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Functional hypogonadotropic hypogonadism (FHH) is an increasingly frequent

condition, whose pathological mechanisms are not yet fully clarified. The

concept of FHH has now completely replaced that of late onset

hypogonadism, that only concerned the ageing man. FHH is the result of an

impairment of the hypothalamic-pituitary gonadal axis (HPG-A) function,

resulting in decreased testosterone concentrations associated with low or

inappropriately normal gonadotropin levels and infertility; it can be diagnosed

once organic causes of hypogonadism are excluded. The growing occurrence of

FHH derives from its association with widespread conditions, such as obesity and

diabetes mellitus, but also to the increasing ease and frequency of use of several

drugs, such as opioids, glucocorticoids, and sex steroids. Moreover, given the

tendency of many subjects to excessive physical activity and drastic reduction in

caloric intake, FHH may also be secondary to low energy availability. Finally, the

association with HIV infection should not be overlooked. Therefore, there is an

important variability in the diseases that can lead to FHH. Despite the

heterogeneity of the underlying pathologies, the mechanisms leading to FHH

would seem quite similar, with the initial event represented by the impairment at

the HPG-A level. Nevertheless, many different biological pathways are involved in

the pathogenesis of FHH, therefore the aim of the current paper is to provide an

overview of the main relevant mechanisms, through a detailed analysis of the

literature, focusing specifically on pathogenesis and clinical, diagnostic and

therapeutic aspects.
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Introduction

For a long time the functional form of hypogonadotropic

hypogonadism coincided with the concept of late-onset

hypogonadism, which was defined as a clinical and biochemical

syndrome associated with advancing age and testosterone

deficiency (1). A new classification emerged in the last few years,

based on the concept of organic opposed to functional

hypogonadism. Specifically, functional hypogonadotropic

hypogonadism (FHH) is defined as the coexistence of androgen

deficiency-like features and low serum testosterone concentrations,

occurring in the absence of both intrinsic structural hypothalamic-

pituitary-gonad axis (HPG-A) pathology and of specific pathologic

conditions suppressing the HPG-A (2).

FHH derives from a hypothalamic or pituitary dysfunction, that

results in a decreased testosterone production associated with low

or inappropriately normal LH levels and infertility (3). As known,

testosterone appears as an essential hormone for testicular

development and ultimately spermatogenesis. Indeed, testosterone

is involved in Sertoli cell development, and its role in supporting

spermatogenesis is indirectly highlighted by the halting of

spermatogenesis during meiosis in case of impaired testosterone

signaling (4).

It may be the consequence of several comorbidities such as

obesity, diabetes mellitus and low energy availability (LEA),

subordinate to nutritional deficit with or without excessive

expenditure. It may also be secondary to drugs, such as opioids,

sex steroids, GnRH analogues, and glucocorticoids. Each of these

conditions influences the HPG-A function with different

mechanisms, which are not completely understood. For example,

in FHH associated with low energy expenditure (LEA), the

pathophysiology is strictly functional, and although a role for

prolactin and cortisol has also been hypothesized, the specific

pathogenesis has not yet been fully elucidated (5–7), whereas

drugs most commonly act directly on the HPG-A at the central

level. This review also explores the complex interactions between

the HPG-A and obesity and/or dysglycemia, where the role of

leptin, estradiol, adipose tissue, and inflammation has also

been addressed.

Moreover, we also analyzed the potential management of each

condition associated with FHH. Treatment represents a hot topic of

discussion, since FHH can be reversible when the underlying causes

are removed. Nonetheless, there is a significant lack of high-quality

evidence and clinical trials in this field. Lifestyle modifications play

a key role in the management of FHH due to obesity and diabetes,

but also in the spectrum of LEA (8–10). In this regard, it is essential

to reinforce the concept that the first line of treatment is to resolve

the underlying condition of FHH; however, the need for

testosterone replacement therapy (TRT) is not uncommon, and in

some conditions, such as obesity or HIV infection, when the

attempts to solve the underlying condition have failed, TRT could

be useful in addressing the disease and improving hypogonadal

symptoms (11, 12). However, the potential negative effect of

exogenous TRT on spermatogenes i s shou ld not be

underestimated; a careful evaluation of the subject to be treated

should therefore be carried out. Finally, the minimum effective TRT
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dose in inducing a substantial improvement in symptoms should be

chosen (13). Finally, for the management of infertility, the

treatment with exogenous gonadotropins may also be considered

(2). In this regard, such treatment has already been widely and

successfully used in other forms of HH, such as congenital HH, in

which it may be useful also for pubertal induction, allowing a

physiological maturation of the testis, which would obviously not be

possible with the use of TRT (14).

The aim of this paper is to address the main aspects related to

FHH, focusing on the pathophysiologic, clinical and therapeutic

tools associated with the main causes of FHH.

Figure 1 summarizes the main pathophysiological mechanisms

involved in the genesis of FHH.
Diabetes

Diabetes mellitus, both type 2 (T2DM) and 1 (T1DM),

represents one of the most important determinants of FHH and

infertility. A large amount of studies shows that diabetes,

particularly if uncontrolled, can lead to infertility in both sexes

through pathophysiologic mechanisms acting at several levels, such

as alterations in gonadal structure (degenerative and apoptotic

changes), HPG hormonal synthesis, or sexual dysfunction (15, 16).

Insulin-resistance plays a major role in the pathogenesis of

T2DM, and the resulting hyperinsulinism may be crucial in the

development of FHH. In the brain, insulin receptors mediate action

of GnRH secreting anterior preoptic hypothalamic neurons;

therefore, the occurrence of insulin-resistance can cause an

impaired secretion of GnRH, leading to a reduction of LH and

testosterone; moreover, a study on knockout mice with a specific

deletion of the brain insulin receptor demonstrated HH and

infertility (17). High glucose levels may also determine specific

toxicity in GnRH-secreting neurons, as seen in women with T1DM,

who display an inhibitory effect of hyperglycemia on the

hypothalamic secretion of GnRH, causing amenorrhea (17, 18).

The female gonad is subject to significant alterations secondary

to hyperinsulinism, as seen in polycystic ovary syndrome (PCOS),

since the ovaries express insulin receptors in the granulosa, theca,

and stromal compartments. In addition, insulin also binds to the

ovarian (as well as testicular) Insulin Growth Factor-1 (IGF1)

receptor (19), which causes the classic PCOS increase in

androgen production and follicle stimulation in granulosa and

theca cells (20, 21). The same issues can arise in T1DM, caused

by the exogenous hyperinsulinemia due to intensive glucose control

regimens (22).

Studies on rats have shown that insulin is also secreted by both

the testes and sperm cells (22, 23), and analogous papers have

shown that insulin therapy can re-establish both sperm count and

motility, most likely by restoring the function of the HPG-A

(24, 25).

It should not be forgotten that T2DM could be one of the

manifestations of the so-called hidden hypercortisolism (subclinical

hypercortisolism), a condition of biochemical cortisol excess

without the clinical features specific to Cushing syndrome. These

subjects are at greater risk of experiencing certain comorbidities,
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such as hypertension, increased risk of fragility fractures and

T2DM, although the diagnosis is far from easy. High cortisol

levels together with hyperglycemia can be detrimental to gonadal

function, making hidden hypercortisolism a further condition to

consider as a possible cause of FHH (26).

