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Abstract

:

This review aims at defining the neuroendocrine mechanisms underlying the sport-induced restrictions of the reproductive axis in female athletes. Episodic gonadotropin release was found to be compromised, presumably a result of impaired hypothalamic pulsatile GnRH release. Any deviation from optimal gonadotropin release may result in a suboptimal function of the ovaries, leading to disorders of the menstrual cycle and ovulation. A whole spectrum of menstrual dysfunctions ranging from ovulatory eumenorrhea to luteal phase defects and amenorrhea has been reported in sportive women. As essential neuroendocrine factors underlying these observations, activation of the adrenal axis and altered central nervous neurotransmitter activity have been identified to transfer metabolic, nutritional, and stress signals into the hypothalamic GnRH release. The degree by which the neuroendocrine axis governing reproduction is impaired critically depends on the intensity and duration of exercise and the state of training. Other decisive factors may be energy expenditure and availability, nutritional components, and the maturity of the hypothalamic-pituitary-ovarian (HPO) axis when sport activity was initiated. In conclusion, the gradual cessation of reproductive function observed in female athletes may be interpreted as an adaptive mechanism in response to physical and psychological endurance during sport. This sport-induced restriction of reproductive capacity may serve as protection (endogenous contraception) to preserve a woman’s health.
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1. Introduction


Abundant evidence suggests that the reproductive axis is affected during sports in women. Menstrual dysfunctions ranging from anovulatory eumenorrhea, luteal phase defects, and anovulatory oligomenorrhea to long-lasting amenorrhea have been reported in athletic women [1,2,3]. These findings support the notion of close temporal and functional links between sportive activity and the hypothalamic-pituitary-ovarian (HPO) axis governing reproduction [4,5]. This short review aims at defining the principal changes observed in the neuroendocrine control of reproduction in women during sports. In particular, the determinants underly the neuroendocrine restriction of the reproductive axis in athletic women should be defined.



1.1. Neuroendocrinology of Reproduction


For a better understanding of the neuroendocrine control of female reproduction, the mechanisms involved in the neuroendocrine control of normal reproductive function are briefly outlined. When the HPO axis governing reproductive hormone release is fully operative, it ensures regular menstrual cyclicity and uncompromised reproductive capacity [4,6]. Hypothalamic gonadotropin-releasing hormone (GnRH) containing neurons display intrinsic activity so that GnRH is released from the hypothalamus in an intermittent or pulsatile fashion [4,6,7]. Consequently, the episodic release of gonadotropins (luteinizing hormone LH and follicle-stimulating hormone FSH) is observed from the pituitary, reflecting intermittent hypothalamic GnRH stimulation of the pituitary and the effects of factors from within and outside the hypothalamus modulating this secretion [7,8]. Cellular, genetic, and metabolic cues, such as the effects of insulin, leptin, and Ghrelin have been identified as important regulators for differential GnRH secretion [6,8]. In addition, a whole series of neurotransmitters and hormones have also been found to be involved in modulating the activity of GnRH-containing neurons, amongst them ovarian sex steroids, endogenous opioid peptides (EOP), dopamine, kisspeptin, and numerous others [6,8]. Gonadotropin release varies by the stages of the menstrual cycle: LH pulse frequencies increase during the follicular phase of the cycle, while a slowing of the LH pulse frequencies with a concomitant increase in LH pulse amplitudes is noted during the luteal phase of the cycle [9]. It is important to note that a marked slowing of the LH pulse frequencies with a concomitant increase in LH pulse amplitudes is exclusively observed during sleep in the early follicular phase, and increased EOP activity may be accounted for this sleep-entrained manifestation [8,10]. Thus, pulsatile LH and by inference, hypothalamic GnRH release is the result of sex steroid feedback on the central regulatory units during the menstrual cycle, and these effects of sex steroids are translated into neurotransmitter signals impinging on hypothalamic GnRH neurons [4,6,8]. Pulsatile release of the gonadotropins ensures appropriate stimulation of the ovaries, thus promoting sex steroid secretion and follicular growth. In summary, the orchestrated release of gonadotropins with appropriate cycle-dependent feedback by sex steroids is essential for maintaining normal menstrual cycles and optimal reproductive function. Any deviation from this perfectly coordinated GnRH-gonadotropin release may result in suboptimal ovarian function and follicular demise. Menstrual cycle disorders and impaired reproductive capacity observed during physical activity and exercising are therefore clinical manifestations of restrictions in the neuroendocrine drive of reproduction [6,8].




