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Abstract

High quality gamete production in males and females requires the pituitary gonadotropin follicle 

stimulating hormone (FSH). In this report a novel chemical class of small molecule inhibitors of 

FSH receptor (FSHR) is described. ADX61623, a negative allosteric modulator (NAM), increased 

the affinity of interaction between 125I-hFSH and human FSHR (hFSHR) five fold. This form of 

FSHR occupied simultaneously by FSH and ADX61623 was inactive for cAMP and progesterone 

production in primary cultures of rat granulosa cells. In contrast, ADX61623 did not block 

estrogen production. This demonstrates for the first time, biased antagonism at the FSHR. To 

determine if ADX61623 blocked FSH induction of follicle development in vivo, a bioassay to 

measure follicular development and oocyte production in immature female rats was validated. 

ADX61623 was not completely effective in blocking FSH induced follicular development in vivo 

at doses up to 100 mg/kg as oocyte production and ovarian weight gain were only moderately 

reduced. These data illustrate that FSHR couples to multiple signaling pathways in vivo. 

Suppression of one pool of FSHR uncouples Gαs and cAMP production, and decreases 

progesterone production. Occupancy of another pool of FSHR sensitizes granulosa cells to FSH 

induced estradiol production. Therefore, ADX61623 is a useful tool to investigate further the 

mechanism of the FSHR signaling dichotomy. This may lead to a greater understanding of the 

signaling infrastructure which enables estrogen biosynthesis and may prove useful in treating 

estrogen dependent disease.
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1. Introduction

High quality gamete production in males and females requires the pituitary gonadotropin 

follicle stimulating hormone (FSH). The discovery of such regulatory mechanisms has made 

possible new opportunities for the development of effective treatment of various disorders 

related to the reproductive process.

Current pharmaceutical usage of gonadotropins including FSH and the related luteinizing 

hormone (LH) and human chorionic gonadotropin (hCG) is primarily for follicle maturation 

and induced ovulation respectively in assisted reproductive technologies (Perez et al., 2000). 

Current therapies include recombinant gonadotropins or gonadotropin purified from human 

urine (Brinsden et al., 2000; Coelingh Bennink et al., 1998; Williams et al., 2003).

Due to their specific action on ovarian tissue without impacting peripheral and central 

tissues, FSH receptor (FSHR) antagonists could potentially represent a novel non-steroidal 

approach for contraception. Interestingly, female FSHβ gene knock-out mice are infertile 

because of a block in folliculogenesis (Kumar et al., 1997). Likewise, women with resistant 

ovary syndrome due to non-functional FSH receptors are infertile (Aittomaki et al., 1995), 

reinforcing the hypothesis that an antagonist of FSH receptor would act to limit proliferation 

of follicular granulosa cells in the ovary, therefore acting as a contraceptive.

FSH is comprised of two dissimilar (α,β) subunits, and each chain is decorated with 1–2 

complex carbohydrate glycans (Fox et al., 2001). The FSHR is a plasma membrane receptor 

that is a member of the large family of G-protein coupled receptors (GPCR), and FSH 

binding leads to activation of the adenyl cyclase system and elevation of intracellular levels 

of the second messenger cAMP (Conti, 2002). It has a large extracellular domain of 350 

amino acids and a predicted rhodopsin like transmembrane domain structure of roughly an 

additional 300 amino acids (Sprengel et al., 1990).

The crystal structure of FSH and of the FSHR:FSH complex has revealed extensive contacts 

made by many key residues that are essential for high affinity interaction between FSH and 

its receptor (Fan and Hendrickson, 2005). These extensive contacts suggest that ab initio 

design of small molecule antagonists of FSH binding could be difficult to achieve. Despite 

this reasoning, high throughput screening has led to identification of small molecule 

antagonists which inhibit FSH binding, and may act at the level of the extra-cellular domain 

(Arey et al., 2008). In one report, where the FSHR antagonist was a competitive inhibitor of 

FSH binding this compound blocked ovulation but caused inflammation of the ovaries at 

100 mg/kg and decreased body weight, uterus weight and ovarian weight in immature and 

adult cycling rats. Further work has not been reported of progress developing this small 

molecule towards a contraceptive (Arey et al., 2008).

Small molecules which have FSHR agonist activities have also been reported but none are 

commercially available. Since they do not inhibit FSH binding these agonists are likely 

interacting with the transmembrane domains, and not the extracellular domain suggesting an 

allosteric mechanism of agonism (Arey, 2008; Arey et al., 2008; Guo et al., 2004a,b,c; 

Maclean et al., 2004; Palmer et al., 2005; Yanofsky et al., 2006). Chemical modifications of 

some of those small molecule allosteric agonists of FSHR can be converted to completely 
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antagonize the FSH-induced signal in different cell lines, making them negative allosteric 

modulators (NAM) (Arey et al., 2008; van Straten et al., 2005). This tetrahydroquinolone 

derivative antagonist which did not compete for FSH binding blocked FSH induced cAMP 

production. Likewise a thiazolidonone FSHR allosteric agonist can be modified so that it 

loses FSHR agonistic activity while gaining the ability to block FSH induced cAMP and 

aromatase activity. Those data suggest that a range of activities may be achievable with a 

single small molecule core structure (Arey et al., 2008). In this report, properties of an 

FSHR NAM derived from a novel chemical class is delineated. Furthermore this FSHR 

NAM can block one differentiation phenotype of the granulosa cell measured as 

progesterone production yet not block another arm measured as estrogen production. This 

observation clearly establishes multiple arms of the FSHR signaling complex and provides 

evidence for biased antagonism at this receptor.