The assessment of the HPG-A hormone pattern and semen

parameters in men with T1DM and T2DM has been carried out in

an extremely limited number of studies, with relatively small and

highly heterogeneous cohorts (27, 28). Few studies focused on

T1DM, some of them finding no significant differences (27, 29),

whereas three found partly conflicting results: significantly higher

levels of gonadotropins without differences in testosterone (27),

lower LH levels in patients with uncontrolled diabetes (30) and

significantly lower testosterone concentrations without differences

in gonadotropins (27). T2DM studies also yielded mixed and poorly

reproducible results (28, 31). Two meta-analyses on this topic

underlined the low power of the available data (32, 33).

An interesting paper made it clearer to determine the influence

of diabetes on seminal parameters (especially the decrease in sperm

progressive motility), showing how the pathophysiological

mechanisms of damage may be different in T1DM and T2DM. A

higher oxidative stress is present in T2DM patients, with an

increased concentration of seminal fluid leukocytes secondary to

an amicrobial inflammatory condition, resulting in decreased sperm

vitality and increased sperm DNA fragmentation. On the contrary,

in T1DM patients the damage is most prominently based on the

presence of mitochondrial damage caused by a lower degree

oxidative damage than in T2DM subjects, associated with an

altered epididymal voiding, leading to low ejaculate volume (34).

Further studies are needed to better describe the hormonal and

gonadal consequences of diabetes, although a proper lifestyle,
Frontiers in Endocrinology 03
combined with adequate pharmacological control, represent the

basis for both reducing cardiovascular risk and preserving

reproductive health. Notably, with regard to treatment, the

European Academy of Andrology (EAA) recommends against

TRT with the specific intent to improve glyco-metabolic control

in men with T2DM and/or metabolic syndrome, however its use is

recommended in the case of symptomatic FHH (2).
Obesity

The escalating epidemic of overweight and obesity has

important clinical implications since excessive adiposity can

progressively cause and/or exacerbate a wide spectrum of co-

morbidities, including metabolic syndrome and cardiovascular

disease, as well as constituting the most common form of FHH

(35, 36). The prevalence of hypogonadism in subjects with severe

obesity (BMI > 40 kg/m2) is up to 75%, compared to that in normal

weight adult males which ranges from 2 to 39% (37–39).

Men who are overweight and obese tend to have lower

concentrations of sex hormone-binding globulin (SHBG)

compared to lean subjects, which affect free testosterone levels

(40). SHBG is a glycoprotein that binds sex hormones, inhibiting

their biological activity, and has a pivotal role in the crosstalk

between metabolic disorders and testosterone deficiency. As a

matter of fact, visceral adiposity is negatively associated with

SHBG levels, and the possible coexistence with hyperinsulinemia

may reduce the liver production of SHBG (41). Moreover, much

evidence attests that SHBG is down-regulated by pro-inflammatory

cytokines, whose levels are considerably increased in obese patients

(42). This reduction could result in a temporary increase of free
FIGURE 1

Pathophysiological mechanisms of FHH. T, Testosterone; ROS, Reactive oxygen species; DM, Diabetes Mellitus; HAART, Highly Active AntiRetroviral
Therapy. Red dashed lines with lock, Inhibition; Red dashed lines, Indirect damage; Green arrows, Activation.
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testosterone levels, which might raise aromatase activity even

further, accentuating the conversion of testosterone to estradiol.

These modifications result in negative feedback on the HPG-A,

eventually leading to a reduction of both total and free testosterone

levels, combined with low SHBG levels (43). Waist circumference

and BMI are also associated with the degree of HPG-A dysfunction

(44–46). In addition, hypogonadism is associated with fat

accumulation, leading to a vicious cycle in which abnormal

adipose tissue (AT) expansion affects testosterone production,

resulting in further accumulation of AT (47).

AT plays a critical role in the development of FHH via both

direct and indirect mechanisms. Directly, it induces androgen

deprivation both by sequestering testosterone from the systemic

circulation, and through its conversion to estradiol (48–50). Obese

subjects, in fact, have an increased aromatase activity, responsible

for testosterone conversion into estrogens. On the other hand,

increased estrogen levels reduce LH pulse amplitude and may

directly drive adipogenesis and enhance visceral, subcutaneous

and ectopic fat deposition (51).

The pathological expansion of white AT in obesity is also

associated with an increased release of biologically active

adipokines, mainly leptin (52–54). A large number of studies on

pubertal development have shown that physiological

concentrations of leptin are permissive and promote

hypothalamic and pituitary function in males (at central level); on

the other hand, if its serum levels exceed a specific threshold, leptin

inhibits testicular function (at peripheral level). In fact, in vitro

studies on Leydig cells have shown that elevated levels of leptin are

able to inhibit gonadotropin-mediated testosterone secretion,

highlighting a strong correlation between high leptin serum levels,

such as those found in obesity, and reduced androgen levels (55).

The aforementioned studies allow us to understand what happens

in case of leptin resistance, which represents a hallmark of obesity.

Leptin resistance (which can be due to either defects in the

intracellular signaling of the leptin receptor or to an abnormal

leptin transport across the blood–brain barrier) reduces GnRH

secretion through a downregulation of kisspeptin gene expression

and its receptors (56–58). On the contrary, it seems that leptin

sensitivity is maintained in the testis, thus inhibiting

steroidogenesis. Therefore, the combination of leptin resistance at

hypothalamic-pituitary level and its preserved sensitivity in the

testes sustains the hypogonadal state (59). Furthermore, obesity is

accompanied by low-grade inflammation and the overproduction of

inflammatory mediators (such as IL-6, IL-1, TNF-alpha), and is

associated with reduced testosterone levels, suppressing the release

of gonadotropin hormones (especially LH), intervening with the

translational mechanisms of the GnRH transcript (42).

Oxidative stress, subsequent to the expansion of AT and an

insufficient parallel increase in blood flow and oxygen supply, can

increase the generation of reactive oxygen species, affecting the

steroidogenic pathway in Leydig cells, eventually leading to

decreased testosterone production and infertility. In addition,

oxidative stress also enhances cortisol secretion, which in turn

affects LH secretion, thus reducing testosterone production (60–

62). Recently, the role of sirtuins as key metabolic sensors for body

homeostasis has emerged: in fact, much evidence has shown their
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role in obesity and male fertility, not only by being involved in lipid

metabolism but also by regulating mechanisms crucial for

spermatogenesis, including glycolysis, fatty acids oxidation and

oxidative stress. So, regulating sirtuins activity through

pharmacological and non-pharmacological intervention could

represent a novel treatment for obesity related FHH (63). Lifestyle

interventions are the rationale of treatment for individuals with

obesity. In fact, weight loss of at least 10% contributes to

significantly raise circulating testosterone levels and improves

symptoms related to androgen deficiency (8, 10). In particular,

the effects of the very low-calorie ketogenic diet seem promising to

improve insulin-resistance and b-cell dysfunction, thus

ameliorating testosterone levels and gonadal function, as

described in novel studies (64, 65). However, diet and behavioral

therapies have an elevated rate of failure in the long-term, therefore

different weight loss drugs have been developed, and several more

are currently under investigation. In a recent study, patients with

metabolic hypogonadism, treated with liraglutide for 4 months,

showed an improvement in sexual function and sperm parameters

compared to those treated with gonadotropins or testosterone,

suggesting that GLP1-analogs can be useful in weight reduction

and also testicular function recovery (66). Bariatric surgery is

indicated as the ultimate approach, despite being able to

significantly increase the secretion of testosterone (67, 68).

