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1. Premature ovarian insufficiency:  
diagnosis, characteristics, and clinical 
features

Premature ovarian insufficiency (POI) presents a complex chal-
lenge for both clinicians and patients. This condition is character-
ized by the absence of menstruation before the age of 40 [1]. The 
ovarian function gradually decreases, leading to its eventual ces-
sation, which manifests in both morphological changes in the ova-
ries and various clinical symptoms experienced by affected indi-
viduals. Globally, POI affects approximately 1% of women, with 
the incidence varying across different age groups. The likelihood 
of POI is lower in younger patients, with only 0.1% of healthy 
women aged 30 experiencing this condition [2]. While most cases 
of POI are idiopathic, there are several potential causes, including 
genetic, metabolic, infectious, and autoimmune factors. 
    Genetic abnormalities, such as trisomy X (47,XXX), partial or 
total X chromosome deletions, and Turner syndrome, are com-
monly associated with POI. Furthermore, it has been observed 
that 10-30% of first-degree relatives of women diagnosed with 
idiopathic POI also develop the condition, providing strong evi-
dence for a genetic link [3].  Non-genetic causes of POI include 
autoimmune disorders, accounting for an estimated 5-30% of 
cases. In these cases, the persistent presence of elevated inflam-
mation mediators in the patient’s system disrupts ovarian func-
tion. The primary target of autoimmunity-mediated aggression 
is steroidogenic cells, which leads to an imbalance in hormone 

levels and therefore also ovarian homeostasis [3].  Common auto-
immune diseases associated with POI include hypothyroidism, 
autoimmune adrenal insufficiency, autoimmune polyglandular 
syndrome, and autoimmune Addison’s disease [3]. 
    POI can be also classified as iatrogenic, which includes proce-
dures such as extensive ovary surgeries (e.g. benign or endome-
triotic cystectomy) and chemotherapy [4,5].  The diagnosis of POI 
typically involves a comprehensive approach that encompasses 
the patient’s medical history and laboratory tests.
   When assessing a patient’s medical history, indicators of POI 
include symptoms of ovarian dysfunction and hypoestrogenism. 
These symptoms consist of menstrual irregularities leading up 
to eventual amenorrhea as ovarian function declines, as well as 
vasomotor symptoms commonly experienced by menopausal 
individuals. Hot flushes, in particular, are a prevalent symp-
tom reported by patients and can occur within 2 years prior to 
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menstrual disturbances that meet the laboratory criteria for POI 
[5]. Additionally, patients often present with sleeplessness, head-
aches, and irritability. Impaired fertility and pregnancy failure are 
frequently reported by individuals with POI [4].  Vaginal dryness 
and dyspareunia may also be observed as possible symptoms of 
the condition. The combination of these symptoms significantly 
impairs patients’ quality of life and mental well-being. The psy-
chological distress and emotional trauma experienced by patients 
can lead to depression [5].  Laboratory testing plays a vital role 
in the diagnostic process. The criteria proposed by the European 
Society of Human Reproduction and Embryology (ESHRE) for 
diagnosing POI are as follows: oligo/amenorrhea for at least 4 
months and an elevated FSH level exceeding 25 IU/L on two 
occasions, at least 4 weeks apart [6]. 
    Although the ovarian reserve, indicated by the anti-Mulle-
rian hormone (AMH), is typically low in individuals with POI, 
this is not sufficient for the diagnostic confirmation [6].  A com-
bination of AMH levels below 0.5–1.0 ng/mL and antral fol-
licle count (AFC) less than five to seven follicles is defined 
as poor ovarian response (POR) and is commonly observed in 
POI patients that undergo ovulation stimulation in attempts to 
achieve pregnancy [5].
    Ultrasound examination may reveal certain ovarian abnor-
malities. Some patients exhibit small ovaries with a low follicle 
count, most of which demonstrate histological abnormalities. 
However, in some cases, the morphology of the ovary and fol-
licle maturation appear normal [3].  Therefore, while ultrasound 
is a useful diagnostic tool, ultrasound findings cannot be consid-
ered as definitive criterion for the diagnosis of POI.

2. Definition and importance of peak bone 
mass and bone mass development

Peak bone mass (PBM) refers to the amount of bony tissue pres-
ent at the end of skeletal maturation [7]. While the human skel-
eton is generally considered fully developed by the end of the 
second decade of life, the period of most significant increases in 
bone mass occurs around 12.5 ± 0.90 years in girls and 14.1 ± 0.95 
years in boys of European ancestry [8]. 
   The development of PBM results from the linear growth and 
consolidation of cortical and trabecular components. The acqui-
sition of bone mass is particularly rapid during the later stages 
of puberty, coinciding with the peak secretion of growth hor-
mone (GH), elevated levels of serum insulin-like growth factor 
1 (IGF-1), and increasing levels of estradiol and testosterone [9].
   PBM is a crucial parameter for assessing fracture risk. This 
is exemplified by the higher incidence of bone fractures in 
pre-pubertal children as the bone mass in this age group is 
lower compared to adolescents and adults who have reached 
PBM [8]. Similarly, in elderly individuals, the risk of fractures 
is elevated as bone density decreases over time [9]. PBM is also 
a key factor in the incidence of osteoporosis, a systemic skele-
tal disease characterized by decreased bone mass and gradual 
destruction of bone tissue, resulting in increased fragility and 
significantly increased fracture risk [10].  Studies have shown 
that a 10% increase in PBM can delay the onset of osteoporo-
sis by 13 years [11].