2. Materials and methods

2.1. Hormone preparation and small molecules

Recombinant human FSH (Gonal F) was provided by Merck Serono or purchased from Cell 

Science (Canton, MA, USA). Human pituitary FSH was purified as previously described 

(Fox et al., 2001). Highly purified human urinary FSH was purchased from Cytoshop 

(Rehovot, Israel). The FSHR NAM ADX61623 was prepared by Addex Pharmaceuticals 

S.A. (Geneva, Switzerland), Patent WO2008117175 and has a MW around 320. A 

previously described (van Straten et al., 2005) reference FSHR NAM (ADX49626) was 

synthesized by Addex Pharmaceuticals S.A. (Geneva, Switzerland).

2.2. Preparation of cell lines for library screen

The cDNA encoding the human follicle stimulating hormone receptor (hFSHR) (accession 

number M95489, NCBI Nucleotide database browser) was subcloned into an expression 

vector containing also the hygromycin resistance gene. Transfection of this vector into 

HEK293 cells with PolyFect reagent (Qiagen, Valencia, CA) according to supplier’s 

protocol, and hygromycin treatment allowed selection of antibiotic resistant cells which had 

integrated stably one or more copies of the plasmid. Positive cellular clones expressing 

hFSHR were identified in a functional assay measuring cAMP production in cells following 

stimulation by addition of purified human follicle stimulating hormone (hFSH).

2.3. Intracellular cAMP measurement assay for library screen

The determination of the cAMP accumulation was performed using an HTRF assay 

(Trinquet et al., 2006). Briefly, cells were incubated for 3 min in the presence of increasing 

concentrations of NAM (from 1 nM to 60 μM) and then 30 min in the presence of 1 ng/ml of 

hFSH, which in this assay system corresponds to the EC80, a concentration that gives 80% 

of the maximal response of the agonist. Likewise, 10-point concentration–response curves of 

FSH were tested in the absence or in the presence of increasing concentrations of NAM in 

order to detect a rightward-shift of the concentration–response curve of the agonist (revealed 

by a increase in the EC50) and a decrease of its maximal efficacy (characteristic of negative 

allosteric modulation). Cells were then lysed by adding the HTRF assay components, the 

europium cryptate-labeled anti-cAMP antibody, and the XL665-labeled cAMP analog, 
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previously diluted in a HEPES buffer (50 mM, pH 7.0) containing 0.8 M potassium fluoride, 

0.2% (w/v) BSA, and 1% (v/v) Triton X-100 (a percentage of detergent that ensures 

complete cell lysis). The assay was then incubated for 1 h at room temperature, and HTRF 

signal was measured after excitation at 337 nm, and dual emission at 620 and 665 nm, using 

a RubyStar fluorimeter (BMG Labtechnologies). Moreover, the fluorescence ratio of an 

appropriate range of known concentrations of cAMP standards was also included on each 

assay plate to produce a standard cAMP curve. Providing that the fluorescence ratio of the 

cAMP inhibited by the compound falls in the linear part of the cAMP standard curve (i.e. 

where a change in fluorescence ratio is proportional to change in cAMP concentration) this 

allows the exact concentration of cAMP inhibited by the compounds to be calculated. The 

assay signal was therefore expressed as the percentage of signal stimulation.

2.4. 125I-hFSH binding assay

Binding and internalization of 125I-hFSH was measured using HEK293 cells stably 

expressing the human FSH receptor as previously described (Cohen et al., 2003). The 

radiolabeled hFSH was prepared using human urinary FSH (Cytoshop, Rehovot, Israel). 

Cell surface binding was distinguished from internalized hormone as previously described 

(Cohen et al., 2003). Binding isotherms were based on surface bound 125I-hFSH and were 

analyzed using the software LIGAND (Munson and Rodbard, 1980).

2.5. In vitro bioassay of FSH

All animal studies were approved by the Wadsworth Center Institutional Animal Care and 

Use Committee (Protocols 06-407 and 08-393). Wistar or Sprague Dawley rats (Taconic 

Farms, Germantown, NY) were provided with standard pellet diet and water ad libitum.

