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ABSTRACT 

Inhibin is a dimeric glycoprotein comprised of two subunits, 𝛼 and . Immunization against dimeric inhibin is 

mainly used in assisted reproductive technology to induce superovulation. However, the specific function of 

immunoreactive-free inhibin 𝛼 subunit remains unclear. In this study, two main investigations were conducted (first 

on ovulation and the other on fertilization) using a novel monoclonal antibody targeting free inhibin 𝛼 subunit (Pro-

𝛼N-𝛼C). The ovulation study was conducted in 6 replicates, involving a total of 48 female CD1 mice aged 4–6 

weeks. In each replicate, 4 control mice received PMSG/hCG treatment, and 4 treated mice received PMSG/hCG 

with mAb- Free 𝛼 subunit. The fertilization study was conducted in 3 replicates, involving a total of 22 female CD1 

mice. In each replicate, there were 4, 3, and 4 mice respectively for both control and treatment groups. In both 

investigations, female mice were injected intraperitoneally with 50 units/ml of Pregnant Mare Serum Gonadotropin 

(PMSG), alone or combined with 400ug of mAb- Free 𝛼 subunit, followed by an injection of 50 units/ml of Human 

Chorionic Gonadotropin (hCG) 48 hours later. Seventeen hours post-injection, the females from all groups were 

sacrificed, and the ovulated oocytes were collected from the oviducts. For the fertilization study, in vitro fertilization 

was performed using fresh sperm from male CD1 mice. The results revealed that neutralization of the free inhibin 𝛼 

subunit significantly decreased the ovulation rate by 47.29% compared to the control group, while 

immunoneutralization significantly increased the fertilization rate by 55.68% and the blastocyst development by 

43.85% compared to the control group. This study suggests that immunization against free inhibin 𝛼 subunit 

decreases ovulation, in contrast to the effect of immunoneutralization of dimeric inhibin. The authors hypothesize 

that the free 𝛼 subunit may function as an inhibin antagonist, competing with inhibin for binding to its co-receptor.  
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INTRODUCTION  

  

The use of genetically modified mice as models of human disease in life science research provides detailed insights into 

disease mechanisms and therapeutic strategies for rare diseases and pathological conditions (Kaushik et al., 2024; Zhong 

et al., 2024). To achieve efficient production and maintenance of genetically modified mice, various protocols based on 

superovulation are used (Guan et al., 2012). However, as the new transgenic technologies are improving, the number of 

mutant mice is increasing exponentially, and so is the number of female oocyte donors. The success of in vitro 

fertilization (IVF) is very much dependent on the quality of the oocyte/embryo and on a culture system that supports the 

development of healthy embryos capable of reaching their implantation potential (Sciorio et al., 2024). The production of 

large numbers of mature, high-quality oocytes is of great importance for assisted reproduction techniques (ARTs). 

Superovulation is a major component of embryo transfer and transgenic technologies; it facilitates the generation of 

genetically engineered mice/embryos and reduces the number of animals used. Superovulation techniques are based on 

the induction of follicle maturation and ovulation through the administration of hormones (Kaneko and Garrels, 2020).  

Since the late 1980s, standard superovulation using a combination of pregnant mare serum gonadotropin (PMSG) 

and human chorionic gonadotropin (hCG) has been introduced in the production of transgenic mice to induce follicular 

development and ovulation of a large number of oocytes from a limited number of female mice (Fleming and 

Yanagimachi, 1980). Ovulation rates have also been enhanced by vaccination against inhibin in many species including 

mice (Mochida, 2020; Hasegawa et al., 2022) rats (Mochida et al., 2024), guinea pigs (Shi et al., 2000), goats (Medan et 

al., 2003) and heifers (Bleach et al., 2001). Inhibin is a heterodimeric glycoprotein, mainly secreted by granulosa cells in 
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response to follicle-stimulating hormone (FSH) release and to inhibit FSH secretion from the pituitary gland, thus 

regulating the number of developing follicles and ovulated oocytes (Makanji et al., 2014). The mature form of inhibin, 

with a molecular weight of 32-34 kDa, consists of an 𝛼C subunit (~20 kDa) disulfide-linked to either a 𝛽A or a 𝛽B 

subunit (~13 kDa), forming inhibin A or inhibin B, respectively (Vale et al., 1988; Makanji et al., 2014). However, 

immunoreactive free inhibin 𝛼 subunits (~50-58 kDa) are also found in abundance, though their specific function 

remains unclear (Findlay et al., 2001; Laird et al., 2019). While some studies suggest that the free form of inhibin 𝛼 

subunit may have an antagonist effect on the mature form of inhibin (Drummond et al., 2004; Laird et al., 2019).  there is 

no experimental evidence to support this hypothesis.  

To date, no specific receptor has been identified for inhibin that associates with its signaling pathway (Robertson et 

al., 2000; Bernard et al., 2020). However, the physiological effects of inhibin are generated by a system of competition 

with activin receptors, leading to the inhibition of activin action (Bernard et al., 2020). Unlike inhibin, activins stimulate 

FSH secretion from the pituitary gland and are composed of two β-subunits, which are also shared with inhibin (Gray et 

al., 2005). Inhibin's antagonism of activin depends on interactions with betaglycan, a cell-surface proteoglycan co-

receptor, also known as TGFBR3 (Lewis et al., 2000; Makanji et al., 2007). Betaglycan binds inhibin to form a stable 

complex with a high affinity for type II activin receptors, thereby antagonizing activin-mediated receptor activation 

(Lewis et al., 2000). In addition, a recent study indicates that inhibin B acts preferentially via another gonadotroph-

specific co-receptor, called transforming growth factor-beta receptor 3 (TGFBR3L), to suppress FSH secretion (Brûlé et 

al., 2021). 

A great majority of protocols used in assisted reproductive technology (ART) and superovulation are based on the 

immunoneutralization of endogenous inhibin (Mochida, 2020). However, given the limited understanding of the inhibin 

signaling pathway and the potential role of its immunoreactive-free 𝛼 subunit, the success of superovulation protocols is 

not always guaranteed. In some studies, these protocols have surprisingly failed to induce ovulation (Drummond et al., 

2004). In fact, evidence suggests that free 𝛼 inhibin may have a biological activity distinct from that of inhibin in the 

female reproductive system (Mason et al., 1996; Drummond et al., 2004). Therefore, this study aimed to investigate the 

effects of immunoneutralizing the free inhibin 𝛼 subunit (Pro-𝛼N-𝛼C) on mice ovulation, in vitro fertilization, and 

embryo development. The study employed a novel monoclonal antibody developed against 13-amino acid epitope; 

<'
64

HAVGGFMHRTSEPE>, within the mouse inhibin αN region. There is a lack of studies in this area to explore the 

physiological role of free inhibin 𝛼 subunit and provide new insights to improve ART protocols and fertility treatments 

based on inhibin.  

 

MATERIALS AND METHODS 

 

Ethical approval  

All experiments were approved by the University of California San Francisco guidelines under Institutional Animal 

Care and Use Program (IACUC) approved protocols (AN203067). 

 

Animals 

A total of 98 outbred CD1 mice strains (95 females and 3 males) were purchased from Charles River Laboratories, 

USA, for the entire study. The research was conducted at the University of California San Francisco, Cryopreservation 

Core. The female mice, used as oocyte donors, were 4-6 weeks old with an average weight of 18 grams, and the male 

mice, used as sperm donors, were 12 weeks old with an average weight of 40 grams. Throughout the study, the animals 

were housed under a monitored light/dark cycle, (light from 07:00 to 19:00), provided with water and fed ad libitum, and 

checked daily by the animal care staff.   

 

Anti-Inhibin free 𝜶 subunit monoclonal antibody 

Bioinformatic analysis was initially conducted to select a suitable peptide antigen for antibody production. The 

sequence of mouse inhibin 𝛼 (Mus musculus) was obtained from the NCBI database. The peptide was created through 

GenScript's Optimum Antigen Design Program, and was optimized using the industry's most advanced antigen design 

algorithm. The peptide was measured against several protein databases to confirm the desired epitope specificity. 

