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A B S T R A C T

Pursuant to patient desires of alternatives to injectable gonadotropins, a plethora of attempts have identified, 
characterized, and demonstrated efficacy of small molecules that activate (agonists) gonadotropin receptors. 
Discoveries have also been made of small molecule gonadotropin receptor inhibitors (antagonists), which have 
potential as useful alternatives to steroid hormone-based contraception. Implementation of these small molecules 
in advanced testing systems not necessarily used in screening, which identified lead compounds, has yielded a 
bounty of wonders. It is likely that a richer understanding of the role of signaling platforms and conformation- 
dependent molecular assemblies are likely to emerge. Several small molecule agonists have been observed to 
function as conformational boosters that can rescue receptor trafficking defects, or initiate internalization of 
receptors without bound hormone. Still others have revealed insights into the role of molecular platforms in 
persistent signaling. Unexpectedly, such antagonists, like molecular scalpels, can ablate certain signaling path
ways and not others leading to discovery of biased signaling in gonadotropin receptors. That seminal observation 
has led to studies of nuanced signaling and, consequently, nuanced gene expression. Gonadotropin receptor 
structure-based design for better specificity and potency of agonists and antagonists has been provided by new 
cryo-EM structures of the gonadotropin receptors, demonstrating proof of concept. Structural determination of 
downstream supramolecular assemblies will be necessary to validate and fully understand these complicated 
receptors and how their interaction with other proteins and when occupied by hormone and allosteric modu
lators, nuances their actions and, ultimately, fertility.

1. Introduction

Components of the hypothalamic-pituitary-gonadal axis control 
reproductive function. These components communicate with each other 
through distinct endocrine signals, which include the pituitary gonad
otropins, follicle-stimulating hormone (follitropin; FSH), and luteinizing 
hormone (lutropin; LH). FSH and LH are released into the circulation by 
gonadotropes of the anterior pituitary in response to the actions of hy
pothalamic gonadotropin-releasing hormone (GnRH). Together with 
thyroid-stimulating hormone (thyrotropin; TSH) synthesized by the 
thyrotropes of the pituitary, and choriogonadotropin (CG; produced by 
the placental syncytiotrophoblasts), they comprise the glycoprotein 

hormone family (GPH) (Ulloa-Aguirre et al., 2017). The GPHs are large 
heterodimeric proteins that comprise a common α subunit in combina
tion with a hormone-specific β subunit. The principal sites of action of 
the gonadotropins are the gonads. In women, FSH binds to FSH re
ceptors (FSHRs) located on the surface of granulosa cells of developing 
ovarian follicles, where it promotes estrogen synthesis and the transition 
from pre-antral to antral follicles (Richards and Pangas, 2010), whereas 
LH binds to LHCG receptors (LHCGRs) to stimulate androgen production 
by the theca cells, as well as ovulation. CG also binds to LHCGR, present 
in luteinized granulosa cells that comprise the corpus luteum, stimu
lating progesterone production, which maintains early pregnancy. In 
men, FSH activates FSHRs resident on Sertoli cells lining the 
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seminiferous tubules, where it plays an important role in supporting 
spermatogenesis (Huhtaniemi, 2015; Oduwole et al., 2021; Ulloa-A
guirre et al., 2018), whereas LH binds LHCGRs on Leydig cells present in 
the interstitial or stromal testis to primarily stimulate testosterone pro
duction, critically important for high-quality spermatogenesis 
(Huhtaniemi, 2015; Oduwole et al., 2021; Ulloa-Aguirre et al., 2018).

As mentioned above, gonadotropins specifically bind their cognate 
receptors located in the gonads. The gonadotropin receptors, as well as 
the thyroid-stimulating hormone receptor (TSHR), are G protein- 
coupled receptors (GPCRs) that comprise a glycoprotein hormone re
ceptor (GPHR) cluster within the δ-group of the highly conserved and 
expansive Rhodopsin-like GPCR subfamily (Fredriksson et al., 2003). All 
GPCRs are characterized by a transmembrane (TM) domain (TMD) that 
consists of seven TM helices joined by intra- and extracellular loops. In 
addition to the TMD, the GPHRs exhibit a large extracellular domain 
(ECD) containing several leucine-rich repeats (LRRs), where recognition 
and specific binding of the corresponding glycoprotein hormones occur 
(Ulloa-Aguirre et al., 2018; Jiang et al., 1995, 2014a; Smits et al., 2003). 
This extracellular ectodomain is structurally linked to the TMD of the 
receptor by a hinge region (extended hinge loop) (Agrawal and Dighe, 
2009; Mueller et al., 2009), which is involved in the activation of the 
receptor through transduction of ligand binding at the ECD to activation 
of the TMD (Duan et al., 2023a; Goodman et al., 1997; Jiang et al., 2012, 
2014b). These receptors terminate in an intracellular COOH-terminus 
(or C-tail), which contains several motifs involved in internalization 
and other receptor functions (Ayoub et al., 2015; Banerjee and Mahale, 
2015; Cassier et al., 2017; Ulloa-Aguirre and Zarinan, 2016). In addition 
to activation of the well-known canonical Gs/adenylyl cyclase/cAMP/
protein kinase A (PKA) signaling cascade, gonadotropin receptor acti
vation has been linked to other Gs-independent signaling pathways. 
Indeed, there is a complexity of signaling cascades, grouped as signaling 
modules, activated by the agonist-occupied gonadotropin receptors. 
Furthermore, biased signaling in response to ligands and/or receptor 
modifications are now well-documented mechanisms whereby gonad
otropin receptors activate, in a selective manner, signaling modules 
(Ulloa-Aguirre et al., 2011, 2025a).

Considering their key roles in reproductive function, exogenous go
nadotropins are commonly administered therapeutically in assisted 
reproduction and for the treatment of reproductive dysfunction. Several 
reviews have covered progress made in development of alternatives to 
injectable gonadotropins which spawned a plethora of attempts to 
identify, characterize and demonstrate efficacy of non-peptidic small 
molecules that activate gonadotropin receptors (Lazzaretti et al., 2023; 
Nataraja et al., 2018; Anderson et al., 2018). Small molecules, so called 
because they have on average, a molecular weight of less than five 
hundred Daltons, must be able to pass the gut-blood barrier to be useful 
orally. Many different compounds comprising a range of chemical 
scaffolds and with varying receptor activities have been identified. 
Interestingly, the majority of these are “allosteric” compounds, that is, 
they interact with the receptors at sites distinct from the (orthosteric) 
native hormone-binding sites within the ECD (Anderson et al., 2018). 
Thus, by definition, an allosteric site cannot be an orthosteric site. It is 
not yet known if the glycoprotein hormone receptor allosteric agonists 
and antagonists bind to common or distinct sites. Agonists which bind to 
TSHR, LHR and FSHR bind to a common site as revealed by cryoEM 
structures as will be discussed below (van Koppen et al., 2013; Yu et al., 
2014).

Allosteric GPCR ligands typically fall into three categories: allosteric 
agonists, which have activity in the absence of the native ligand and 
which can be full or partial eliciting equivalent or lesser responses in 
comparison to native ligand, respectively; and positive or negative 
allosteric modulators (PAMs and NAMs), which either potentiate or 
attenuate agonist-mediated responses, respectively, through modulation 
of orthosteric agonist binding affinity or the ability of the agonist- 
occupied receptor to interact with intracellular signal transducers. 
Furthermore, some small molecules are fully active in the absence of 

gonadotropin but also augment FSH actions (van Koppen et al., 2013), 
while still others, like some substituted benzamide agonists, are not fully 
active without the presence of FSH (Yu et al., 2014). Others, such as 
certain thiazolidinone compounds, can be fully active agonists 
(Sriraman et al., 2014) or turned into inhibitors with a single substitu
tion (Nataraja et al., 2018; Sposini et al., 2020).

These endeavors sadly, to date, have yielded no small molecule 
gonadotropin receptor-targeted therapies, approved by the Federal Drug 
Administration (USA) for induction of ovarian follicle growth and 
ovulation or, conversely, for contraception. However, when made 
available to the scientific community, use of these compounds has 
facilitated a greater understanding of the structure and function of 
gonadotropin receptors that, in turn, may feed forward into identifica
tion of new targets for therapies. In this regard, some gonadotropin re
ceptor antagonists, like molecular scalpels, have been found to ablate 
only certain receptor functions leading to discovery of biased signaling 
in gonadotropin receptors (Dias et al., 2010a, 2014; Ayoub et al., 2016). 
Similarly, some agonists have been demonstrated to exhibit biased 
activation of gonadotropin receptor signaling modalities (Hanyroup 
et al., 2021; Ulloa-Aguirre et al., 2025b). Such proof of biased agonism 
has rationalized studies of nuanced intracellular signaling and gene 
expression (Ulloa-Aguirre et al., 2025a; Zarinan et al., 2020; Hernan
dez-Ramírez et al., 2022). Some agonists have also been used as 
conformational boosters that can rescue trafficking defects in gonado
tropin receptors harboring genetic variants, and even unveil constitutive 
activity of other misfolded variant receptors such as has been noted for 
the GnRH and vasopressin receptors (Ulloa-Aguirre et al., 2018, 2025c; 
Conn and Ulloa-Aguirre, 2010; Janovick et al., 2009; Ulloa-Aguirre and 
Conn, 2016; Hanyroup et al., 2021; Newton et al., 2011). Still others 
have revealed insights into the role of molecular platforms in persistent 
signaling of gonadotropin receptors (Sposini and Hanyaloglu, 2017).

Determination of gonadotropin receptor structures has given hope 
for gonadotropin receptor structure-based ligand design for better 
specificity and potency (Duan et al., 2021, 2023b). Continued imple
mentation of these, and future gonadotropin receptor small molecules in 
experiments designed to understand the role of platforms and 
conformation-dependent molecular assemblies that impact fertility is 
likely to lead to new knowledge. Progress in these areas will be depen
dent on the access to existing and newly developed agonists and an
tagonists of gonadotropin receptors and of fuller understanding of the 
cellular processes that have been identified that are downstream of the 
initial binding event and are time- and space-dependent (Casarini et al., 
2020). Ultimately, structural determination of these downstream su
pramolecular assemblies will be necessary to validate and fully under
stand these complicated receptors and how their interaction with other 
proteins nuances their actions and, consequently, fertility.