TRT could be useful in promoting fat mass loss and improving

metabolic outcomes through the direct effects on AT function in

hypogonadal subjects. Several studies have shown that TRT causes a

significant decrease in body weight and waist circumference. In

addition, as stated by recent meta-analysis, TRT promotes the

reduction of fat mass (particularly in the visceral compartment)

and the increase of lean mass in men with testosterone deficiency

(12, 69–71).
Drugs

Several commonly used drugs are associated with secondary

FHH in men. Opioids are widely employed for pain management,

as well as for detoxification of opioid addiction. They act on m-
opioid receptors in the hypothalamus and pituitary gland, leading

to a decreased pulsatile release of GnRH, reduced LH (as well as

FSH) pulse frequency, and ultimately to reduced sex hormone

levels. The prevalence of male hypogonadism is estimated

between 19 and 86% (72), and is influenced by treatment

duration, dosage and specific opioid medication (73, 74).

Prolonged use of opioids causes symptomatic androgen

deficiency, resulting in sexual dysfunction and impaired sperm

production. The most prominent abnormality on semen analysis

is asthenozoospermia, followed by teratozoospermia and

oligozoospermia (75). Functional d-, k- and m-opioid receptors

are also present on human spermatozoa, and opioids may also have

independent direct effects on spermatogenesis (76). Opioids can

also increase prolactin levels, thereby further reducing testosterone

levels (77, 78). Opioid withdrawal is typically followed by a recovery

in serum testosterone levels within one month (72). The benefits

and risks of TRT in the context of opioid-induced hypogonadism
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have not been thoroughly evaluated so far (2). TRT should be

considered in hypogonadism due to chronic use of opioids, whereas

short-term use does not require treatment. TRT has been associated

with improved sexual function (79) and body composition, without

significant changes in pain perception and quality of life (80).

Sex steroids suppress the HPG-A and their chronic

administration may cause androgen deficiency and infertility. The

(mis)use of testosterone is particularly common among athletes and

bodybuilders to enhance physical performances or muscle mass (81,

82). Chronic use leads to suppression of gonadotropin levels, as well

as testicular hypotrophy and oligozoospermia or azoospermia (83).

Androgen deficiency symptoms during use are typically absent.

After their discontinuation the HPG-A recovers within weeks to

months, however, a sustained suppression can last up to years in a

limited number of subjects (84). Prolonged hypogonadism can be

associated with sexual and mood symptoms, and might necessitate

therapy with low-dose TRT or hCG, although the use of clomiphene

citrate or aromatase inhibitors has also been advocated (85).

GnRH analogues are typically used in men with prostate cancer,

as well as in children with precocious puberty. Therapy withdrawal

determines the reactivation of the HPG-A within weeks to months,

although some older men experience longer suppression periods

(86, 87).

Long-term use of glucocorticoids can determine exogenous

Cushing syndrome, a common cause of secondary hypogonadism,

resulting in androgen deficiency and sperm alterations (88, 89).

Glucocorticoids suppress GnRH secretion, resulting in low-normal

gonadotropin levels and suppressed testosterone concentrations.

Prednisone-equivalent doses as low as 5 mg daily can cause

hypogonadism in older men. Given the reduced SHBG

concentrations, the evaluation of free testosterone levels is

mandatory in this context. The use of TRT has been associated

with improved body composition, bone mineral density, and quality

of life (90).
HIV/AIDS

Highly-active antiretroviral therapy (HAART) has greatly

changed the natural history of HIV infection, turning it into a

chronic disease with several comorbidities that can also involve the

endocrine system (91). In this respect, there is a long-lasting

association between HIV and FHH, especially in the pre-HAART

era, mostly due to advanced immunosuppression and opportunistic

infections in AIDS. Although the introduction of HAART has

reduced the incidence of hypogonadism among HIV-infected

men, it is still considered the most common endocrine

dysfunction, with a prevalence of up to 30% (11, 92). Moreover,

this condition is increasingly affecting even adolescents,

representing a potential problem for the proper development of

testicular function (93).

In HIV-infected men, hypogonadism is caused by an

impairment of the HPG-A, resulting in secondary hypogonadism

rather than primitive testicular failure. However, very frequently an

increase in SHBG levels can coexist in HIV-infected men, such that

the determination of free testosterone is of paramount importance,
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as total testosterone levels may not reveal the condition of FHH

(94, 95).

To date, it is still not yet fully understood how HIV leads to the

impairment of the HPG-A resulting in FHH. Many causes are called

into question, and specifically poor general health and acute illness

may lead to a hypogonadal state, as observed in systemic disorders.

Furthermore, drugs (especially opiates and HAART per se) or

opportunistic infections involving the hypothalamic-pituitary

area, may have direct effects on the HPG-A, leading to its

suppression. HIV- and AIDS-related lipodystrophy and wasting,

characterized by changes in body fat distribution (including fat loss

- lipoatrophy -, skeletal muscle loss and visceral fat accumulation)

can also inhibit gonadotropin secretion through an increased

aromatization of androgens to estradiol, in turn inhibiting the

HPG-A (96, 97).

A significant alteration of seminal parameters can be observed,

specifically oligozoospermia and asthenozoospermia, which are

secondary to HAART and reduced testosterone levels. Once FHH

has been recognized, and before starting TRT, it is mandatory to

assess the desire for fatherhood, and if so, to consider the use of

gonadotropins to stimulate spermatogenesis, and/or the referral for

assisted reproduction technologies (ART) (98, 99).

Appropriate TRT aims to improve clinical symptoms, such as

libido and weight loss, but also to promote weight gain and to

increase lean body mass and bone mineral density. Several options

(transdermal and intramuscular injections) can be discussed,

depending on the severity of hypogonadism and on patient

preference (100). In addition, TRT should be administered in

HIV patients with reduced body weight and low testosterone

levels, in order to maintain weight and lean mass, with an overall

improvement in quality of life (36).
Low energy availability

Acquired FHH may be secondary to a LEA state, deriving from

an impaired balance between dietary caloric intake and excessive

energy expenditure (101). This condition was first coined for

women affected by the “female athletes’ triad” (comprising caloric

deficit, menstrual disturbances, and low bone mineral density)

(102). In the last decade, the need to also classify male athletes in

this context has led to the definition of a broader label, defined as

“relative energy deficit-in sport” (103, 104). The energy deficit may

be absolute, with a reduced body weight, or relative, with an

increase of muscle mass compared to fat mass (105). The

underlying pathophysiological mechanism is characterized by the

HPG-A impairment, with altered GnRH and LH pulsatility and low

testosterone levels, leading to HH (7, 106).