Benefits of using the Optimum Antigen Design Tool include avoidance of unexposed epitopes, ability to specify desired 

cross-reactivity, strong antigenicity of chosen peptide, identification of the best conjugation, and presentation options 

(GenScript, 2002). Using the GenScript Optimum Antigen design tool, the sequence with the highest immunogenicity 

within the Inhibin α Subunit Pro-𝛼N was identified, specifically <HAVGGFMHRTSEPE>. The 13-amino-acid sequence 

'
64

HAVGGFMHRTSEPE-C-KLH' was then chemically synthesized by GenScript (Lot No.: 95490490005/pe3623). To 

enhance its immunogenicity, the peptide was conjugated to keyhole limpet hemocyanin (KLH) via a cysteine residue. A 



Aalilouch et al., 2024 

 

518 

monoclonal antibody was then produced using hybridoma technology. following the protocol described by Yokoyama et 

al. (2013) and Yokoyama et al. (2013). 

A group of 5 female Balb/c mice (6 to 8 weeks old) were intraperitoneally injected with 50 μg of the chemically 

synthesized peptide mixed with 1:1 Complete Freund’s adjuvant (Sigma-Aldrich, Germany). A control group of 3 female 

Balb/c mice received normal saline only. After 15 days, a booster immunization was administered, consisting of 50 μg of 

antigen mixed with 1:1 Incomplete Freund’s adjuvant Sigma-Aldrich, Germany) and injected intraperitoneally. Three 

days after the booster, the animals were prepared for cell fusion. Hybridoma cells were generated by fusing spleen cells 

from immunized female Balb/c 6-week-old mice with SP2O myeloma cells. The supernatant from these cultures was 

initially screened using a homemade ELISA test, developed using the synthesized peptide antigen, according to the 

protocol described by Holzlöhne et al. (2017) and Holzlöhner and Hanack (2017). Following this, a stable antibody-

secreting cell line was expanded, and the monoclonal antibody was then purified using a Sephadex G-200 column. The 

monoclonal antibody was characterized as IgG Kappa and was shown to be immunospecific only to the Free Inhibin α 

Subunit Pro-𝛼N-𝛼C (~52 kDa) in Western blotting analysis (unpublished observations).  

 

Reagents 

All reagents used in this study were obtained from Sigma-Aldrich, Germany, or ThermoFisher Scientific, USA, 

unless otherwise mentioned. 

 

Superovulation and oocyte collection  

CD1 female mice were injected intraperitoneally with 0.1 ml PMSG (50 units/ml, Biovendor, Czech Republic) 

either alone or combined with mAb-Free 𝛼 subunit (0.1 ml), followed by an injection of 0.1 ml of hCG (50 units/ml, 

Sigma-Aldrich, Germany) intraperitoneally 48 hours later. At 17 h after this, mice were sacrificed by CO2 asphyxiation 

followed by cervical dislocation. The sacrificed animals were dissected, and the oviducts were collected and transferred 

to the collection dish containing High Calcium HTF medium (Human Tubal Fluid) (Fisher Scientific, USA), pre-

equilibrated at 37°C. The clutches of cumulus-oocyte complexes were collected from the oviducts and transferred to a 

200-μL drop of fertilization medium containing HTF with 1.25 mM of reduced glutathione (GSH) (Sigma-Aldrich, 

Germany), covered with paraffin oil (Fisher Scientific, USA), and then incubated at 37°C for 30 min before insemination 

(Behringer et al., 2014). 

 

In vitro fertilization and embryo culture 

Mature male mice were first sacrificed by CO2 asphyxiation and cervical dislocation. The sacrificed animals were 

dissected, and the cauda epididymis was then collected and placed in a petri dish containing HTF medium. The cauda 

was punctured using a 26-gauge disposable needle to collect the spermatozoa (Meniru et al., 1998; Nagy et al., 2003). 

The sperm were first preincubated at 37°C for 10 min to induce capacitation. Then, a total of 20-30μl sperm was slowly 

collected and expelled gently onto the egg clutches in the fertilization medium drop. The oocytes and sperm were co-

cultured in the fertilization HTF-GSH drop for 3 to 4 hours at 37°C with 5% CO2, 5% O2 and 90% N2 incubator. 

Afterward, the oocytes were washed into three 100μl drops of HTF medium. The number of ovulated oocytes was first 

counted and then cultured overnight in an HTF medium. At 24h after insemination, the number of 2-cell embryos was 

counted and the fertilization rates were calculated (Nagy et al., 2003), and the oocytes presenting a fragmented or small 

ooplasm or an expanded zona pellucida were considered abnormal. The 2-cell embryos were transferred to 100ul drop of 

Potassium Simplex Optimized Medium (KSOM, Fisher Scientist, USA) for in vitro embryo development to the 

blastocyst stage (Takeo and Nakagata, 2011; Kidder, 2014).   

 

Study design 

In this study, the treated group consisted of female CD1 mice receiving PMSG/hCG along with the mAb-Free 𝛼 

subunit, while the control group received only PMSG/hCG.   

 

Effect of immunoneutralization of inhibin-free subunit on ovulation rate 

The following investigation was performed in order to examine the immunoneutralization of inhibin-free 𝛼 subunit 

on mice ovulation rate.  Six replicates were conducted, each consisting of two groups of four female CD1 mice. In each 

replicate, the treated group received PMSG/hCG with 400 µg of mAb-Free 𝛼 subunit, while the control group received 

only PMSG/hCG. A total of 48 female mice were used across all replicates, equally divided into 24 in the treated group 

and 24 in the control group. Ovulation rates were determined by counting the total number of oocytes produced in each 

group. Further investigation was also conducted using increased concentrations of mAb-Free 𝛼 subunit. A total of five 

groups, each consisting of five female CD1 mice, were used. Four groups received PMSG/hCG in combination with 
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different doses of mAb-Free  subunit: 200 µg, 400 µg, 800 µg, and 1 mg, respectively. The fifth group, serving as the 

control, received only PMSG/hCG. Ovulation rates were assessed by counting the total number of oocytes produced in 

each group.   

 

Effects of immunoneutralization of free inhibin 𝜶 subunit on mice fertilization and embryo development  

The following investigation was carried out to examine the effects of immunoneutralization of inhibin-free 𝛼 

subunit on in vitro fertilization and embryo development. The experiment was repeated three times, involving a total of 

22 female CD1 mice and 3 male CD1 mice, with one male used as a sperm donor for each of the following experiments. 

In each experiment, the mice were divided into treated and control groups. In Experiment 1, 4 mice were treated with 

PMSG/hCG and 400 µg of mAb-Free 𝛼 subunit, while the 4 control mice received only PMSG/hCG. In Experiment 2, 

the treated and control groups consisted of 3 mice each. In Experiment 3, 4 mice received PMSG/hCG with the mAb, 

and 4 mice served as controls, receiving only PMSG/hCG. The oocytes generated from the groups were fertilized with 

fresh sperm, and in vitro embryo culture was then performed. The fertilization rates were calculated as the total number 

of 2-cell embryos divided by the total number of generated oocytes and multiplied by 100. The embryo development was 

assessed by the number of 2-cell embryos developed to the blastocyst stage in vitro. 

 

Statistical analysis  

Results are expressed as the mean ± standard deviation (SD). The significance of the difference between the control 

groups and the treated groups in all experiments was determined by the Mann-Whitney nonparametric test and relative 

standard deviation values (RSD). A probability value (P) of less than 0.05 was considered to be significant. RSD values 

higher than 10% indicated considerable variability, suggesting a significant difference. All statistical analyses were 

performed using Mini tab software 17.1.0.  

To assess the variability across the replicates of the same experiment and evaluate the potential influence of data 

collection time on ovulation, fertilization, and blastocyst rates, a mixed-effects linear model was employed to account for 

both fixed and random effects. Treatment and experiment (time) were included as fixed effects, while the random effect 

was set at the level of the experiment to control for repeated measures over time. The interaction between treatment and 

experiment was also assessed to determine if the treatment effect varied across different time points. The mixed model 

was fitted using Restricted Maximum Likelihood (REML) estimation. All statistical analyses were performed using the 

LME4 package in R (version 4.0.0), with significance evaluated at the 5% level. 

 
RESULTS  

 

The present study investigated the physiological effects of free inhibin 𝛼 subunit on ovulation, in vitro fertilization, and 

embryo development in mice.  