1.2. The Hypothalamic-Pituitary-Ovarian (HPO) Axis in Athletic Women


The increasing popularity of recreational physical exercise during the last decades led to the effects of strenuous exercising on reproductive function. Exercise-associated menstrual dysfunction has been reported at various degrees in women with athletic activities, such as in tennis players, gymnasts, and group sports [1,2,3,11]. High rates of menstrual dysfunctions such as oligo-amenorrhea are found in ballet dancers and long-distance runners (60% to 70%), whereas swimmers, divers, and gymnasts have much lower rates (20%) [3,12]. These incidences of menstrual cycle disturbances are higher than those found in a sedentary population. A cause-effect relationship is difficult to ascertain, as various responses have been observed in different forms of exercises [1,2,3,13]. The spectrum of abnormalities in menstrual cyclicity in athletic women may reflect a pathophysiological continuum of changes in GnRH activity that occur while women exercise over time [8,10]. The degree by which the neuroendocrine axis governing reproduction is critically affected depends on factors such as intensity and duration of exercise, body composition, and stress factors during training programs [1,3,12]. Weight loss has frequently been claimed to play an essential role in female athletes because of their perception of extreme leanness as the perfect body composition for endurance and strenuous exercise [2,14]. Additionally, training intensity, an adaptation of the stress axis, energy availability, and the composition of nutritional components may also be important [1,2,15,16].



Analysis of the LH pulsatility in groups of sedentary and athletic women revealed a slowing of the LH pulse frequencies with a concomitant increase of LH pulse amplitudes, and this finding can be extended to most athletic women [17]. Amenorrheic athletic women showed low LH pulse frequencies and relatively high LH pulse amplitudes, so the mean LH levels were low. These data indicate that even when athletic women experienced normal menstrual bleedings, they had a reduction in LH pulse frequencies (up to 30%) compared with regularly cycling sedentary women. Furthermore, amenorrheic athletes had an additional reduction in LH pulse frequencies of around 20% [17]. The lowest LH pulse frequencies were found in amenorrheic athletes, intermediate pulse frequencies in eumenorrheic athletes, and highest pulse frequencies in non-athletes [15,17]. The 24 h mean LH concentrations were lowest in amenorrheic athletes, compared with eumenorrheic athletes and non-athletic women [17]. Interestingly, a slowing of LH pulse frequencies with a concomitant increase in LH pulse amplitudes was noted during sleep in sedentary [9,17] and cyclic athletes [15,18], but this sleep-associated slowing was absent in amenorrheic athletic women [17]. Interestingly, no differences were found in mean follicle-stimulating hormone (FSH) levels in sedentary and athletic women in most studies [15,17]. Administration of exogenous GnRH to women with exercise-induced amenorrhea elicited exaggerated LH responses in athletic women compared with sedentary control and cyclic athletic women [17,19]. Thus, sport-induced changes in gonadotropin pulsatility may presumably be attributed to a reduced hypothalamic GnRH secretion rather than to impaired pituitary responsiveness [1,17]. These data, although not unequivocal [1,2,3,6,8], indicate that exercise-induced menstrual disorders are causally related to a restriction in the LH pulsatility in athletic women.