The in vitro bioassay for FSH was conducted as previously described with some 

modifications (Liu et al., 1981). Immature (21 ± 3 days old) female rats were injected s.c. 

with 1 mg diethylstilbesterol (DES) in sesame oil. DES was solubilized in sesame oil (10 

mg/ml) in a sonicating water bath. Animals were injected once a day for four days with 100 

μl of DES (10 mg/ml), in the scruff of the neck. On the 5th day animals were sacrificed and 

the ovaries and part of the uterus dissected, and placed in Modified Eagles Media (MEM) 

with 10% fetal bovine serum (FBS). In some experiments DMEM/F12 with 10% chicken 

serum was used. Collected tissues were kept at 37 °C until the ovaries were freed from the 

bursa, trimmed and placed into fresh medium. Granulosa cells were harvested by puncturing 

the ovaries with 27 gauge needles in warm MEM, containing 500 nM testosterone, chicken 

serum, gentamycin and HEPES (0.01 M). Only two ovaries were processed at a time, 

keeping all other tissues at 37 °C 5% CO2. When all tissues were processed, cells and 

ovaries were taken up into 10 ml pipettes and triturated into a 50 ml conical tube at room 

temperature. The triturated cells were collected allowing the ovary shells and large particles 

to sediment by gravity. An equivalent of cells harvested from two ovaries was plated in a 24 

well plate. This is roughly about 300,000 cells per well. Cells were incubated overnight in 

37 °C incubator under a water saturated atmosphere of 5% CO2. On the following day 

culture medium was aspirated and 0.8 ml fresh MEM with supplements was added to the 

wells.
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Test substances were added to each of four well replicates 1 h prior to addition of the FSH 

challenge dose. Test substances were dissolved in dimethylsulfoxide (DMSO), to a final 

concentration of 5 mM. This stock was then used to make final dilutions of compound in 

media such that the final concentration of DMSO was 0.6%.

Granulosa cells were pretreated with test compounds for 1 h prior to the addition of 

recombinant hFSH (Gonal F; Merck Serono) or pituitary hFSH as indicated. After addition 

of hormone, the cells were cultured for 48 h or 72 h as indicated in the graph legends. Media 

was collected, heated to 100 °C for 10 min, and cleared at 2500 × g. The clear supernatant 

was frozen until assayed for progesterone and estradiol.

To determine if ADX61623 also inhibited FSH induced estradiol synthesis, rat granulosa 

cells were prepared as before, but testosterone (0.5 μM) was included in the media as the 

substrate for the P450 aromatase. ADX61623 was added to granulosa cells for 1 h prior to 

addition of 50 or 100 ng/ml pituitary hFSH. The production of estradiol is maximum at 96 h, 

whereas progesterone production begins to decline after 72 h in this bioassay (Liu et al., 

1981). In order to compare both estradiol and progesterone in the same samples, media was 

collected at 72 h, heated to 100 °C for 10 min, spun at 1250 × g and the clear supernatant 

was frozen until assayed. Progesterone and estradiol were assayed using the primary antisera 

GDN338 and GDN244, respectively provided by Dr. Gordon Niswender, Colorado State 

University. The antisera were used at a final concentration of 1:12,500. The tracers used 

were from Perkin Elmer, NET-381 Progesterone-1,2,6,7-3H and NET-317250UC 

Estradiol-2,4,6,7-3H. Twenty thousand counts were added per tube. Samples were diluted 

and 100 μl was tested, and the final volume incubated overnight at 4 °C was 0.5 ml. The 

buffer used throughout was PBS with 0.1% gelatin, pH 7.5. After overnight incubation 0.5 

ml of a charcoal dextran solution (0.62 g charcoal, 0.0625 g dextran T70 per 100 ml PBS 

with gelatin) was added to each tube and allowed to incubate for 10 min. The tubes were 

spun at 2500 × g for 30 min to separate antibody-bound from charcoal-bound progesterone 

or estradiol. Samples were poured off into scintillation vials, 20 ml of Aquasol was added 

per vial and then the samples were analyzed using a Packard scintillation counter. Data were 

analyzed with the program NIHRIA and graphs prepared with Graphpad Prism software. 

Each compound was tested in its own 24 well plate. We have noted variation in the absolute 

amount of steroid between plates thus the results from the two compounds are not directly 

comparable and no relative potency estimates were calculated. Experiments were repeated 

four times. The error bars which represent SEM may not be visible when the error bar is 

smaller than the symbol.