Furthermore, higher prolactin levels and the hyperactivation of

the hypothalamic-pituitary-adrenal axis could also be involved in

perturbations of the HPG-A in athletes (5, 6). Specifically,

psychological stresses can also alter the physiological axis

pulsatility either through neuroendocrine circuits or by HPG-A

alterations (107, 108).

Leptin, an adipokine involved in the neuroendocrine

mechanism underlying the development of HH, plays a central
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role in signaling available energy stores in adipose tissue, by acting

on the arcuate nucleus of the hypothalamus. Reduced levels occur

when conditions of energy deficit are present, as a possible

consequence of an inadequate nutritional status (109).

Specifically, it modulates GnRH secretion both directly by

inhibiting agouti-related peptide and neuropeptide Y (AgRP) and

Neuropeptide Y (NPY) neurons and act ivat ing pro-

opiomelanocortin (POMC) and cocaine and amphetamine-

regulated transcript (CART) neurons, and indirectly through

kisspeptin neurons (110). Therefore, reduced leptin levels are

associated with infertility due to the starvation response that

ensures the maintenance of reproductive function only if an

adequate energy intake is available (111–113). Finally, as a

consequence of HPG-A disruption, decreased libido and altered

spermatogenesis may be detected (114, 115).

FHH in LEA is usually reversed by restoring adequate energy

intake, correcting the caloric deficit or excessive exercise, and by

achieving and maintaining normal body weight (116, 117).

However, treatment must consider the etiologic framework:

understanding whether disordered eating, eating disorders (EDs),

perfectionism, or compulsivity personality traits are at the origin of

the excessive exercise should guide in choosing the most

appropriate management, which almost necessarily should be

combined with a nutritional intervention (104, 118, 119). Athletes

in energy deficit may not have a psychological component and may

only need education to increase energy intake or reduce excessive

expenditure, but these conditions can coexist and partially overlap

with EDs, considering the high rates of EDs in athletes (9). In this

condition, the use of TRT or other medications to stimulate the

HPG-A are not recommended, due to both limited evidence of

benefit and potential procrastination in addressing the underlying

problem (105, 120). Furthermore, these treatments are banned by

the World Anti-Doping Agency for competitive athletes (121).

Therefore, the only acknowledged strategies in this context are

non-pharmacological: nutritional counseling, modifications in

training volume, cognitive-behavioral therapy or other

psychotherapies (122, 123). Hence the commitment of the

scientific community is needed to develop intervention studies

targeted at FHH, including clinical trials, to develop specific

treatment guidelines and allow a more comprehensive approach

to prevention or early detection of these disorders.s
Conclusions

FHH represents one of the most relevant causes of testosterone

deficiency in men, resulting from extremely frequent conditions,

such as obesity and T2DM, as well as LEA, HIV, and drug use. The

current idea of FHH has replaced the old concept of late-onset

hypogonadism, which revolved around ageing as the cause of
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hypogonadism. Diagnosis and management require a

multidisciplinary approach, starting from the potential resolution

of the underlying cause, lifestyle modifications, and consideration of

TRT when necessary. As prevalence continues to rise even in young

adults, obesity and T2DM are becoming an ever-growing

worldwide phenomenon, thus leading to more complex

implications in terms of hypogonadism. Similarly, some behaviors

such as physical exercise and dietary precautions can become

unhealthy and pathological when excessively strict or intense.

Likewise, thanks to the innovative available therapies, HIV-

infected men live longer now, and chronic related comorbidities

are easier to deal with. Likewise young HIV-infected men are also at

high risk of developing FHH. Moreover, in most forms of FHH the

presence of a two-way causal relationship between testosterone and

metabolic disorders has been overtly proven, even if only few

interventional studies demonstrate that TRT in hypogonadal men

might improve body composition and insulin sensitivity.

Conversely, improvement of metabolic disorders, especially

interventions aimed at reducing body weight and insulin

resistance, eventually lead to an improvement of testosterone

levels and HPG-A function. Nonetheless, future interventional

studies are needed to elucidate the independent pathogenic role

of testosterone deficiency in metabolic disorders, in the FHH

setting, and to better establish the possible health effects of TRT

in FHH and related comorbidities.
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42. Simó R, Sáez-López C, Barbosa-Desongles A, Hernández C, Selva DM. Novel
insights in SHBG regulation and clinical implications. Trends Endocrinol Metab (2015)
26(7):376–83. doi: 10.1016/j.tem.2015.05.001

43. Saboor Aftab SA, Kumar S, Barber TM. The role of obesity and type 2 diabetes
mellitus in the development of male obesity-associated secondary hypogonadism. Clin
Endocrinol (Oxf) (2013) 78(3):330–7. doi: 10.1111/cen.12092

44. Zumoff B, Miller LK, Strain GW. Reversal of the hypogonadotropic
hypogonadism of obese men by administration of the aromatase inhibitor
testolactone. Metabolism (2003) 52(9):1126–8. doi: 10.1016/s0026-0495(03)00186-0

45. Hofstra J, Loves S, van Wageningen B, Ruinemans-Koerts J, Jansen I, de Boer H.
High prevalence of hypogonadotropic hypogonadism in men referred for obesity
treatment. Neth J Med (2008) 66(3):103–9.

46. Kaplan SA, Meehan AG, Shah A. The age related decrease in testosterone is
significantly exacerbated in obese men with the metabolic syndrome. what are the
implications for the relatively high incidence of erectile dysfunction observed in these
men? J Urol (2006) 176(4 Pt 1):1524–7; discussion 1527–8. doi: 10.1016/
j.juro.2006.06.003
frontiersin.org