3. Peak bone mass: factors influencing  
gain, including genetic determinants, 
physical activity, and nutrition

Several factors have been found to influence PBM, which can 
be categorized into genetic and non-genetic factors. The latter is 
primarily related to lifestyle choices and is estimated to impact 
adult PBM in approximately 20-40% [8]. PBM has shown a high 
heritability in familial and twin studies. 
   As PBM is primarily acquired during childhood and adoles-
cence, genes that affect bone density during these periods play 
a crucial role in its development. Studies have identified the 
LRP5 and ESR1 genes to be associated with bone mineral den-
sity (BMD) [12,13]. Furthermore, the Avon Longitudinal Study of 
Parents and Children (ALSPAC) has linked the Sp7 transcription 
factor, receptor activator of nuclear factor-kappa B (RANK), and 
osteoprotegerin (OPG) to (BMD) in children [14].
   Physical activity is a key non-pharmacological approach for 
optimizing and maintaining BMD. It plays a vital role in pre-
serving PBM and strength. The beneficial effect of exercise 
on PBM depends on the type of physical activity performed. 
Research indicates that individuals engaged in high-impact or 
odd-impact sports tend to have higher BMD. Similarly, impact 
exercise, strength training, and brief high-impact jump training 
interventions have been shown to increase BMD in premeno-
pausal women [15]. Regular physical activity, particularly during 
childhood and adolescence, has the potential to enhance PBM 
and reduce the risk fractures in adulthood [16]. 
    Dietary habits are an important contributor to PBM in child-
hood and adolescence. Nutrients such as calcium, phosphorus, 
and protein play a crucial role in bone mass accumulation [17]. 
Vitamin D plays a vital role in regulating calcium metabolism 
in the body and maintaining stable calcium concentration in the 
extracellular fluid. It is thus essential for bone mass accumulation, 
contributing to bone homeostasis [18].  Adequate phosphate supply 
is necessary for the mineralization of cartilage and osteoid tissue 
[19].  Food rich in protein, such as dairy products, meat, or nuts, 
are excellent dietary sources of phosphorus. Moreover, a higher 
protein intake during growth has been positively associated with 
improved bone size, bone mass, and estimated bone strength [17].
   While certain dietary habits can enhance PBM, there are also 
nutritional factors that can negatively impact its development. 
Substances such as tobacco and alcohol have been identified as 
impairing factors. Tobacco increases blood acidity and promotes 
bone dissolution [14]. Similarly, alcohol inhibits the growth of 
marrow mesenchymal stem cells and their transformation into 
osteoblasts [20].  Research has found that smoking during ado-
lescence for an average of four years is significantly associated 
with decreased BMD [21].

4. The role of estrogen and androgen  
receptors in bone health 

Bone growth and remodeling involves two types of cells: 
osteoblasts, responsible for depositing new bone matrix and 
its mineralization, and osteoclasts, which reabsorb mineral-
ized bone tissue. Osteoblasts derive from the mesenchymal cell 
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differentiation pathway, while osteoclasts develop from hema-
topoietic precursor cells [22]. 
    Sex hormones play a vital role in achieving PBM, growth 
accrual, and final height in both genders [23]. Androgens and estro-
gens stimulate endochondral bone development, but the epiphy-
seal growth plate closure is majorly mediated by estrogen recep-
tors (ERs) at the end of puberty through aromatization of andro-
gen to estrogen [24]. Estrogens and androgens exert their effects 
on osteoclasts, osteoblasts, and osteocytes by binding to the ERs 
α and β (also known as NR3A1 and NR3A2, respectively) and 
the androgen receptor (AR) (also known as NR3C4) [22].
   The ER and AR consist of an amino-terminal domain (NTD), 
a DNA-binding domain (DBD), and a carboxy-terminal 
ligand-binding domain (LBD) [25].  Estrogens and androgens 
inhibit bone resorption in trabecular and endocortical bone sur-
faces by reducing the number of osteoclasts. This inhibition 
occurs by impeding the differentiation process of osteoclasts and 
promoting apoptotic mechanisms in these cells. In osteoclasts, 
the ER-α regulates the proapoptotic effect of estrogens, while 
estrogens also exhibit an antiapoptotic effect on osteoblasts, 
promoting bone tissue buildup [22]. Binding of estrogens or andro-
gens to their corresponding receptors promote the transcription 
of target genes. This can occur through direct interactions of 
the receptor proteins with DNA or interactions with other tran-
scription factors [26].  
   Androgens are known to stimulate longitudinal bone growth 
as well as radial bone growth, thereby increasing the cortical 
bone size. Testosterone shows an anabolic effect on the skele-
tal system via binding to the AR, and the conversion to 17-beta 
estradiol, which then binds to ERs. The activation of the AR 
and ER-α, but not ER-β, is associated with maintenance of the 
trabecular bone. The effects of ER-α activation preserved the 
thickness and number of trabeculae, while the AR preserved the 
number of trabeculae [24].   
   Estradiol (E2) is the dominant hormone that regulates bone 
homeostasis in women. It is essential for development of adoles-
cent peak BMD and physiological levels prevent the rapid bone 
resorption, and thus preventing BMD loss usually observed in 
most adults. However, decreasing E2 levels trigger bone resorp-
tion. Progesterone (P4), the main progestin involved in bone for-
mation and maintenance acts in accord with E2 during the men-
strual cycle. In bone tissue, P4 is responsible for the increased 
P4-receptor-mediated, slow osteoblastic bone formation. When 
menstrual cycles are of normal length and ovulatory, E2 and P4 
are balanced and BMD is stable [27].
   Several conditions involving hypoestrogenism are linked 
to poor bone health, which supports the link between the bal-
ance of sex hormones and bone homeostasis. A prime exam-
ple of hypoestrogenism reflecting poorly on bones is functional 
hypothalamic amenorrhea (FHA). Causes of FHA include eat-
ing disorders, overtraining, and psychological or physical stress. 
Women with exercise-related FHA have low BMD. When FHA 
manifests at a young age, it irreversibly impairs bone mass 
accrual. Hypoestrogenism appears to impact mainly on trabec-
ular (e.g. spine) bone [28].
   In exercise-induced FHA, a set of symptoms called The Female 
Athlete Triad can be observed. It is a condition in physically 
active young women that includes low energy availability, 

menstrual dysfunction and low BMD [29]. Amenorrheic ath-
letes have impaired microarchitecture and bone strength, and 
a higher risk of stress fractures compared to eumenorrheic ath-
letes and nonathletes [28].