 

Ovulation rate  

In the six experiments conducted, a total of 242 oocytes were collected from 24 donors following mAb- free 𝛼 

subunit/PMSG/hCG treatment, while a total of 459 oocytes were collected from 24 donors after PMSG/hCG treatment 

(Table 1, Figure 1). The mean number of oocytes per female obtained from mAb- Free 𝛼 subunit/PMSG/HCG treatment 

(N=10.08) was lower compared to the PMSG/hCG group (N=19.12), with a statistically significant difference (p < 0.05). 

The results revealed that the neutralization of free inhibin 𝛼 subunit significantly (p < 0.05) decreased the ovulation rate 

in all six experiments by 47.29% (p < 0.05) (Figure 2).  

The mixed-effects linear model included treatment and experiment (time) as fixed effects, with the experiment also 

treated as a random effect. The treatment with mAb-free α subunit resulted in a significant decrease in the average 

number of oocytes per female (p < 0.05), while the effects of time (experiment number) and the interaction between 

treatment and time were not statistically significant (p > 0.05). 

To further support these findings, a dose-effect study was conducted using increased doses of the mAb against the 

free inhibin 𝛼 subunit and investigated their effects on the ovulation rate (Table 2). The results showed a significant 

negative correlation between the mAb concentration injected and the number of oocytes produced indicating that the 

ovulation rate decreased as a result of increasing mAb concentration (Figure 3, Figure 4), thus supporting the initial 

findings. According to these findings, it was hypothesized that free inhibin 𝛼 subunit may interfere with the competition 

system between active and mature inhibin to bind the activin receptor, which involves the  subunit (Figure 5).  

 

Table 1. Effect of treatment with PMSG/hCG + 400ug mAb- Free 𝛼 subunit or PMSG/hCG alone on the ovulation rate 

of female CD1 aged between 4 and 6 weeks  
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No. of experiment Treatment No. of animals 
Total no. of oocyte 

donors ** 

Average no. of 

oocytes/female ± SD 

1 

PMSG/hCG 

mAb- Free 𝛼 subunit 
4 33* 8.25 ± 0.94 

PMSG/hCG 4 76 19.00 ± 0.80 

2 

PMSG/hCG 

mAb- Free 𝛼 subunit 
4 45* 11.25 ± 0.94 

PMSG/hCG 4 78 19.50 ± 1.28 

3 

PMSG/hCG 

mAb- Free 𝛼 subunit 
4 34* 8.50 ± 1.28 

PMSG/hCG 4 80 20.00 ± 0.00 

4 

PMSG/hCG 

mAb- Free 𝛼 subunit 
4 42* 10.50 ± 0.56 

PMSG/hCG 4 68 17.00 ± 1.14 

5 

PMSG/hCG 

mAb- Free 𝛼 subunit 
4 45* 11.25 ± 0.50 

PMSG/hCG 4 79 19.75 ± 0.64 

6 

PMSG/hCG 

mAb- Free 𝛼 subunit 
4 43* 10.75 ± 1.28 

PMSG/hCG 4 78 19.50 ± 2.08 
No: Number, SD: Standard deviation. Values are mean ± SD (n = 4). *p < 0.05 versus control group. **The statistical measure of the dispersion of 

data points around the mean shows low variability between the six experiments for each treatment and high variability between the two groups of 

treatments. 

 

 
Figure 1. Effects of treatment with PMSG/hCG + 400ug mAb- Free 𝛼 subunit or PMSG/hCG alone on the ovulation rate 

of female CD1 with 6 replicates. Number of animals per group was 4 (p < 0.05). RSD: Relative standard deviation.  

 

 
Figure 2. Total number of oocytes generated following two treatments, PMSG/hCG + 400ug mAb- Free 𝛼 subunit 

(number of animals was 24) and PMSG/hCG alone (number of animals was 24) in CD1 mice (p < 0.05).  

Table 2. A dose-effect study using four doses of mAb-Free 𝛼 subunit administered to CD1 mice on ovulation rate 

compared with administration of PMSG/hCG alone (n = 5).  
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Treatment 
mAb- Free 𝜶 subunit 

concentration 
Number of oocyte donors * 

Average no. of 

oocytes/female 

PMSG/hCG  mAb- Free 𝜶 

subunit 

200ug 59 11.80 

400ug 43 8.6 

800ug 30 6 

1mg 26 5.2 

PMSG/hCG -- 85 17 

 

 

 
Figure 3. Dose-response regression curve of mAb- Free 𝛼 subunit concentration on ovulation rate. Number of oocytes 

collected from CD1 females, One group treated with PMSG/hCG alone and four groups treated with PMSG/hCG combined with 

increasing concentrations of mAb-Free α subunit, each consisting of 5 animals. 

 

 
Figure 4.  Number of oocytes collected from CD1 females. One group was treated with PMSG/hCG alone, and four groups 

were treated with PMSG/hCG combined with increasing concentrations of mAb-Free α subunit, each consisting of five animals.  
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Figure 5. Competition between inhibin and activin 𝛽 subunits for binding to the activin type II receptor. As a consequence 

of inhibin binding, activin type I receptor recruitment is inhibited thus blocking activin’s action. There is also competition between the 

𝛼 subunit of inhibin and the free inhibin 𝛼 subunit to bind betaglycan. As a result of the free 𝛼 subunit binding, inhibin's affinity to the 

activin type II receptor decreases. Neutralization of the free inhibin 𝛼 subunit increases the inhibin effect.  

 

Fertilization and embryo development 

Further investigation was conducted to examine the effect of the free inhibin 𝛼 subunit on the fertilization rate of 

cleaved oocytes as well as the blastocyst development (Table 3). Considering the results of the three experiments, the 

fertilization rate of mice injected with mAb- free 𝛼 subunit was 83.48%, as compared to 27.80% in the control group 

(PMSG/hCG) (Table 3, Figure 6), which represents a significant increase in fertilization of 55.68% (p < 0.05). A similar 

improvement was observed in embryo and blastocyst development following the administration of mAb-free 𝛼 subunit 

(Table 3); indeed, in the group treated with mAb- free 𝛼 subunit, 62.63% of two-cell embryos developed to the 

blastocyst stage. In the group treated with PMSG/hCG alone, however, only 15.78% of two-cell embryos developed to 

the blastocyst stage (Figure 7), resulting in a significant increase in the blastocyst rate of 43.85% (p < 0.05).  

The mixed-effects analysis showed that the treatment with mAb-free subunit had a significant positive effect on both 

fertilization and blastocyst rates (p < 0.05), as compared to the PMSG/hCG treatment alone. However, there was no 

significant effect of time on either the fertilization rate (p = 0.593) or the blastocyst rate (p = 0.760), indicating that the 

timing of the experiments did not significantly influence the outcomes. 

 
Table 3. Effect of treatment with PMSG/hCG + 400ug mAb- Free 𝛼 subunit (n = 11) or PMSG/hCG alone (n = 11) on 

the fertilization rate and embryo development of female CD1 aged between 4 and 6 weeks 
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1 

PMSG/hCG 

mAb- Free 𝛼 subunit 
4 31 7.75 3 28 90.32 17 60.71 

PMSG/hCG 4 80 20 57 23 28.75 3 13.04 

2 

PMSG/hCG 

mAb- Free 𝛼 subunit 
3 22 7.33 5 17 77.27 12 70.58 

PMSG/hCG 3 45 15.33 34 11 24.44 2 18.18 

3 

PMSG/hCG 

mAb- Free 𝛼 subunit 
4 56 14 10 46 82.14 28 60.86 

PMSG/hCG 4 80 20 57 23 28.75 4 17.39 
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Figure 6. Effects of treatment with PMSG/hCG + 400ug 

mAb- Free 𝛼 subunit or PMSG/hCG alone on the fertilization 

rate of female CD1 (Number of animals per group was 7 e; p < 

0.05). 

 

 
Figure 7. Effects of treatment with PMSG/HCG + 400ug 

Mab-anti INH 𝛼 or PMSG/HCG alone on blastocyst and 

embryo development of female CD1 (Number of animals per 

group was 7; p < 0.05). 

