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Grand Challenges in Reproductive Endocrinology
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Reproduction is a fundamental aspect of life in all species. In a biological sense, it can be argued that reproduction is the essence of life. Passing on ones genes to the next generation and constantly optimizing the gene pool available for each individual and the species as a whole are vital for continuation and endurance of the species. Reproduction and hormones are intimately connected; thus, hormones are a prerequisite for reproduction and govern nearly all aspects of successful creation in both females and males. Therefore, to numerous scientists, reproductive endocrinology is one of the most fascinating disciplines in science, and it is a pleasure that now finally there is a scientific journal dedicated specifically to reproductive endocrinology.

Despite the lack of specific journals dedicated entirely to reproductive endocrinology up until now, this area has had a huge impact on society with first the development of female oral contraceptives around 50 years ago followed by the development of in vitro fertilization techniques to help childless couples in 1970–1980s.

Regardless of an enormous amount of literature on sex steroid hormones accumulated over the years, there are constantly new aspects of their function in the body and indeed in the reproductive organs. One aspect that we will hear more about in the coming years is the aging population, in which especially the majority of women will spend up to half of their life in menopause depletion of ovarian sex steroids (1). The consequences on general health including osteoporosis and cardiovascular disease are all aspects within the area of reproductive endocrinology and highlight the need for discussing hormone replacement therapy and/or alternative strategies. The male equivalent testosterone and the effects of testosterone especially in the aging male is also a matter of debate these years, and it is furthermore discussed how to measure testosterone in the clinically most meaningful way (2).

Right from the beginning of the IVF era, ovarian stimulation with exogenous FSH preparations has been an indispensable component of successful treatment and numerous studies have been conducted to test different compounds and their effect on the reproductive outcome. Although pregnancy rates of modern day IVF treatment and ART in general have plateaued during the last decade, the journey of optimizing ovarian stimulation is still far from being completed since ongoing pregnancy still occurs in only a fraction of treatment cycles. Whereas the follicular phase of the menstrual cycle has received intense interest from the very beginning, final maturation of the follicles in connection with ovulation induction has for many years been performed using a large bolus of hCG as a surrogate for the mid-cycle surge of gonadotropins. Recent years have shown that the hCG trigger indeed secures maturation of oocytes and stimulates corpora lutea during the first half of the luteal phase, but also carries the risk of inducing ovarian hyper stimulation syndrome (OHSS) (3). In order to circumvent the risk of OHSS, the agonist trigger was recently introduced, releasing an endogenous surge of gonadotropins with much less LH-like activity as compared to the hCG bolus trigger, more resembling the natural mid-cycle surge (4). This method can be used in women co-treated with a GnRH antagonist. The agonist trigger concept secures final maturation of the pre-ovulatory follicles equally well as compared to the hCG trigger, however, it requires additional luteal phase support in order to maintain similar reproductive outcomes (5). The GnRHa trigger concept is now gradually replacing the hCG trigger and has basically opened the luteal phase for further optimization (6). Presently, a number of studies are trying to introduce daily micro-dose hCG or rec-LH administration as a more appropriate luteal phase support than the standard vaginal support. The luteal phase support is the last frontier in ovarian stimulation, which needs to be carefully scrutinized, and it is still an open field that holds the promise of potentially optimizing results further. Importantly, the GnRHa trigger has already found its place in general practice in connection with patients at risk of OHSS development and in oocyte donors (4).

The development of multiple follicles via stimulation with exogenous FSH preparations has invariably been accompanied with supra-physiological levels of estradiol and progesterone as each follicle contributes to the overall concentration observed in circulation. Many effects of estradiol in the body are obviously reinforced by these high levels, including a risk of inducing a pituitary premature LH surge and also negative effects on the receptivity of the endometrium. Recent years have shown that the endometrium is inappropriately affected by high levels of estradiol and the progesterone during the early luteal phase. It has, somewhat surprising, now been shown that—if an efficient program for freezing oocytes and embryos is available—results of a freeze-all strategy with replacement in a subsequent natural cycle leads to higher reproductive outcomes, probably due to a more appropriate stimulation of the endometrium (7). This has raised questions on whether it is possible to reduce the output or the effect of estradiol during the follicular phase by for instance co-administrating aromatase inhibitors or estrogen receptor antagonists to avoid the estrogenic effect on the endometrium.

There is now also a move toward new strategies for ovarian stimulation, more in accordance with the gonadotropin actions of the natural cycle. One such option is to mimic the natural menstrual cycle and use either exogenous LH or hCG for stimulation of follicular growth in the second half of the follicular phase until ovulation induction where LH receptors are expressed on the granulosa cells and exogenous LH or hCG may substitute for exogenous FSH (8–10).