https://doi.org/10.1111/andr.12719
https://doi.org/10.1111/andr.12770
https://doi.org/10.1080/14740338.2018.1424831
https://doi.org/10.1038/s41443-022-00531-1
https://doi.org/10.1038/s41443-022-00531-1
https://doi.org/10.1136/bjsm.20.2.77
https://doi.org/10.2165/00007256-198603050-00003
https://doi.org/10.1530/EJE-12-0955
https://doi.org/10.1530/EJE-12-0955
https://doi.org/10.1111/cen.13973
https://doi.org/10.1111/cen.13973
https://doi.org/10.1530/EJE-12-0890
https://doi.org/10.1530/EJE-12-0890
https://doi.org/10.3390/cells10082067
https://doi.org/10.1016/j.mce.2015.06.031
https://doi.org/10.1016/j.mce.2015.06.031
https://doi.org/10.3390/ijms22010021
https://doi.org/10.1007/s40618-021-01556-x
https://doi.org/10.1111/j.1439-0272.2009.00937.x
https://doi.org/10.1210/edrv.20.4.0374
https://doi.org/10.1210/edrv.20.4.0374
https://doi.org/10.1126/science.289.5487.2122
https://doi.org/10.1016/j.fertnstert.2007.01.007
https://doi.org/10.1016/j.fertnstert.2007.01.007
https://doi.org/10.1210/jcem-59-4-809
https://doi.org/10.1016/S0015-0282(16)47243-2
https://doi.org/10.1016/S0015-0282(16)47243-2
https://doi.org/10.1210/jcem.85.11.6931
https://doi.org/10.1210/jcem.85.11.6931
https://doi.org/10.1016/S2213-8587(19)30345-6
https://doi.org/10.1055/s-0028-1128146
https://doi.org/10.1007/s00441-012-1387-7
https://doi.org/10.1016/s0022-5347(17)43042-4
https://doi.org/10.1007/s40618-020-01484-2
https://doi.org/10.1111/j.1439-0272.1985.tb01047.x
https://doi.org/10.1080/01443615.2020.1744114
https://doi.org/10.3109/01485019108987634
https://doi.org/10.1210/jc.2002-020803
https://doi.org/10.1111/andr.13140
https://doi.org/10.1016/j.jdiacomp.2016.04.002
https://doi.org/10.1016/j.jdiacomp.2016.04.002
https://doi.org/10.3389/fendo.2018.00268
https://doi.org/10.1210/jc.2016-3580
https://doi.org/10.1210/jc.2018-00229
https://doi.org/10.1097/00075197-200405000-00006
https://doi.org/10.3390/ijms23158194
https://doi.org/10.1155/2014/190347
https://doi.org/10.1210/jc.2007-1972
https://doi.org/10.3109/14647273.2015.1070438
https://doi.org/10.3109/14647273.2015.1070438
https://doi.org/10.1016/j.tem.2015.05.001
https://doi.org/10.1111/cen.12092
https://doi.org/10.1016/s0026-0495(03)00186-0
https://doi.org/10.1016/j.juro.2006.06.003
https://doi.org/10.1016/j.juro.2006.06.003
https://doi.org/10.3389/fendo.2023.1184530
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Spaziani et al. 10.3389/fendo.2023.1184530
47. Carrageta DF, Oliveira PF, Alves MG, Monteiro MP. Obesity and male
hypogonadism: tales of a vicious cycle. Obes Rev (2019) 20(8):1148–58. doi: 10.1111/
obr.12863

48. O’Reilly MW, Kempegowda P, Walsh M, Taylor AE, Manolopoulos KN,
Allwood JW, et al. AKR1C3-mediated adipose androgen generation drives
lipotoxicity in women with polycystic ovary syndrome. J Clin Endocrinol Metab
(2017) 102(9):3327–39. doi: 10.1210/jc.2017-00947

49. Bélanger C, Luu-The V, Dupont P, Tchernof A. Adipose tissue intracrinology:
potential importance of local androgen/estrogen metabolism in the regulation of
adiposity. Horm Metab Res (2002) 34(11-12):737–45. doi: 10.1055/s-2002-38265

50. Giagulli VA, Castellana M, Murro I, Pelusi C, Guastamacchia E, Triggiani V,
et al. The role of diet and weight loss in improving secondary hypogonadism in men
with obesity with or without type 2 diabetes mellitus. Nutrients (2019) 11(12):2975.
doi: 10.3390/nu11122975

51. Xu X, Sun M, Ye J, Luo D, Su X, Zheng D, et al. The effect of aromatase on the
reproductive function of obese males. Horm Metab Res (2017) 49(8):572–9.
doi: 10.1055/s-0043-107835

52. Biondi G, Marrano N, Borrelli A, Rella M, Palma G, Calderoni I, et al. Adipose
tissue secretion pattern influences b-cell wellness in the transition from obesity to type
2 diabetes. Int J Mol Sci (2022) 23(10):5522. doi: 10.3390/ijms23105522

53. Porro S, Genchi VA, Cignarelli A, Natalicchio A, Laviola L, Giorgino F, et al.
Dysmetabolic adipose tissue in obesity: morphological and functional characteristics of
adipose stem cells and mature adipocytes in healthy and unhealthy obese subjects. J
Endocrinol Invest (2021) 44(5):921–41. doi: 10.1007/s40618-020-01446-8

54. Genchi VA, D’Oria R, Palma G, Caccioppoli C, Cignarelli A, Natalicchio A, et al.
Impaired leptin signalling in obesity: is leptin a new thermolipokine? Int J Mol Sci
(2021) 22(12):6445. doi: 10.3390/ijms22126445

55. Childs GV, Odle AK, MacNicol MC, MacNicol AM. The importance of leptin to
reproduction. Endocrinology (2021) 162(2):bqaa204. doi: 10.1210/endocr/bqaa204

56. Lima TFN, Nackeeran S, Rakitina E, Lima GFN, Arora H, Kargi AY, et al.
Association of leptin with total and free testosterone: results from the national health
and nutrition examination surveys. Androg Clin Res Ther (2020) 1(1):94–100.
doi: 10.1089/andro.2020.0007

57. Einollahi N, Dashti N, Emamgholipour S, Zarebavani M, Sedighi-Gilani MA,
Choobineh H. Evidence for alteration in serum concentrations of leptin in infertile men
categorized based on BMI. Clin Lab (2016) 62(12):2361–6. doi: 10.7754/
Clin.Lab.2016.160516

58. Beymer M, Negrón AL, Yu G, Wu S, Mayer C, Lin RZ, et al. Kisspeptin cell-
specific PI3K signaling regulates hypothalamic kisspeptin expression and participates
in the regulation of female fertility. Am J Physiol Endocrinol Metab (2014) 307(11):
E969–82. doi: 10.1152/ajpendo.00385.2014

59. Isidori AM, Caprio M, Strollo F, Moretti C, Frajese G, Isidori A, et al. Leptin and
androgens in male obesity: evidence for leptin contribution to reduced androgen levels.
J Clin Endocrinol Metab (1999) 84(10):3673–80. doi: 10.1210/jcem.84.10.6082

60. Engin A. Adipose tissue hypoxia in obesity and its impact on preadipocytes and
macrophages: hypoxia hypothesis. Adv Exp Med Biol (2017) 960:305–26. doi: 10.1007/
978-3-319-48382-5_13

61. Carrière A, Carmona MC, Fernandez Y, Rigoulet M, Wenger RH, Pénicaud L,
et al. Mitochondrial reactive oxygen species control the transcription factor CHOP-10/
GADD153 and adipocyte differentiation: a mechanism for hypoxia-dependent effect. J
Biol Chem (2004) 279(39):40462–9. doi: 10.1074/jbc.M407258200

62. Roychoudhury S, Chakraborty S, Choudhury AP, Das A, Jha NK, Slama P, et al.
Environmental factors-induced oxidative stress: hormonal and molecular pathway
disruptions in hypogonadism and erectile dysfunction. Antioxid (Basel) (2021) 10
(6):837. doi: 10.3390/antiox10060837

63. Barbagallo F, Condorelli RA, Mongioì LM, Cannarella R, Cimino L, Magagnini
MC, et al. Molecular mechanisms underlying the relationship between obesity and
Male infertility. Metabolites (2021) 11(12):840. doi: 10.3390/metabo11120840

64. La Vignera S, Cannarella R, Galvano F, Grillo A, Aversa A, Cimino L, et al. The
ketogenic diet corrects metabolic hypogonadism and preserves pancreatic ß-cell
function in overweight/obese men: a single-arm uncontrolled study. Endocrine
(2021) 72(2):392–9. doi: 10.1007/s12020-020-02518-8

65. Furini C, Spaggiari G, Simoni M, Greco C, Santi D. Ketogenic state improves
testosterone serum levels-results from a systematic review and meta-analysis.
Endocrine (2023) 79(2):273–82. doi: 10.1007/s12020-022-03195-5