 

DISCUSSION  

 

Inhibin and activin are structurally and functionally related. Unlike inhibin, activin stimulates FSH secretion, and its 

activity could be indirectly affected by changes in the levels of the free inhibin 𝛼 subunit (Gray et al., 2005). Inhibin 

applies its biological effects by antagonizing activin's action (Massagué and Chen, 2000). Activin’s binding to the 

ActRII receptor is critical to initiate a cascade of actions involved in its signaling pathway (Lebrun and Vale, 1997; 

Kawabata and Miyazono, 1999). Inhibin competes with activin to bind the ActRII receptor via the 𝛽 subunit, thereby 

antagonizing activin’s signaling (Lebrun and Vale, 1997; Pangas and Woodruff, 2000). The mechanism of action toward 

activin response or inhibin response depends on the amount of inhibin; at higher concentrations, inhibin is more likely to 

bind to the ActRII receptor than activin (Martens et al., 1997; Lebrun et al., 1999). Indeed, studies have shown that 

activin has a higher affinity for the ActRII receptor than inhibin because of avidity/cooperative binding effects, with 

activin binding two type II receptors at once, while inhibin binds only one (Thompson et al., 2003; Harrison et al., 2004).    

The study conducted by Lewis et al. (2000) proved the necessity of a co-receptor, betaglycan, to enhance inhibin's 

affinity to the ActRII receptor, to which inhibin binds via its 𝛼 subunit (Lewis et al., 2000; Makanji et al., 2008). 

However, betaglycan has a high affinity for inhibin and can mediate inhibin reactivity to cells that are insensitive to 

inhibin (Lewis et al., 2000; Esparza-Lopez et al., 2001; Harrison et al., 2001; Brûlé et al., 2021).  

 The present study assessed the effect of immunoneutralizing the free inhibin 𝛼 subunit using a novel monoclonal 

antibody raised against the amino acid epitope HIS
64

 ALA
65

 VAL
66

 GLY
67

 GLY
68

 PHE
69

 MET
70

 HIS
71

 ARG
72

 THR
73

 

SER
74

 GLU
75

 PRO
76

 GLU
77

 within the 𝛼N region of the mouse inhibin 𝛼 subunit.  

Following the immunoneutralization of the monomeric free inhibin α subunit in mice, the results showed a 47.29% 

decrease in the ovulation rate compared to the control group (p < 0.05; Figure 2, Table 1). Additionally, the ovulation 

rate decreased further with higher concentrations of the mAb-free α subunit (Figures 3 and 4). These results 

unexpectedly demonstrated a positive effect of the free inhibin α subunit on follicular development and ovulation in 

mice, contrasting with the effect of mature inhibin. These findings support the hypothesis addressed by previous studies 

(Schneyer et al., 1991; Silva et al., 1999; Laird et al., 2019) suggesting that the free inhibin 𝛼 subunit may have the 

ability to antagonize inhibin. The effects associated with the production of immunoreactive monomeric pro-𝛼N-𝛼C 

protein remain an area requiring further research. Evidence suggests that the free inhibin α subunit may possess intrinsic 

biological properties distinct from those of dimeric inhibins (Risbridger et al., 1989; Lambert-Messerlian et al., 1994; 

Mason et al., 1996; Drummond et al., 2004; Makanji et al., 2014). It may act as an additional local modulator of 

follicular function, potentially serving as an inhibin antagonist and thereby functioning as an activin agonist (Silva et al., 

1999; Lewis et al., 2000; Chapman and Woodruff, 2003).  

To date, experimental research has been insufficient to elucidate the effect of free 𝛼 subunit on ovulation and 

embryo development. The monoclonal antibody generated in this study targets the free  𝛼 subunit of inhibin (~52 kDa) 

and may influence ovulation and reproductive function through several indirect mechanisms. By neutralizing the free 𝛼 

subunit, it might alter the overall balance and availability of inhibin and activin.  

Most superovulation protocols based on inhibin neutralization target inhibin 𝛼 because it is the common component 

shared by both inhibin A and B, thereby potentially neutralizing both forms by preventing their proper assembly or 

receptor interaction. In this study, neutralizing the monomeric free 𝛼 subunit could potentially alter the processing or 

availability of mature inhibin forms, which would be expected to enhance, rather than inhibit, ovulation. However, in the 

presence of its co-receptor betaglycan, inhibin can interact with the activin receptor even at equimolar or lower 
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concentrations than activin (Carroll et al., 1989; Rivier and Vale, 1991, Weiss et al., 1993; Gray et al., 2005; Brûlé et al., 

2021), suggesting that the enhancement of its affinity by betaglycan is more critical for inhibin antagonism.    

From another perspective, based on the present results, it can be hypothesized that the free α subunit competes with 

mature inhibin to bind betaglycan, making ActRII more available to bind activin’s β subunit. The neutralization  of the 

free α subunit increases the amount of inhibin binding to betaglycan, thereby increasing activin antagonism (Figure 5). 

The findings of the present study strongly support this mode of action. Furthermore, a previous study demonstrated that 

transgenic mice with knockdown of the inhibin α subunit exhibited a 35.28% reduction in litter size, which was 

associated with a decreased ovulation rate (Kadariya et al., 2015).   

Overall, there is widespread agreement that neutralizing endogenous inhibin could enhance folliculogenesis and 

fertility in females. However, previous research has yielded conflicting results. Numerous studies in both rodents and 

different farm mammals have clearly demonstrated that active or passive immunization against inhibin or the inhibin α 

subunit led to an increase in ovulation rate (Wheaton et al., 1996; Mao et al., 2016; Jia et al., 2021; Hasegawa et al., 

2022; Mochida et al., 2024). However, other studies did not observe such an increase (Findlay et al., 1989; Ireland et al., 

1992; King et al., 1995; Terhaar et al., 1997; Dhar et al., 1998; Lu et al., 2020). According to the findings of the present 

study, this inconsistency among studies may largely stem from the influence of the free inhibin 𝛼 subunit, suggesting 

that in these studies, the antibodies generated after inhibin immunization were likely targeting the free inhibin 𝛼 rather 

than the mature 𝛼 subunit.  

In addition to the unique effects of the free 𝛼 subunit, the mature forms of inhibin A and B have been shown to 

operate through different mechanisms. They might act through distinct co-receptors to impair activin signaling and 

suppress FSH secretion and synthesis. A significant amount of data evaluates the effect of immunizing animals against 

inhibin on serum FSH levels (Drummond et al., 2004). Numerous studies have shown an increase in oocyte numbers 

following the disruption of inhibin feedback, resulting in elevated FSH levels. However, other studies unexpectedly 

showed no effect on FSH levels despite stimulated follicular growth and enhanced ovulation. The reasons behind these 

discrepancies remain unclear. A recent review has analyzed existing models of inhibin action, highlighting how recent 

discoveries in both mice and humans have posed challenges to these models (Bernard et al., 2020). It has been noted that 

inhibin A and B elicit distinct reactions within the reproductive system. Despite sharing a common 𝛼 subunit, they 

display differing affinities towards betaglycan. Specifically, inhibin A binds to betaglycan with a higher affinity 

compared to inhibin B. Notably, inhibin B is the form responsible for regulating FSH release during the follicular phase 

of the menstrual cycle in primates and during metestrus/diestrus in rodents (Bernard and Woodruff, 2001; Chapman and 

Woodruff, 2003; Yding Andersen, 2017).  

Another interesting finding of the present study is the negative effect of the inhibin free  𝛼 on oocyte maturation and 

embryo development. This study demonstrates that the neuralization of the free 𝛼 subunit increases the fertilization rate 

by 55.68% and the blastocyst development by 43.85%, as compared to the control group (p < 0.05, figures 6 and 

7), indicating that the free inhibin 𝛼 subunit may have a negative impact on the quality of the mature oocyte and the 

competence of the fertilized oocyte to attend the blastocyst stage. The substantial secretion of inhibin by multiple 

developing follicles may adversely affect follicular development, oocyte function, and quality during follicular atresia 

and selection (Jimenez-Krassel et al., 2003). Immunoneutralizing inhibin could mitigate the negative impacts of this 

hormone on maturing oocytes and the resulting embryos. The present study shows a consistent improvement in both 

embryo yield and development as a result of neutralizing the inhibin free 𝛼 subunit.  