In the vast majority of cases, the pituitary is fully capable of producing all the FSH and LH that is required for stimulation of multiple follicular development—we need to be able to control its release, and a number of new combinations of old and new drugs are now becoming interesting and will probably be part of new stimulation regimes. It is also of interest to follow the development of new hormones for stimulation with a prolonged half-life and a pharmacokinetic profile that resembles more the release of the hormones in the natural cycle (6).

The apparently ever increasing maternal age of child bearing has become an important challenge for many fertility specialists, constituting an underlying important task in the management of the infertile patient. The development of appropriate hormonal tests to determine the biological age in a reproductive context and potential ovarian response (e.g., AMH, FSH, and inhibin-B) receives great attention and has proved clinically valuable. However, these tests are likely to be further improved during the coming years. Although the ovarian reserve in reproductive aged women is most often reduced, the number of resting follicles usually constitutes thousands of follicles. Focus is now turning toward this huge pool of early stage follicles, which during normal circumstances undergo atresia—maybe due to inappropriate hormonal stimulation rather than an in built attenuated developmental competence. Attempts to enhance utilization of this pool of early stage follicles to augment subsequent mature oocytes available for treatment are now under way. Alternatively, it may become possible to use part of an increased pool of oocytes to augment oocyte quality of other autologous oocytes. More specifically, we are now starting to understand the hormonal signaling pathways that result in initiation of growth in the pool of resting primordial follicles, i.e., activation of follicle growth (11–13). A new concept to augment the number of mature follicles is now being developed in which women with poor ovarian response have a biopsy of the ovary, which is subsequently subjected to activation of the pool of resting follicles during a short in vitro procedure after which the tissue is replaced again. During the next months, the pool of activated follicles will grow to the pre-ovulatory stage. In the best case scenario, more mature follicles will result. Ovarian stimulation for the last 2 weeks with exogenous hormones is likely to be part of achieving full maturity of these follicles. Furthermore, understanding the hormonal regulation of follicle growth will be a key feature in developing such concepts to a more widespread clinical level, hopefully backed by studies in rodents, large domestic species, and primates.

Overall, we are still only starting to understand the regulation of follicular growth and indeed how the highly specialized follicular compartment is hormonally regulated (14). Numerous studies have been performed on human follicular fluid from fully mature follicles obtained in connection with retrieval of oocytes during IVF treatment. This follicular fluid represents, however, the final stage of follicular development, in which the follicle and the surrounding theca cells are turning into a corpus luteum that will function during the luteal phase. At this time point, the cells are undergoing dramatic changes including alterations in gonadotropin receptor expression. Earlier stages of follicular development have been studied only to a limited extend, especially because human material is very limited for obvious reasons and because animal models often present with small sized follicles with a limited number of cells making detailed studies difficult. However, important information will continue to be obtained from animal models and especially large domestic species, for instance the bovine. A better understanding of the milieu inside small antral follicles and their response to hormones derived outside and/or inside the follicles is important basic science information, which will help optimize conditions for in vitro maturation of oocytes and potentially develop new therapeutic approaches that can replace the existing IVF procedures. The long-term goal is to be able to grow follicles from the earliest stages of development and derive mature follicles capable of sustaining fertilization resulting in healthy offspring. This has been demonstrated in rodents; however, a huge research effort is required to take this step in humans.

After the development of the ICSI procedure, endocrinology in males received less attention for some years, but new information on how to improve sperm function and the hormonal regulation of testicular function is now appearing. It appears that some men with poor sperm quality may benefit from exogenous FSH stimulation (15). The importance of specific FSH isoforms and genetic variants and FSH receptor polymorphisms (i.e., single nucleotide polymorphisms) are being evaluated and a potential sensitizing effect of co-administration of LH-like activity (e.g., hCG) is another option to potentially improve sperm production. The identification of subgroups of patients with a specific combination of SNP’s that is more likely to benefit from this treatment is a possible scenario that is being tested. The effects of testosterone and especially low concentrations of testosterone also receives interest and the debate on whether to augment concentrations therapeutically is a hot issue—just highlighting that more research and information is required to make informed decisions.

Studies in animals have been and will continue to be a cornerstone in understanding reproductive endocrinology. The creation of genetically manipulated mice—for instance, mice with a gene globally knocked out—and more recently conditional knock out models have provided valuable information. However, mice are not humans and significant differences exist. Primate or human studies are required to confirm the information from animal studies. One example is AMH, which in mice appears to attenuate follicle recruitment from the resting stage (16). Recent studies now suggest that the opposite may be the case in women, where two independent studies now have shown that AMH appears to stimulate follicular recruitment (17, 18). This may reflect that regulation of the biological activity and proteolytic cleavage of AMH is complicated; it may differ between sexes and is far from being elucidated (19). Later on in folliculogenesis, AMH has a number of different functions—one of which is to reduce estradiol output by small antral follicles before they become selected and chosen to undergo ovulation (20). AMH belongs to the group of TGF-β growth factors, which have been shown to undertake a huge number of hormonal functions in the gonads. We are far from understanding all of the functions of these growth factors, their fine tuning, regulation of biological activity, and interplay with other hormones. The presence of functional homodimers and heterodimers between different members of the TGF-β family is new and the functional significance on both the ovary and testes remains to be determined (21).