2.6. cAMP measurement in primary cultures of rat granulosa cells

When primary cultures of granulosa cells were used, they were prepared as described for the 

progesterone and estradiol experiments described above. Forty-eight h after plating, cells 

were pre-treated with 250 μl serum-free medium (SFM) containing 1 mM 

isobutylmethylxanthine (IBMX) in the presence of a final concentration of 30 μM 

ADX61623 or vehicle control (DMSO) for 1 h. The cells were then stimulated with 300 ng 

FSH (final volume = 300 μl/well) for 1 h at 37 °C in a 5% CO2 -humidified incubator. Two 

additional controls were included; cells treated with SFM + FSH + IBMX and cells treated 

Dias et al. Page 5

Mol Cell Endocrinol. Author manuscript; available in PMC 2015 July 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with DMSO + FSH − IBMX. The culture medium was removed and replaced with 300 μl 

fresh SFM. Plates were then frozen/thawed four times, an equal volume (300 μl) of 100% 

EtOH was added, and the medium was clarified by centrifugation at 13,000 × g for 10 min at 

room temperature. Supernatants were stored at −80 °C. cAMP accumulation was determined 

by radioimmunoassay (RIA) as previously described (Nechamen and Dias, 2000).

2.7. In vivo bioassay of FSH

This assay measures the ability of FSH to recruit and mature follicles for ovulation. All 

procedures were approved by the Wadsworth Center Animal Care and Use Committee, 

protocol 08-407. To determine a dose profile of FSH, immature female rats 21–22 days of 

age were sorted into experimental groups. The rats were injected in the scruff of the neck 

twice per day (0900 and 1600 h) for 2 days with pituitary hFSH (0, 0.075, 0.25, 0.75, 2.5 μg 

per injection) to determine the minimal effective dose. Frequency of dosing was evaluated 

with a dose of 1 μg FSH given once, twice, three times and four times over the two day 

period. On the second day, hCG (20 IU) was administered with the first dose of FSH. When 

inhibitors were tested, they were administered beginning at day −1. The vehicle for hCG and 

FSH was PBS. The vehicle for ADX61623 was PEG400. Animals were anesthetized for all 

injections with isoflurane (Abbot Lab., United Kingdom) vaporizer (Parkland Scientific, 

Coral Springs, FL) according to the manufacturers instructions.

Sixteen h following treatment with hCG rats were anesthetized followed by cervical 

dislocation. The ovaries and oviducts were collected and placed in Eagles MEM with 0.1% 

BSA and 10% chicken serum. The oviducts were teased from the ovary proper and the 

ovaries trimmed of fat and the ovarian bursa. Ampullae were pierced releasing the clutch of 

oocytes. The oocytes clutch was then transferred to a microdrop of media (100 μl). To this 

microdrop was added 10 μl of 10 mg/ml of sheep hyaluronidase (500 U/mg in PBS). After 

10 min at 37 °C, the oocytes were readily visible and easily counted. The ovaries were 

weighed individually.

2.8. Data analysis

The concentration–response curves of representative compounds in the presence of EC80 of 

FSH receptor agonist were generated using the Prism Graph-Pad program (Graph Pad 

Software Inc., San Diego, USA). The curves were fitted to a four-parameter logistic 

equation (Y = Bottom + (Top − Bottom)/(1 + 10(Log IC50−X) × Hill Slope)) allowing 

determination of IC50 values. Each curve was performed using duplicate sample per data 

point and 10 concentrations. The concentration–response curves of a selective FSH receptor 

agonist in the absence or in the presence of representative compounds were also generated 

using Prism Graphpad Prism program (Graphpad Software Inc., San Diego, USA). The 

curves were fitted to a four-parameter logistic equation (Y = Bottom + (Top − Bottom)/(1 + 

10(Log EC50−X) × Hill Slope)) allowing determination of EC50 values of the selective FSH 

receptor agonist. Each curve was performed using duplicate sample per data point and 10 

concentrations.
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Animal experiments were analyzed by a one-way analysis of variance performed using 

Prism software. Post tests were performed using Neuman–Keuls multiple range 

comparisons.

3. Results

3.1. Effect of FSHR NAMs on a recombinant cell line expressing hFSHR

In an aim of identifying new small molecule negative allosteric modulators of FSHR, Addex 

Pharmaceuticals S.A. corporate library was screened using an HEK cell line expressing the 

human FSHR. The screening protocol monitored fluorescence in each well at baseline and 

changes in fluorescence after the addition of either test vehicle or test compound (10 μM 

final nominal concentration). After 10 min of pre-incubation, a sub-maximally effective 

concentration (EC80) of FSH was added. Potential NAMs were defined as compounds that 

blocked an FSH-induced increase in signal without having an effect on their own (data not 

shown). Those compounds were then re-confirmed using 10 point concentration–response 

protocol on HEK-cells expressing only the hFSHR and in a functional assay measuring 

cAMP production following stimulation of FSHR by an FSH EC80. Fig. 1A shows 

ADX61623, a representative example of the benzamide series identified using this screening 

paradigm. This compound partially (average efficacy = 55% inhibition of FSH EC80) 

inhibited FSH-induced cAMP accumulation with an EC50 value of 0.43 (CL 0.32, 0.57) μM 

(Fig. 1B). Although compounds which fully block the FSH effect in this screen have since 

been identified (data not shown), ADX61623 was further characterized because it was fully 

active in the rat granulosa cell assay as shown below.

