). Interestingly, the molecule supported follicular development in rats (57). This PAM is capable of inducing cAMP production and sustaining follicle maturation in rats (40).

The dihydropyrroloisoquinoline MK-8389 was the first oral FSHR agonist tested in humans. It was used in clinical trials, in young women, where it failed to support ovarian follicular growth, yet exhibited side effects, interfering with thyroid hormone release. As previously mentioned, one of the most limiting aspects to overcome in the development of molecules useful in clinic is the structural similarities of the glycoprotein receptors and their allosteric binding site, which may lead to side effects in vivo. Indeed, high doses of MK-8389 resulted in a dose-dependent decrease in thyroid stimulating hormone (TSH) followed by dose-dependent increases in free triiodothyronine (FT3) and thyroxine (FT4) (41, 57). Two other oral FSHR allosteric agonists, TOP5668 and TOP5300, were proposed for ovarian stimulation in assisted reproduction, and tested both in vitro and in vivo (42). In rats and mice, both molecules enhanced estradiol production, which reached higher levels than those achieved upon treatment by recombinant FSH (42). Moreover, follicular development, oocyte number, fertilization rate, and hatched blastocyst rate, were similar between FSH- and TOP5668/TOP5300-treated animals. Among the population that may benefit of TOP5668 and TOP5300 treatments there are PCOS patients: in the same study, it has been demonstrated that granulosa cells, collected from women affected by PCOS, and treated with TOP5300 produce an increased amount of estradiol compared to the cells treated with the recombinant FSH, commonly used in clinic (42). Conversely, this difference in estradiol production induced by TOP5300 and recombinant FSH was not observed in human granulosa lutein cells isolated from patients with normal ovarian reserve (42). Authors also indicated no issues for safety and toxicity profiles, suggesting these chemicals as potential candidates for clinical trials (42). Other compounds demonstrated to interact with and modulate FSHR activity are benzamide and thiazolidinone derivates, which induce biased signalling. They are linked to different kinetic profiles than FSH, measured as G protein activation, β-arrestin recruitment, and trafficking of the receptor (61) and display properties useful in pharmacology (61, 62). Indeed, to date having molecules able to bias signaling at the FSHR represent important pharmacological tools to understand the specific FSHR signaling pathway contributing to different pathologies both in women and men, such as PCOS and male idiopathic infertility.

New findings on FSHR structure and chemical interactions at the allosteric sites helped to identify specific regions that are involved in the PAM and NAM activity, which can be ascribable to allosteric functions. Recent studies proposed the use of antibodies as modulators of the receptor activity. Antibodies against FSH and/or FSHR have been isolated and developed in order to provoke conformational changes impacting their functions (22). A monoclonal antibody targeting an amino acid sequence located at the FSHβ interaction site with FSHR is reported to block hormone binding. This molecule was tested in vivo, suggesting it may prevent bone loss in ovariectomized mice (63). Other antibodies were developed against portions of the FSHR. Three different immunoglobulins targeting decapeptides on the N-termini of FSHR were described about two decades ago. Two of these molecules behaved as antagonists and inhibited cAMP production, while the third did not impede ligand binding. Rather, they acted as agonists, promoting cAMP response (64). Other studies described antibodies acting against the hinge region of different glycoprotein hormone receptors, displaying agonistic activity (14, 65). These antibodies specific for the hinge region stimulated the receptor by bypassing the hormone, but did not influence hormone binding, suggesting that the C-terminal portion of the ECD is not directly involved in hormone binding (66). The recent Cryo-EM structure of the glycoprotein hormone receptors have confirmed the crucial role of the hinge region in the activation of the receptor and the signal transduction (4, 7), suggesting that antibodies targeting this region can modulate the intracellular signalling in a positive or negative manner, without competing with the hormone (67–69). These compounds targeting the hinge region may represent an alternative approach to allosteric chemicals for the treatment of infertility and controlled ovarian stimulation for in vitro fertilization. Moreover, the application of nanobodies selected from synthetic libraries were proposed to modulate FSHR activity. This approach may lead to the selection of a large number of candidates not competing with FSH for receptor binding and acting as allosteric modulators (69).