To unpack the foregoing, each of the steps of gonadotropin action are 
presented in a frame of how small molecule allosteric modulators of 
gonadotropin receptors have enhanced our understanding or have been 
utilized to explore gonadotropin and gonadotropin receptor structure 
and function.

2. Hormone-receptor interaction

An important aspect of gonadotropin receptor activity rests in their 
ability to bind FSH, LH and/or hCG. Allosteric inhibitors of FSHR and 
LHCGR have been described that either inhibit (van Straten et al., 2005) 
or negatively regulate (Bonger et al., 2009; Wortmann et al., 2019) 
gonadotropin action at FSHR or LHCGR respectively. Typically, agonists 
and antagonists were believed to bind either to a gonadotropin binding 
site in the extracellular domain (orthosteric) or TMDs (allosteric). In the 
absence of crystal or cryo-EM structures, these suppositions were based 
on the observations that some small molecule antagonists of FSHR, for 
example, have been shown to inhibit 125I-human (h)FSH binding to re
ceptor in a non-competitive manner (Arey et al., 2002) as well as 
showing competitive inhibition (van Straten et al., 2005; Wrobel et al., 
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2002). Data demonstrating modulation of hormone binding by allosteric 
inhibitors, collected using radioactive ligand binding equilibrium as
says, first indicated that long range interactions of the TMD could 
modulate gonadotropin binding at the ECD (Jiang et al., 2014b).

Early attempts to purify detergent-solubilized full length bovine 
FSHR required high levels of glycerol to prevent the inevitable total loss 
of FSH binding at 4 ◦C (Dias et al., 1981). Cloning of the gonadotropin 
receptor genes made it possible to determine the highaffinity binding 
site of the receptors, which not surprisingly turned out to be the ECD. 
Thus, it was clear early on that the ECD of the gonadotropin receptors 
are necessary and sufficient for formation of a high affinity interaction 
and stable hormone-receptor complex. Indeed, there was no require
ment for the TM domains to stabilize 125I-hFSH binding to the purified 
FSHR ECD when expressed in insect cells and secreted as a soluble 
protein (Jiang et al., 2012; Ryu et al., 1998; Fan and Hendrickson, 2005; 
Kene et al., 2005; Schmidt et al., 2001). This was a conundrum, but it 
suggested that in the absence of glycerol, when the receptor is detergent 
extracted from the membrane, it assumed a conformation that was not 
permissible for 125I-hFSH binding. However, the 125I-hormone-receptor 
complex preformed in membranes prior to detergent extraction was 
found to be stable (Dias and Reichert, 1982).

Indeed, a recent report that described the cryo-EM structure of FSHR 
(Duan et al., 2023b) employed a preformed hormone-receptor complex. 
In addition, the investigators took advantage of an FSHR small molecule 
agonist (compound 21f; cpd21f (Loozen and Timmers, 2010)) which, 
independent of FSH, stimulates FSHR, and was used to further stabilize 
the “active” FSHR structure (Fig. 1). cpd21f is described in patents but a 
detailed biochemical study of its effects on 125I-FSH binding (other than 
a graph of the relative potency of cpd21 versus FSH) was not available in 
the patents nor the publications cited herein. This “active” FSHR protein 
used for cryo-EM analyses also embodied a constitutively active receptor 
mutation (S273I), and a tethered Gs-protein stabilized by a monoclonal 
antibody Nb35. It is likely that the small molecule helped to stabilize the 
transmembrane domains, contributing to the global resolution of 2.83 Å. 
The resultant agonist-bound structure provides new opportunities for 
design of more specific and potent FSHR agonists and antagonists and 
represents a major achievement in the field.

An unliganded (no FSH bound/”inactive”) FSHR protein structure 
was also determined using FSHR purified in the presence of a Bayer 
antagonist, Compound 24 (cpd24) (Loozen and Timmers, 2010; Wort
mann et al., 2008). Here again, neither the patent nor publication 
describing this compound provided a detailed biochemical study of 
125I-FSH binding in the presence of cpd24. Unfortunately, the resolution 
of the structure was only 6.01 Å, density of the small molecule was not 
visible in the structure, and only a polyalanine model was built. 
Nevertheless, a major positional difference of the ECD relative to the 
TMD was observed when the two different FSHR structures (active vs. 
“inactive”) were compared. This led to the idea that a major confor
mational shift in the ECD relative to the TMD occurs when FSH binds to 
FSHR (Duan et al., 2023b).

A similar positional shift of the LHCGR ECD was seen with the 
cryoEM structure of two similar LHCGR experimental models (Duan 
et al., 2021): A constitutively active LHCGR S277I, with LH bound and 
with an LH small molecule agonist (Org43553) and a tethered 
Gs-protein with a resolution of 3.2 Å; and native LHCGR with no hor
mone bound, no tethered G-protein and with small molecule antagonist 
compound 26 (Wortmann et al., 2019) included in the purification 
process (again, not visualized in the structure) with a resolution of 3.8 Å 
(Duan et al., 2021, 2023b).

Based on these structural studies it was proposed that a weak colli
sional complex is formed with the C-terminal portion of the extended 
hinge loop of the receptors that interacts with the “far-right tip of the 
hormone”. This interaction is proposed to “push” the ECD upwards to 
allow full engagement of the ligand with a highly conserved ten-residue 
section of the C-terminus of the hinge region (P10) (Bruser et al., 2016). 
There is additional early data which may lend support to this notion, 

garnered using not small molecules but small synthetic peptides. 
Apropos of this, synthetic peptides corresponding to segments of the 
entire FSHR ECD were prepared and evaluated for their activity 
regarding FSHR stimulation or inhibition of 125I-hFSH binding. A single 
peptide FSHR-221-252, which comprises most of the leucine-rich repeat 
10 and the end of leucine-rich repeat 9, was identified that inhibited 
125I-hFSH binding to FSHR (Mahale et al., 2001). Peptide FSHR-221-252 
represents an FSHR locality that borders the hinge region of the FSHR 
ECD in the cryoEM structure (Fig. 2). The peptide's mechanism of 
inhibitory action has yet to be determined, but is presumed to induce an 
allosteric effect. Indeed, it comprises the penultimate C-terminal end of 
the FSHR ECD, which has been proposed to form a weak collisional 
complex with FSH (and with hCG in the case of the LHCGR) (Fig. 2). Of 
interest, polyclonal antibodies against the peptide hFSHR-221-252 did 
not inhibit 125I-hFSH binding to membrane-bound receptor but did 
inhibit 125I-hFSH binding to detergent solubilized receptor suggesting 
that the epitope is metastable or inaccessible in the membrane (Mahale 
et al., 2001). Whether this is due to oligomerization of the FSHR in cell 
membranes, or attributable to other factors is not known. In any case, 
the use of small synthetic peptides is an additional approach to elucidate 
or generate proposals about the initial interaction of hormones with the 

Fig. 1. a. Organon Cpd-21f agonist of FSHR used to stabilize the active FSHR 
structure for cryoEM. b.The binding site completely overlaps with LHCGR 
binding site of small molecule ligand agonist ORG43553. Conserved mechanism 
of action at the gonadotropin receptors involving M585 (M6.48; amino acid 
numbering according to Ballesteros and Weinstein (Ballesteros and Weinstein, 
1995)); H615 (H7.42) in FSHR played an essential role determining FSHR ligand 
selectivity, providing new insights for designing more specific small molecule 
agonists of FSHR such as ORG21444-0 [figure taken from Duan et al. (Duan 
et al., 2023b) with permission from http://creativecommons.org/lice 
nses/by/4.0/].
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receptor. At the very least, those data suggested that design of stable 
peptides may provide an FSHR-based contraceptive effect.

Since neither FSH nor LH can be modelled into either the unliganded 
FSHR nor unliganded LHCGR cryo-EM structures, respectively, without 
the carbohydrate or protein on the beta subunit clashing with the 
membrane, it isn't clear how hormone binding might occur with the 
“inactive” cryo-EM structure, but would seem entirely reasonable with 
the “active” structures. Therefore, it seems feasible to consider that the 
unliganded FSHR cryoEM structure may not accurately represent the 
native unliganded FSHR, which is active (binds FSH) but is not activated 
(binds FSH and induces signal transduction). There are certain data 
which may clarify, and are therefore desirable: First, the effects of cpd- 
24 on 125I-FSH binding to membrane bound FSHR as well as solubilized 
FSHR; second, the stability of detergent solubilized FSHR (e.g. does FSH 
bind unliganded FSHR prepared for cryo-EM?); third, biochemical evi
dence regarding the effect of cpd-24 on FSH binding, its effect on acti
vation of FSHR, and/or on FSH induced steroidogenesis; fourth, 
visualization of cpd-24 in the structure to assure the receptor can be 
classified as inactivated (and to clarify whether small molecule antag
onists bind to the allosteric agonist binding pocket) (Duan et al., 2023b). 
Pertinently, despite no need for the TM domains to stabilize 125I-hFSH 
binding to the purified FSHR ECD expressed in insect cells and secreted 
as a soluble protein (Schmidt et al., 2001), a small molecule FSHR 
allosteric modulator from Addex Therapeutics (San Francisco CA, USA) 
(benzamide based FSHR antagonist NAM ADX61623)(Table 1) actually 
increased 125I-hFSH binding when incubated with HEK293 cells 
expressing native FSHR, despite it inhibiting FSH-induced cAMP pro
duction (Dias et al., 2011). At face value, since the ECDs of the two 
cryo-EM “inactive” structures (FSHR and LHCGR) do not appear to be 

able to bind FSH or LH/hCG and since the Addex FSHR small molecule 
does not inhibit FSH binding but rather increases FSH binding, these 
data suggest that the unliganded cryo-EM FSHR structure has not 
captured the unliganded native form which can bind FSH, or its FSH- 
and Addex small molecule antagonist bound form (which notably, as 
discussed below, is permissive for estradiol production only). An 
experimental structure of FSH-bound FSHR in the presence of Addex 
small molecule inhibitors of FSHR activation for cryo-EM studies may 
resolve some of these enigmas and provide a platform for further 
development of high affinity FSHR inhibitors.