There is substantial evidence to support this finding; a previous study has reported that the mAb against inhibin free 

𝛼 subunit co-cultured with the bovine cumulus oocyte complex enhances the blastocyst yield by 77% (Silva et al., 

1999). Furthermore, it has been proved that at higher concentrations, inhibin 𝛼 subunit is deleterious to embryo 

development (Fujiwara et al., 2000). In a previous study investigating the influence of progesterone on in vitro 

maturation of bovine oocytes, it was found that the negative impact of progesterone on blastocyst yield was associated 

with a significantly higher concentration of total inhibin 𝛼 subunit. They reported that the adverse effect of progesterone 

on blastocyst yield may be mediated by increased expression of inhibin 𝛼 subunit by cumulus cells (Silva and Knight, 

2000). Furthermore, it has been reported that the presence of free inhibin 𝛼 subunit during oocyte maturation reduces 

oocyte development after cleavage (Silva et al., 1999). Results from another study by Li et al. (2011) also demonstrated 

that the addition of an increased concentration of inhibin antibody decreased the embryo development to blastocyst 

stage, stating that blastocyst rate was not further enhanced after pretreatment with antibody against inhibin (Li et al., 

2011). Together, the present findings revealed that the free inhibin 𝛼 subunit may have an opposite effect on inhibin at 

both ovulation and blastocyst rates.  

In addition, several studies have investigated the impact of inhibin immunoneutralization as a superovulation 

protocol on oocyte quality and subsequent blastocyst formation after in vitro fertilization, studies revealing varying 

outcomes. Some have demonstrated that superovulation treatment can negatively affect both fertilization rates and 
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embryo development (Takeo and Nakagata, 2015; Hasegawa et al., 2016), while others have found no significant 

differences compared to the control groups (Wang et al., 2001; Ishigame et al., 2004). Further insights were gained in 

studies that administered increased doses of anti-inhibin treatment, which revealed a greater decrease in blastocyst 

development, suggesting a negative correlation (Wang et al., 2001;  et al., 2004; Li et al., 2011).  

 
CONCLUSION  

 

In summary, the present study demonstrated that the free inhibin 𝛼 subunit has a positive effect on ovulation rate in 

contrast to the effect of mature inhibin. However, the free inhibin 𝛼 subunit was shown to harm embryo competence. 

These findings provided experimental evidence to support the hypotheses and questions raised by various studies 

regarding the potential antagonist effect of inhibin-free 𝛼 on inhibin itself. Together, these results indicated that free 

inhibin 𝛼 subunit and inhibin protein may play an opposite effect in normal ovarian physiology. In so far as the present 

study was conducted only on mice, further investigation should be conducted to validate these observations in other 

mammalian species. Furthermore, the findings of the present study may open a new area of investigation in 

understanding the physiological effects of inhibin and its unique signaling pathways.  

 
DECLARATIONS  

 

Funding  

This research did not receive any specific grant from any funding agency in the public, commercial, or not-for-profit 

sectors. 

 

Acknowledgments 

The present study was supported by resources from the Virology Laboratory of the Microbiology, Immunology, and 

Infectious Diseases Unit of the Agronomic and Veterinary Institute Hassan II, Multi-Chemical Industry Santé Animale, 

and the Center of Regeneration Medicine & Stem Cell Research RRP/Cryo Core/Rowitch Lab, University of California 

San Francisco. 

 

Availability of data and materials 

The datasets generated during the current study are available from the corresponding author upon reasonable 

request.  

 

Authors’ contributions  

Kaoutar Aalilouch, Ouafaa Fassi Fihiri, Khalida Sabeur, Faouzi Kichou, and Ikhlass El Berbri designed and 

coordinated the work. Najet Safini and Mehdi Elharrak conducted the epitope design and supervised the antigen 

immunization for antibody production. Kaoutar Aalilouch performed the cell fusion and monoclonal antibody production 

and purification under the supervision of Ouafaa Fassi Fihri. Kaoutar Aalilouch and Khalida Sabeur evaluated the in 

vitro and in vivo activity of the produced antibody, conducting laboratory work on mice ovulation tests, IVF, and embryo 

development. The manuscript was written by Kaoutar Aalilouch. Kaoutar Aalilouch conducted the presented statistical 

analysis of the experimental data, with contributions from Khalida Sabeur and Ikhlass El Berbri. All authors participated 

in the overall interpretation of the data and confirmed the final draft of the manuscript for submission to the journal. 

 

Competing interests  

The authors declare that they have no competing interests 

 

Ethical considerations 

The authors confirm that all authors have reviewed and submitted the original manuscript to this journal for the first 

time. 

 

REFERENCES  

 

Behringer R, Gertsenstein M, Nagy KV, and Nagy A (2014). Manipulating the mouse embryo: A laboratory manual, 4th Edition. Cold Spring Harbor 
Laboratory Press., New York, pp.126-146. Available at: https://research.monash.edu/en/publications/manipulating-the-mouse-embryo-a-

laboratory-manual  

Bernard DJ and Woodruff TK (2001). Inhibin binding protein in rats: Alternative transcripts and regulation in the pituitary across the estrous cycle. 
Molecular Endocrinology, 15(4): 654-667. DOI: https://www.doi.org/10.1210/mend.15.4.0630   

Bernard DJ, Smith CL, and Brûlé E (2020). A tale of two proteins: Betaglycan, IGSF1, and the continuing search for the inhibin B receptor. Trends in 

Endocrinology & Metabolism, 31(1): 37-45. DOI: https://www.doi.org/10.1016/j.tem.2019.08.014  

https://research.monash.edu/en/publications/manipulating-the-mouse-embryo-a-laboratory-manual
https://research.monash.edu/en/publications/manipulating-the-mouse-embryo-a-laboratory-manual
https://www.doi.org/10.1210/mend.15.4.0630
https://www.doi.org/10.1016/j.tem.2019.08.014


Aalilouch et al., 2024 

 

426 

Bleach EC, Glencross RG, Feist SA, Groome NP, and Knight PG (2001). Plasma inhibin A in heifers: Relationship with follicle dynamics, 
gonadotropins, and steroids during the estrous cycle and after treatment with bovine follicular fluid. Biology of Reproduction, 64(3): 743-752. 

DOI: https://www.doi.org/10.1095/biolreprod64.3.743     

Brûlé E, Wang Y, Li Y, Lin YF, Zhou X, Ongaro L, Alonso CAI, Buddle ERS, Schneyer AL, Byeon CH et al. (2021). TGFBR3L is an inhibin B co-

receptor that regulates female fertility. Science Advances, 7(51): 4391. DOI: https://www.doi.org/10.1126/sciadv.abl4391  

Carroll RS, Corrigan AZ, Gharib SD, Vale W, and Chin WW (1989). Inhibin, activin, and follistatin: Regulation of follicle-stimulating hormone 
messenger ribonucleic acid levels. Molecular Endocrinology, 3(12): 1969-1976. DOI: https://www.doi.org/10.1210/mend-3-12-1969   

Chapman SC and Woodruff TK (2003). Betaglycan Localization in the Female Rat Pituitary: Implications for the Regulation of Follicle-Stimulating 

Hormone by Inhibin. Endocrinology, 144(12): 5640-5649. DOI: https://www.doi.org/10.1210/en.2003-0670  

Dhar A, Salamonsen LA, Doughton BW, Brown RW, and Findlay JK (1998). Effect of immunization against the amino-terminal peptide (N) of the 

alpha43-subunit of inhibin on follicular atresia and expression of tissue inhibitor of matrix metalloproteinase (TIMP-1) in ovarian follicles of 
sheep. Reproduction, 114(1): 147-155. DOI: https://www.doi.org/10.1530/jrf.0.1140147  

Drummond AE, Findlay JK, and Ireland JJ (2004). Animal models of inhibin action. Seminars in Reproductive Medicine, 22(3): 243-252. DOI: 

https://www.doi.org/10.1055/s-2004-831900  

Esparza-Lopez J, Montiel JL, Vilchis-Landeros MM, Okadome T, Miyazono K, and López-Casillas F (2001). Ligand binding and functional properties 

of betaglycan, a co-receptor of the transforming growth factor-beta superfamily. Specialized binding regions for transforming growth factor-beta 
and inhibin A. The Journal of Biological Chemistry, 276(18): 14588-14596. DOI: https://www.doi.org/10.1074/jbc.M008866200  