5. Interplay between bone and pituitary  
hormones: TSH, FSH, GH

In recent decades, it has become evident that pituitary hormones 
have broader effects beyond their traditionally understood tar-
gets. Research has shown that receptors for several pituitary hor-
mones, including GH, follicle stimulating hormone (FSH), thy-
roid stimulating hormone (TSH), adrenocorticotropic hormone 
(ACTH), prolactin, oxytocin, and vasopressin are expressed in 
bone tissue. This discovery highlights the direct influence of pitu-
itary hormones on skeletal actions, leading to a new understand-
ing of bone physiology and the identification of potential novel 
therapeutic targets.
   The decline in bone mass that occurs during the transition 
to menopause, despite largely unaltered estrogen levels in this 
group, has prompted further investigation into other potential 
factors contributing to this observed decline. Multiple animal 
and human studies in the past decade have implicated FSH as 
a crucial hormone involved in bone mass decrement. Sowers et 
al. [30] found that the loss of BMD during the perimenopause was 
strongly associated with initial FSH levels and longitudinal FSH 
changes, rather than estrogen or androgen levels.
   Subsequently, Sun et al. [31] conducted an experimental ani-
mal study showing that neither FSH-β nor FSH receptor null 
mice experienced bone loss despite severe hypogonadism. 
Furthermore, they demonstrated that the elimination of FSH-β 
prevented bone loss and even increased bone mass [31]. They also 
demonstrated that FSH stimulates osteoclastogenesis and acts 
directly on bone, independent of estrogen. Elevated FSH levels 
are a characteristic feature of POI. Lana et al. [32] investigated a 
group of 40 women diagnosed with POI, concluding that high 
FSH concentrations, but not estradiol, are positively associated 
with bone mass loss. Given the significant role of FSH in regulat-
ing bone metabolism and the increased FSH levels in patients with 
POI, anti-FSH agents represent a promising therapeutic option in 
preventing osteoporosis in this group of patients. 
    For many years, TSH has been known for its indirect influ-
ence on bone metabolism through thyroid hormones. However, 
recent groundbreaking studies by Abe et al. [33] revealed the pres-
ence of TSH receptors on osteoblast and osteoclast precursors, 
leading to subsequent clinical investigations that documented 
the direct effects of TSH on bone. Abe et al. [33] confirmed these 
independent mechanisms in an animal study, demonstrating that 
reduced expression of the TSH receptor led to the development 
of osteoporosis in mice. Further research elucidated the mech-
anism of TSH action, showing increased osteoclastogenesis in 
TSH receptor deficient mice mediated by tumor necrosis factor 
α, followed by the inhibition of osteoblast differentiation and 
type 1 collagen expression [34]. Epidemiological human studies 
reported a relationship between TSH levels, bone loss parame-
ters, and fracture risk. A prospective study by Murphy et al. [35], 
involving over 2,300 postmenopausal women, found that higher 
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TSH levels were associated with a protective effect against bone 
loss, with a reduction in nonvertebral fracture up to 35%. Several 
studies have confirmed the association between low-normal TSH 
levels and an increased risk of fracture [36,37], while some regres-
sion models demonstrated that TSH was associated with osteo-
protection. Promising outcomes were observed in interventions 
using recombinant human thyrotropin, where postmenopausal 
women showed a significant decline in bone resorption after sub-
cutaneous injection of recombinant human TSH, suggesting its 
potential as a new therapeutic agent in osteoporosis treatment [38].

  Originally, GH was simply considered the primary driver of 
linear growth during childhood and adolescence. However, our 
current understanding of its role in bone metabolism reveals a 
far more complex picture. GH and IGF-1 form an axis that exerts 
pleiotropic effects on the skeleton. GH/IGF actions peak during 
pubertal growth and decline with age. GH directly stimulates 
osteoblastogenesis and bone formation, as demonstrated in a 
study by Kassem et al. [39], which showed GH’s direct anabolic 
effects on human osteoblasts. Boot et al. [40] conducted a human 
study in which they observed that germline mutations leading 
to GH deficiency result in growth retardation, delayed sexual 
maturation, and subsequently, reduced BMD. Activation of the 
GH/IGF-1 axis leads to increased bone formation, accompanied 
by elevated bone resorption and consequently the augmentation 
of bone turnover. In general, the GH/IGF-1 axis shifts the bal-
ance toward bone formation; however, GH excess as observed in 
patients with acromegaly, induces heightened bone turnover and 
decrease BMD [41]. The potential use of GH therapy in osteopo-
rotic women remains a topic of deliberation since GH may not 
improve bone density but could be beneficial in reducing fracture 
risk, enhancing bone metabolism, and improving bone geometry 
[42]. An experimental study of GH treatment for POI in a mouse 
model focused solely on its effects on promoting ovarian tissue 
repair and did not investigate its impact on bone [43].

6. Bone and incretin and hunger  
hormones: GLP-1, GIP, ghrelin, leptin

Gut hormones play a significant role not only in modulating met-
abolic processes, such as glucose homeostasis and food intake, 
but more recently, their involvement in orchestrating the process 
of bone remodeling has been demonstrated. This important con-
nection has been emphasized by the introduction of the term “gut-
bone axis”. Leptin, known for many years as a major regulator 
of food intake and energy homeostasis, has been found to have 
broader effects in the human body, including its influence on the 
immune system, reproduction, blood pressure, and bone mass.

  Leptin plays a role in bone metabolism through both direct and 
indirect mechanisms. An animal study conducted in the early 
2000s demonstrated a connection between leptin and bones. 
The study investigated leptin-deficient and leptin receptor-de-
ficient, hypogonadal, obese mice and found that both types of 
mutant mice exhibited increased bone formation, leading to 
high bone mass despite hypogonadism [44]. This groundbreak-
ing study was the first to identify leptin as a potent inhibitor 