The ability to successfully freeze both human ovarian and testicular tissue has allowed development of new treatments to preserve fertility by excising and freezing tissue prior to gonadotoxic treatment often in connection with a cancer disease. The transplantation of the tissue to either the remaining ovary or outside the ovary creates situations, which have not been seen previously. The development of follicles, their hormonal secretion, and the hormonal control of follicular growth provide an opportunity to study different conditions that can highlight other sides of reproductive endocrinology. The ability to freeze ovarian tissue and the enormous number of resting follicles in the ovaries, which to a large extent maintain the capacity to produce female sex steroid, has also let to the proposal of more futuristic approaches—it is now technically possible to postpone menopause by freezing ovarian tissue during the reproductive years and only replace it after menopause (22, 23). Importantly, it will not harm the woman—the fertility and the age at menopause do not seem to be significantly negatively affected—and the increased utilization of the woman’s own follicles will lead to circulating levels of estradiol and progesterone, which will effectively prevent osteoporosis and cardiovascular disease. However, continued menstrual cycling may lead to unwanted side effects such as an increased risk of breast cancer, and benefits and drawbacks will need to be evaluated carefully in the coming years.

Spermatogonia of intact human testicular tissue are also capable of surviving freezing and the tissue maintains the capacity to secrete specific hormones like AMH and testosterone. However, the specific hormonal requirements to culture spermatogonia in vitro are not yet in place, and although animal models are not similar to the human situation, more information is required to understand the physiology better and to potentially reach an expertise allowing a clinical approach.

Taken together, reproduction is still a very research intensive area with many different disciplines, which calls for a multitude of different approaches to obtain a better understanding of the physiology of producing new offspring and expand on the endocrinology that governs fertility. It is the aim that this new initiative—the Reproduction section of Frontiers—will become an integrated part of advancing this field in science.

AUTHOR CONTRIBUTIONS

CA wrote the manuscript, and views and opinions expressed only represent those of the author.

REFERENCES

1. Lobo RA, Davis SR, De Villiers TJ, Gompel A, Henderson VW, Hodis HN, et al. Prevention of diseases after menopause. Climacteric (2014) 17:540–56. doi:10.3109/13697137.2014.933411

2. Antonio L, Wu FC, O’Neill TW, Pye SR, Ahern TB, Laurent MR, et al. Low free testosterone is associated with hypogonadal signs and symptoms in men with normal total testosterone. J Clin Endocrinol Metab (2016) 101:2647–57. doi:10.1210/jc.2015-4106

3. Fatemi HM, Garcia-Velasco JA. Avoiding ovarian hyperstimulation syndrome with the use of gonadotropin-releasing hormone agonist trigger. Fertil Steril (2015) 103:870–3. doi:10.1016/j.fertnstert.2015.02.004

4. Humaidan P, Kol S, Papanikolaou E, Copenhagen GnRH Agonist Triggering Workshop Group. GnRH agonist for triggering of final oocyte maturation: time for a change of practice? Hum Reprod Update (2011) 17:510–24. doi:10.1093/humupd/dmr008

5. Humaidan P, Polyzos NP, Alsbjerg B, Erb K, Mikkelsen AL, Elbaek HO, et al. GnRHa trigger and individualized luteal phase hCG support according to ovarian response to stimulation – two prospective randomized controlled multi-centre studies in IVF patients. Hum Reprod (2013) 28:2511–21. doi:10.1093/humrep/det249

6. Andersen CY, Fischer R, Giorgione V, Kelsey TW. Micro-dose hCG as luteal phase support without exogenous progesterone administration: mathematical modelling of the hCG concentration in circulation and initial clinical experience. J Assist Reprod Genet (2016) 33(10):1311–8. doi:10.1007/s10815-016-0764-7

7. Shapiro BS, Daneshmand ST, Garner FC, Aguirre M, Hudson C, Thomas S. Evidence of impaired endometrial receptivity after ovarian stimulation for in vitro fertilization: a prospective randomized trial comparing fresh and frozen-thawed embryo transfer in normal responders. Fertil Steril (2011) 96:344–8. doi:10.1016/j.fertnstert.2011.05.050

8. Blockeel C, De VM, Verpoest W, Stoop D, Haentjens P, Devroey P. Can 200 IU of hCG replace recombinant FSH in the late follicular phase in a GnRH-antagonist cycle? A pilot study. Hum Reprod (2009) 24:2910–6. doi:10.1093/humrep/dep253