Findlay JK, Tsonis CG, Doughton B, Brown RV, Bertram KC, Braid GH, Hudson GC, Tierney ML, Goss NH, and Forage RG (1989). Immunisation 

against the amino-terminal peptide α n of the alpha 43 subunit of inhibin impairs fertility in sheep. Endocrinology, 124(6): 3122-3124. DOI: 

https://www.doi.org/10.1210/endo-124-6-3122  

Findlay JK, Drummond AE, Dyson Mbaillie AJ, Robertson DM, and Ethier JF (2001). Production and actions of inhibin and activin during 
folliculogenesis in the rat. Molecular and Cellular Endocrinology, 180(1-2): 139-144. DOI: https://www.doi.org/10.1016/S0303-7207(01)00521-

4 

Fleming AD and Yanagimachi R (1980). Superovulation and Superpregnancy in the Golden Hamster. Development, Growth & Differentiation, 22(2): 
103-112. DOI: https://www.doi.org/10.1111/j.1440-169X.1980.00103.x 

Fujiwara T, Lambert-Messerlian G, Sidis Y, Leykin L, Isaacson K, Toth T, and Schneyer A (2000). Analysis of follicular fluid hormone concentrations 

and granulosa cell mRNA levels for the inhibin-activin-follistatin system: Relation to oocyte and embryo characteristics. Fertility and Sterility, 

74(2): 348-355. DOI: https://www.doi.org/10.1016/S0015-0282(00)00652-X  

GenScript (2002). Antigen design services. Available at: https://www.genscript.com/antigen-design.html  

Gray PC, Bilezikjian LM, Harrison CA, Wiater E, and Vale W (2005). Activins and inhibins: Physiological roles, signaling mechanisms and 
regulation. In: C. Kordon, R. C. Gaillard, and Y. Christen (Editors), Hormones and the brain. Springer Berlin Heidelberg, pp. 1-28. DOI: 

https://www.doi.org/10.1007/3-540-26940-1_1  

Guan M, Marschall S, Raspa M, Pickard AR, and Fray MD (2012). Overview of new developments in and the future of cryopreservation in the 

laboratory mouse. Mammalian Genome, 23(9): 572-579. DOI: https://www.doi.org/10.1007/s00335-012-9423-1  

Harrison CA, Farnworth PG, Chan KL, Stanton PG, Ooi GT, Findlay JK, and Robertson DM (2001). Identification of specific inhibin A-binding 
proteins on mouse Leydig (TM3) and sertoli (TM4) cell lines. Endocrinology, 142(4): 1393-1402. DOI: 

https://www.doi.org/10.1210/endo.142.4.8108  

Harrison CA, Gray PC, Fischer WH, Donaldson C, Choe S, and Vale W (2004). An activin mutant with disrupted ALK4 binding blocks signaling via 

type II receptors. The Journal of Biological Chemistry, 279(27): 28036-28044. DOI: https://www.doi.org/10.1074/jbc.M402782200  

Hasegawa A, Mochida K, Inoue H, Noda Y, Endo T, Watanabe G, and Ogura A (2016). High-yield superovulation in adult mice by anti-inhibin serum 
treatment combined with estrous cycle synchronization1. Biology of Reproduction, 94(1): 1-8. DOI: 

https://www.doi.org/10.1095/biolreprod.115.134023  

Hasegawa A, Mochida K, Nakamura A, Miyagasako R, Ohtsuka M, Hatakeyama M, and Ogura A (2022). Use of anti-inhibin monoclonal antibody for 

increasing the litter size of mouse strains and its application to in vivo -genome editing technology. Biology of Reproduction, 107(2): 605-618. 
DOI: https://www.doi.org/10.1093/biolre/ioac068  

Holzlöhner P and Hanack K (2017). Generation of murine monoclonal antibodies by hybridoma technology. Journal of Visualized Experiments, 119: 

54832. DOI: https://www.doi.org/10.3791/54832  

Ireland JJ, Martin TL, Ireland JL, and Aulerich RJ (1992). Immunoneutralization of inhibin suppresses reproduction in female mink. Biology of 

Reproduction, 47(5): 746-750. DOI: https://www.doi.org/10.1095/biolreprod47.5.746 

Ishigame H, Medan MS, Watanabe G, Shi Z, Kishi H, Arai KY, and Taya K (2004). A new alternative method for superovulation using passive 
immunization against inhibin in adult rats1. Biology of Reproduction, 71(1): 236-243. DOI: https://www.doi.org/10.1095/biolreprod.104.027789 

Jia R, Chen X, Zhu Z, Huang J, Yu F, Zhang L, Ogura, A, and Pan J (2021). Improving ovulation in gilts using anti-inhibin serum treatment combined 

with fixed-time artificial insemination. Reproduction in Domestic Animals, 56(1): 112-119. DOI: https://www.doi.org/10.1111/rda.13854  

Jimenez-Krassel F, Winn ME, Burns D, Ireland JLH, and Ireland JJ (2003). Evidence for a negative intrafollicular role for inhibin in regulation of 

estradiol production by granulosa cells. Endocrinology, 144(5): 1876-1886. DOI: https://www.doi.org/10.1210/en.2002-221077  

Kadariya I, Wang J, ur Rehman Z, Ali H, Riaz H, He J, Bhattarai D, Liu JJ, and Zhang SJ (2015). RNAi-mediated knockdown of inhibin α subunit 
increased apoptosis in granulosa cells and decreased fertility in mice. The Journal of Steroid Biochemistry and Molecular Biology, 152: 161-170. 

DOI: https://www.doi.org/10.1016/j.jsbmb.2015.05.006  

Kaneko T and Garrels W (2020). Reproductive technologies in laboratory animals. In: G. A. Presicce (Editor), Reproductive technologies in animals. 

Academic Press., Italy, Chapter 10, pp. 145-159. DOI: https://www.doi.org/10.1016/B978-0-12-817107-3.00010-2  

Kaushik S, Kumari L, and Deepak RK (2024). Humanized mouse model for vaccine evaluation: An overview. Clinical and Experimental Vaccine 
Research, 13(1): 10-20. DOI: https://www.doi.org/10.7774/cevr.2024.13.1.10  

Kawabata M and Miyazono K (1999). Signal transduction of the TGF-beta superfamily by Smad proteins. Journal of Biochemistry, 125(1): 9-16. DOI: 

https://www.doi.org/10.1093/oxfordjournals.jbchem.a022273 

Kidder BL (2014). In vitro maturation and in vitro fertilization of mouse oocytes and preimplantation embryo culture. In: B. L. Kidder (Editor), Stem 

cell transcriptional networks: Methods and protocols. Methods in molecular biology. Humana Press., New York, pp. 191-199. DOI: 
https://www.doi.org/10.1007/978-1-4939-0512-6_12  

https://www.doi.org/10.1095/biolreprod64.3.743
https://www.doi.org/10.1126/sciadv.abl4391
https://www.doi.org/10.1210/mend-3-12-1969
https://www.doi.org/10.1210/en.2003-0670
https://www.doi.org/10.1530/jrf.0.1140147
https://www.doi.org/10.1055/s-2004-831900
https://www.doi.org/10.1074/jbc.M008866200
https://www.doi.org/10.1210/endo-124-6-3122
https://www.doi.org/10.1016/S0303-7207(01)00521-4
https://www.doi.org/10.1016/S0303-7207(01)00521-4
https://www.doi.org/10.1111/j.1440-169X.1980.00103.x
https://www.doi.org/10.1016/S0015-0282(00)00652-X
https://www.genscript.com/antigen-design.html
https://www.doi.org/10.1007/3-540-26940-1_1
https://www.doi.org/10.1007/s00335-012-9423-1
https://www.doi.org/10.1210/endo.142.4.8108
https://www.doi.org/10.1074/jbc.M402782200
https://www.doi.org/10.1095/biolreprod.115.134023
https://www.doi.org/10.1093/biolre/ioac068
https://www.doi.org/10.3791/54832
https://www.doi.org/10.1095/biolreprod47.5.746
https://www.doi.org/10.1095/biolreprod.104.027789
https://www.doi.org/10.1111/rda.13854
https://www.doi.org/10.1210/en.2002-221077
https://www.doi.org/10.1016/j.jsbmb.2015.05.006
https://www.doi.org/10.1016/B978-0-12-817107-3.00010-2
https://www.doi.org/10.7774/cevr.2024.13.1.10
https://www.doi.org/10.1093/oxfordjournals.jbchem.a022273
https://www.doi.org/10.1007/978-1-4939-0512-6_12