of bone formation, leading to further research establishing the 
pathways by which leptin affects bone metabolism. However, 
prospective studies on the bone phenotype of leptin-deficient 
ob/ob mice have yielded conflicting results, as some studies 
have demonstrated low bone mass in leptin-deficient mice [45]. 
Nevertheless, it has been confirmed that leptin can directly act 
on bones, as leptin receptors have been found in adult primary 
osteoblasts and chondrocytes [46].
   Leptin also impacts osteocalcin, a hormone that regulates bone 
metabolism. Studies in mice have revealed that leptin is one of 
the most important negative hormonal regulators of osteocal-
cin activity [47]. Additionally, leptin may exert indirect effects 
through a central relay in the brain, where leptin receptor acti-
vation suppresses the production of serotonin and subsequently 
activates the sympathetic nervous system. The sympathetic ner-
vous system inhibits bone mass accrual by preventing bone for-
mation and favoring bone resorption [48]. However, contrary to 
this, long-term metreleptin administration in women with hypo-
thalamic amenorrhea and hypoleptinemia increases lumbar spine 
BMD and alters bone remodeling to favor bone formation [49].  
Furthermore, leptin treatment for mice with bone loss after ova-
riectomy reduces trabecular bone loss and changes in trabecular 
structure, suggesting that leptin could participate in bone recon-
struction in patients with POI [50]. 
   Ghrelin, a gut-derived peptide hormone involved in the regu-
lation of energy homeostasis, has also garnered attention in rela-
tion to bone metabolism. It is produced by enteroendocrine cells 
of the gastrointestinal tract, primarily the stomach, and was first 
described as a GH releasing peptide. As the interaction between 
hunger hormones and bone metabolism grew as a subject of inter-
est, several studies have aimed to establish the role of ghrelin in 
skeletal integrity. Ghrelin has shown to modulate osteoblast dif-
ferentiation and function, both directly and indirectly. A direct 
mechanism of ghrelin action on bone metabolism, independent 
of GH, was confirmed in an animal study where administration 
of ghrelin in GH-deficient rats increased BMD without affecting 
body weight or food intake [51]. Moreover, the same study indi-
cated that ghrelin significantly increased the number of osteo-
blast-like cells, DNA synthesis, and the expression of osteoblast 
differentiation markers, alkaline phosphatase activity, and calcium 
accumulation in the matrix. These effects were dose-dependent 
[51]. Indirect effects on bones are mediated through the GH/IGF-1 
axis. Ghrelin stimulates GH release, and this effect depends on the 
GH secretagogue receptor (GHSR). GH subsequently increases 
the liver’s production of IGF-1, which exerts mitogenic effects on 
bone cells, leading to increased collagen production and matrix 
apposition [52]. In a cohort study on healthy Italian women, serum 
ghrelin levels were positively correlated with trabecular BMD 
[53]. A recent study by Erener et al. [54] investigated the effects of 
ghrelin on fracture healing, and demonstrated that ghrelin directly 
contributes not only to fracture healing, but also improves BMD, 
breaking strength, and stiffness thus holding promise for poten-
tial pharmacological applications [54]. 

   With the increasing research on the enteroendocrine-bone axis, 
glucose-dependent insulinotropic polypeptide (GIP) has emerged 
as another hormone suspected of having an impact on bone health. 
GIP is secreted from the gut and acts as a weak inhibitor of gastric 
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acid secretion but its primary role is to enhance insulin secretion 
in a glucose-dependent manner. Recent findings have highlighted 
the importance of GIP in bone remodeling, as its receptor, glu-
cose-dependent insulinotropic polypeptide receptor (GIPR), has 
been found to be expressed in bones [55]. GIP is believed to have 
a positive effect on bone strength and quality. 
   Mieczkowska et al. [55] provided evidence that genetic ablation 
of the GIP receptor in mice led to significant alterations in bone 
microarchitecture, including a marked reduction in ultimate load, 
stiffness, total absorbed, and post-yield energies. Furthermore, 
bone resorption was significantly increased in animals deficient in 
GIPR, while bone formation remained unchanged. Moreover, the 
deficiency in GIPRs has also been associated in mice with a dra-
matic decrease in bone quality and a subsequent increase of frac-
ture risk [56]. These results were subsequently validated in human 
studies, as loss-of-function mutations in the GIPR in humans 
were associated with low BMD and a significant increase in frac-
ture risk [57].  Human studies have also demonstrated that GIP 
decreases levels of the bone resorption marker carboxy-terminal 
type 1 collagen crosslink, confirming its role in suppressing bone 
resorption [58,59].  Additionally, bone formation in humans, assessed 
by procollagen type 1 amino-terminal propeptide (P1NP), was 
increased by 10–15% during GIP infusion [60].
    The association between type 2 diabetes mellitus (DM2) and 
osteoporosis has led to numerous studies investigating the impact 
over bone metabolism of glucagon-like peptide-1 (GLP-1) and 
GLP-1 receptor agonists, both commonly used in DM2 treat-
ment [61]. GLP-1 has been found to increase the number of osteo-
blasts, enhance gene expression related to bone formation, and 
elevate serum levels of bone formation markers, while simulta-
neously reducing the number of osteoclasts and serum levels of 
bone resorption markers [62]. Additionally, GLP-1 influences the 
differentiation of mesenchymal stem cells, diverting them from 
adipocytes toward osteoblasts [62]. Another mechanism by which 
GLP-1 promotes bone formation is through the regulation of glu-
cose metabolism. Research has demonstrated a reverse relation-
ship between hyperglycemia and lumbar BMD, with hypergly-
cemia being a factor that reduces BMD [63].  Animal studies in 
which GLP-1 and its related peptide, exendin 1-39 amide (Ex-
4), were administered to rats showed decreased osteocalcin gene 
expression, reduced OPG/RANK ligand ratio, and reversal of 
bone alterations. [64] Similarly, in a study on ovariectomy-in-
duced osteoporotic rats, exendin-4, a glucagon-like peptide-1 
receptor agonist, was found to enhance bone strength and pre-
vent further deterioration in trabecular microarchitecture. These 
results suggest that GLP-1 receptor agonists hold promise as 
potential treatment options for postmenopausal osteoporosis in 
aging individuals [65]. However, the relationship between GLP-1 
and the risk of bone fractures has not been fully elucidated [62].

7. BMD in estrogen-deficient women:  
The effects of POI on BMD and the 
evaluation of BMD in POI patients

Estrogens play a crucial role in determining BMD, making estro-
gen deficiency a key factor in the development of osteoporosis. 
A deficiency of estrogen leads to an accelerated rate of bone 

remodeling, increasing the risk of low bone density in affected 
women [66]. Estrogen receptors are highly expressed on the surface 
of osteoblasts, osteoclasts, and osteocytes, providing protective 
effects in bone health. However, in estrogen deficiency, there is an 
upregulation of osteoclast formation and bone resorptive activity, 
coupled with decreased osteogenesis [67]. Additionally, a slower 
mineralization process has been observed in new bone forma-
tion among women with POI, resulting in lower mineralization 
compared to older bone [68]. Estrogens also indirectly influence 
calcium metabolism, and their deficiency reduces both intestinal 
and renal calcium absorption [69]. Moreover, recent studies have 
reported that hypoestrogenism exacerbates bone loss by dimin-
ishing the cells’ resistance to oxidative stress [70]. These findings 
highlight the multifaceted effects of estrogen deficiency on bone 
health, affecting bone remodeling, mineralization, calcium metab-
olism, and cellular responses to oxidative stress.