66. La Vignera S, Condorelli RA, Calogero AE, Cannarella R, Aversa A. Sexual and
reproductive outcomes in obese fertile men with functional hypogonadism after
treatment with liraglutide: preliminary results. J Clin Med Res (2023) 12(2):672.
doi: 10.3390/jcm12020672

67. Fahmy A, Abdeldaiem H, Abdelsattar M, Aboyoussif T, Assem A, Zahran A,
et al. Impact of bariatric surgery on sexual dysfunction in obese men. Sex Med Today
(2021) 9(2):100322. doi: 10.1016/j.esxm.2021.100322

68. Dhindsa S, Ghanim H, Jenkins T, Inge TH, Harmon CM, Ghoshal A, et al. High
prevalence of subnormal testosterone in obese adolescent males: reversal with bariatric
surgery. Eur J Endocrinol (2022) 186(3):319–27. doi: 10.1530/EJE-21-0545

69. Saad F, Aversa A, Isidori AM, Gooren LJ. Testosterone as potential effective
therapy in treatment of obesity in men with testosterone deficiency: a review. Curr
Diabetes Rev (2012) 8(2):131–43. doi: 10.2174/157339912799424573
Frontiers in Endocrinology 08
70. Maseroli E, Comeglio P, Corno C, Cellai I, Filippi S, Mello T, et al. Testosterone
treatment is associated with reduced adipose tissue dysfunction and nonalcoholic fatty
liver disease in obese hypogonadal men. J Endocrinol Invest (2021) 44(4):819–42.
doi: 10.1007/s40618-020-01381-8

71. Yassin A, Almehmadi Y, Saad F, Doros G, Gooren L. Effects of intermission and
resumption of long-term testosterone replacement therapy on body weight and
metabolic parameters in hypogonadal in middle-aged and elderly men. Clin
Endocrinol (2016) 84(1):107–14. doi: 10.1111/cen.12936

72. Coluzzi F, Billeci D, Maggi M, Corona G. Testosterone deficiency in non-cancer
opioid-treated patients. J Endocrinol Invest (2018) 41(12):1377–88. doi: 10.1007/
s40618-018-0964-3

73. Bliesener N, Albrecht S, Schwager A, Weckbecker K, Lichtermann D,
Klingmüller D. Plasma testosterone and sexual function in men receiving
buprenorphine maintenance for opioid dependence. J Clin Endocrinol Metab (2005)
90(1):203–6. doi: 10.1210/jc.2004-0929

74. Hallinan R, Byrne A, Agho K, McMahon C, Tynan P, Attia J. Erectile
dysfunction in men receiving methadone and buprenorphine maintenance
treatment. J Sex Med (2008) 5(3):684–92. doi: 10.1111/j.1743-6109.2007.00702.x

75. Semet M, Paci M, Saïas-Magnan J, Metzler-Guillemain C, Boissier R, Lejeune H,
et al. The impact of drugs on male fertility: a review. Andrology (2017) 5(4):640–63.
doi: 10.1111/andr.12366

76. Agirregoitia E, Valdivia A, Carracedo A, Casis L, Gil J, Subiran N, et al.
Expression and localization of delta-, kappa-, and mu-opioid receptors in human
spermatozoa and implications for sperm motility. J Clin Endocrinol Metab (2006) 91
(12):4969–75. doi: 10.1210/jc.2006-0599

77. Grossman A, Moult PJ, Gaillard RC, Delitala G, Toff WD, Rees LH, et al. The
opioid control of LH and FSH release: effects of a met-enkephalin analogue and
naloxone. Clin Endocrinol (1981) 14(1):41–7. doi: 10.1111/j.1365-2265.1981.tb00363.x

78. Vuong C, Van Uum SHM, O’Dell LE, Lutfy K, Friedman TC. The effects of
opioids and opioid analogs on animal and human endocrine systems. Endocr Rev
(2010) 31(1):98–132. doi: 10.1210/er.2009-0009

79. Daniell HW, Lentz R, Mazer NA. Open-label pilot study of testosterone patch
therapy in men with opioid-induced androgen deficiency. J Pain (2006) 7(3):200–10.
doi: 10.1016/j.jpain.2005.10.009

80. Glintborg D, Vaegter HB, Christensen LL, Bendix E, Graven-Nielsen T,
Andersen PG, et al. Testosterone replacement therapy of opioid-induced male
hypogonadism improved body composition but not pain perception: a double-blind,
randomized, and placebo-controlled trial. Eur J Endocrinol (2020) 182(6):539–48.
doi: 10.1530/EJE-19-0979

81. Christou MA, Christou PA, Markozannes G, Tsatsoulis A, Mastorakos G, Tigas
S. Effects of anabolic androgenic steroids on the reproductive system of athletes and
recreational users: a systematic review and meta-analysis. Sports Med (2017) 47
(9):1869–83. doi: 10.1007/s40279-017-0709-z

82. Basaria S. Androgen abuse in athletes: detection and consequences. J Clin
Endocrinol Metab (2010) 95(4):1533–43. doi: 10.1210/jc.2009-1579

83. McBride JA, Coward RM. Recovery of spermatogenesis following testosterone
replacement therapy or anabolic-androgenic steroid use. Asian J Androl (2016) 18
(3):373–80. doi: 10.4103/1008-682X.173938

84. Rasmussen JJ, Selmer C, Østergren PB, Pedersen KB, Schou M, Gustafsson F,
et al. Former abusers of anabolic androgenic steroids exhibit decreased testosterone
levels and hypogonadal symptoms years after cessation: a case-control study. PloS One
(2016) 11(8):e0161208. doi: 10.1371/journal.pone.0161208

85. Rahnema CD, Lipshultz LI, Crosnoe LE, Kovac JR, Kim ED. Anabolic steroid-
induced hypogonadism: diagnosis and treatment. Fertil Steril (2014) 101(5):1271–9.
doi: 10.1016/j.fertnstert.2014.02.002

86. Planas J, Celma A, Placer J, Cuadras M, Regis L, Gasanz C, et al. Hormonal
response recovery after long-term androgen deprivation therapy in patients with
prostate cancer. Scand J Urol (2016) 50(6):425–8. doi: 10.1080/21681805.2016.1227876

87. Kaku H, Saika T, Tsushima T, Ebara S, Senoh T, Yamato T, et al. Time course of
serum testosterone and luteinizing hormone levels after cessation of long-term
luteinizing hormone-releasing hormone agonist treatment in patients with prostate
cancer. Prostate (2006) 66(4):439–44. doi: 10.1002/pros.20341

88. MacAdams MR, White RH, Chipps BE. Reduction of serum testosterone levels
during chronic glucocorticoid therapy. Ann Intern Med (1986) 104(5):648–51.
doi: 10.7326/0003-4819-104-5-648

89. McKenna TJ, Lorber D, Lacroix A, Rabin D. Testicular activity in cushing’s
disease. Acta Endocrinol (1979) 91(3):501–10. doi: 10.1530/acta.0.0910501