9. Filicori M, Cognigni GE, Gamberini E, Parmegiani L, Troilo E, Roset B. Efficacy of low-dose human chorionic gonadotropin alone to complete controlled ovarian stimulation. Fertil Steril (2005) 84:394–401. doi:10.1016/j.fertnstert.2005.02.036

10. Andersen CY, Elbaek HO, Alsbjerg B, Laursen RJ, Povlsen BB, Thomsen L, et al. Daily low-dose hCG stimulation during the luteal phase combined with GnRHa triggered IVF cycles without exogenous progesterone: a proof of concept trial. Hum Reprod (2015) 30:2387–95. doi:10.1093/humrep/dev184

11. Kawamura K, Kawamura N, Hsueh AJ. Activation of dormant follicles: a new treatment for premature ovarian failure? Curr Opin Obstet Gynecol (2016) 28:217–22. doi:10.1097/GCO.0000000000000268

12. Reddy P, Liu L, Adhikari D, Jagarlamudi K, Rajareddy S, Shen Y, et al. Oocyte-specific deletion of Pten causes premature activation of the primordial follicle pool. Science (2008) 319:611–3. doi:10.1126/science.1152257

13. Zhai J, Yao G, Dong F, Bu Z, Cheng Y, Sato Y, et al. In vitro activation of follicles and fresh tissue auto-transplantation in primary ovarian insufficiency patients. J Clin Endocrinol Metab (2016) 101:4405–12. doi:10.1210/jc.2016-1589

14. Khan DR, Landry DA, Fournier É, Vigneault C, Blondin P, Sirard MA. Transcriptome meta-analysis of three follicular compartments and its correlation with ovarian follicle maturity and oocyte developmental competence in cows. Physiol Genomics (2016) 48:633–43. doi:10.1152/physiolgenomics.00050.2016

15. Garolla A, Ghezzi M, Cosci I, Sartini B, Bottacin A, Engl B, et al. FSH treatment in infertile males candidate to assisted reproduction improved sperm DNA fragmentation and pregnancy rate. Endocrine (2016). doi:10.1007/s12020-016-1037-z

16. Durlinger AL, Gruijters MJ, Kramer P, Karels B, Kumar TR, Matzuk MM, et al. Anti-Müllerian hormone attenuates the effects of FSH on follicle development in the mouse ovary. Endocrinology (2001) 142:4891–9. doi:10.1210/en.142.11.4891

17. Schmidt KL, Kryger-Baggesen N, Byskov AG, Andersen CY. Anti-Müllerian hormone initiates growth of human primordial follicles in vitro. Mol Cell Endocrinol (2005) 234:87–93. doi:10.1016/j.mce.2004.12.010

18. Xu J, Bishop CV, Lawson MS, Park BS, Xu F. Anti-Müllerian hormone promotes pre-antral follicle growth, but inhibits antral follicle maturation and dominant follicle selection in primates. Hum Reprod (2016) 31:1522–30. doi:10.1093/humrep/dew100

19. Mamsen LS, Petersen TS, Jeppesen JV, Møllgård K, Grøndahl ML, Larsen A, et al. Proteolytic processing of anti-Müllerian hormone differs between human fetal testes and adult ovaries. Mol Hum Reprod (2015) 21:571–82. doi:10.1093/molehr/gav024

20. Jeppesen JV, Anderson RA, Kelsey TW, Christiansen SL, Kristensen SG, Jayaprakasan K, et al. Which follicles make the most anti-Mullerian hormone in humans? Evidence for an abrupt decline in AMH production at the time of follicle selection. Mol Hum Reprod (2013) 19:519–27. doi:10.1093/molehr/gat024

21. Mottershead DG, Sugimura S, Al-Musawi SL, Li JJ, Richani D, White MA, et al. Cumulin, an oocyte-secreted heterodimer of the transforming growth factor-β family, is a potent activator of granulosa cells and improves oocyte quality. J Biol Chem (2015) 290:24007–20. doi:10.1074/jbc.M115.671487

22. Andersen CY, Kristensen SG. Novel use of the ovarian follicular pool to postpone menopause and delay osteoporosis. Reprod Biomed Online (2015) 31:128–31. doi:10.1016/j.rbmo.2015.05.002

23. Donnez J, Dolmans MM. Ovarian cortex transplantation: 60 reported live births brings the success and worldwide expansion of the technique towards routine clinical practice. J Assist Reprod Genet (2015) 32:1167–70. doi:10.1007/s10815-015-0544-9

Conflict of Interest Statement: The author confirms being the sole contributor of this work and approved it for publication.

Copyright © 2017 Andersen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cover.jpg
frontiers
in Endocrinology

Grand Challenges in
Reproductive Endocrinology





OPS/images/logo.jpg
Ghesk for

i@