    Hypoestrogenism in young women can be attributed to vari-
ous factors such as nutritional deficiency, X chromosomal hap-
loinsufficiency, associated malignancy, chemotherapy, excessive 
exercise, or spontaneous primary ovarian insufficiency.  FHA 
is, alongside other causes, a common cause of secondary amen-
orrhea in young premenopausal women and results in severe 
hypoestrogenism.  Since estrogen deficiency during adolescence 
determines low PBM, the age at which hypoestrogenism occurs 
affects severity of bone damage. In comparison to POI in FHA 
not only hypoestrogenism but also the alteration of other hor-
mones can affect bone health. Hypothalamic amenorrhea also 
results in hypothyroidism, elevated cortisol level, nutritionally 
acquired resistance to GH and imbalance in vitamin D levels. 
Contrary to hypoestrogenism which impacts mainly on trabecu-
lar bone, other factors presented in FHA patients, like low body 
mass index, decreased lean mass and mechanical load appear to 
act on cortical bone [28].
   Estrogen deficiency, a characteristic manifestation of POI, sig-
nificantly increases the risk of bone impairment. Studies have 
shown that women with POI exhibit reduced bone density com-
pared to those with regular menstruation [66]. Bachelot et al. [71] 
reported that up to 60% of women with POI had alterations in 
BMD, with a prevalence of osteoporosis ranging from 8% to 
15% [72]. A meta-analysis of 10 studies concluded that significant 
decreases in BMD of the femur neck and forearm were associ-
ated with POI in affected women [73]. Delay in diagnosis further 
increases the risk of lower bone density [66]. Several collateral 
risk factors for osteoporosis in this group have been established, 
including age of onset of menstrual irregularity before age 20, 
low vitamin D levels, low body weight, lack of regular exercise, 
poor calcium intake, and noncompliance with hormone replace-
ment therapy (HRT) [66]. 
   Not only is bone density affected in women with POI, but there 
is also an imbalance in bone microarchitecture. Decreased tra-
becular bone score (TBS) in POI women indicates an accelerated 
loss of microarchitectural integrity due to prolonged hypoestro-
genism [72]. TBS can provide additional information and may serve 
as an independent predictor of fracture risk in the future [72]. The 
increased fracture risk observed in women with early menopause 
highlights the significance of addressing bone health through-
out their lifespan. Dual-Energy X-ray Absorptiometry (DXA) is 
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the primary diagnostic and management tool for assessing bone 
health in women with POI and is considered the gold standard 
for measuring BMD [6]. According to recommendations from 
the ESHRE, if a diagnosis of osteoporosis is made and estrogen 
replacement or other therapies are initiated, BMD measurement 
should be repeated within 5 years [6].

8. Impact of hormone therapy (HT) on the  
bone density in women with POI: regimens 
and routes of administration, as well as 
a comparison between HT and combined 
oral contraceptives (COC)

Systemic HT has proven to be an effective treatment for hypoestro-
genism in women with POI. It not only improves bone health but 
also helps prevent cardiovascular disease and urogenital atrophy. 
It is recommended that women with POI initiate HT at the time 
of POI onset and continue estrogen treatment until at least the 
average age of menopause (51–52 years) to prevent bone loss [6]. 
A study by Benetti-Pinto et al. [74] revealed that women with POI 
who received estrogen and progestogen therapy maintained stable 
bone mass throughout an 8-year follow-up period. Measurements 
of BMD at 2, 4, 6, and 8 years did not differ significantly from 
baseline. However, it should be noted that the treatment did not 
decrease the number of women who experienced some degree 
of reduction in bone density, situation that has raised concerns.  
Furthermore, standard dose HT with 1 mg estradiol was found to 
be insufficient in reducing the incidence of osteoporosis/osteo-
penia in POI patients [75]. Therefore, it was suggested that higher 
doses of estrogen might be necessary to achieve a positive effect 
on bone. Podfigurna et al. [76] conducted a study involving 132 
patients diagnosed with spontaneous POI who were treated daily 
with oral 2 mg 17-β-estradiol and 10 mg dydrogesterone. After 
three years of follow-up, they observed a significant increase in 
BMD, indicating that higher doses of estradiol can have a posi-
tive influence on bone mass. 
   Most authors favor 2 mg estradiol for oral use or 100 µg for 
transdermal use as the initial dose.  Recently Fruzzetti et al. 
[77] have proposed adjusting doses of estradiol according to the 
patient’s age, needs, and preferences to create tailored hormonal 
approaches.  Authors recommended starting hormonal therapy in 
young girls at age 10–11 years, preferably with low-dose estradiol 
administered by systemic route. This dose should be gradually 
increased over a period of 4 or more years, based on the stages 
of puberty. After puberty, a full adult dose was defined as 100 or 
200 µg transdermal estradiol, 2–4 mg micronized oral estradiol 
or 20 µg oral ethinyl estradiol. With age exacerbation of estro-
gen deficiency symptoms can occur which may be an indication 
to reconsider HT. After the age of natural menopause, the dose 
should be adjusted according to the minimal effective dose for 
the control of symptoms.
  In an interesting observational study, the use of COC was com-
pared with low-dose HT and high-dose HT in women with POI. 
Continuous oral contraceptives were associated with increased 
BMD compared to low-dose HT, and both the COC and high-
dose HT groups showed similar improvements [78]. However, 
Cartwright et al. [79] demonstrated that after 12 and 24 months of 

treatment, the HT group had significantly increased bone den-
sity compared to the COC group. According to recommenda-
tions from the ESHRE, while COCs may be appropriate for some 
women, their effects on BMD are less favorable compared to 
HT [6]. Additionally, there was no statistical difference observed 
between the transdermal and oral routes of administration in terms 
of femoral neck or total hip BMD [80]. Transdermal preparations 
may be preferred over oral estrogens for women with risk factors 
for venous thromboembolism or stroke [81]. 
  Another pros of transdermal route is that compared to oral 
administration transdermal route can achieve higher plasma levels 
of circulating estradiol with a lower treatment dose and therefore 
fewer circulating estrogen metabolites. Additionally, transder-
mal route of administration produces a physiologic E2:E1 ratio, 
presumably because it avoids first-pass metabolism, unlike oral 
estrogen therapy [82].  Women with POI for whom HT is contra-
indicated, such as those with breast cancer, should be referred 
to specialist care for consideration of alternative antiresorptive 
therapies, such as bisphosphonates or denosumab [81].