NAMS on FSHR

Many compounds that reduce or inhibit the receptor activity have been described, which behave as NAMs (14, 57, 65). These molecules are of potential clinical interest because they could serve as contraceptives with a specific and exclusive action on the ovary, avoiding side effects classically associated with hormonal contraception (35). Among NAMs, tetrahydroquinolines are reported to inhibit FSH-induced cAMP production in vitro, although they failed to elicit the same activity in vivo (70). Other allosteric FSHR antagonists, are the two previously mentioned benzamide compounds ADX61623 and ADX49626 (33, 70). While the first one blocked the FSH-induced cAMP accumulation and progesterone production, but not the estradiol secretion in granulosa cells, ADX49626 behaved as a pure antagonist inhibiting the whole FSH-induced signalling network (33). ADX61623 was recently used to perform studies on FSHR binding to its allosteric modulators. This well-known NAM blocks the receptor in a much more stable position compared to the unbound receptor. It binds the allosteric site which includes residues on TMH 4, TMH 5, TMH 6, EL2 and EL3, among which F503 of TMH4, N521 of EL2 and K598 and V599 of EL3 seems to be particularly relevant for ADX61623 and other NAMs to inhibits FSHR activity (58). Interestingly, despite their negative effect on the FSHR-mediated signalling, they both are reported to increase the number of hormone molecules bound to FSHR, as a concept suggestive of FSHR trimeric formations occurring in the presence of these antagonists, which might influence the homomeric forms of the receptor and consequently the receptor mediated-signalling (71). The two structurally similar compounds, ADX68692 and ADX68693, were later described as both LHCGR and FSHR NAMs (34, 35). In rat granulosa cells, ADX68692 inhibited FSH-dependent cAMP, progesterone, and estradiol production. Conversely, ADX68693 decreased cAMP and progesterone responses but displayed a synergistic effect with FSH on estradiol synthesis. However, only ADX68692 demonstrated efficacy in vivo, blocking the follicular growth in rat granulosa primary cells (34). However, none of those molecules were tested on humans. These compounds can act on both gonadotropin receptors, underling one of the main issues of LMW molecules, or rather, their unspecific action due to structural similarities of the allosteric sites of the receptors.

A short peptide was then developed from homology and structural studies on the hFSH-FSHR (ECD) complex, which identified a sequence of the FSHβ seat-belt loop with antagonistic properties on FSH activity (43). This molecule is a peptide named “FSHβ (89-97)” and prevents the [125I]-FSH binding to the receptor, and intracellular cAMP accumulation. Moreover, in immature rats, it reduced the ovarian weight gain mediated by FSH, blocked follicle transition from pre-antral to antral stages, and inhibited estradiol production (43). Concerns on the clinical use of FSHβ (89-97) raised from the side-effect observed in rats, where the peptide generated a PCOS-like state that needs further investigation (72).

Eventually, modulation of FSHR function may be mediated by endocrine disruptors (EDs). These are defined as natural or synthetic molecules that interfere with the regulation of the endocrine system. Some of them may act by binding gonadotropin receptors, impacting intracellular signaling pathways. An example is provided by the 1-chloro-4-[2,2,2-trichloro-1-(4-chlorophenyl)ethyl]benzene (p,p’-DDT), which acts as a FSHR PAM. It specifically interacts with a unique amino acid sequence in receptor transmembrane helices 3 and 7. This interaction leads to increased FSHR sensitivity to hCG, which is not the physiological ligand of this receptor (36).





Allosterism due to receptor heteromerization

In previous sections it was underlined the relevance of the single interactions with specific residues located on the diverse transmembrane domains of the gonadotropin receptors, showing their crucial role in the modulation of the intracellular signal mediated by the receptor itself. Thus, it might be assumed that molecular interactions at the TMHs level, which can occur among receptors at the cell membrane can induce a biased signaling and an allosteric modulation of the receptor. Several GPCRs are known to form complexes of receptors, consisting of homomeric and heteromeric assemblies, which may functionally cooperate on the cell surface (73–76). The formation of homo/hetero-oligomers may lead to allosteric modulation of GPCR functions and bias the intracellular signaling network (18, 23, 76, 77). Despite the in vivo existence of these receptors structures is still unknown, relevant in vitro effects on the activation of selective intracellular pathways have been reported, suggesting their physiological relevance.