Like the Addex small molecule FSHR antagonist ADX61623 (dis
cussed above), the FSHR agonist Org214444-0 (Table 1) also induced an 
increase in 125I-hFSH binding to both exogenously expressed FSHR on 
hinese hamster ovary (CHO) cell membrane preparations as well as to 
membrane preparations from human granulosa cells. That these effects 
were observed in membrane preparations confirm that they are not due 
to cellular trafficking of the receptor and, further indicate that pertur
bation of the TM domains by small molecule binding could induce long- 
range interactions that modulate gonadotropin binding within the ECD 
(van Koppen et al., 2013). It is, however, interesting to note that other 
FSHR small molecule agonists (such as the thiazolidinone derivative, 
T1) do not affect FSH binding (Arey et al., 2008; Maclean et al., 2004; 
Yanofsky et al., 2006). The mechanism underlying the increase of FSH 
binding remains unclear and will likely remain so until cryo-EM struc
tures of these small molecules bound to FSHR monomers as well as di
mers, are determined.

Early on then, small molecule effects of increasing binding of FSH to 
FSHR indicated a potential conformational change or stabilization 
which was consistent with an increase in hormone affinity of the re
ceptor (van Koppen et al., 2013; Dias et al., 2010a) as well as an increase 
in maximum binding capacity (van Koppen et al., 2013). However, 
subsequent experiments with additional FSHR small molecules testing 
effects on binding, coupled with crystallographic data of the complete 
ECD, did not reach the same conclusion that affinity was affected but 
rather that an increase in binding sites occurred, leading to a hypothesis 
that not all available receptors can bind FSH, until a perturbation occurs, 
revealing cryptic binding sites (Jiang et al., 2014b). It is interesting that 
both agonist and antagonist can increase FSH binding to its receptor, 
while the conformation stabilized by each ligand is likely unique to 
either promote or inhibit signaling events. Clearly, unraveling the mo
lecular signaling mechanism of agonist vs antagonist would help to 
develop unique therapeutics with specific properties (Nataraja et al., 
2018).

In summary, implementation of gonadotropin receptor-specific small 
molecule allosteric modulators which stabilize gonadotropin receptor 
proteins once removed from their membrane environment, have facili
tated receptor structure determination using cryo-EM. Small molecule 
agonists have facilitated an understanding, at the atomic level, of the 
activated form of the receptors, which will serve to develop additional 
agonists through modelling with the new structures, to potentially 
develop new small molecules perhaps with better pharmacokinetic and/ 
or nuanced pharmacodynamic properties. Observations of allosteric 
modulation of the FSHR using peptides derived from its extracellular 
domain suggest that further cryo-EM structure determinations that 
includethese peptides may yield additional therapeutics not based on 
small peptidomimetic molecules. Such peptide allosteric modulators 
provide a new class of modulators of GPCRs (Mannes et al., 2022). 
Indeed, this notion may apply to small peptides such as those derived 
from the FSHR extracellular domain that were reported to have agonist 
effects, amplifying FSH action in vivo (Prabhudesai et al., 2021) or 
antagonist effects (Mahale et al., 2001). There is a need for additional 
cryo-EM structures of FSHR, with ligand bound and with allosteric in
hibitors (inactive), such as the Addex compounds. Such structures may 
point to key conformational changes that may provide targets for better 
biased small molecule intervention and contraceptive development.

Fig. 2. An image of the active structure of FSHR showing the 221–262 
sequence (red ball and stick) which is situated between the rest of the N-ter
minal FSHR ECD (green) and the FSHR hinge region with the sulfated tyrosine 
(Y335) in space filling mode (magenta ribbon). FSHα loop 1 and 3 is in orange 
and FSHβ loop 2 is in blue. The cryo EM structures of the two FSHR experi
mental models evidence a major spatial difference of the 221–262 peptide 
sequence between the hormone occupied, Gs stabilized, and Organon com
pound 21f activated receptor compared to the compound 24 inhibited receptor 
(Duan et al., 2023b). Taken together with the data discussed hererin, it suggests 
that the mechanism by which peptide FSHR 221–252 may inhibit FSH binding 
to FSHR is by virtue of its ability to interact with the FSHR ECD itself. In theory 
this would restrain the spatial relationship of the ECD to the TM domains 
preventing a positional shift involving the sulfo-tyrosine 335 and FSH itself 
triggering hinge region shift and activation as confirmed in the cryo EM 
structure (Duan et al., 2023b). If this can be confirmed structurally, this may 
provide a targeted contraceptive therapy against the 221–252 region. Repre
sentation prepared with PYMOL, using the PDB structure 812G.
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Table 1 
Chemical structures of small molecules discussed in the review, including their origins and some characteristics.

Organization SMOL ID Derivative Type Chemical structure Target Effecta

Addex Ther. ADX61623 Benzamide FSHR Antagonist 
IC50 0.72uM 
HTRF assay 
HEK293-FSHR cAMP

Addex Ther. ADX68693 Benzamide FSHR Antagonist 
IC50 104 nM 
HTRF assay 
HEK293-FSHR

Addex Ther. ADX68692 Benzamide FSHR Antagonist 
IC50 140 nM 
HTRF assay 
HEK293-FSHR

Organon 
FSHR cryo-EM

214444–0 Hexahydro-quinoline FSHR Agonist 
EC50 1.2 nM 
HEK293-FSHR CRE-luc

Organon Antagonist 
10

6-Amino-4-phenyltetrahydro- 
quinoline

FSHR Antagonist 
IC50 10 nM 
CHO-FSHR cAMP

Wyeth Compound 1 (bis)sulfonic acid, (bis)benzamides FSHR Antagonist 
IC50 7.0 uM 
CHO-FSHR cAMP

Wyeth/EMD Serono/ 
Tocophe Rx

Cmpd 1,5 
T1

Thiazolidinone FSHR Agonist 
EC50 80 nM 
CHO-FSHR cAMP

Wyeth/EMD Serono/ 
Tocophe Rx

Aka Cmpd 3 
T2

Thiazolidinone FSHR Antagonist 
IC50 1.7 uM 
Rat GC E2

Tocophe Rx Cmpd 9k Benzamide FSHR Agonist 
EC50 5 nM 
Rat GC cAMP

(continued on next page)
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Table 1 (continued )

Organization SMOL ID Derivative Type Chemical structure Target Effecta

Bayer Schering 
FSHR cryo-EM

Cmpd 24 1,2-Diarylacetylene Derivatives of 
Acyltryptophanols

FSHR Antagonist 
IC50 20 nM 
HTRF assay 
HEK293-FSHR

Organon 
FSHR cryo-EM

Compound 
21f

(dihydro) imidazoiso (5, 1-a) 
quinolines

FSHR Agonist 
EC50 0.9 nM 
CHO-FSHR CRE-luc

Bayer 
LHR cryo-EM

Compound 
26

Tetrahydro-1,6-naphthyridine LHR Antagonist 
IC50 81 nM 
HEK293-LHR cAMP

Organonc 
ryo-EM LHR

ORG43553 thienopyrimidine LHR Agonist 
EC50 34 nM 
HEK293-LHR cAMP

Organon ORG41841 thienopyrimidine LHR Agonist 
EC50 220 nM 
HEK293-LHR cAMP

Organon ORG42599 thienopyrimidine LHR Agonist 
EC50 7.5 nM 
HEK293-LHR cAMP

Schering LUF5419 Thiazole LHR Agonist 
EC50 23 uM 
Allosteric modulation of [3H] 
Org43553 binding by LUF5419 
Allosteric enhancer and stabilizer 
of ORG43553

Schering LUF5771 Thiazole LHR Antagonist of ORG43553 
2.3uM 
Weak agonist 
EC50 1.6 uM 
Bmax 1/3 hCG 
CHOK1-LHR

(continued on next page)
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3. Receptor signaling

In contrast to stimulation by full agonists (balanced ligands), biased 
signaling (also referred to as functional selectivity) results in differential 
or imbalanced response(s), which are due to preferential activation of 
particular signaling pathway(s) at different levels along the downstream 
signaling cascades regulated by the activated receptor, eventually 
leading to distinct gene expression profiles (Ulloa-Aguirre et al., 2011, 
2018; Zarinan et al., 2024; Zhan et al., 2024). The concept of biased 
signaling at the gonadotropin receptors, and in general at several 
GPCRs, is important as it represents a potential means for designing new 
therapeutic strategies focused on selective modulation of signaling and 
gene expression at different levels in the gonads, potentially useful in 
infertility treatment and contraception. Different ligands have been 
shown to promote biased signaling at the gonadotropin receptors. These 
include glycosylation variants of FSH (Ulloa-Aguirre et al., 2025a; 
Timossi et al., 2000) and, relevant to this review, small molecule ligands 
with agonist and antagonist activities, which have been invaluable in 
interrogating gonadotropin receptor signaling (Ulloa-Aguirre et al., 
2025b).

Screening for first hits of extensive libraries may initially identify 
small molecules that activate or block canonical signaling, such as the 
Gs/cAMP/PKA pathway in the case of gonadotropin receptors. Howev
er, as introduced above, subsequent detailed biochemical studies 
implementing various small molecules have revealed nuances of effects 
on gonadotropin receptor function. For example, substitution of the 
Addex benzamide antagonist ADX61623 (Dias et al., 2011) yielded two 
additional FSHR antagonists (Dias et al., 2014). One substitution yielded 
a molecule ADX68692 which blocked both FSH-induced progesterone 
and estradiol biosynthesis and was more effective in blocking oocyte 
production in rats than ADX61623, which selectively blocked proges
terone synthesis (Dias et al., 2014).