90. Crawford BAL, Liu PY, Kean MT, Bleasel JF, Handelsman DJ. Randomized
placebo-controlled trial of androgen effects on muscle and bone in men requiring long-
term systemic glucocorticoid treatment. J Clin Endocrinol Metab (2003) 88(7):3167–76.
doi: 10.1210/jc.2002-021827

91. Boyd MA, Boffito M, Castagna A, Estrada V. Rapid initiation of antiretroviral
therapy at HIV diagnosis: definition, process, knowledge gaps. HIV Med (2019) 20
(Suppl 1):3–11. doi: 10.1111/hiv.12708

92. Rochira V, Zirilli L, Orlando G, Santi D, Brigante G, Diazzi C, et al. Premature
decline of serum total testosterone in HIV-infected men in the HAART-era. PloS One
(2011) 6(12):e28512. doi: 10.1371/journal.pone.0028512
frontiersin.org

https://doi.org/10.1111/obr.12863
https://doi.org/10.1111/obr.12863
https://doi.org/10.1210/jc.2017-00947
https://doi.org/10.1055/s-2002-38265
https://doi.org/10.3390/nu11122975
https://doi.org/10.1055/s-0043-107835
https://doi.org/10.3390/ijms23105522
https://doi.org/10.1007/s40618-020-01446-8
https://doi.org/10.3390/ijms22126445
https://doi.org/10.1210/endocr/bqaa204
https://doi.org/10.1089/andro.2020.0007
https://doi.org/10.7754/Clin.Lab.2016.160516
https://doi.org/10.7754/Clin.Lab.2016.160516
https://doi.org/10.1152/ajpendo.00385.2014
https://doi.org/10.1210/jcem.84.10.6082
https://doi.org/10.1007/978-3-319-48382-5_13
https://doi.org/10.1007/978-3-319-48382-5_13
https://doi.org/10.1074/jbc.M407258200
https://doi.org/10.3390/antiox10060837
https://doi.org/10.3390/metabo11120840
https://doi.org/10.1007/s12020-020-02518-8
https://doi.org/10.1007/s12020-022-03195-5
https://doi.org/10.3390/jcm12020672
https://doi.org/10.1016/j.esxm.2021.100322
https://doi.org/10.1530/EJE-21-0545
https://doi.org/10.2174/157339912799424573
https://doi.org/10.1007/s40618-020-01381-8
https://doi.org/10.1111/cen.12936
https://doi.org/10.1007/s40618-018-0964-3
https://doi.org/10.1007/s40618-018-0964-3
https://doi.org/10.1210/jc.2004-0929
https://doi.org/10.1111/j.1743-6109.2007.00702.x
https://doi.org/10.1111/andr.12366
https://doi.org/10.1210/jc.2006-0599
https://doi.org/10.1111/j.1365-2265.1981.tb00363.x
https://doi.org/10.1210/er.2009-0009
https://doi.org/10.1016/j.jpain.2005.10.009
https://doi.org/10.1530/EJE-19-0979
https://doi.org/10.1007/s40279-017-0709-z
https://doi.org/10.1210/jc.2009-1579
https://doi.org/10.4103/1008-682X.173938
https://doi.org/10.1371/journal.pone.0161208
https://doi.org/10.1016/j.fertnstert.2014.02.002
https://doi.org/10.1080/21681805.2016.1227876
https://doi.org/10.1002/pros.20341
https://doi.org/10.7326/0003-4819-104-5-648
https://doi.org/10.1530/acta.0.0910501
https://doi.org/10.1210/jc.2002-021827
https://doi.org/10.1111/hiv.12708
https://doi.org/10.1371/journal.pone.0028512
https://doi.org/10.3389/fendo.2023.1184530
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Spaziani et al. 10.3389/fendo.2023.1184530
93. Cargnelutti F, Di Nisio A, Pallotti F, Spaziani M, Tarsitano MG, Paoli D, et al.
Risk factors on testicular function in adolescents. J Endocrinol Invest (2022) 45
(9):1625–39. doi: 10.1007/s40618-022-01769-8

94. Gomes AC, Aragüés JM, Guerra S, Fernandes J, Mascarenhas MR.
Hypogonadotropic hypogonadism in human immunodeficiency virus-infected men:
uncommonly low testosterone levels. Endocrinol Diabetes Metab Case Rep (2017)
2017:17–0104. doi: 10.1530/EDM-17-0104

95. Quiros-Roldan E, Porcelli T, Pezzaioli LC, Degli Antoni M, Paghera S, Properzi
M, et al. Hypogonadism and liver fibrosis in HIV-infected patients. J Endocrinol Invest
(2021) 44(9):1971–9. doi: 10.1007/s40618-021-01512-9

96. Wong N, Levy M, Stephenson I. Hypogonadism in the HIV-infected man. Curr
Treat Opt Infect Dis (2017) 9(1):104–16. doi: 10.1007/s40506-017-0110-3

97. Postel N, Wolf E, Balogh A, Obermeier M, Degen O, Mayr C, et al. Functional
hypogonadism and testosterone deficiency in aging males with and without HIV-
infection. Exp Clin Endocrinol Diabetes (2021) 129(11):798–802. doi: 10.1055/a-1210-
2482

98. Dulioust E, Du AL, Costagliola D, Guibert J, Kunstmann JM, Heard I, et al.
Semen alterations in HIV-1 infected men. Hum Reprod (2002) 17(8):2112–8.
doi: 10.1093/humrep/17.8.2112

99. Kushnir VA, Lewis W. Human immunodeficiency virus/acquired
immunodeficiency syndrome and infertility: emerging problems in the era of highly
active antiretrovirals. Fertil Steri l (2011) 96(3):546–53. doi: 10.1016/
j.fertnstert.2011.05.094

100. Bhasin S, Storer TW, Javanbakht M, Berman N, Yarasheski KE, Phillips J, et al.
Testosterone replacement and resistance exercise in HIV-infected men with weight loss
and low testosterone levels. JAMA (2000) 283(6):763–70. doi: 10.1001/jama.283.6.763

101. Elliott-Sale KJ, Tenforde AS, Parziale AL, Holtzman B, Ackerman KE.
Endocrine effects of relative energy deficiency in sport. Int J Sport Nutr Exerc Metab
(2018) 28(4):335–49. doi: 10.1123/ijsnem.2018-0127

102. Nattiv A, Lynch L. The female athlete triad. Phys Sportsmed (1994) 22(1):60–8.
doi: 10.1080/00913847.1994.11710446

103. Lane AR, Hackney AC, Smith-Ryan A, Kucera K, Registar-Mihalik J, Ondrak
K. Prevalence of low energy availability in competitively trained Male endurance
athletes. Medicina (2019) 55(10):665. doi: 10.3390/medicina55100665

104. Mountjoy M, Sundgot-Borgen J, Burke L, Carter S, Constantini N, Lebrun C,
et al. The IOC consensus statement: beyond the female athlete triad–relative energy
deficiency in sport (RED-s). Br J Sports Med (2014) 48(7):491–7. doi: 10.1136/bjsports-
2014-093502

105. Grossmann M, Wittert GA. Dysregulation of the hypothalamic-Pituitary-
Testicular axis due to energy deficit. J Clin Endocrinol Metab (2021) 106(12):e4861–
71. doi: 10.1210/clinem/dgab517