Whereas the average ADX61623 IC50 for FSH = 0.7 ± 0.2 μM the compound is completely 

selective versus hTSH receptor at concentration up to 30 μM, while retaining some activity 

towards the hLH receptor (IC50 = 3.4 ± 0.8 μM, average efficacy = 48% inhibition of LH 

EC80, data not shown). Detailed in vitro pharmacological studies showed that this compound 

induced a rightward-shift of the FSH concentration–response curve with a partial decrease in 

the FSH maximal response (Fig. 1C). Finally, this compound inhibits the activation of the 

receptor in a fully reversible manner.

3.2. Effect of ADX61623 on rat granulosa cell response to FSH

The rat and human FSHR share considerable homology in the transmembrane domains. In 

order to ascertain that ADX61623 acted similarly at the rat FSHR, it was first investigated if 

FSH-induced cAMP production was inhibited in rat granulosa cells. Indeed ADX61623 at a 

30 μM concentration, significantly blocked FSH induced cAMP production in rat granulosa 

cells (Fig. 2).

As expected, ADX61623 fully inhibited hFSH stimulated progesterone production in a 

concentration related manner (Fig. 3A and B). The IC50 for ADX61623 was 2.9 ± 0.3 μM 

similar to the one measured in recombinant systems. In contrast, ADX61623 did not inhibit 

estradiol production and at doses higher than 1 μM caused a concentration-dependent 

increase (Fig. 3A and B). There was no effect of ADX61623 on either progesterone or 

estradiol production when it was added in the absence of FSH. In several experiments a 
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deflection of estradiol production was observed at 1 μM ADX61623 followed by a rise in 

estradiol production (data not shown).

In order to ascertain if a lack of commensurate inhibition of FSH-induced estradiol 

production was unique to ADX61623, another FSHR NAM which was previously reported 

to have an IC50 value of 540 nM to inhibit FSH-stimulated cAMP production in a stable rat 

granulosa cell line (Compound 10) (van Straten et al., 2005) called ADX49626 in this 

study), was tested. In freshly dissociated rat granulosa cells, this FSHR NAM blocked both 

FSH-stimulated progesterone and estradiol production with IC50 values of 50 and 200 nM, 

respectively (Fig. 3C and D). Therefore ADX61623 possesses a unique property of 

restricted or biased antagonism at the FSHR.

3.3. Effect of FSHR NAM ADX61623 on 125I-hFSH binding to human FSHR in HEK293 cells

Previous studies have demonstrated that conformational changes in the FSHR occur upon 

agonist binding (Schmidt et al., 2001). Therefore it was of interest to determine if the 

inhibition of FSH induced progesterone production was due to a long range conformational 

change induced by ADX61623 which prevented the binding of 125I-hFSH to its receptor. An 

initial experiment in rat granulosa cell cultures suggested that FSHR NAM increased cell 

surface binding of radiolabeled FSH (data not shown). The total specific binding in this 

system is very low (400–600 cpm) so that accurate assessment of this parameter was not 

possible. Therefore, a cell based binding assay was used where HEK293 cells were stably 

transfected with human FSHR and ADX61623 was added for 30 min prior to addition of 

radiolabeled FSH.

The addition of ADX61623 caused a dose related increase in cell surface 125I-hFSH binding 

to human FSH receptors expressed in HEK293 cells (Fig. 4A). Remarkably, internalization 

of the FSHR proceeded despite that treatment with ADX61623 dampened G-protein 

activation. The amount of internalized radiolabeled FSH was similar for all doses of 

ADX61623 suggesting that increased binding was not due to a decreased internalization 

rate. Moreover this effect was also observed for another FSHR NAM (ADX49626) (Fig. 

4B), indicating that the increased binding of FSH is a general property of negative allosteric 

modulation. Finally this finding confirmed the allosteric nature of the functional inhibition 

induced by this compound as there is no displacement of radiolabeled FSH but rather an 

opposite effect.

To determine if this effect was due to an increase in the number of receptors or the affinity 

of the receptor ligand interaction, HEK293 FSHR cells were incubated with 30 μM 

ADX61623 in the presence of 125I-hFSH and increasing doses of unlabelled hFSH (Fig. 

4C). The analysis of the cell surface binding data revealed that ADX61623 increased the 

affinity of interaction between 125I-hFSH and human FSHR (hFSHR) five fold (5.02 ± 0.18; 

n = 2) with no change in receptor number.

3.4. Assessment of in vivo activity of ADX61623

The pharmacokinetic characteristics of ADX61623 evidenced sustained dose dependent 

exposure in plasma following s.c. administration (data not shown). Therefore, it was 
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desirable to determine if this compound would block FSH induced oocyte production in 

vivo. In order to test this hypothesis, it was necessary to determine the minimal effective 

dose of FSH required for consistent oocyte production. Wistar rats were treated with 0, 

0.075, 0.25, 0.75 and 2.5 μg of pituitary hFSH twice a day for two days. The fourth dose of 

FSH was administered together with hCG 20 IU to induce ovulation of FSH matured 

follicles. Consistent oocyte production was only achieved with 2.5 μg of pituitary hFSH 

(Fig. 5). Considerable variation was observed in the total number of oocytes per animal per 

dose. In the control groups which did not receive FSH, two animals ovulated in response to 

hCG. However, in the 0.075 μg hFSH group no animals ovulated and there was a significant 

difference between 0.075 v.2.5 μg dose (P < 0.05) and the 0.075 and 0.75 dose (P < 0.1). 