Despite having pharmacokinetic (PK) properties superior to 
ADX68692, and similar ability to block cAMP production, the second 
substituted molecule, ADX68693, had no effect on oocyte production in 
rats (Dias et al., 2014). This was the first evidence of biased antagonism 
of downstream steroidogenic pathways following FSH receptor activa
tion and demonstrated an impact on physiological function. This 
remarkable observation led to the proposal that blocking estradiol 
production was necessary and sufficient for an orally bioavailable po
tential contraceptive to be viable, a reasonable hypothesis. These data 
also suggest that allosteric modulation of FSHR may differentially affect 
FSHR interactions with other potentially modifying, cell membrane 
resident, endosomal or cytosolic proteins that affect proliferation rather 
than differentiation pathways-the latter being generally driven by cAMP 
production. Transcriptomic studies employing these allosteric antago
nists have shown that small modifications in small molecule negative 
allosteric modulators structure (e.g. ADX68692 and ADX68693) are 

sufficient to impact temporal gene expression and biological effects in 
granulosa cells exposed to FSH, likely related to cAMP-independent ef
fects of FSH since both antagonists block cAMP (Hernandez-Ramírez 
et al., 2022).

Since most of the work to this point had been done in rats, human 
granulosa cells were used to confirm the dichotomy of these two com
pounds (unpublished). In those experiments, the biased antagonism 
observed when comparing ADX68692 and ADX68693 with ADX61623 
was recapitulated. Thus, where ADX68692 blocked FSH-induced cAMP, 
progesterone and estradiol synthesis in human granulosa cells, 
ADX68693 blocked only cAMP and progesterone production, while 
sparing estradiol production. These observations suggested that FSH- 
FSHR biased signaling may involve other players and that their inter
action with FSHR is perturbed by allosteric modulation of the receptor.

The theory that FSH-FSHR signaling may involve other signaling 
partners is consistent with studies concerning insulin-like growth factor- 
1 receptor (IGF-1R) in granulosa cells (Hayes et al., 2024). Inhibition of 
IGF-1R activity or expression using pharmacological, genetic, or 
biochemical approaches prevented the FSH-induced expression of ste
roidogenic genes and especially aromatase (CYP19), which is essential 
for estradiol production (Zhou et al., 2013). Direct activation of 
cAMP/PKA-mediated signaling with forskolin or dibutyryl cAMP alone 
barely induced CYP19 mRNA (consistent with earlier studies that 
demonstrated that, unlike FSH, constitutively active PKA does not fully 
activate aromatase gene expression (Escamilla-Hernandez et al., 2008), 
but significant gene expression was achieved when IGF-1 was added. 
However, blocking IGF-1R inhibited CYP19 expression by forskolin or 
the cAMP analog and IGF-1 alone did not induce CYP19 gene expression. 
These findings suggested that inhibition of IGF-1R blocked 
FSH-induction of other downstream signaling modalities (which subse
quently were found to be linked to protein kinase B (Akt) phosphory
lation) and demonstrate that, instead of a parallel synergistic 
interaction, FSH and IGF-I act in tandem. Notably, IGF-1R conditional 
knockout mice, where IGF-1R is only deleted in granulosa cells, are 
infertile, and FSH does not induce Akt phosphorylation or estradiol 
production (Baumgarten et al., 2017).

Based on the aforementioned studies from the Stocco lab (Hayes 
et al., 2024), IGF-1/IGF-1R and FSHR cross-talk appears to activate Akt 
signaling, which is important for estradiol production. Other mecha
nisms may also be involved in FSH-induced phosphoinositide 3-kinase 
(PI3K)/Akt pathway activation. For example, activation of extracel
lular signal-related kinases 1 and 2 (ERK1/2) via a β-arrestin-mediated 
pathway seemed a reasonable additional potential mechanism for acti
vation of Akt signaling. However, inhibition of those kinases (directly or 
via inhibition of the mitogen-activated protein kinase MEK, which ac
tivates ERK1/2) did not block Akt phosphorylation, but, interestingly, 
did prevent FSH and FSH/IGF-I stimulation of Cyp19 expression as did 
inhibition of PI3K (Zhou et al., 2013; Donaubauer et al., 2016a). 

Table 1 (continued )

Organization SMOL ID Derivative Type Chemical structure Target Effecta

Organon 
CanWell Pharma

CAN1404 Dihydro-benzoindazole FSHR Agonist 
EC50 0.14 nM 
HTRF assay 
CHO-FSHR cAMP

CanWell Pharma CAN1405 Dihydro-benzoindazole FSHR Agonist 
EC50 0.035 nM 
CHO-FSHR cAMP

a Abbreviations: HTRF: homogenous time-resolved fluorescence; HEK293: Human embryonic-kidney 293 cells; CRE-Luc: cyclic AMP response element-luciferase; 
CHO: Chinese-hamster ovary cells; GC: granulosa cells; E2: 17β-estradiol. Where indicated by “cryo-EM”, the small molecules were implemented in an attempt to 
stabilize the receptors' conformations.
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Zeleznik and colleagues (Zeleznik et al., 2003) also suggested that the 
released βγ subunits of the Gs-protein might directly activate PI3K. 
Another mechanism proposed was activation of a protein phosphatase 
that dephosphorylates insulin receptor substrate 1 (IRS-1), which in a 
complex with IGF-1R would allow it to be phosphorylated by IGF-1R and 
then activate PI3K (Law et al., 2017), a scenario that is dependent on 
PKA activation and on IGF-1R being constitutively activated by IGF-1 
produced by granulosa cells.

Although Akt clearly has an important role, its activation is only one 
part of the equation since Akt alone is not sufficient for CYP19 expres
sion. Indeed, constitutively active Akt does not induce aromatase 
expression (Zeleznik et al., 2003) and, as discussed above, CYP19 
expression can be blocked by inhibitors of ERK1/2, with no effect on Akt 
phosphorylation. Furthermore, the mechanisms discussed for Akt 
phosphorylation require FSH-induced activation of cAMP/PKA 
signaling. Since this is blocked in the presence of the small molecules 
ADX61623 and ADX68693 but estradiol synthesis proceeds with 
ADX68693, additional/yet unappreciated (cAMP-independent) inputs 
seem necessary for inducing aromatase expression and estradiol syn
thesis from androgen precursor.

One suggestion is that forkhead box protein O1 (FOXO1) and β-cat
enin, may be involved in the regulation of Cyp19 expression down
stream of Akt (Parakh et al., 2006). It also appears that ERK1/2 
(potentially via β-arrestin mediated activation, as discussed later) may 
have a role since, as mentioned above, its inhibition prevents Cyp19 
expression without inhibiting Akt phosphorylation. Indeed, phosphor
ylation of Y-Box-binding protein-1 (YB-1) on Ser102 via the ERK/p90 
ribosomal S6 kinase (RSK2) signaling pathway is necessary for 
FSH-mediated expression of target genes including CYP19A1 which are 
required for maturation of follicles to a preovulatory phenotype 
(Donaubauer and Hunzicker-Dunn, 2016). In granulosa cells, it has been 
shown that MEK, which phosphorylates ERK1/2, was active in the 
absence of FSH (downstream of the epidermal growth factor receptor 
(EGFR]), and that FSH decreases the activity of a phosphatase (DUSP6; 
mitogen activated protein kinase phosphatase [MKP] dual specificity 
phosphatase) which keeps ERK1/2 inactive, thus allowing accumulation 
of phosphorylated ERK1/2 (Donaubauer et al., 2016b). However, this 
pathway involves PKA-induced inhibition of DUSP6. Thus, based on 
these data, in the absence of cAMP (e.g. in the case of the Addex small 
molecule antagonists), it would be expected that ERK would be consti
tutively dephosphorylated and therefore inactive. Therefore, although 
the effects of the FSHR negative allosteric inhibitory small molecules of 
Addex Therapeutics point to a possibility that FSHR activates additional 
downstream pathways that induce aromatase expression, such a mech
anism has remained elusive and a topic for further study.

Although much of the previous discussion focused on biased 
signaling discovered with negative allosteric modulators, the availabil
ity of new FSHR agonist small molecules have also revealed additional 
interesting and relevant observations. An FSHR agonist CAN1404, [a 
dihydrobenzoindazole analog originally described by Organon in the 
published patent WO2011/012674 (Timmers and Loozen, 2011)] eli
cited a much lower (16 % of the FSH response) inositol phosphate (IP) 
accumulation response (Gα16-mediated IP3 stimulation) at the WT 
FSHR, despite robust stimulation of cAMP-mediated signaling (as 
measured by CRE-luciferase reporter gene activity) (Hanyroup et al., 
2021). The authors proposed that the simplest explanation is that 
CAN1404 is a biased agonist that induces a conformational change in the 
FSHR rendering it unable to couple with the Gα16 reporter designed to 
be promiscuous with many GPCRs (Liu et al., 2003a). Preliminary data 
has also indicated that CAN1405, another small molecule allosteric 
agonist exhibits biased agonism, strongly stimulating cAMP but not 
ERK1/2 phosphorylation (Ulloa-Aguirre et al., 2025b), suggesting that 
CAN1405 provokes a particular conformation of the FSHR that allows it 
to induce to cAMP production but not ERK1/2 activation as an agonist 
(i.e. it behaves as a biased allosteric agonist). This comports with earlier 
work where FSH treatment of an FSHR variant, I423T (which exhibits 

both partial failure to traffic to the cell membrane as well impaired 
activation by agonist), exhibited a 66 % decrease in cAMP compared to 
WT FSHR but only a 27 % decrease in ERK1/2 phosphorylation (Zarinan 
et al., 2021), suggesting differential modulation of these two pathways. 
These two studies are reminiscent of the inhibition of FSHR by 
ADX61623 and ADX68693, discussed above, where ADX68693 sup
pressed FSH-mediated cAMP but still induced Cyp19a expression and 
estradiol production. Taken together, these studies reprise the notion 
introduced above that the FSHR exhibits biased agonism that may be 
fine-tuned with FSHR small molecules. Such an approach may enable 
the stimulation of folliculogenesis with reduced estradiol production 
and a lower risk of ovarian hyperstimulation syndrome, with the ulti
mate goal of developing targeted therapeutics for safer ovarian stimu
lation. Conversely, two new FSHR dihydrobenzoindazole substituted 
agonists (TOP5300 and TOP5668) have been reported to induce greater 
levels of estradiol production than FSH in granulosa cells obtained from 
IVF patients undergoing oocyte retrieval (Nataraja et al., 2020). 
Recently, TOP5300 was also demonstrated to induce estradiol produc
tion in human granulosa cells from patients with advanced reproductive 
age and low levels of FSHR (as measured using monoclonal antibody 
against the FSHR ECD), or PCOS patients who had reasonable levels of 
receptor but poor response to FSH. This suggests that a physiological 
rescue or enhancement of function not possible with exogenous hor
mone treatment may be possible using small molecule agonists (Guner 
et al., 2023). No detectable increase in membrane receptor levels was 
observed with TOP5300 suggesting that the increased responsiveness to 
TOP5300 was due to a mechanism that did not involve trafficking of 
receptors. It is worth noting that TOP5300 has mixed FSHR/LHCGR 
activity (Nataraja et al., 2020). Therefore, it may be that through LHR, 
TOP5300 increases the production of androgen precursor, thereby 
increasing estrogen production.