World Vet. J., 14(4): 516-528, 2024 

 

427 

King BF, Britt JH, Esbenshade KL, Flowers WL, and Ireland JJ (1995). Evidence for a local role of inhibin or inhibin alpha subunits in compensatory 
ovarian hypertrophy. Journal of Reproduction and Fertility, 104(2): 291-295. DOI: https://www.doi.org/10.1530/jrf.0.1040291  

Laird M, Glister C, Cheewasopit W, Satchell LS, Bicknell AB, and Knight PG (2019). Free inhibin α subunit is expressed by bovine ovarian theca cells 

and its knockdown suppresses androgen production. Scientific Reports, 9(1): 19793. DOI: https://www.doi.org/10.1038/s41598-019-55829-w  

Lambert-Messerlian GM, Isaacson K, Crowley WF Jr, Sluss P, and Schneyer AL (1994). Human follicular fluid contains pro- and C-terminal 

immunoreactive alpha-inhibin precursor proteins. The Journal of Clinical Endocrinology and Metabolism, 78(2): 233-239. DOI: 
https://www.doi.org/10.1210/jcem.78.2.7508950  

Lebrun JJ, Takabe K, Chen Y, and Vale W (1999). Roles of pathway-specific and inhibitory Smads in activin receptor signaling. Molecular 

Endocrinology, 13(1): 15-23. DOI: https://www.doi.org/10.1210/mend.13.1.0218  

Lebrun JJ and Vale WW (1997). Activin and inhibin have antagonistic effects on ligand-dependent heteromerization of the type i and type ii activin 

receptors and human erythroid differentiation. Molecular and Cellular Biology, 17(3): 1682-1691. DOI: 
https://www.doi.org/10.1128/MCB.17.3.1682  

Lewis KA, Gray PC, Blount AL, MacConell LA, Wiater E, Bilezikjian LM, and Vale W (2000). Betaglycan binds inhibin and can mediate functional 

antagonism of activin signalling. Nature, 404(6776): 411-414. DOI: https://www.doi.org/10.1038/35006129  

Li DR, Qin GS, Wei YM, Lu FH, Huang QS, Jiang HS, Shi DS, and Shi ZD (2011). Immunisation against inhibin enhances follicular development, 

oocyte maturation and superovulatory response in water buffaloes. Reproduction, Fertility and Development, 23(6): 788. DOI: 
https://www.doi.org/10.1071/RD10279  

Lu H, Zhao C, Zhu B, Zhang Z, and Ge W (2020). Loss of inhibin advances follicle activation and female puberty onset but blocks oocyte maturation 

in zebrafish. Endocrinology, 161(12): bqaa184. DOI: https://www.doi.org/10.1210/endocr/bqaa184  

Makanji Y, Harrison CA, Stanton PG, Krishna R, and Robertson DM (2007). Inhibin A and B in vitro bioactivities are modified by their degree of 

glycosylation and their affinities to betaglycan. Endocrinology, 148(5): 2309-2316. DOI: https://www.doi.org/10.1210/en.2006-1612  

Makanji Y, Walton KL, Wilce MC, Chan KL, Robertson DM, and Harrison CA (2008). Suppression of inhibin a biological activity by alterations in 
the binding site for betaglycan. Journal of Biological Chemistry, 283(24): 16743-16751. DOI: https://www.doi.org/10.1074/jbc.M801045200  

Makanji Y, Zhu J, Mishra R, Holmquist C, Wong WPS, Schwartz NB, Mayo KE, and Woodruff TK (2014). Inhibin at 90: From discovery to clinical 

application, a historical review. Endocrine Reviews, 35(5): 747-794. DOI: https://www.doi.org/10.1210/er.2014-1003  

Mao D, Bai W, Hui F, Yang L, Cao S, and Xu Y (2016). Effect of inhibin gene immunization on antibody production and reproductive performance in 
Partridge Shank hens. Theriogenology, 85(6): 1037-1044. DOI: https://www.doi.org/10.1016/j.theriogenology.2015.11.014  

Martens JW, de Winter JP, Timmerman MA, McLuskey A, van Schaik RH, Themmen AP, and de Jong FH (1997). Inhibin interferes with activin 

signaling at the level of the activin receptor complex in Chinese hamster ovary cells. Endocrinology, 138(7): 2928-2936. DOI: 

https://www.doi.org/10.1210/endo.138.7.5250  

Mason AJ, Farnworth PG, and Sullivan J (1996). Characterization and determination of the biological activities of noncleavable high molecular weight 
forms of inhibin A and activin A. Molecular Endocrinology, 10(9): 1055-1065. DOI: https://www.doi.org/10.1210/mend.10.9.8885240  

Massagué J and Chen YG (2000). Controlling TGF-β signaling. Genes & Development, 14(6): 627-644. DOI: 

https://www.doi.org/10.1101/gad.14.6.627  

Medan MS, Watanabe G, Sasaki K, Nagura Y, Sakaime H, Fujita M, Sharawy S, and Taya K (2003). Effects of passive immunization of goats against 

inhibin on follicular development, hormone profile and ovulation rate. Reproduction, 125(5): 751-757. DOI: 
https://www.doi.org/10.1530/rep.0.1250751  

Meniru GI, Gorgy A, Batha S, Clarke RJ, Podsiadly BT, and Craft IL (1998). Studies of percutaneous epididymal sperm aspiration (PESA) and 

intracytoplasmic sperm injection. Human Reproduction Update, 4(1): 57-71. DOI: https://www.doi.org/10.1093/humupd/4.1.57  

Mochida K (2020). Development of assisted reproductive technologies in small animal species for their efficient preservation and production. The 

Journal of Reproduction and Development, 66(4): 299-306. DOI: https://www.doi.org/10.1262/jrd.2020-033  

Mochida K, Morita K, Sasaoka Y, Morita K, Endo H, Hasegawa A, Asano M, and Ogura A (2024). Superovulation with an anti-inhibin monoclonal 
antibody improves the reproductive performance of rat strains by increasing the pregnancy rate and the litter size. Scientific Reports, 14(1): 8294. 

DOI: https://www.doi.org/10.1038/s41598-024-58611-9  

Nagy A, Gertsenstein M, Vintersten K, and Behringer R (2003). Manipulating the mouse embryo: A laboratory manual, 3rd Edition. Cold Spring 

Harbor Laboratory Press., New York, pp. 565-628. Available at: https://cir.nii.ac.jp/crid/1370846644395063309  

Pangas SA and Woodruff TK (2000). Activin signal transduction pathways. Trends in Endocrinology & Metabolism, 11(8): 309-314. DOI: 
https://www.doi.org/10.1016/S1043-2760(00)00294-0  

Risbridger GP, Clements J, Robertson DM, Drummond AE, Muir J, Burger HG, and de Kretser DM (1989). Immuno- and bioactive inhibin and inhibin 

alpha-subunit expression in rat Leydig cell cultures. Molecular and Cellular Endocrinology, 66(1): 119-122. DOI: 

https://www.doi.org/10.1016/0303-7207(89)90056-7  

Rivier C and Vale W (1991). Effect of recombinant activin-A on gonadotropin secretion in the female rat. Endocrinology, 129(5): 2463-2465. DOI: 
https://www.doi.org/10.1210/endo-129-5-2463  

Robertson DM, Hertan R, and Farnworth PG (2000). Is the action of inhibin mediated via a unique receptor?. Reviews of Reproduction, 5(3): 131-135. 