FSH also induced an increase in ovarian weight (Fig. 5). There was a significant difference 

between the 0.075, and 0.25 doses when compared to 0.75 and 2.5 doses of FSH (P < 0.05). 

There was no significant difference between the saline controls, 0.075 and 0.25 doses.

To determine the effect of frequency of dosing, animals were injected once, twice, three 

times or four times with FSH. This was equivalent to 0, 1, 2, 3 or 4 μg pituitary hFSH total 

per animal. All animals were treated with hCG on the fourth injection. Although oocyte 

production could be induced with two injections of pituitary FSH (2 μg total), the result 

between animals was inconsistent, and there was no significant difference compared to 

controls with two treatments (Fig. 6). In contrast, three doses of hFSH (3 μg total) produced 

a significant number of oocytes (P < 0.05) compared to controls. There was an additional 

benefit of a fourth treatment as well (4 μg; P < 0.05). Ovarian weights of animals treated 

with hFSH covaried with number of treatments (Fig. 6). There was a difference in ovarian 

weights even when animals were treated only once with hFSH (P < 0.05). Treatment 

frequency greater than twice did not significantly affect ovarian weight gain. Based on these 

results a frequency of four injections of FSH (1 μg each) was used in subsequent 

experiments.

The FSHR NAM ADX61623 was tested in the in vivo bioassay at doses up to 50 mg/kg 

administered s.c. Oocyte recovery from the ampulla was very low in two animals (0, 1) out 

of 10 treated with the 50 mg/kg dose (Fig. 7A). In one animal out of 4 not treated with FSH, 

2 oocytes were recovered from an ampulla. At all other doses of ADX61623, all animals had 

oocytes recovered in the ampullae. Since pooled oocyte counts were recorded in this 

experiment, a level of significance was not demonstrated at the predetermined significance 

level P = 0.05. No significant decreases in ovarian weight gain were observed with any dose 

of ADX61623 tested (Fig. 7B). As expected there was a significant increase in ovarian 

weight when animals were treated with FSH compared to no FSH treatment. Body weights 

were similar (~43–51 g).

4. Discussion

In the present study one representative compound ADX61623 which was identified through 

a high throughput screening campaign of a new chemical class of small molecules is 

described and fully characterized as a negative allosteric modulator of FSHR. The results 

show that ADX61623 is a potent FSHR NAM, which possesses some LHR activity and is 

not active on TSH receptors, two closely related receptors of the glycoprotein hormone 
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receptors (Dias et al., 2002). Interestingly, while this compound partially blocks the signal 

induced by an EC80 of FSH in recombinant cells expressing the hFSHR, it completely 

blocks progesterone production induced by this agonist in rat granulosa cells. This 

difference in efficacy depending on the cell system and/or assay used has been described 

previously for other allosteric modulators. It is probably the results of different receptor 

reserves that might be much higher in recombinant systems over-expressing the hFSHR, 

while it is probably much lower in native cells such as rat granulosa cells, resulting in 

different degrees of apparent antagonism (Ehlert, 2005). The concept of receptor reserve 

relates to the concentration of receptor that is required to elicit a full response (Clark and 

Menon, 1976).

These differences in apparent antagonism were modeled by deriving an operational model of 

allosteric modulation (Ehlert, 2005; Kenakin, 2005; Leach et al., 2007) from the classical 

operational model of agonism (Black and Leff, 1983). In this model a very important 

parameter, called τ was introduced, which incorporates the intrinsic efficacy of orthosteric 

and allosteric ligands, the total density of receptors and the efficiency of stimulus–response 

coupling. To investigate the influence of receptor reserve on apparent antagonism, the 

effects of an allosteric drug were simulated varying the degree of receptor reserve by setting 

different values of τ. The results demonstrated that increasing concentrations of the 

allosteric inhibitor induced a high decrease in the maximal response of the agonist 

concentration–response curve when there is little receptor reserve, which resulted in partial 

blockade with an intermediate or high level of receptor reserve (Ehlert, 2005).