In summary, small molecule FSHR NAMs have revealed that the 
estradiol biosynthetic steroidogenic pathway is capable of biased control 
despite common antagonism at the cAMP level. Those observations may 
correlate with differential effects of FSH glycoforms on the tran
scriptome of granulosa cells (discussed later) (Zarinan et al., 2024). The 
complexity and coordination of estradiol biosynthesis and granulosa cell 
proliferation is an ongoing area of research. This research is under
pinned by a wealth of information which has led to the understanding 
that IGF-1/IGF-1R is necessary, but not sufficient, for estradiol pro
duction and that FSH is still required (Fig. 3). With regards to the biased 
antagonism exhibited by the Addex small molecule antagonists, perhaps 
a phosphorylation barcode of the ADX68693-FSH-FSHR unique from the 
ADX68692-FSH-occupied receptor, or induction of unique structural 
conformations, may influence physical interaction with other membrane 
proteins.

4. cAMP “independent” and persistent signaling: the role of 
platforms

The initial burst of cAMP following FSH activation of the FSHR is 
brief, in part shortened by the action of phosphodiesterases within the 
cell, and the attenuation of signaling by phosphorylation of the receptor 
intracellular loops by G-protein receptor kinases (GRK) and the subse
quent binding by β-arrestins (Wess et al., 2023).

Previous data, discussed above, with FSHR small molecule NAMs 
begs the question: In the face of suppression of FSH-induced cAMP by 
ADX68693 or ADX61623, sufficient to block progesterone production, 
how is aromatase gene expression induced? Observations of the effects 
of these FSHR small molecules have stimulated the thinking that there 
may be FSH-stimulated cAMP-independent (and potentially more 
persistent) signaling pathways that induce aromatase expression which 
cannot be suppressed by ADX68693 or ADX61623, but can be sup
pressed by the related analog ADX68692, which blocks both proges
terone and estradiol production.

As discussed above, many of the signaling pathways that have been 
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elaborated linking the FSHR to aromatase gene expression assume 
activation of PKA. There is scant evidence in the literature of cAMP- 
independent activation of PKA. One example that has been presented 
is that transcriptional activity of NF-kB is regulated by the inhibitor of 
kB (IkkB) kinase complex primarily associated with inflammation. The 
IkB kinase-associated catalytic subunit of PKA (PKAc) has been reported 
to be activated through a cAMP–independent mechanism (Zhong et al., 
1997). In this example, the catalytic subunit of PKA is maintained in an 
inactive state through association with IkB, IkB-a or IkB-b in an 
NF-kB–IkB–PKAc complex (Zhong et al., 1997). Signals that cause the 
degradation of IkB result in activation of PKAc in a cAMP-independent 
manner causing the subsequent phosphorylation of p65 (Zhong et al., 
1997).

Another possibility is that downstream persistent signaling (puta
tively not blocked by ADX68693/ADX61623) occurs in a context where 
hormone-occupied receptor is highly localized to nanodomains 

containing PKA holoenzyme leading to activation of nuclear CYP19 
expression through some as yet unexplained mechanism (Lyga et al., 
2016; Lohse et al., 2023). In this regard, another possibility is that kinase 
anchoring proteins (AKAPs) may act as scaffolding proteins to raise local 
concentrations of PKA isozyme to specific sites to regulate steroido
genesis albeit in a cAMP-dependent and potentially persistent manner. 
For example, a mouse AKAP that interacts with the mitochondrial 
peripheral-type benzodiazepine receptor (PBR) and PKA regulatory 
subunit R1α (Prkar1α), named PBR and PKA-associated protein 7 
(PAP7), was identified and shown to be involved in hormone-induced 
mitochondrial steroid biosynthesis (Liu et al., 2003b). PAP7 is consti
tutively expressed in gonads and was shown to play a role in CG-induced 
steroid transport and synthesis (Liu et al., 2003b; Li et al., 2001). 
Although PAP7 binds to the regulatory subunit of PKA, there is evidence 
that activation of PKA does not require dissociation of the regulatory 
subunits from the catalytic subunits as occurs when supraphysiological 
levels of cAMP rise following hormone stimulation (Smith et al., 2017). 
Whether PAP7 targeting of PKA plays a role in FSH action remains to be 
determined. However, there would have to still be an activation of PKA 
by cAMP and clearly progesterone synthesis is blocked by ADX68693.

AKAP13 like PAP7 also influences mitochondrial steroid synthesis 
(Ng et al., 2019). Recently AKAP13 has been shown to act as a scaf
folding protein that plays a role in FSH-induced steroidogenesis by a 
physical interaction with CREB, resulting in phosphorylation of CREB by 
PKA (Cayton Vaught et al., 2023). Another AKAP, AKAP95 (encoded by 
AKAP8 gene), is known to anchor PKA in the nucleus and to phos
phorylate CREB (Gu et al., 2018). Knockdown of the AKAP8 gene 
reduced the amount of PKA anchored in the nucleus and attenuated the 
phosphorylation of CREB by either FSH or direct activation of the 
cAMP/PKA pathway and also significantly attenuated FSH-induced 
CYP19A1 expression and estrogen synthesis (Gu et al., 2018). It would 
be interesting to determine if AKAP13 and AKAP95 play a role in aro
matase induction in the face of a cAMP blockade by ADX68693, as this 
would suggest that very miniscule amounts of cAMP can be brought to 
high concentrations by a specific interaction with CREB sufficient to 
activate aromatase gene expression. However, what is unclear is why 
this does not happen with ADX68692. Whether this is due to a confor
mation of the receptor that permits or disallows signaling platform ac
cess is a subject for future study.

Recently it has been shown that PAP7 also functions as an acyl-CoA 
binding domain-containing 3 (ACBD3) Golgi scaffolding protein, which 
directly interacts with KDEL receptor (KDELR) and regulates its traf
ficking via PKA (Jia et al., 2023). The cAMP that triggers activation is 
related to KDELR, which does not seem to be a canonical G-pro
tein-coupled receptor. However, the point here is that these data suggest 
a potential mechanism that, in the absence of cAMP (either the initial 
burst induced by FSH, or when blocked by FSHR-allosteric small mole
cule inhibitors), highly localized PKA isozyme in specific signaling 
platforms may potentially be activated by virtue of internalized FSHR 
itself or by virtue of its interaction with other proteins triggering a 
cAMP-like response. A couple of possibilities of such proteins includes 
APPL1 and 14-3-3τ both known interacting proteins of FSHR (discussed 
below) (Sposini et al., 2017, 2020; Thomas et al., 2011; Nechamen et al., 
2004, 2007; Dias et al., 2010b).

Another potential mechanism of cAMP-independent signaling in 
granulosa cells may involve the regulatory subunit 2 (RII) of PKA, 
(encoded by the PRKAR2B gene) a marker of granulosa cell differenti
ation (Ratoosh et al., 1987). A decrease in the regulatory subunit or 
mutations in that gene may cause constitutive activation of PKA, which 
has been linked to the pathogenesis of endocrine tumors as evidenced by 
the classification of this, and other PKA regulatory subunit genes, as 
tumor suppressor genes (Sandrini et al., 2002). It has been reported that 
the transcription factor hypoxia inducible factor 1-alpha (HIF-1a) under 
hypoxic conditions can suppress expression of the PRKAR2B gene by 
sequestrating the repressor, Sp-1 (Lucia et al., 2020). Conversely, 
overexpression of PRKAR2B in human prostate cancer cell lines 