DOI: https://www.doi.org/10.1530/ror.0.0050131   

Schneyer AL, Sluss, PM, Whitcomb RW, Martin KA, Sprengel R, and Crowley IF (1991). Precursors of a-inhibin modulate follicle-stimulating 

hormone receptor binding and biological activity. Endocrinology, 129(4): 1987-1999. DOI: https://www.doi.org/10.1210/endo-129-4-1987  

Sciorio R, Tramontano L, Greco PF, and Greco E (2024). Morphological assessment of oocyte quality during assisted reproductive technology cycle. 
JBRA Assisted Reproduction, 28(3): 511-520. DOI: https://www.doi.org/10.5935/1518-0557.20240034  

Shi F, Mochida K, Suzuki O, Matsuda J, Ogura A, Ozawa M, Watanabe G, Suzuki AK, and Taya K (2000). Ovarian localization of immunoglobulin g 

and inhibin α-subunit in guinea pigs after passive immunization against the inhibin α-subunit. Journal of Reproduction and Development, 46(5): 

293-299. DOI: https://www.doi.org/10.1262/jrd.46.293  

Silva CC, Groome NP, and Knight PG (1999). Demonstration of a suppressive effect of inhibin alpha-subunit on the developmental competence of in 
vitro matured bovine oocytes. Journal of Reproduction and Fertility, 115(2): 381-388. DOI: https://www.doi.org/10.1530/jrf.0.1150381  

Silva CC and Knight PG (2000). Effects of androgens, progesterone and their antagonists on the developmental competence of in vitro matured bovine 

oocytes. Journal of Reproduction and Fertility, 119(2): 261-269. Available at: https://rep.bioscientifica.com/view/journals/rep/119/2/261.xml  

https://www.doi.org/10.1530/jrf.0.1040291
https://www.doi.org/10.1038/s41598-019-55829-w
https://www.doi.org/10.1210/jcem.78.2.7508950
https://www.doi.org/10.1210/mend.13.1.0218
https://www.doi.org/10.1128/MCB.17.3.1682
https://www.doi.org/10.1038/35006129
https://www.doi.org/10.1071/RD10279
https://www.doi.org/10.1210/endocr/bqaa184
https://www.doi.org/10.1210/en.2006-1612
https://www.doi.org/10.1074/jbc.M801045200
https://www.doi.org/10.1210/er.2014-1003
https://www.doi.org/10.1016/j.theriogenology.2015.11.014
https://www.doi.org/10.1210/endo.138.7.5250
https://www.doi.org/10.1210/mend.10.9.8885240
https://www.doi.org/10.1101/gad.14.6.627
https://www.doi.org/10.1530/rep.0.1250751
https://www.doi.org/10.1093/humupd/4.1.57
https://www.doi.org/10.1262/jrd.2020-033
https://www.doi.org/10.1038/s41598-024-58611-9
https://cir.nii.ac.jp/crid/1370846644395063309
https://www.doi.org/10.1016/S1043-2760(00)00294-0
https://www.doi.org/10.1016/0303-7207(89)90056-7
https://www.doi.org/10.1210/endo-129-5-2463
https://www.doi.org/10.1530/ror.0.0050131
https://www.doi.org/10.1210/endo-129-4-1987
https://www.doi.org/10.5935/1518-0557.20240034
https://www.doi.org/10.1262/jrd.46.293
https://www.doi.org/10.1530/jrf.0.1150381
https://rep.bioscientifica.com/view/journals/rep/119/2/261.xml


Aalilouch et al., 2024 

 

428 

Takeo T and Nakagata N (2011). Reduced glutathione enhances fertility of frozen/thawed c57bl/6 mouse sperm after exposure to methyl-beta-
cyclodextrin1. Biology of Reproduction, 85(5): 1066-1072. DOI: https://www.doi.org/10.1095/biolreprod.111.092536  

Takeo T and Nakagata N (2015). Superovulation using the combined administration of inhibin antiserum and equine chorionic gonadotropin increases 

the number of ovulated oocytes in c57bl/6 female mice. PLoS ONE, 10(5): e0128330. DOI: https://www.doi.org/10.1371/journal.pone.0128330  

Terhaar H, Schlote S, Hoppen H, Hennies M, Holtz W, Merkt H, and Bader H (1997). Active immunization of mares against the recombinant human 

inhibin α‐subunit. Reproduction in Domestic Animals, 32(5): 243-250. DOI: https://www.doi.org/10.1111/j.1439-0531.1997.tb01289.x  

Thompson TB, Woodruff TK, and Jardetzky TS (2003). Structures of an ActRIIB: Activin A complex reveal a novel binding mode for TGF-beta 

ligand: Receptor interactions. The EMBO Journal, 22(7): 1555-1566. DOI: https://www.doi.org/10.1093/emboj/cdg156  

Vale W, Rivier C, Hsueh A, Campen C, Meunier H, Bicsak T, Vaughan J, Corrigan A, Bardin W, Sawchenko P et al. (1988). Chemical and biological 
characterization of the inhibin family of protein hormones1. In: J. H. Clark (Editor), Proceedings of the 1987 Laurentian Hormone Conference. 

Academic Press, Vol. 44, pp. 1-34. DOI: https://www.doi.org/10.1016/B978-0-12-571144-9.50005-3  

Wang H, Herath CB, Xia G, Watanabe G, and Taya K (2001). Superovulation, fertilization and in vitro embryo development in mice after 

administration of an inhibin-neutralizing antiserum. Reproduction, 122(5): 809-816. DOI: https://www.doi.org/10.1530/rep.0.1220809  

Weiss J, Crowley WF, Halvorson LM, and Jameson JL (1993). Perifusion of rat pituitary cells with gonadotropin-releasing hormone, activin, and 
inhibin reveals distinct effects on gonadotropin gene expression and secretion. Endocrinology, 132(6): 2307-2311. DOI: 

https://www.doi.org/10.1210/endo.132.6.8504735  

Wheaton JE, Thomas DL, Kusina NT, Gottfredson RG, and Meyer RL (1996). Effects of passive immunization against inhibin-peptide on secretion of 

follicle-stimulating hormone and ovulation rate in ewes carrying the booroola fecundity gene1. Biology of Reproduction, 55(6): 1351-1355. DOI: 
https://www.doi.org/10.1095/biolreprod55.6.1351  

Yding Andersen C (2017). Inhibin-B secretion and FSH isoform distribution may play an integral part of follicular selection in the natural menstrual 

cycle. Molecular Human Reproduction, 23(1): 16-24. DOI: https://www.doi.org/10.1093/molehr/gaw070  

Yokoyama WM, Christensen M, Santos GD, Miller D, Ho J, Wu T, Dziegelewski M, and Neethling FA (2013). Production of monoclonal antibodies. 

Current Protocols in Immunology, 102(1): 2-5. DOI: https://www.doi.org/10.1002/0471142735.im0205s102  

Zhong MZ, Peng T, Duarte ML, Wang M, and Cai D (2024). Updates on mouse models of Alzheimer’s disease. Molecular Neurodegeneration, 19(1): 
23. DOI: https://www.doi.org/10.1186/s13024-024-00712-0  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Publisher’s note: Scienceline Publication Ltd. remains neutral with regard to jurisdictional claims in published maps and institutional 

affiliations. 

 

Open Access: This article is licensed under a Creative Commons Attribution 4.0 International License, which permits 

use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit 

to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The 

images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in 

a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not 

permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. 

To view a copy of this licence, visit https://creativecommons.org/licenses/by/4.0/. 

 

© The Author(s) 2024 

https://www.doi.org/10.1095/biolreprod.111.092536
https://www.doi.org/10.1371/journal.pone.0128330
https://www.doi.org/10.1111/j.1439-0531.1997.tb01289.x
https://www.doi.org/10.1093/emboj/cdg156
https://www.doi.org/10.1016/B978-0-12-571144-9.50005-3
https://www.doi.org/10.1530/rep.0.1220809
https://www.doi.org/10.1210/endo.132.6.8504735
https://www.doi.org/10.1095/biolreprod55.6.1351
https://www.doi.org/10.1093/molehr/gaw070
https://www.doi.org/10.1002/0471142735.im0205s102
https://www.doi.org/10.1186/s13024-024-00712-0
https://www.science-line.com/
https://creativecommons.org/licenses/by/4.0/