The discovery that ADX61623 failed to block FSH-induced estradiol biosynthesis was 

unexpected. In this regard it differed from a previously published FSHR NAM which 

blocked both progesterone and estradiol production. In ovarian granulosa cells and testicular 

Sertoli cells synthesis of the steroidogenic acute regulatory protein (StAR), the rate limiting 

enzyme in the process of progesterone steroidogenesis, is initiated by the cAMP/protein 

kinase A (PKA) signaling pathway (Stocco et al., 2005; Tremblay et al., 2002). Although 

FSH induction of the gene that encodes the P450 aromatase (Cyp19) which converts 

androgen to estrogen is considered to be primarily a cAMP/PKA mediated event, the PI3K/

protein kinase B (PKB) pathway has also been identified as an effector of FSH action in 

granulosa cells (Zeleznik et al., 2003) and Sertoli cells (McDonald et al., 2006). In the 

female, the successful maturation of a preovulatory follicle involves FSH induced granulosa 

cell proliferation and differentiation (Ulloa-Aguirre et al., 2007). It has been dogma that 

FSH stimulates estrogen production in granulosa cells by inducing aromatase expression 

through activation of the cAMP/PKA pathway. These data challenge the paradigm that one 

signaling pathway engenders both progesterone and estrogen biosynthesis by granulosa 

cells: Thus the small molecule negative allosteric modulator (NAM) of FSHR ADX61623 

completely blocked cAMP production but not estradiol production.

It was not anticipated that an FSHR NAM would increase FSH binding to the FSH receptor. 

This suggests that the FSH receptor exists in a metastable state, which in an inactive state 

can be stabilized for binding. For years, it has been well documented that FSH 

deglycosylated at asparagine 52 on the alpha subunit can bind to receptor and fail to activate 

adenylate cyclase (Butnev et al., 2002). However, there has been no formal proof that the 
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transmembrane domains were involved. The present data suggest that the FSHR NAM 

stabilizes an inactive conformer of the FSH receptor. Opposite effects of a modulator on 

orthosteric ligand binding relative to function have also been described for an allosteric 

modulator (Org27569) of the CB1 receptor, another Family I GPCR (Price et al., 2005). 

While clearly being an allosteric antagonist of efficacy in recombinant and native tissue 

bioassays, this molecule behaved as an allosteric enhancer of agonist affinity as shown by an 

increase in [3H]CP 55940 binding. Those findings together with the one described here raise 

important questions regarding the classical models currently used (allosteric ternary 

complex and allosteric two state models, for review see (Keov et al., 2010)). In fact, an 

additional state to the ones already described (active and inactive receptors) needs to be 

postulated despite the fact that it is very difficult to envisage it thermodynamically. An 

interesting way of describing those kinds of modulators has been advanced by Keov and 

collaborators where they called them: “use-dependent antagonists”, a term usually used for 

modulators of voltage-gated ion channels (Keov et al., 2010).

Recently, it has been demonstrated that glycosylation variants of deglycosylated equine LH, 

which bind to FSH receptor exhibit biased agonism (Rajagopal et al., 2010), stimulating beta 

arrestin dependent signaling but not cAMP production through FSH receptor (Wehbi et al., 

2010). Interestingly, the deglycosylated equine LH also triggered receptor internalization. 

The present study is complementary to that work because biased agonism anticipates biased 

antagonism. The present results demonstrate that biased antagonism at the FSH receptor is 

also possible. It is only now becoming appreciated that the receptor–effector complexes 

persist within the cell distinct from the plasma membrane (Calebiro et al., 2009). For 

example, internalized adrenergic receptor bound to the adaptor protein arrestin continues to 

signal via alternate pathways (Kovacs et al., 2009). Future studies will aim at elucidating the 

pathways that contribute specifically to estrogen production, because such an understanding 

may provide for therapies for estrogen dependent disease.

The FSHR NAM ADX61623, which was a very effective inhibitor of FSH action in vitro, 

exhibited no statistically significant inhibitory effect in vivo when administered 

subcutaneously. This may be due to its inability to suppress FSH induced estradiol 

production. Nevertheless, the effect of the FSHR NAM on estradiol production was clearly 

surprising and resembles a similar effect observed by Niswender et al. using MMPIP an 

mGluR7 NAM (Niswender et al., 2010). In that study, MMPIP effectively blocked L-AP4 

mediated calcium mobilization while it was completely ineffective in blocking either L-AP4 

induced cAMP accumulation or L-AP4-mediated depression of synaptic transmission at the 

Schaffer collateral-CA1 synapses. The different effect of ADX61623 on progesterone vs. 

estradiol production is to our knowledge the first example of a compound with the potential 

for context-dependant blockade or permissive antagonism (Kenakin, 2005) of Family I 

GPCRs responses by NAM.

The activation of G protein by occupied receptor is considered to be a two step process of 

coupling and then activation (Herrmann et al., 2004; Nanoff et al., 2006). The three 

dimensional structures of several GPCRs have become available in recent years and most 

notably, the newest structure of activated opsin, has provided some insight into how this 

GPCR activates G protein (Scheerer et al., 2008). That new finding shows that in the 
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presence of activated ligand, transmembrane helix six moves outward creating a binding 

pocket for the Gαs. That suggests that the FSHR NAM is acting by stabilizing a conformer 

of FSHR which cannot respond to FSH binding with a conformational change. The increase 

in binding affinity in the presence of FSHR NAM further suggests that normally, upon 

binding to FSH the hormone receptor complex enters into a lower affinity metastable 

binding state.