Moreover, ovarian steroid secretion was found to be reduced in sportswomen, presumably the result of inappropriate gonadotropin stimulation of the ovaries. This notion is supported by the reduced excretion of urinary estrogen metabolites in amenorrheic athletes [17]. Additionally, a reduction of progesterone metabolites was found in athletic women, as an indicator of luteal phase deficiency (LPD) and anovulation [15,17,20]. These findings characterize approximately half of the menstrual cycles in regularly cycling athletic women and could explain their relative infertility [1,14]. Initially, the changes in the neuroendocrine axis of reproduction may be so subtle that menstruations still appear to be regular. Such subtle defects in the pulsatile GnRH-LH release are likely to contribute to the high rates of anovulation seen even in recreational athletes [1,2]. Almost two-thirds of athletic women were found to have LPD or anovulation in their menstrual cycles [12]. Therefore, the length of the menstrual cycle is not a good parameter for ovarian function in athletic women, as regular menstrual cycles may be either normal or abnormal by undetected anovulation or LPD [1,2]. Taken together, the menstrual abnormalities observed in athletic women represent a pathophysiological continuum from fully coordinated to disordered GnRH-gonadotropin release [1,8,17]. Therefore, changes in the orchestrated 24 h gonadotropin pulsatility could explain, at least in part, why the reproductive capacity is restricted in athletic women [1,8,13].




1.3. Impact of Stress on Reproductive Function


Exercise may impair the hypothalamic–pituitary–ovarian axis (HPO) in some women by acting as a chronic stressor and activator of the hypothalamic-pituitary-adrenal axis (HPA) [21]. Work on the importance of kisspeptin has demonstrated this peptide to be a link between these two axes [22]. Lower plasma cortisol levels are found in women with regular menstrual cycles compared with women suffering from functional hypothalamic amenorrhea, amongst them female athletes [11,17,23]. However, a circadian rhythm in cortisol is preserved in both regularly menstruating women and amenorrheic subjects [23]. Cortisol pulse amplitudes remain high over the course of the day in amenorrheic athletes, while pulse amplitudes decrease in eumenorrheic athletes [17]. These data, although conflicting [2,15,24], suggest higher cortisol levels in amenorrheic than cyclic athletes, presumably indicating hyperactivity of the HPA axis. As for the pituitary responsiveness to corticotropin-releasing hormone (CRH), it appears that the magnitude of ACTH and cortisol response is highest in sedentary compared with athletic women [17]. Furthermore, the adrenal sensitivity to CRH challenges is increased in athlete women with and without amenorrhea, compared with sedentary women [17]. This suggests an exaggerated cortisol response to physiological stimuli such as sports and may also explain the supraphysiological circulating levels of cortisol in most athletic women [15,17].



Furthermore, no differences were observed in ACTH secretory patterns and cortisol secretory pulse frequencies in amenorrheic athletes compared with eumenorrheic athletes and nonathletes [17]. Overnight cortisol levels were found to be higher in both groups of female athletes. Since cortisol stimulates an increase in glucose levels in humans [2], activation of the HPA axis may be interpreted as a mobilizer of energy stores to maintain metabolic homeostasis. In turn, the observed activation of the HPA axis in athletic women may impair the HPO axis, through changes induced by adrenal corticosteroids [25] or altered neurotransmitter activity [1,2,3,8]. Some effects appear to be brought up by CRH itself, as evidenced by the drastic decline in pulsatile LH secretion following CRH injection and the reversal of this suppression by a CRH receptor antagonist [26]. Such blockade of the reproductive function by activation of the HPA axis stress could also be exerted by stress-induced changes in EOP activity: Chronic blockade of EOP receptors may reverse the effects of chronic stress in women with functional amenorrhea, as evidenced by an increased LH pulsatility and resumption of menstrual cyclicity during prolonged treatment with naltrexone, an opiate antagonist [27].




1.4. The Relative Importance of Weight for the Reproductive Axis of Athletic Women


Disorders in eating behavior are common in young athletes and are reported in up to 20% of adolescent women [3,8]. Eating disorders are particularly seen in sports that emphasize leanness, such as gymnastics, running, and ballet dancing [2,28]. Eating disorders increase with the level of exercise and are found in professional, but also recreational sports. Weight loss in association with menstrual cycle disturbances is frequently seen in amenorrheic (up to 2/3), but also in eumenorrheic athletic women (up to 1/3) [8,29]. Menstrual cycle disorders may occur in exercising athletes without weight loss but are more commonly found in those with weight loss [8,30]. One critical mechanism could be the lack of body fat with intensive exercise since more severe menstrual cycle disorders are more prevalent in athletic women with weight loss and less body fat [8]. Maintenance of a minimal percentage of body fat and a minimum weight for height has long been believed to prevent menstrual dysfunctions and restore menses in athletic women with amenorrhea [1,31,32]. However, more recent studies have shown diverging results demonstrating that loss of energy availability, but not weight loss alone may alter the episodic gonadotropin secretion [31,33]. Changes in LH pulsatility are apparent within 5 days of strenuous exercising [30,34], much sooner than any loss in fat tissue may appear.