LHCGR-FSHR interactions occur through contacts between amino acid residues in the extracellular domain and multiple transmembrane helices (23, 78, 79). At the interface between heteromeric complexes, electrostatic interactions generate more stable conformations than in homomers. An example of these assemblies is provided by adenosine A2A receptor (A2AR) and dopamine D2 receptor (D2R) heteromerization (80, 81). These interactions may impact hormone binding to the receptor, since each functional unit of the assembly may display a different affinity for its ligand (18, 74).

In the ‘80s, it was reported via electron microscopy images that LHCGR may form clusters in the surface of rat theca and granulosa cells, playing a role in cellular responsiveness to the hormone (82, 83). In later years, the improvement of the existing detection methods and development of new techniques allowed investigators to achieve a deeper knowledge of FSHR-FSHR and FSHR-LHCGR interactions (83). Recent data indicated that specific amino acids residues of these molecules act as contact sites for the partner receptor and they could be promising and innovative targets for new therapeutic approaches for infertility treatments (65, 83, 84). It is worthy of note that interface interaction sites of gonadotropin receptors are mainly located on TMH 5, 6, and 7, which are part of the identified FSHR and LHCGR allosteric sites. Indeed, the previous listed allosteric modulators bind the gonadotropin receptors at the TMD level through molecular interactions which occur in receptor-receptors complexes as well (4, 7, 58, 65, 83).

The impact of LHCGR and FSHR homomers on signal transduction was evaluated in the transfected human embryonic kidney (HEK293) cell line, after coexpression of a ligand binding defective mutant FSHR and a signalling defective mutant FSHR. Upon treatment, the activation either of cAMP or inositol trisphosphate (IP3) occurred, but not both of them, suggesting the mutant receptor pairs stabilize different FSHR conformations and consequently a different interaction with G proteins (20, 83). Interestingly, it seems that some allosteric modulators can affect the assembles formation of FSHR trimers and increase the FSH-binding to the receptors complexes, suggesting that they can exert their modulation in a more complex way then simply binding to the receptor (71). A similar signaling analysis was performed following coexpression of ligand binding and signalling defective LHCGRs. In that system, LH failed to activate the Gq-mediated pathway associated with the LHCGR functional complementation mutants, while there were no differences in the cAMP responses mediated by the wild-type LHCGR and functional mutant receptors (79, 85). Evidence of homodimerization in vivo was obtained in genetically modified mice, where the wild-type LH receptor (Lhr) expression was replaced by Lhr defective mutants that could mediate the LH signalling, preventing hypogonadal phenotype, and sustaining normal testosterone levels (86).

In vitro studies demonstrated that LHCGR and FSHR form heteromeric structures in the cell surface (18, 65, 87). As a result of this interaction, authors found the attenuation of gonadotropin-induced cAMP increase, likely due to low Gαs protein activation (18). Conversely, co-expression of both receptors induced a higher Gq protein activation. Indeed, the unbound FSHR acts as an allosteric modulator by altering the profile of Gαq/11-dependent Ca2+ signalling induced by LH and hCG through LHCGR (23). Different behavior of FSHR-LHCGR heteromers might occur as a function of the expression level for each receptor at the cell surface. The stoichiometric proportion between FSHR and LHCGR molecules may impact the signalling network, triggering the preferential activation of specific intracellular pathways (23, 83, 88). FSHR–LHCGR heterodimers are still hardly detectable in vivo due to lack of specific detection methods in living tissues (76).