The simultaneously occupied receptor (agonist + NAM) does not block FSH induced 

estradiol production suggesting pleiotropy of FSHR action and interaction. If indeed the 

FSHR NAM prevents a conformational change of FSHR that would allow G protein 

binding, then it would follow that there are other modes of binding to other G-proteins such 

as Gq (Escamilla-Hernandez et al., 2008), Gi (Arey et al., 2008) or Gh (Lin et al., 2006). In 

support of this notion, stimulation of undifferentiated granulosa cells with FSH induced 

P450 aromatase and LH receptors but forskolin which activates adenylate cyclase has no 

effect on these two parameters (Bebia et al., 2001). In addition, this pathway may require 

internalization of a high affinity hormone receptor complex such as the one stabilized by the 

FSHR NAM, that activates this arm of the FSHR signal transduction pathway. This scenario 

could involve cytoplasmic adapter proteins (Dias et al., 2005) which may enable transit and 

directionality of the FSHR signalosome potential effectors of this process. This possibility 

will be the focus of future efforts.
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Fig. 1. 
(A) Molecular structure of ADX61623. (B) Effect of ADX61623 on production of cAMP 

induced by an EC80 of hFSH on HEK cells expressing hFSHR. (C) Schild-Plot experiment 

of ADX61623. Measurement of cAMP production by HEK cells expressing hFSHR. 

Experiments are representative of replicate experiments.
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Fig. 2. 
Inhibition of FSH induced cAMP production in rat granulosa cells by ADX61623. Cells 

were cultured in serum free media (SFM) as described in Section 2. A challenge dose of 300 

ng/300 μl of hFSH (27 nM) for 1 h at 37 °C was used against an inhibitor dose of 30 μM. 

Results are representative of duplicate experiments except in this experiment presented an 

additional control that did not contain the phosphodiesterase inhibitor 

isobutylmethylxanthine (0.1 mM) was included.
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Fig. 3. 
Specificity of biased antagonism of ADX61623. (A) ADX61623 blocked FSH (50 ng/ml) 

induced progesterone (72 h) production in rat granulosa cells but estradiol production (72 h) 

was not abated. (B) Data in (A) expressed as percent of control. (C) Another FSHR NAM 

blocked both progesterone and estradiol production. (D) Data in (C) expressed as percent of 

control. Data are represented as means ± SEM. The disparate effect on estradiol production 

was observed in four experiments.
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Fig. 4. 
(A) ADX61623 enhances 125I-hFSH binding to human FSHR without affecting 

internalization (cell associated) of radiolabeled hFSH in HEK293 cells. (B) Both 

ADX61623 and another FSHR NAM ADX49626 enhance 125I-hFSH binding to human 

FSHR without affecting internalization (cell associated) of radiolabeled hFSH in HEK293 

cells. (C) The effect of ADX61623 on the interaction between 125I-hFSH binding to the 

human FSHR expressed on HEK293 cells. The results are representative of two repetitions 

and data are expressed as SEM.
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Fig. 5. 
Effect of dose of FSH treatment on ovarian response. Treatment times were in the morning 

or afternoon of each day. All treatments received 20 IU hCG on the afternoon of day two. 

Ovarian weights of individual ovaries of immature female rats were determined following 

treatments with increasing doses of hFSH. Oocytes ovulated after hFSH treatments of 

Wistar Hanover immature 21–23 days rats were determined as described in Section 2. A 

preliminary experiment informed the full dose response range of this assay which was 

carried out with four animals per dose. Data are represented as the SEM of eight data points.
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Fig. 6. 
Effect of frequency of FSH treatment on oocyte production and ovarian weight gain. In this 

single experiment, female 21 day rats were treated with 1 μg of pituitary hFSH 0, 1, 2, 3 or 4 

times over a two day period. Treatment times were in the morning or afternoon of each day. 

All treatments received 20 IU hCG on the afternoon of day two. Five animals were used at 

0, 4 and 10 animals were used at 1, 2 and 3 dose frequency in this single experiment. 

Ovarian weight of individual ovaries and oocytes ovulated after hFSH treatments were 

determined as described in Section 2.
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Fig. 7. 
(A) Oocytes recovered in ampullae of rats treated with 4 μg of pituitary FSH and ovulated 

with 20 IU hCG. ADX61623 was tested at 10, 30 and 50 mg/kg and five animals were used 

per dose. No significant differences were observed. The data are represented as SEM and 

each point is the mean of ten observations, except for the 10 mg dose and the no FSH dose, 

where four animals are reported. The experiment was repeated where the highest dose was 

extended to 100 mg/kg without effect on oocyte production. (B) Ovarian weights of rats 

treated with 4 μg pituitary hFSH and ovulated with 20 IU hCG.
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