The mechanisms underlying these clinical observations are complex but may relate to alterations in the HPO axis. Changes in LH pulsatility are observed within days following energy restriction and weight loss, much earlier than changes in body composition may appear [35]. An imbalance between caloric intake and the amount of energy expended with exercise may explain the reduced hypothalamic GnRH-LH drive observed in women with exercise-associated menstrual dysfunction [2,15,17]. Dependent on the severity of weight loss, the LH pulsatility is restrained, as LH pulse frequencies decrease and LH pulse amplitudes either increase or remain blunted [36]. In addition, detailed nutritional assessments in athletic women revealed that their daily caloric intake was like that of sedentary women [15,17]. The relative dietary composition for regularly cycling sedentary women differs from those for athletic women: The protein and fat content of the meals was higher in sedentary women, while the carbohydrate meal content was highest in athletic women without menstrual cycles [15]. Fat and protein account for smaller percentages of calories in the diet of athletic women, and those with amenorrhea consume substantially less fat than regularly menstruating women [15,17]. A negative energy balance leads to unfavorable insulin–glucose ratio [2]. Amenorrheic athletes showed marked hypoinsulinemia both during feeding and fasting, although serum glucose levels were found comparable in those states [15]. That the severe deficit of fat intake identified in these patients may play a role in determining overall metabolic energy availability is suggested by the positive relationship between dietary fat intake and circulating insulin levels [17]. Reduced glucose availability especially in the brain may be a metabolic clue that translates the energy information into hypothalamic GnRH neurons in regulates their activity. It is interesting to note that women with hypoinsulinemia had the lowest dietary fat intake but experienced the greatest reductions in their LH pulse frequencies [15,17].



Several metabolic signals may act in concert to functionally impair the reproductive axis. Candidates for such cues to the neuroendocrine drive of reproduction may comprise leptin [37,38] and the counter-acting ghrelin [2,39]. The peptide leptin derives from adipose tissue and has been identified to signalize a state of starvation to the neuroendocrine centers of reproduction [2,11]. Leptin was also demonstrated to stimulate gonadotropin secretion [38], and therefore, leptin concentrations are significantly lower in amenorrheic compared with eumenorrheic athletic women [2,17,40]. A loss of the normal diurnal pattern of leptin secretion is also seen in amenorrheic women [17]. Furthermore, leptin is lower in adult cyclic and amenorrheic exercisers than in sedentary women [17]. As leptin levels strongly correlate with the absolute fat mass, low levels of leptin reflect little fat mass and consequently, a state of energy deprivation. Administration of leptin to women with hypothalamic amenorrhea (not specifically athletes) normalizes gonadotropin secretion and induces ovulation in almost half of these women [41]. Thus, leptin and ghrelin may represent essential clues for the transfer of metabolic signals (weight, energy availability) into the HPO axis [1,2,3,6,8].



Menstrual cycle disturbances such as functional hypothalamic amenorrhoea are commonly associated with raised growth hormone (GH) and low insulin-like growth factor (IGF-1), a finding suggesting relative GH resistance [3,5,42]. Nevertheless, insulin-like growth factor (IGF) 1 levels are not as low in female athletes as in women with anorexia nervosa. IGF-1 levels, IGF-binding protein (IGFBP)-3, or the ratio of IGF-1/IGFBP-3 were found at lower levels in amenorrheic exercisers, compared with non-athletic women [3,15]. In contrast, IGF-BP-1 was higher in the amenorrheic group, and this led to lower ratios of IGF-1/ IGFBP-1 in amenorrheic athletes [15]. Levels of IGF-1, IGFBP3, and ratios of IGF-1/IGFBP-1 and IGF-1/IGFBP-3 found in normally cycling exercisers do not differ from sedentary controls [43]. Interestingly, IGFBP-1 levels are inversely related to LH secretion in athletes and nonathletes [15,24], while the ratio of IGF-1/ IGFBP-1 is positively associated with 24 h LH pulse frequency [15]. In the hormonal milieu during exercise (low endogenous insulin, elevated cortisol), the increase in IGFBP-1 is the most metabolically responsive peripheral signal of fuel shortage, which ultimately slows hypothalamic GnRH release [5].