Fig. 3. The complexity and coordination of estradiol biosynthesis and gran
ulosa cell proliferation: a. Inhibition of insulin-like growth factor receptor (IGF- 
IR) activity or expression (e.g. via IGF binding protein 2 (IGFBP2) or by AEW- 
541 inhibitor) prevented FSH-induced expression of steroidogenic genes 
(including the Cyp19 gene that encodes the aromatase enzyme) and estradiol 
production, and blocked phosphorylation of protein kinase B (pAKT); b.Treat
ment with UO126, an inhibitor of ERK1/2 kinases, prevented FSH and FSH/ 
IGF-I stimulation of Cyp19 expression; IGF-I stimulated AKT phosphorylation 
(c) after 1 h of incubation, but it had no effect on ERK1/2 or CREB activation. 
IGF-1 alone did not induce Cyp-19 gene expression (Zhou et al., 2013). A 
conditional knockout of IGFR1 in granulosa cells (GCs) in mice were sterile and 
lack of antral follicles correlated with a 90 % decrease in serum estradiol levels 
(Baumgarten et al., 2017); d. FSH down-regulates the expression of the protein 
tyrosine phosphatase 1B (PTP-1B) in granulosa cells, whereas okadaic acid, a 
phosphatase inhibitor, enhances FSH-induced Cyp19 expression and augments 
gonadotropin-stimulated steroidogenesis. Inhibition of a protein phosphatase, 
that dephosphorylates IRS-1 and which is in a complex with IGF-1R, allows it to 
be tyrosine phosphorylated and activate the PI3K/PKB pathway (Law et al., 
2017). FSH decreases the activity of a phosphatase (MKP3(DUSP6)), which 
keeps ERK inactive (Donaubauer and Hunzicker-Dunn, 2016). In this setting, 
cAMP-dependent PKA activation e. plays an important role in the control of 
these pathways. However, data generated using the FSHR NAM, ADX68693 
(which exhibits biased antagonism in permitting FSH-induced estradiol syn
thesis in the absence of cAMP), indicate that, as yet fully unveiled, 
cAMP-independent mechanisms may also be involved. Wo: Wortmannin 
(PI3K inhibitor).
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increased the expression of HIF-1α (Xia et al., 2020). Incubation under 
hypoxic conditions or overexpression of HIF-1α significantly suppressed 
the expression of Prkar2b but did not significantly affect the expression 
of the genes encoding for the other regulatory subunits (Prkar1a, 
Prkar1b, and Prkar2a) and the catalytic subunit (Prkaca) (Lucia et al., 
2020), whereas, HIF-1α suppression using RNA interference increased 
Prkar2b gene transcription (Lucia et al., 2020). Pertinently, FSH stim
ulation of FSHR increases HIF-1α, an effect that is primarily translational 
as it was not inhibited by pretreatment with the transcriptional inhibitor 
actinomycin (Alam et al., 2004). As FSH induces HIF-1α expression, it 
seems reasonable to hypothesize that would suppress the synthesis of the 
regulatory subunit of PKA (Lucia et al., 2020). Interestingly, mice 
lacking Prkar2b are fertile and long-lived (Brandon et al., 1998). Indeed, 
it has recently been shown that FSH regulates estradiol synthesis in 
hypoxic granulosa cells by activating glycolytic metabolism through the 
HIF-1α–AMP activated protein kinase (AMPK)-GLUT1 pathway, and 
that blocking HIF-1α with siRNAs blocks estradiol production despite 
FSH stimulation (Wu et al., 2022). Activation of this pathway may also 
involve β-catenin enhancement of FSH action (Parakh et al., 2006; Fan 
et al., 2010).

In summary, biased antagonism of steroidogenesis by small molecule 
antagonists of FSHR demonstrated biased signaling by FSHR and sug
gested that cAMP- independent or highly localized signaling platforms 
underpinned by anchoring proteins and/or regulatory subunit control 
may be at play in FSHR action.

5. Internalization and recycling of the hormone-receptor 
complex

In addition to illuminating the intricacies of gonadotropin-receptor- 
induced intracellular signaling cascades, small molecule ligands tar
geting the gonadotropin receptors have also been useful with regards to 
furthering understanding of receptor internalization and endosomal 
signaling. For example, using FSHR fused to enhanced-green fluorescent 
protein (EGFP), it was shown that both FSH as well as the Organon- 
manufactured small molecule FSHR allosteric agonist 214444- 
0 induced FSHR internalization (as is typical following agonist- 
induced GPCR activation). These studies illustrated that hormone 
binding at the ECD is not necessary for internalization to occur because 
allosteric activation of the TMD of FSHR by 214444-0 was necessary, 
and sufficient, to induce internalization. However, an open question is 
whether activation (ie. cAMP production) is necessary for FSHR inter
nalization? Here, the FSHR small molecule antagonist ADX61623 again 
provided insight. In addition to increasing 125I-hFSH binding when 
measured in HEK293 cells expressing FSHR, ADX61623, which blocked 
FSH-induced cAMP production, did not prevent internalization of the 
receptor-bound 125I-hFSH (Dias et al., 2011).

Ample evidence has demonstrated that, after hormone-induced 
internalization, FSHR recycles back to the cell membrane (Kluetzman 
et al., 2011; Krishnamurthy et al., 2003), but the mechanisms involved 
were not clear. Additionally, it has been established that the FSHR is 
ubiquitinated (Cohen et al., 2003) so some consideration of the pro
teosomal pathway and the role of E3 ubiquitin ligase and how these may 
also be implicated in the flux of FSHR synthesis/degradation is required. 
The discovery that two adapter proteins, APPL1 and 14-3-3π interact 
with FSHR, also begged for clarification about their roles, which 
remained obscure (Thomas et al., 2011; Nechamen et al., 2004, 2007; 
Dias et al., 2010b; Cohen et al., 2004).

Some clarity has been achieved on the latter point thanks to the 
implementation of high-resolution imaging of gonadotropin receptors. A 
potential role for APPL1 in very early endosome (VEE) trafficking was 
discovered using this advanced imaging method, first for LHCGR 
(Sposini et al., 2017) and then in FSHR (Sposini et al., 2020). VEEs are 
smaller endosomes devoid of early endosome (EE) and intermediate EE 
markers such as EE antigen 1 (EEA1), Rab5, and phosphatidyl inositol-3 
phosphate (PI3P) (Jean-Alphonse et al., 2014). Blocking of LHCGR 

internalization with Dyngo-4a, a potent dynamin inhibitor, decreased 
cAMP production. Furthermore, APPL1 in VEEs was found to act as a 
negative regulator of both LH- and FSH-induced cAMP production by 
LHCGR and FSHR, respectively (Sposini et al., 2017, 2020) (Fig. 4). 
Interestingly, although the VEE is an endosomal compartment linked to 
sustained ERK1/2 signaling (Jean-Alphonse et al., 2014), APPL1 did not 
alter LH-dependent ERK1/2 activation (Sposini et al., 2017).

The above described studies have demonstrated a critical role for 
receptor internalization and endosomal signaling in FSHR and LHGCR 
activity, and that APPL1 is essential for both rapid recycling of the re
ceptors to the cell membrane (with LHCGR recycling driven by receptor- 
mediated Gαs/cAMP signaling from the VEE and PKA-dependent phos
phorylation of APPL1 at serine 410) and for regulation of endosomal 
cAMP signaling (Sposini et al., 2017).

Given the critical nature of receptor internalization and endosomal 
signaling for FSHR activity, the availability of FSHR allosteric agonists 
suggested the potential to re-program FSHR activity via altering 
engagement with endosomal machinery (Sposini et al., 2020).Two 
chemically distinct FSHR agonists (a benzamide derivative, B3 and a 
thiazolidinone derivative, T1) were employed to assess whether these 
compounds exhibit differential abilities to alter receptor endosomal 
trafficking and signaling within the VEE. It was confirmed that blocking 
of internalization with Dyngo-4a reduced small molecule 
agonist-induced cAMP accumulation in cells measured with a cAMP 
sensor, as seen with FSH (Sposini et al., 2020). However, T1 was able to 
induce a greater level of cAMP than FSH and B3 suggesting that the 
distinct function of APPL1 to reduce endosomal cAMP generation can 
potentially be pharmacologically selected. Indeed, knockdown of APPL1 
increased cAMP production induced by both FSH and B3, but not T1. On 
the other hand, APPL1 knockdown reduced recycling of FSHR induced 
by T1 and FSH but not by B3 (Sposini et al., 2020). It is worth noting that 
the chemical series from which B3 (the enantiomer of 9k) was derived, 
required an EC20 FSH concentration for stimulating primary granulosa 

Fig. 4. APPL1 was found to play two key and distinct functions in regulating 
LHR activity: Required for receptor recycling and negative regulation of LH- 
induced endosomal cAMP (Sposini et al., 2017). Using this experimental 
paradigm and advanced imaging methods and FSHR small molecules, it was 
discovered that endosomal programming can be selectively modified by FSHR 
small molecule agonists (Sposini et al., 2020). Figure from (Sposini et al., 
2017), reproduction licensed by Creative Commons CC-BY.
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cells, thus behaving as PAM. However, B3 studied in these endosomal 
signaling analyses did not require any FSH to stimulate cAMP (Sposini 
et al., 2020).

All three small molecule agonists (214444–0, T1 and B3) induced 
FSHR internalization independent of FSH action. This suggested that 
they do so by inducing a similar conformational change in the FSHR. 
Furthermore, the inhibition of FSH-induced cAMP production by 
ADX61623 suggested that FSH-induced conformational change triggers 
internalization in a cAMP-independent manner suggesting that inter
nalization is not cAMP dependent. An alternative explanation is that in 
the absence of G protein (in the presence of inhibitors) or following the 
dissociation of G protein small-molecule(agonist)-occupied FSHR will 
internalize independent of FSH.

In summary, implementation of gonadotropin receptor small mole
cule agonists and antagonists have validated critical interactions be
tween gonadotropin receptors and previously identified adaptor 
proteins, and signaling and trafficking pursuant to those interactions. 
Potential therapies, based on modulation of interacting proteins, are 
currently being considered for GPCRs in general. Internalization of 
FSHR appears necessary for engaging Gs-protein signaling and adenylyl 
cyclase activation and persistent signaling involves receptor sorting and 
endosomal G protein signaling from the VEE. Moreover, using advanced 
imaging methods and FSHR small molecules, it was discovered that 
endosomal programming can be selectively modified by FSHR small 
molecules (Sposini et al., 2020). Understanding how the Addex FSHR 
small molecule antagonists affect these processes awaits their evaluation 
in sophisticated high-resolution imaging systems.

6. Hetero-oligomerization through protein-protein interactions

Recent demonstration of FSHR and LHCGR homologous and heter
ologous interactions studied by in situ imaging (Fanelli et al., 2020; 
Mazurkiewicz et al., 2015) has raised the possibilities of nuanced, 
fine-tuned signaling mediated through these interactions. There is also 
evidence that the FSHR interacts with other membrane proteins 
(Casarini et al., 2020; Lundin et al., 2022), in addition to canonical 
signaling proteins (Ulloa-Aguirre et al., 2018; Reiter et al., 2017; Kara 
et al., 2006) and adapter proteins (Sposini et al., 2017, 2020; Thomas 
et al., 2011; Dias et al., 2010b; Jonas and Hanyaloglu, 2019). These 
interactions may play a role in modulating FSH-induced estrogen 
biosynthesis and or folliculogenesis, complementing the canonical 
cAMP pathways to progesterone biosynthesis, providing a previously 
appreciated fail-safe mechanism (Pasapera et al., 2005). The availability 
of gonadotropin receptor small molecule agonists and antagonists en
ables examination of this hypothesis and whether these interactions can 
be differentially modulated, which, as discussed above, has been shown 
for APPL1/FSHR and APPL1/LHCGR interactions and endosomal 
signaling (Sposini et al., 2020; Casarini et al., 2020).