References

1. McGlacken-Byrne SM, Conway GS. Premature ovarian insufficiency. 
Best Pract Res Clin Obstet Gynaecol. 2022;81:98-110.

2. Rahman R, Panay N. Diagnosis and management of premature ovarian 
insufficiency. Best Pract Res Clin Endocrinol Metab. 2021;35(6):101600. 

3. Chon SJ, Umair Z, Yoon MS. Premature Ovarian Insufficiency: Past, 
Present, and Future. Front Cell Dev Biol. 2021;9:672890. 

4. Rebar RW, Keator CS. Expanding our knowledge of premature ovarian 
insufficiency. Fertil Steril. 2021;115(2):328-329. 

5. Ishizuka B. Current Understanding of the Etiology, Symptomatology, 
and Treatment Options in Premature Ovarian Insufficiency (POI). Front 
Endocrinol (Lausanne). 2021;12:626924. 

6. European Society for Human Reproduction and Embryology (ESHRE) 
Guideline Group on POI; Webber L, Davies M, Andersen R, et al. 
ESHRE Guideline: management of women with premature ovarian 
insufficiency. Hum Reprod. 2016;31(5):926-937. 

7. Chevalley T, Rizzoli R. Acquisition of peak bone mass. Best Pract Res 
Clin Endocrinol Metab. 2022;36(2):101616. 

8. Weaver CM, Gordon CM, Janz KF, et al. The National Osteoporosis 
Foundation’s position statement on peak bone mass development 
and lifestyle factors: a systematic review and implementation rec-
ommendations [published correction appears in Osteoporos Int. 
2016;27(4):1281-1386.

9. Rosen CJ. The Epidemiology and Pathogenesis of Osteoporosis. In: 
Feingold KR, Anawalt B, Blackman MR, et al. (Editors). Endotext. 
South Dartmouth (MA): MDText.com, Inc. 2020.

10. Compston JE, McClung MR, Leslie WD. Osteoporosis. Lancet. 
2019;393(10169):364-376. 

11. Hernandez CJ, Beaupré GS, Carter DR. A theoretical analysis of the rel-
ative influences of peak BMD, age-related bone loss and menopause on 
the development of osteoporosis. Osteoporos Int. 2003;14(10):843-847. 

12. Koay MA, Tobias JH, Leary SD, Steer CD, Vilariño-Güell C, Brown 
MA. The effect of LRP5 polymorphisms on bone mineral density is 
apparent in childhood. Calcif Tissue Int. 2007;81(1):1-9. 

13. Tobias JH, Steer CD, Vilarino-Güell C, Brown MA. Estrogen recep-
tor alpha regulates area-adjusted bone mineral content in late pubertal 
girls. J Clin Endocrinol Metab. 2007;92(2):641-647. 

14. Zhu X, Zheng H. Factors influencing peak bone mass gain. Front Med. 
2021;15(1):53-69. 

15. Bailey CA, Brooke-Wavell K. Exercise for optimising peak bone mass 
in women. Proc Nutr Soc. 2008;67(1):9-18. 

16. Karlsson MK, Rosengren BE. Exercise and Peak Bone Mass. Curr 
Osteoporos Rep. 2020;18(3):285-290. 



84 License Gynecological and Reproductive Endocrinology and Metabolism 2023; 4(2-3):78-85

Meczekalski B. et al. 

17. Rizzoli R. Dairy products and bone health. Aging Clin Exp Res. 
2022;34(1):9-24. 

18. Sahota O. Understanding vitamin D deficiency. Age Ageing. 
2014;43(5):589-591. 

19. Arnold A, Dennison E, Kovacs CS, et al. Hormonal regulation of bio-
mineralization. Nat Rev Endocrinol. 2021;17(5):261-275. 

20. Suh KT, Kim SW, Roh HL, Youn MS, Jung JS. Decreased osteogenic 
differentiation of mesenchymal stem cells in alcohol-induced osteo-
necrosis. Clin Orthop Relat Res. 2005;(431):220-225. 

21. Lorentzon M, Mellström D, Haug E, Ohlsson C. Smoking is associ-
ated with lower bone mineral density and reduced cortical thickness in 
young men. J Clin Endocrinol Metab. 2007;92(2):497-503. 

22. Almeida M, Laurent MR, Dubois V, et al. Estrogens and Androgens 
in Skeletal Physiology and Pathophysiology. Physiol Rev. 
2017;97(1):135-187. 

23. Anagnostis P, Bosdou JK, Vaitsi K, Goulis DG, Lambrinoudaki I. 
Estrogen and bones after menopause: a reappraisal of data and future 
perspectives. Hormones (Athens). 2021;20(1):13-21. 

24. Chen JF, Lin PW, Tsai YR, Yang YC, Kang HY. Androgens and 
Androgen Receptor Actions on Bone Health and Disease: From 
Androgen Deficiency to Androgen Therapy. Cells. 2019;8(11):1318. 

25.  Claessens F, Denayer S, Van Tilborgh N, Kerkhofs S, Helsen C, 
Haelens A. Diverse roles of androgen receptor (AR) domains in 
AR-mediated signaling. Nucl Recept Signal. 2008;6:e008. 

26. Manolagas SC, O’Brien CA, Almeida M. The role of estrogen and 
androgen receptors in bone health and disease. Nat Rev Endocrinol. 
2013;9(12):699-712. 

27. Prior JC. Progesterone for the prevention and treatment of osteoporo-
sis in women. Climacteric. 2018;21(4):366-374. 

28. Indirli R, Lanzi V, Mantovani G, Arosio M, Ferrante E. Bone health in 
functional hypothalamic amenorrhea: What the endocrinologist needs 
to know. Front Endocrinol (Lausanne). 2022;13:946695. 

29. Maya J, Misra M. The female athlete triad: review of current literature. 
Curr Opin Endocrinol Diabetes Obes. 2022;29(1):44-51. 