These observations suggest that hypothalamic GnRH secretion is decreased by alterations in metabolic cues during exercise. In addition to their primary functions, some appetite- and metabolism-regulating factors may affect GnRH/LH secretion. These factors suppress GnRH and gonadotropin secretion, as they simultaneously increase appetite and feeding behavior during states of low energy balance. In general, satiety-related factors, such as leptin, insulin, and endogenous opioid peptide (EOP), directly or indirectly stimulate LH secretion, whereas orexigenic factors such as neuropeptide Y (NPY) and ghrelin, suppress LH secretion [44,45]. In addition, kisspeptins as a group of polypeptides have recently been described to play a major role in the regulation of the reproductive axis by influencing GnRH release (5,6,42). Kisspeptins act directly on GnRH neurons, and these effects result from multiple interplays of influencing factors that regulate kisspeptin release [42,45]. Thus, kisspeptin integrates the effects of metabolic status on GnRH neurons and mediates at least some of the effects of appetite- and metabolism-regulating factors on GnRH neurons [6,45].




1.5. Energy Availability and the Function of the HPO Axis


Energy availability can be defined by the difference between energy intake and energy expenditure [35]. Exercise is an important component of energy expenditure, and therefore, when energy availability is low, reproductive function is one of the first functions to cease. Detailed studies in women whose energy availabilities were gradually decreased while they maintained a constant energy expenditure illustrate that a value of 30 kcal/kg lean body mass/day may represent the threshold of energy availability that is at least required to maintain normal reproductive function [35,46,47]. The effects of restricted energy availability on GnRH-LH secretion occur relatively fast. These data, although conflicting [48], demonstrate the consequences of negative energy balance: When such situations are experimentally created by restricting calories, increasing energy expenditure, or a combination of both, changes in LH pulsatility occur within a few days [30,34]. When energy availability falls below a certain threshold, LH pulse frequencies decline, while LH pulse amplitudes increase [35]. Importantly, the sensitivity of GnRH neurons to alterations in energy availability appears to change with increasing gynecological age. Caloric restriction combined with vigorous daily exercise alters LH pulse frequencies in adolescents, but not in adult women [35], and these changes appear within 5 days of energy deprivation. Disruptive effects of energy availability on the reproductive axis may affect all menstruating women and produce menstrual cycle disorders such as LPD [48]. Yet, those women who are younger and closer to the time of menarche are more sensitive to changes [34]. The sensitivity of the hypothalamic-pituitary-gonadal axis appears to be maximal in the first 15 years after the onset of menstruation. This explains why excessive exercise early in life may have more profound and long-lasting effects than later [2,34,35].



Changes in the LH pulse characteristics occur with the degree of energy availability, and these effects are most pronounced with increasing restriction: Such effects on the reproductive axis are observed independent of the previous menstrual cycle state, although they are most pronounced in women with pre-existing subtle menstrual cycle disorders [1,47]. Caloric intake adjusted for the energy spent during exercise maintains normal hypothalamic-pituitary-gonadal function (eumenorrhea). Even a mild, but sustained reduction in energy availability can induce subtle changes in gonadotropin secretion, and therefore cause menstrual dysfunctions [1,12].



Strenuous physical training in women is associated with evidence of hypothalamic amenorrhea, pituitary gonadotroph suppression, ovarian dysregulation, and metabolic maladaptation. The blockade of the reproductive system may represent an adaptive response to the multistressor nature of arduous training [49]. It is unlikely that any single factor such as energy availability is responsible for the suppression of the HPO axis. Suppression of the HPO function occurs in response to exercise and training without simultaneous evidence of low energy availability [49]. Therefore, the evolution of reproductive dysfunction appears to be more complex than by low energy availability alone. It is suggested that an interplay of psychological and environmental stressors with the activation of the HPA system may be responsible for the suppression of the HPO axis in female athletes. The combination of physical and psychological stress, energy compensation, and metabolic changes (such as increased insulin resistance) may activate the HPA axis and subsequently impair reproductive capacity in athletic women [5,49]. Multiple metabolic signals brought about by exercise are additionally involved in the signaling to the hypothalamic GnRH pulse generator [5,6,45]. Most female athletes do not intentionally restrict their intake, and yet few consume additional calories that are needed to maintain energy balance. The exact nature of these interactions is complex but is independent of body weight [3,5,49].