The observation that blocking cAMP by the FSHR NAM small 
molecule ADX68693 was not sufficient to block folliculogenesis, but that 
ADX68692, which blocks both cAMP and estradiol synthesis, was suf
ficient to block this process, raised three questions: First, are there 
alternative mechanisms for production of estradiol and, thus, folliculo
genesis in the face of a block of cAMP production that should be 
considered? Second, might estradiol production be necessary but not 
sufficient for proliferation (folliculogenesis), ie., is there an, yet, unap
preciated role for FSHR in activating the time-dependent induction of 
proliferation/folliculogenesis perhaps by interacting with and trans
activating growth factor receptors such as insulin-like growth factor 
receptor (IGFR) or epidermal growth factor receptor (EGFR)? Thirdly, is 
there a difference in the gene expression profile of FSH when cAMP is 
blocked and estradiol is produced versus when both estradiol and cAMP 
production are blocked and might that inform the first question? The 
first question was the subject of much of the preceding discussion. Re
sults discussed next regarding recent developments in understanding the 
role of growth factor receptor IGF1R as well as estrogen binding protein 

interactions with FSHR have provided intriguing insights into the sec
ond question.

In a recent study, FSHR-interacting proteins were identified using 
mass spectrometry. HEK293 cells expressing either wild-type (WT) or an 
inactivating variant (A189V) FSHR that results in protein misfolding and 
subsequent failure to traffic to the plasma membrane (Aittomaki et al., 
1995), were used. Unsurprisingly, a preponderance of interacting pro
teins that are involved in chaperoning misfolded proteins with FSHR 
A189V compared to WT FSHR was discovered (Lundin et al., 2022). An 
unanticipated discovery also emerged showing that, upon stimulation, 
both the WT and variant FSHR interact with IGFR (Lundin et al., 2022). 
FSHR-expressing cell lines differentiated from pluripotent stem cells 
derived from patients with FSHR variant A189V or from an embryonic 
stem cell line to generate a WT FSHR expressing line were also produced 
as models for examination of endogenous FSHR function in vitro 
(Lundin et al., 2022). In this model, FSH stimulation of the WT, but not 
variant A189V, FSHR activated the canonical cAMP-dependent 
signaling pathway and downstream mediators (Lundin et al., 2022). 
These data potentially open new lines of inquiry on what role, if any, 
IGFR may play in cAMP/PKA-independent activation of aromatase in
duction and/or proliferation. Although laborious, this model may be 
used in the presence and absence of the FSHR small molecule negative 
allosteric modulators to determine if the interaction is differentially 
affected by the two Addex negative allosteric modulators. In addition, 
this platform may help understand the underpinning of the FSHR A189V 
trafficking defect and modes of action of FSHR pharmacoperones that 
can be used to rescue them (see below), as well as pharmacoperones 
targeting other receptors.

In other studies, it has also been observed that FSH induces estrogen- 
sensitive binding proteins in human granulosa cells and L cells (Pasapera 
et al., 2005), including the G protein-coupled estrogen receptor (GPER, 
GPR30) (Casarini et al., 2020), and the nuclear steroid hormone re
ceptor ERβ (but not ERα), as well as the progesterone receptor (Pavlik 
et al., 2011). GPER is expressed in normal human ovaries (Heublein 
et al., 2012) and has also been implicated in cancer cell proliferation, 
such as in Tamoxifen resistant Her-2/neu positive ovarian epithelial 
cancer (Heublein et al., 2013). Indeed, GPER has been proposed as a 
gonadotropin receptor-dependent positive prognosticator in ovarian 
carcinoma patients (Heublein et al., 2013).

GPER interacts with membrane-associated guanylate kinase 
(MAGUK) scaffold proteins through its C-terminal PDZ motif (~SSAV), 
specifically with the MAGUK proteins postsynaptic density protein 95 
(PSD-95) and synapse-associated protein 97 (SAP97), the latter of which 
anchors AKAP, AKAP5, and PKA RII (Gonzalez de Valdivia et al., 2017). 
Interaction of GPER with MAGUK proteins and AKAP5, constitutively 
inhibits cAMP in a Gαi/o-independent manner (Broselid et al., 2014). 
GPER also mediates survival/proliferation signals through the PI3K/Akt 
signaling pathway (Akt promotes cell survival by phosphorylating and 
inhibiting a forkhead transcription factor (Brunet et al., 1999)) and by 
constitutively increasing mitogenic ERK1/2 activation in a Gi/o-de
pendent manner (Gonzalez de Valdivia et al., 2017), as well as 
Gβγ-dependent mechanisms upregulating proto-oncogenes (Maggiolini 
et al., 2004). Given that GPER is a gonadotropin-dependent positive 
prognosticator in ovarian cancer, and given that GPER is also found in 
ovarian tissues throughout the follicular phase (Heublein et al., 2012) it 
seemed likely that GPER would play a role in granulosa cell 
proliferation.

Recently, a significant discovery characterized how FSHR and GPER 
form a complex that promotes follicle development/granulosa cell 
proliferation (Casarini et al., 2020) (Fig. 5). In that report, FSH induction 
of cAMP production was blocked by GPER but FSH-induced AKT acti
vation (mediated by Gβγ-dependent Akt phosphorylation) was increased, 
as was cell viability (with a reduction in proapoptotic cleavage of pro
caspase 9). The ability of GPER to inhibit FSH-mediated cAMP signaling 
was confirmed by measurement of FSH-induced cAMP response 
element-binding protein (CREB) phosphorylation, a canonical 
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downstream cAMP-dependent event, that has also been reported to 
occur via an intracellular calcium release/ERK-dependent pathway 
(Zanassi et al., 2001). While it is unlikely that FSH binding to the 
GPER/FSHR complex can induce Cyp19a expression via the PKA 
pathway, its inhibition of caspase 9 cleavage reduces the influence of an 
apoptotic pathway and can potentially stimulate proliferation. It is 
tempting to speculate that the activation of Akt and ERK1/2 may also 
play a role in cAMP-independent estradiol production, albeit on a 
different timescale than the PKA-induced phosphorylation of CREB. 
Unfortunately, it was not determined if FSH regulated GPER-induced 
ERK1/2 activation or the mitogen-activated protein kinase (MAPK) 
signaling pathway (Casarini et al., 2020), which are both upstream of 
CREB phosphorylation (Bonni et al., 1999). However, the phosphory
lation of Akt was inhibited by gallien, a Gβγ inhibitor. This raises the 
possibility of β-arrestin-dependent FSH activation of ERK1/2 which was 
previously determined to be independent of PKA, and has a delayed and 
extended profile (Kara et al., 2006). cAMP independent β-arrestin2- 
dependent phosphorylation of CREB is mediated by ERK (Manson et al., 
2011) and osteocalcin control of adiponectin expression is also mediated 
by ERK independently of PKA (Otani et al., 2015). ERK induced CREB 
phosphorylation may also occur through mitogen and stress activated 
kinases (MSK1,2) (Wiggin et al., 2002). It should be noted that mouse 
knockouts of MSK1,2 are fertile (Wiggin et al., 2002) and so are the 
GPER knockout mice (Prossnitz and Hathaway, 2015). In human gran
ulosa cells, GPER siRNA increased FSH-mediated cAMP and progester
one biosynthesis (Casarini et al., 2020), but it remains to be determined 
if GPER siRNA experiments enhance FSH-induced estradiol biosynthesis. 
Nonetheless, the association of FSHR with GPER and the role of GPER in 
proliferation provided a rationale to a paradigm that might explain why 
ADX68693 does not block preovulatory follicle development in the face 
of a block of FSH-dependent cAMP, that is, via β-arrestin-mediated 
activation of ERK1/2, which would synergize with the FSHR/GPER 
activation of ERK1/2 (which would synergize with the FSHR/GPER 
activation of pAkt) to induce estradiol biosynthesis. One possibility 
underlying the inability of ADX68692 to induce such an effect is that it 
prevents the interaction of FSHR with the GPER complex while 
ADX68693 does not. However, this remains to be formally tested.

In conclusion, gonadotropin receptor small molecule modulators 
may be used to determine if homo- and hetero-oligomeric states of the 

receptor are modulated chemically. Experimental models discussed 
above to detect protein interactions with FSHR seem promising not only 
to identify interaction, but also to discover small molecules that can 
disrupt those interactions via induction of varied receptor conformers. 
Such experiments may shed light not only on biased agonism, but also on 
whether multimeric states and protein-protein interactions with the 
receptor underpin physiological manifestations of gonadotropin 
stimulation.