30. Sowers MR, Jannausch M, McConnell D, et al. Hormone predictors 
of bone mineral density changes during the menopausal transition. J 
Clin Endocrinol Metab. 2006;91(4):1261-1267. 

31. Sun L, Peng Y, Sharrow AC, et al. FSH directly regulates bone mass. 
Cell. 2006;125(2):247-260. 

32. Lana MB, Straminsky V, Onetto C, et al. What is really responsible for 
bone loss in spontaneous premature ovarian failure? A new enigma. 
Gynecol Endocrinol. 2010;26(10):755-759. 

33. Abe E, Marians RC, Yu W, et al. TSH is a negative regulator of skel-
etal remodeling. Cell. 2003;115(2):151-162.

34. Kim SM, Ryu V, Miyashita S, et al. Thyrotropin, Hyperthyroidism, 
and Bone Mass. J Clin Endocrinol Metab. 2021;106(12):e4809-e4821. 

35. Murphy E, Glüer CC, Reid DM, et al. Thyroid function within the 
upper normal range is associated with reduced bone mineral density and 
an increased risk of nonvertebral fractures in healthy euthyroid post-
menopausal women. J Clin Endocrinol Metab. 2010;95(7):3173-3181. 

36. Grimnes G, Emaus N, Joakimsen RM, Figenschau Y, Jorde R. 
The relationship between serum TSH and bone mineral density 
in men and postmenopausal women: the Tromsø study. Thyroid. 
2008;18(11):1147-1155. 

37. Aubert CE, Floriani C, Bauer DC, et al. Thyroid Function Tests in 
the Reference Range and Fracture: Individual Participant Analysis of 
Prospective Cohorts. J Clin Endocrinol Metab. 2017;102(8):2719-2728. 

38. Martini G, Gennari L, De Paola V, et al. The effects of recombinant 
TSH on bone turnover markers and serum osteoprotegerin and RANKL 
levels. Thyroid. 2008;18(4):455-460. 

39. Kassem M, Blum W, Ristelli J, Mosekilde L, Eriksen EF. Growth hor-
mone stimulates proliferation and differentiation of normal human 
osteoblast-like cells in vitro. Calcif Tissue Int. 1993;52(3):222-226. 

40. Boot AM, Engels MA, Boerma GJ, Krenning EP, De Muinck Keizer-
Schrama SM. Changes in bone mineral density, body composition, and 
lipid metabolism during growth hormone (GH) treatment in children 
with GH deficiency. J Clin Endocrinol Metab. 1997;82(8):2423-2428. 

41. Tritos NA, Klibanski A. Effects of Growth Hormone on Bone. Prog 
Mol Biol Transl Sci. 2016;138:193-211. 

42. Barake M, Arabi A, Nakhoul N, et al. Effects of growth hormone ther-
apy on bone density and fracture risk in age-related osteoporosis in 
the absence of growth hormone deficiency: a systematic review and 
meta-analysis. Endocrine. 2018;59(1):39-49. 

43. Liu TE, Wang S, Zhang L, et al. Growth hormone treatment of prema-
ture ovarian failure in a mouse model via stimulation of the Notch-1 
signaling pathway. Exp Ther Med. 2016;12(1):215-221. 

44. Ducy P, Amling M, Takeda S, et al. Leptin inhibits bone formation 
through a hypothalamic relay: a central control of bone mass. Cell. 
2000;100(2):197-207. 

45. Matsunuma A, Kawane T, Maeda T, Hamada S, Horiuchi N. Leptin 
Corrects Increased Gene Expression of Renal 25-Hydroxyvitamin 
D3-1α-Hydroxylase and -24-Hydroxylase in Leptin-Deficient, ob/ob 
Mice. Endocrinology. 2004 Mar;145(3):1367-1375. 

46.  Driessler F, Baldock PA. Hypothalamic regulation of bone. J Mol 
Endocrinol. 2010;45(4):175-181.

47. Ferron M, Lacombe J. Regulation of energy metabolism by the skeleton: 
osteocalcin and beyond. Arch Biochem Biophys. 2014;561:137-146. 

48. Kajimura D, Hinoi E, Ferron M, et al. Genetic determination of the 
cellular basis of the sympathetic regulation of bone mass accrual. J 
Exp Med. 2011;208(4):841-851. 

49. Sienkiewicz E, Magkos F, Aronis KN, et al. Long-term metreleptin 
treatment increases bone mineral density and content at the lumbar spine 
of lean hypoleptinemic women. Metabolism. 2011;60(9):1211-1221.

50. Chen Y, Bai R, Chen W, Li S, Jiang Y. Zhuang-Gu-Fang Treats 
Osteoporosis in Ovariectomized Rats by Increasing the Osteogenesis-
Related Factors Leptin, Ghrelin, and PYY. Evid Based Complement 
Alternat Med. 2020;2020:8164064. 

51. Fukushima N, Hanada R, Teranishi H, et al. Ghrelin directly regulates 
bone formation. J Bone Miner Res. 2005;20(5):790-798.

52. Minuto F, Palermo C, Arvigo M, Barreca AM. The IGF system and 
bone. J Endocrinol Invest. 2005;28(8 Suppl):8-10.

53. Napoli N, Pedone C, Pozzilli P, et al. Effect of ghrelin on bone mass 
density: the InChianti study. Bone. 2011;49(2):257-263.

54. Erener T, Ceritoğlu KU, Aktekin CN, et al. Investigation of the effect 
of ghrelin on bone fracture healing in rats. Clin Exp Pharmacol Physiol. 
2021;48(10):1382-1390. 

55. Mieczkowska A, Irwin N, Flatt PR, Chappard D, Mabilleau G. Glucose-
dependent insulinotropic polypeptide (GIP) receptor deletion leads to 
reduced bone strength and quality. Bone. 2013;56(2):337-342. 

56. Gaudin-Audrain C, Irwin N, Mansur S, et al. Glucose-dependent insu-
linotropic polypeptide receptor deficiency leads to modifications of tra-
becular bone volume and quality in mice. Bone. 2013;53(1):221-230. 

57. Holst JJ, Windeløv JA, Boer GA, et al. Searching for the physiologi-
cal role of glucose-dependent insulinotropic polypeptide. J Diabetes 
Investig. 2016;7 Suppl 1(Suppl 1):8-12. 