106. MacConnie SE, Barkan A, Lampman RM, Schork MA, Beitins IZ. Decreased
hypothalamic gonadotropin-releasing hormone secretion in male marathon runners. N
Engl J Med (1986) 315(7):411–7. doi: 10.1056/NEJM198608143150702

107. Kirby ED, Geraghty AC, Ubuka T, Bentley GE, Kaufer D. Stress increases
putative gonadotropin inhibitory hormone and decreases luteinizing hormone in male
rats. Proc Natl Acad Sci USA (2009) 106(27):11324–9. doi: 10.1073/pnas.0901176106
Frontiers in Endocrinology 09
108. McCosh RB, Breen KM, Kauffman AS. Neural and endocrine mechanisms
underlying stress-induced suppression of pulsatile LH secretion. Mol Cell Endocrinol
(2019) 498:110579. doi: 10.1016/j.mce.2019.110579

109. Weimann E, Blum WF, Witzel C, Schwidergall S, Böhles HJ. Hypoleptinemia
in female and male elite gymnasts. Eur J Clin Invest (1999) 29(10):853–60. doi: 10.1046/
j.1365-2362.1999.00542.x

110. Park HK, Ahima RS. Physiology of leptin: energy homeostasis, neuroendocrine
function and metabolism. Metabolism (2015) 64(1):24–34. doi: 10.1016/
j.metabol.2014.08.004

111. Myers MG, Cowley MA, Münzberg H. Mechanisms of leptin action and leptin
resistance. Annu Rev Physiol (2008) 70:537–56. doi: 10.1146/annurev.physiol.70.
113006.100707

112. Schneider JE, Zhou D, Blum RM. Leptin and metabolic control of
reproduction. Horm Behav (2000) 37(4):306–26. doi: 10.1006/hbeh.2000.1590

113. Boutari C, Pappas PD, Mintziori G, Nigdelis MP, Athanasiadis L, Goulis DG,
et al. The effect of underweight on female and male reproduction. Metabolism (2020)
107:154229. doi: 10.1016/j.metabol.2020.154229

114. Hackney AC, Lane AR, Register-Mihalik J, O'leary CB. Endurance exercise
training and Male sexual libido. Med Sci Sports Exerc (2017) 49(7):1383–8.
doi: 10.1249/MSS.0000000000001235

115. De Souza MJ, Arce JC, Pescatello LS, Scherzer HS, Luciano AA. Gonadal
hormones and semen quality in male runners. a volume threshold effect of endurance
training. Int J Sports Med (1994) 15(7):383–91. doi: 10.1055/s-2007-1021075

116. Henning PC, Scofield DE, Spiering BA, Staab JS, Matheny RWJr, Smith MA,
et al. Recovery of endocrine and inflammatory mediators following an extended energy
deficit. J Clin Endocrinol Metab (2014) 99(3):956–64. doi: 10.1210/jc.2013-3046

117. Dwyer AA, Chavan NR, Lewkowitz-Shpuntoff H, Plummer L, Hayes FJ,
Seminara SB, et al. Functional hypogonadotropic hypogonadism in men: underlying
neuroendocrine mechanisms and natural history. J Clin Endocrinol Metab (2019) 104
(8):3403–14. doi: 10.1210/jc.2018-02697

118. Sundgot-Borgen J, Torstveit MK. Aspects of disordered eating continuum in
elite high-intensity sports. Scand J Med Sci Sports (2010) 20(Suppl 2):112–21.
doi: 10.1111/j.1600-0838.2010.01190.x

119. Barakat S, McLean SA, Bryant E, Le A, Marks PNational Eating Disorder
Research Consortium, et al. Risk factors for eating disorders: findings from a rapid
review. J Eat Disord (2023) 11(1):8. doi: 10.1186/s40337-022-00717-4

120. Hooper DR, Tenforde AS, Hackney AC. Treating exercise-associated low
testosterone and its related symptoms. Phys Sportsmed (2018) 46(4):427–34.
doi: 10.1080/00913847.2018.1507234

121. Website. Available at: https://www.wada-ama.org/en/prohibited-list.

122. Channon S, de Silva P, Hemsley D, Perkins R. A controlled trial of cognitive-
behavioural and behavioural treatment of anorexia nervosa. Behav Res Ther (1989) 27
(5):529–35. doi: 10.1016/0005-7967(89)90087-9

123. Keay N, Francis G, Entwistle I, Hind K. Clinical evaluation of education
relating to nutrition and skeletal loading in competitive male road cyclists at risk of
relative energy deficiency in sports (RED-s): 6-month randomised controlled trial. BMJ
Open Sport Exerc Med (2019) 5(1):e000523. doi: 10.1136/bmjsem-2019-000523
frontiersin.org

https://doi.org/10.1007/s40618-022-01769-8
https://doi.org/10.1530/EDM-17-0104
https://doi.org/10.1007/s40618-021-01512-9
https://doi.org/10.1007/s40506-017-0110-3
https://doi.org/10.1055/a-1210-2482
https://doi.org/10.1055/a-1210-2482
https://doi.org/10.1093/humrep/17.8.2112
https://doi.org/10.1016/j.fertnstert.2011.05.094
https://doi.org/10.1016/j.fertnstert.2011.05.094
https://doi.org/10.1001/jama.283.6.763
https://doi.org/10.1123/ijsnem.2018-0127
https://doi.org/10.1080/00913847.1994.11710446
https://doi.org/10.3390/medicina55100665
https://doi.org/10.1136/bjsports-2014-093502
https://doi.org/10.1136/bjsports-2014-093502
https://doi.org/10.1210/clinem/dgab517
https://doi.org/10.1056/NEJM198608143150702
https://doi.org/10.1073/pnas.0901176106
https://doi.org/10.1016/j.mce.2019.110579
https://doi.org/10.1046/j.1365-2362.1999.00542.x
https://doi.org/10.1046/j.1365-2362.1999.00542.x
https://doi.org/10.1016/j.metabol.2014.08.004
https://doi.org/10.1016/j.metabol.2014.08.004
https://doi.org/10.1146/annurev.physiol.70.113006.100707
https://doi.org/10.1146/annurev.physiol.70.113006.100707
https://doi.org/10.1006/hbeh.2000.1590
https://doi.org/10.1016/j.metabol.2020.154229
https://doi.org/10.1249/MSS.0000000000001235
https://doi.org/10.1055/s-2007-1021075
https://doi.org/10.1210/jc.2013-3046
https://doi.org/10.1210/jc.2018-02697
https://doi.org/10.1111/j.1600-0838.2010.01190.x
https://doi.org/10.1186/s40337-022-00717-4
https://doi.org/10.1080/00913847.2018.1507234
https://www.wada-ama.org/en/prohibited-list
https://doi.org/10.1016/0005-7967(89)90087-9
https://doi.org/10.1136/bmjsem-2019-000523
https://doi.org/10.3389/fendo.2023.1184530
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	New perspectives in functional hypogonadotropic hypogonadism: beyond late onset hypogonadism
	Introduction
	Diabetes
	Obesity
	Drugs
	HIV/AIDS
	Low energy availability
	Conclusions
	Author contributions
	References