The American College of Sports Medicine uses the term “the female athlete triad” to refer to the interrelationship of menstrual dysfunctions, eating disorders, and the long-term consequences of estrogen deprivation [50]. This emphasizes the importance of optimal energy availability for both reproductive and general health. Best states of estrogenization are achieved in normal menstrual cycles when estrogen concentrations are found highest around ovulation [3,8,11]. Menstrual dysfunctions go along with impaired estrogen concentrations, and therefore, estrogen-dependent functions such as bone resorption and bone mass density begin to fall [3,51]. Not surprisingly, eumenorrheic athletes have higher bone mass density than amenorrheic athletes [2,50,51]. Low bone mass density with subsequent premature osteoporosis and pathological fractures in female athletes may be clinical consequences of long-standing estrogen deprivation during menstrual cycle disorders, as particularly seen in amenorrheic athletes [2,9,50].





2. Conclusions


A simplistic model is suggested to summarize the adaptive changes in the neuroendocrine control of the reproductive axis in athlete women (Figure 1). This concept is compatible with all available evidence on the activity of the HPO axis in sedentary and exercising women. Optimal functioning of the neuroendocrine control of the HPO axis in female athletes critically depends on determinants such as the state of energy availability, weight balance, and imposed stress in the athletes. Adaptive changes in the neuroendocrine axis controlling reproduction may lead to a partial or total restriction of the neuroendocrine drive on reproductive function in female athletes. In this context, factors such as body fat, body composition, and energy availability are essential for an uncompromised reproductive capacity. Treatment of women with exercise-associated menstrual and reproductive dysfunctions requires a series of interventions to compensate for these restrictions. Modifying lifestyle to reduce stress and changes in the daily diet and exercise behavior to increase energy availability are recommended [51]. These lifestyle changes are sometimes difficult to achieve in athletic women, so pharmacological agents might be required, although non-pharmacological approaches were found to be more effective in athletic women [2,49,52]. Since the demonstrated neuroendocrine restrictions of the reproductive axis in female athletes are multifactorial in origin, health education of sportswomen must also comprise a better understanding of the neuroendocrine mechanism involved in the sport-induced impairment of reproduction. The neuroendocrine blockade of the reproductive axis in female athletes may be viewed as an adaptive mechanism in response to physical and psychological signals during exercise and sports. Such changes may initially be subtle, but they stepwise reduce female reproductive capacity from fully functioning over LPDs to anovulation and amenorrhea. Therefore, management of sport-associated menstrual cycle and ovulatory disorders is imperative to prevent adverse outcomes in bone density, cardiovascular risk profile, psychological well-being, and fertility. Advancements in understanding the pathophysiological basis of this under-recognized and under-treated clinical entity will aid management and may result in the development of novel therapeutic approaches [53].



The neuroendocrine blockade of the reproductive axis with subsequent menstrual cycle disorders and long-term failure to ovulate in athletic women may cause serious health consequences and should therefore be considered harmful. However, temporal impairment of the reproductive function may be meaningful from the evolutionary standpoint: It may serve as a natural form of endogenous contraception [1,54]. Pregnancy as a state of high energetic investment requires extensive metabolic fuel. Such conditions are unwanted by nature and must be avoided when unfavorable environmental factors prevail. Such conditions are found during energy deprivation or even starvation [54]. Thus, protective endogenous mechanisms to reduce fertility at least temporarily may be operative. This may help an athletic woman to preserve her health during conditions of limited energy availability such as during excessive sport and exercise in women [1,2,8].
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Figure 1. Schematic presentation of the neurophysiology of the hypothalamic-pituitary-ovarian axis and the effects of sports and exercise on the neuroendocrine control of reproduction. 
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