7. Biosynthesis of receptors

Following translation, nascent GPHR proteins are folded into their 
native conformation and undergo post-translational processing in the 
endoplasmic reticulum (ER) and Golgi apparatus from where they are 
transported to the plasma membrane to be available for interacting with 
their cognate ligands. Cellular quality control systems prevent upward 
trafficking of incorrectly folded (misfolded) receptor proteins. One of 
the first inactivating variants of the FSHR (A189V) was discovered in 
patients in Finland who presented with secondary amenorrhea before 
the age of 20 yr (Aittomaki et al., 1995, 1996a, 1996b; Rannikko et al., 
2002). This is a rare disease manifesting as primary ovarian insuffi
ciency, with the lack of sex steroids negatively impacting bone health 
(Luiro et al., 2019). Hormone replacement therapy is indicated but is not 
sufficient to restore fertility. However, in cases where a mutation results 
in misfolding that prevents posttranslational processing and matur
ation/trafficking to the plasma membrane [as is the case for the A198V 
FSHR variant (Rannikko et al., 2002) and many other GPHR variants], it 
was thought that rescuing the receptor using gonadotropin receptor 
small molecule modulators would ameliorate the insufficiency and 
restore natural menses. Today the use of small molecules to rescue 
defective trafficking of receptors in vitro is a common pre-clinical study 
finding, and the term pharmacoperone (from pharmacological chap
erone) has been coined (Conn et al., 2014). Cells containing the FSHR 
A189V variant when treated with an LHCGR allosteric agonist Org 
41841, were shown to increase FSH-dependent activity (Janovick et al., 
2009). FSH-induced cAMP was increased about 1.4 fold and FSH bind
ing about 3 fold. Control experiments validated that the LHCGR agonist 
per se had no direct effect on cAMP production (Janovick et al., 2009). 
Thus, the LHCGR small molecule could in fact cross over to FSHR and 

Fig. 5. A: FSHR interaction with GPER constrains FSH-induced cAMP production inhibiting differentiation and favoring proliferation. A question is whether FSHR 
small molecule (SMOL) antagonists ADX68692 but not ADX68693 blocks the GPER-FSHR interaction. B: Mutation of GPER prevents FSHR interaction with GPER 
allowing FSH-induced cAMP and decreased cell viability, suggesting that disruption of GPER-FSHR interaction by an FSHR SMOL antagonist may block proliferation 
of granulosa cells and hence provide contraception. Figure modified from (Casarini et al., 2020), reproduction licenced by Creative Commons CC-BY.
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although it could not activate it, it could still have an enhancing effect 
(conformer stabilization and corrected trafficking) only observed in the 
presence of FSH. However, other laboratory-made mutations in the 
FSHR ECD, which also failed to be expressed on the cell surface, were not 
rescued with Org 41841 (Nechamen and Dias, 2000, 2003). The FSHR 
A189V variant has extremely low FSH binding and undetectable cAMP 
production measured directly, or with the cAMP FRET vector ICUE 
(Indicator of cAMP Using Epac biosensor), as well as PKA activation 
measured with AKAR (A-Kinase Activity Reporter) FRET sensor and the 
PSOMLuc (CRE-dependent luciferase reporter) vector (Tranchant et al., 
2011). Interestingly, cAMP-independent, β-arrestin dependent, ERK 
phosphorylation (resistant to H89 inhibition, a PKA inhibitor) was 
determined to be the predominant form of signaling induced by this 
variant and this phenomenon was found to be due to the low expression 
level of the variant and not due to the presence of the mutation itself, as 
WT FSHR exhibited similar preferential coupling when expressed at low 
plasma-membrane densities (Tranchant et al., 2011).

Another FSHR small molecule agonist, CAN1404 (Table 1), was able 
to rescue a host of FSHR variants that exhibited poor cell surface 
expression, but not all variants could be rescued (Hanyroup et al., 2021). 
Only successful rescue was possible with mutations that occurred in the 
TMD and not the ECD. That observation was consistent with the inability 
of Org41841 to rescue engineered mutations in the FSHR ECD that 
caused trafficking defects (Nechamen and Dias, 2000, 2003; Mahale 
et al., 2001), with the exception of the A189V mutant which was 
modestly rescued by this allosteric agonist (see above). Similarly, in an, 
as yet, unpublished study using a different panel of FSHR variants, it was 
found that CAN1405, another FSHR small molecule agonist, rescued 
some misfolded FSHR variants with TMD-located mutations, whereas 
those located in the ECD were virtually refractory to rescue 
(Ulloa-Aguirre et al., 2025b). Similar to the FSHR, rescue of cell surface 
expression of LHCGR has also been achieved with a thienopyrimidine, 
Org 42599 LHCGR small molecule (renamed to LHR-Chap) (Newton 
et al., 2011, 2021). Again, not all LHCGR variants could be rescued, and 
only TMD-located variants were responsive. Interestingly, no increase in 
hormone binding to WT LHCGR was observed when cells were treated 
with Org 42599 (Newton et al., 2011), unlike when FSHR is treated with 
FSHR NAMs (Dias et al., 2011, 2014) or Org 41841 and Org 214444-0 
(Jiang et al., 2014b).

Recently, it has been shown that rescue of misfolded GnRH receptors 
(GnRHR) can be achieved with small peptidomimetic antagonist mole
cules that are independent of cognate GnRHR activity (Conn and 
Ulloa-Aguirre, 2010). High-throughput screening demonstrated the ef
ficacy of GnRHR-specific pharmacoperones that rescued misfolded 
GnRHR variants from ER retention, leading to plasma membrane 
localization and restored signaling in vitro (Smith et al., 2020). In this 
remarkable finding, eight different structural classes were identified that 
showed rescue of the GnRHR E90K pathogenic variant, and none of the 
11 lead compounds tested showed appreciable agonist or antagonist 
effect. Such ‘neutral’ pharmacoperones targeting the gonadotropin re
ceptors have yet to be described, however this study highlights the po
tential for such compounds which would permit the spatial and 
temporal responses to endogenous hormone to be restored without 
impact from exogenous ligand (agonist or antagonist) activity. 
Furthermore, in the case of GnRHR and vasopressin V2 receptor, 
“rescue” of cell surface expression of variant receptors using agonist, 
antagonist or compounds with no functional activity, has unveiled 
constitutive activity of some misfolded variant receptors (Janovick 
et al., 2017; Janovick and Conn, 2010), suggesting another potential 
outcome that may still be discovered/explored for the gonadotropin 
receptors.

In summary, small molecule compounds can act as pharmacoperones 
to restore cell surface expression and function to upward trafficking- 
defective, misfolded gonadotropin receptors. Those variants with mu
tations in the TMD are more amenable to rescue by small molecules than 
trafficking-defective receptors with mutations in the ECD. It isn't known 

if mutations which specifically prevent receptor glycosylation (in the 
ECD) can be rescued with gonadotropin receptor small molecules, 
although the LHCGR allosteric agonist Org 41841, provoked a modest, 
but significant increase in FSHR response and binding of the A189V 
pathogenic variant (Janovick et al., 2009), which probably alters re
ceptor glycosylation at Asn 191 leading to intracellular retention (Ait
tomaki, Herva et al., 1996). Stabilization of a receptor conformation 
compatible with ER export appears to underpin the rescue phenomenon 
(Jardon-Valadez and Ulloa-Aguirre, 2024). It isn't known if the FSHR 
NAMs ADX68692 or ADX68693 can also rescue gonadotropin receptors. 
However, their oral bioavailability and good pharmacokinetic charac
teristics suggest it may be worth trying. Likewise, efforts to identify 
‘neutral’ pharmacoperones for these receptors would also be an avenue 
worth pursuing.

8. Post-signaling nuances of hormone/small molecule-occupied 
receptors

Following hormone-induced signaling, activation of gene transcrip
tion leads to the production of a variety of proteins that will participate 
in the selection and nurturing of preantral follicle growth and devel
opment. The canonical view is that FSH, through the FSHR-induction of 
cAMP synthesis, activates downstream effectors that drive preovulatory 
follicle growth and development of fertilization-competent oocytes 
(Ulloa-Aguirre et al., 2018). This view engendered selection of FSHR as a 
target to develop an orally active nonsteroidal drug that would block 
fertility in women but could also be useful to treat estrogen exacerbated 
endometriosis and estrogen-dependent cancer as an alternative to aro
matase inhibitors. In an effort to determine proof of concept that 
non-steroidal FSHR small molecule antagonists are contraceptive, in vivo 
testing showed that complete block of both progesterone and estradiol 
production was required to effectively block folliculogenesis (Dias et al., 
2010a, 2014).

The observation that ADX68692 (which blocks both estradiol and 
progesterone synthesis) could block formation of preovulatory follicles, 
but that ADX68693 (which does not block estradiol synthesis) could not, 
suggested that an evaluation of the landscape of rat granulosa cell 
transcriptome induced by FSH in the presence or absence of FSHR NAMs 
ADX68692 and ADX68693 might provide clues as to additional targets 
that might block proliferation without blocking estradiol production. 
Indeed, recent findings have demonstrated that induction of nuanced 
gene transcription is observed with glycoforms of FSH that are hypo
glycosylated at the β-subunit when compared to fully glycosylated FSH 
(Zarinan et al., 2024). Furthermore, when fully glycosylated FSH was 
compared to hypoglycosylated FSH the transcriptome induced by either 
form of FSH differed significantly (Zarinan et al., 2024). It therefore 
follows that biased signaling in the presence of FSHR NAMS would 
likewise reveal significant differences in the FSH-induced transcriptome. 
Preliminary findings have provided evidence that this is so 
(Hernandez-Ramírez et al., 2022).

In summary, this review has highlighted how small molecules that 
bind to gonadotropin receptors and function as agonists or antagonists 
of FSH or LH action (and hence that activate or inhibit receptor func
tion), have proven very useful in understanding the structural, func
tional and physiological attributes of gonadotropin receptors. Of 
interest, is how unexpected findings have shed light on the complexity of 
gonadotropin receptors and their associated signaling. This review also 
proposes several opportunities for future experiments that implement 
small molecules currently discussed. Some of these compounds are not 
currently available unless synthesized independently and carefully 
evaluated in established assays for FSH activity.

In addition, new experimental assays discussed in the review (i.e. 
those exploring rescue of misfolded receptors; identification of inter
acting proteins; modulation of known interactions such as GPER/FSHR; 
proliferation assays and use of high-throughput screening approaches) 
provide a repertoire of tools to explore the intricacies of receptor 
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signaling and may lead to identification of new compounds which may, 
or may not (as discussed in the case of the GnRHR), activate or inhibit 
particular functional modalities. The challenge ahead will include 
capturing different biased states of the receptor and oligomeric com
plexes of the receptor with its canonical as well as newly emerging 
partners. These conformational changes and large-scale molecular in
teractions will likely be studied by molecular dynamics simulations 
(Ulloa-Aguirre et al., 2025b; Jardon-Valadez and Ulloa-Aguirre, 2024) 
as well as determined by time-resolved cryo-EM (Feng and Frank, 2024; 
Seitz et al., 2022). It is clear that understanding the complexity and 
nuances of gonadotropin receptor signaling, and more broadly, all G 
protein coupled receptors, is likely to yield additional targets for ther
apeutic interventions (Shchepinova et al., 2020).
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