58. Stensen S, Gasbjerg LS, Helsted MM, Hartmann B, Christensen MB, 
Knop FK. GIP and the gut-bone axis - Physiological, pathophysiologi-
cal and potential therapeutic implications. Peptides. 2020;125:170197. 

59. Gasbjerg LS, Hartmann B, Christensen MB, et al. GIP’s effect on bone 
metabolism is reduced by the selective GIP receptor antagonist GIP(3-
30)NH2. Bone. 2020;130:115079. 

60. Christensen MB, Lund A, Calanna S, et al. Glucose-Dependent 
Insulinotropic Polypeptide (GIP) Inhibits Bone Resorption 
Independently of Insulin and Glycemia. J Clin Endocrinol Metab. 
2018;103(1):288-294.

61. Janghorbani M, Van Dam RM, Willett WC, Hu FB. Systematic 
review of type 1 and type 2 diabetes mellitus and risk of fracture. Am 
J Epidemiol. 2007;166(5):495-505. 

62. Zhao C, Liang J, Yang Y, Yu M, Qu X. The Impact of Glucagon-Like 
Peptide-1 on Bone Metabolism and Its Possible Mechanisms. Front 
Endocrinol (Lausanne). 2017;8:98. 

63. Yoshimura N, Muraki S, Oka H, Kawaguchi H, Nakamura K, Akune 
T. Biochemical markers of bone turnover as predictors of osteoporosis 
and osteoporotic fractures in men and women: 10-year follow-up of 
the Taiji cohort. Mod Rheumatol. 2011;21(6):608-620. 

64. Nuche-Berenguer B, Lozano D, Gutiérrez-Rojas I, et al. GLP-1 and 
exendin-4 can reverse hyperlipidic-related osteopenia. J Endocrinol. 
2011;209(2):203-210. 



85LicenseGynecological and Reproductive Endocrinology and Metabolism 2023; 4(2-3):78-85

Bone status in women with premature ovarian insufficiency – a clinical approach

65. Ma X, Meng J, Jia M, et al. Exendin-4, a glucagon-like peptide-1 
receptor agonist, prevents osteopenia by promoting bone formation 
and suppressing bone resorption in aged ovariectomized rats. J Bone 
Miner Res. 2013;28(7):1641-1652. 

66. Popat VB, Calis KA, Vanderhoof VH, et al. Bone mineral den-
sity in estrogen-deficient young women. J Clin Endocrinol Metab. 
2009;94(7):2277-2283. 

67. Abu-Amer Y. NF-κB signaling and bone resorption. Osteoporos Int. 
2013;24(9):2377-2386. 

68. Almeida M, Iyer S, Martin-Millan M, et al. Estrogen receptor-α sig-
naling in osteoblast progenitors stimulates cortical bone accrual. J 
Clin Invest. 2013;123(1):394-404. 

69. Khosla S, Melton LJ 3rd, Riggs BL. The unitary model for estrogen 
deficiency and the pathogenesis of osteoporosis: is a revision needed? 
J Bone Miner Res. 2011;26(3):441-451. 

70. Okman-Kilic T. Estrogen Deficiency and Osteoporosis. InTechOpen. 
Available at: doi: 10.5772/59407

71.  Bachelot A, Rouxel A, Massin N, et al. Phenotyping and genetic 
studies of 357 consecutive patients presenting with premature ovar-
ian failure. Eur J Endocrinol. 2009;161(1):179-187. 

72. Samad N, Nguyen HH, Hashimura H, et al. Abnormal Trabecular 
Bone Score, Lower Bone Mineral Density and Lean Mass in Young 
Women With Premature Ovarian Insufficiency Are Prevented 
by Oestrogen Replacement. Front Endocrinol (Lausanne). 
2022;13:860853. 

73. Jiang M, Gao Ying, Wang H, et al. Bone Mineral Density in Patients 
With Primary Ovarian Insufficiency: A Systematic Review and Meta-
Analysis. Authorea. 2022. Available at: https://www.authorea.com/
doi/full/10.22541/au.165892506.67141264/v1 

74. Benetti-Pinto CL, Ferreira VB, Yela DA. Long-term follow-up 

of bone density in women with primary ovarian insufficiency. 
Menopause. 2015;22(9):946-949. 

75. Giraldo H, Benetti-Pinto C, Ferreira V, Garmes H, Yela D, Giraldo P. 
Standard hormone therapy is inadequate for bone density in prema-
ture ovarian insufficiency. Gynecol Endocrinol. 2017;33(4):283-286.

76. Podfigurna A, Maciejewska-Jeske M, Nadolna M, et al. Impact of 
Hormonal Replacement Therapy on Bone Mineral Density in Premature 
Ovarian Insufficiency Patients. J Clin Med. 2020;9(12):3961. 

77. Fruzzetti F, Palla G, Gambacciani M, Simoncini T. Tailored hor-
monal approach in women with premature ovarian insufficiency. 
Climacteric. 2020 Feb;23(1):3-8. 

78. Gazarra LBC, Bonacordi CL, Yela DA, Benetti-Pinto CL. Bone 
mass in women with premature ovarian insufficiency: a compara-
tive study between hormone therapy and combined oral contracep-
tives. Menopause. 2020;27(10):1110-1116. 

79. Cartwright B, Robinson J, Seed PT, Fogelman I, Rymer J. Hormone 
Replacement Therapy Versus the Combined Oral Contraceptive 
Pill in Premature Ovarian Failure: A Randomized Controlled Trial 
of the Effects on Bone Mineral Density. J Clin Endocrinol Metab. 
2016;101(9):3497-3505. 

80. Crofton PM, Evans N, Bath LE, et al. Physiological versus standard 
sex steroid replacement in young women with premature ovarian fail-
ure: effects on bone mass acquisition and turnover. Clin Endocrinol 
(Oxf). 2010;73(6):707-714. 

81. Nguyen HH, Milat F, Vincent AJ. New insights into the diagnosis 
and management of bone health in premature ovarian insufficiency 
[published correction appears in Climacteric. 2021;24(5):481-490. 

82. Newman MS, Curran DA, Mayfield BP, Saltiel D, Stanczyk FZ. 
Assessment of estrogen exposure from transdermal estradiol gel ther-
apy with a dried urine assay. Steroids. 2022;184:109038.