A recent study demonstrated that FSHR and LHCGR have another interacting partner in the ovary, which is a G protein-coupled estrogen receptor (65, 89). GPER is a class A GPCR expressed in granulosa cells during the follicular stage of the menstrual cycle. It forms heteromeric structures with FSHR, potentially playing a central role in the regulation of ovarian function. The physical interaction between FSHR and GPER leads to displacement of Gαs coupling to the gonadotropin receptor, preventing FSH-dependent cAMP intracellular increase (89). This effect is mediated by an inhibitory complex, consisting of the MAGUK, AKAP5 and PKA protein aggregate, which is bound to the GPER C-terminus. While on the one hand, this complex blocks the Gαs protein signaling, on the other hand, it is unable to inhibit the βγ subunit. As a result, treatment of FSHR/GPER-coexpressing cells by FSH results in the βγ-dependent AKT phosphorylation and activation of survival signals. This molecular mechanism re-shapes steroidogenic and apoptotic signals linked to FSHR/cAMP into proliferative and anti-apoptotic events (89). Interestingly, these data are suggestive of a possible role of heteromers in hormone-responsive cancers co-expressing FSHR and GPER, where the activation of proliferative events may contribute enhanced cell growth (65).

In vitro evidence shows an important and selective modulation of the receptors-mediated intracellular pathways, demonstrating the allosteric effect of molecular interactions that occur in heteromeric structures. These findings indicate the potential physiological relevance of those receptor complexes, which may be considered as potential targets of specific drugs.





Therapeutic potential of gonadotropin receptor allosteric modulators

The development of orally administrable gonadotropin analogues and LMW-compounds active on gonadotropin receptors would be useful for novel therapeutical approaches. In the context of human fertility, these drugs have half-lives longer than hormones, thereby avoiding multiple injections and potentially reducing OHSS risk. This syndrome may occur during hCG treatment. hCG has a relatively long half-life (several hours) that may lead to overstimulation of the ovaries, which could have an exaggerated reaction by swelling and leaking fluid intraperitoneally (90). This effect might be mitigated by the use of long-acting allosteric modulators, which may protect from OHSS risk during the treatment with hCG (91). Among the known LHCGR agonists, the thienopyrimidine Org43553 has a shorter half-life than hCG (3.4 h) and may induce ovulation, reducing the incidence of OHSS (29, 54). In addition, Org43553 has been tested in humans. In the presence of gonadotropins, the compound favored ovulation and follicle maturation, both in pituitary-suppressed and normal healthy women, without producing side effects (19).

LMW modulators could be used in the context of other pathological conditions, such as PCOS, which is characterized by impaired menstrual cycles, formation of multiple cysts in the ovary and excessive production of androgens (92). The availability of allosteric compounds active at the FSHR and LHCGR could modulate gonadotropins’ activity, potentially relieving PCOS symptoms. PCOS patients has been suggested as the potential target population for the use of the TOP5300 in assisted reproduction (42). Authors demonstrated in vitro that TOP5300 is more effective than the recombinant FSH in inducing an estradiol production, only in the human granulosa cells isolated from PCOS women, suggesting a specific effect on these patients (42). Similar compounds could be involved in the androgen conversion into estrogens, ameliorating the hyperandrogenic condition which affect these patients. Moreover, allosteric modulators could offer a novel contraception method. The development of orally active FSHR antagonists could be used as substitutes for classical oral steroid-based contraceptives, which may lead to side effects, such as venous thromboembolism, headache, etc. (93). In contrast, allosteric compounds may be used to improve fertility treatments, which currently require daily injection of recombinant or purified gonadotropins. Long-lasting, orally administrable drugs could be useful to reduce the number of drug administrations, improving the comfort of patients undergoing assisted reproduction (53, 65).

Despite several attempts to introduce gonadotropin receptors allosteric modulators in clinical practice after clinical trials, up to now, they are still not commercially available because of their low specificity. Structural and mechanistic studies on gonadotropins and their receptors may contribute to improve the development of small molecule drugs targeting GPCRs.





Conclusions

Gonadotropin receptors are capable of biased signalling, depending on structural features of the ligand and interactions with partner molecules. These properties have been increasingly studied and used to develop compounds that selectively activate specific intracellular signaling pathways. Gonadotropin receptor allosteric modulation has been demonstrated to occur though heteromeric structures as well, which can deviate, amplify or suppress the hormone-dependent signaling. The different effects of those molecular interactions could find clinical applications to improve treatments of male and female infertility as well as gonadic disorders (94). For this purpose, new oral contraceptives with no side effects may provide useful tools to develop comfortable personalized treatments.
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