
INTERNATIONAL JOURNAL OF MOlecular medicine  58:  356,  2026

Abstract. Postmenopausal osteoporosis (PMO) is a prevalent 
metabolic bone disorder characterized by accelerated bone 
loss, reduced bone mineral density, and increased fragility 
fracture risk. Although estrogen deficiency is considered a 
central driver of PMO, increasing evidence indicates that 
bone loss after menopause results from broader endocrine 
remodeling involving multiple hormones. Estrogen decline 

and the accompanying rise in follicle‑stimulating hormone 
(FSH) are characteristic of the menopausal transition. 
Alterations in the parathyroid hormone (PTH)‑vitamin D 
axis, oxytocin (OT) and calcitonin (CT) may also influence 
skeletal homeostasis, although their patterns and causal 
contributions are less consistently established in postmeno‑
pausal women. These pathways are discussed as interacting 
components of an endocrine framework with differing levels 
of supporting evidence. These coordinated hormonal altera‑
tions disrupt bone remodeling through several mechanisms, 
including impaired bone mechanical homeostasis, dysregu‑
lated osteoimmune interactions, altered calcium metabolism, 
and gut microbiota‑bone axis imbalance. Collectively, these 
changes promote osteoclast activation, suppress osteoblast 
function, and accelerate skeletal deterioration. Current thera‑
peutic approaches, such as hormone replacement therapy, 
bisphosphonates, selective estrogen receptor modulators, and 
PTH analogs, have improved the management of PMO but 
remain limited by safety concerns or restricted long‑term 
efficacy. Emerging approaches, including FSH blockade, 
selected phytoestrogen‑related interventions, modified CT 
delivery, and OT‑related pathways have different levels of 
supporting evidence; most specific experimental strategies 
require human efficacy and safety validation before clinical 
application. An improved understanding of hormonal inter‑
actions and endocrine network remodeling may facilitate the 
development of more precise and individualized strategies 
for the prevention and treatment of PMO.

Contents

1.	 Introduction
2.	 Hormonal changes in postmenopausal women
3.	� Effect of hormonal changes on the development of 

osteoporosis in postmenopausal women
4.	 Therapeutic strategies for PMO
5.	D iscussion

Hormonal remodeling and molecular mechanisms 
in postmenopausal osteoporosis: Pathogenesis 

and therapeutic implications (Review)
WENJUN LIU1,2*,  ZHENGZHENG LI1,3*,  PENGLIN WANG1,3*,  JIAHAO ZENG1,3,   

HAIMIN ZENG1,3,  YINING XIE1,3,  RUHUI YANG1,3,  LIU YANG1,   
SIJIAN LIN1  and  CHENYU ZHANG1

1Department of Rehabilitation Medicine, The Second Affiliated Hospital, Jiangxi Medical College,  
Nanchang University, Nanchang, Jiangxi 330006, P.R. China; 2Department of Endocrinology and Metabolism,  

The First Affiliated Hospital of Nanchang University, Nanchang, Jiangxi 330006, P.R. China;  
3The Second Clinical Medical College, Jiangxi Medical College, Nanchang University, Nanchang, Jiangxi 330006, P.R. China

Received March 11, 2026;  Accepted October 15, 2026

DOI: 10.3892/ijmm.2026.6027

Correspondence to: Professor Chenyu Zhang, Department of 
Rehabilitation Medicine, The Second Affiliated Hospital, Jiangxi 
Medical College, Nanchang University, 1 Minde Road, Donghu, 
Nanchang, Jiangxi 330006, P.R. China
E‑mail: 18607002558@163.com

*Contributed equally

Abbreviations: PMO, postmenopausal osteoporosis; BMD, bone 
mineral density; OT, oxytocin; OTR, OT receptor; CT, calcitonin; 
FSH, follicle‑stimulating hormone; PTH, parathyroid hormone; 
PTHR1, PTH 1 receptor; HRT, hormone replacement therapy; 
WHI, Women's Health Initiative; FF, follicular fluid; HPO, 
hypothalamic‑pituitary‑ovarian; BMSCs, bone marrow MSCs; 
SERMs, selective estrogen receptor modulators; OCN, osteocalcin; 
OPG, osteoprotegerin; BTMs, bone turnover markers; FDA, Food 
and Drug Administration; SDG, Secoisolariciresinol diglucoside; 
SWD, Siwu decoction; TCM, traditional Chinese medicine; VAS, 
visual analogue scale; rhPTH, recombinant human PTH; sCT, 
Salmon CT; OVX, ovariectomized; SCFAs, short‑chain fatty 
acids; MSCs, mesenchymal stem cells; ERα, estrogen receptor α; 
KDM6B, lysine demethylase 6B; HOXC6, homeobox C6; BMP2, 
bone morphogenetic protein 2; Treg, regulatory T cell; FSHR, 
FSH receptor; HSP90α, heat shock protein 90α; RANKL, receptor 
activator of nuclear factor‑κB ligand

Key words: PMO, hormonal remodeling, estrogen deficiency, bone 
remodeling, HRT, therapeutic strategies

https://www.spandidos-publications.com/10.3892/ijmm.2026.6027


LIU et al:  HORMONAL REMODELING IN POSTMENOPAUSAL OSTEOPOROSIS2

1. Introduction

Postmenopausal osteoporosis (PMO) is a metabolic bone 
disease caused primarily by estrogen deficiency, which mani‑
fests as an accelerated bone remodeling imbalance (1). The 
sudden drop in estrogen levels during the menopausal tran‑
sition promotes differentiation and activation of osteoclasts, 
resulting in a rate of bone resorption that exceeds the rate of 
bone formation (2). This hormonal change leads to rapid bone 
loss during the perimenopausal period, ultimately resulting 
in reduced bone mineral density (BMD), deterioration of 
microarchitecture, impaired bone strength, and susceptibility 
to fragility fracture. Densitometric osteoporosis is defined by 
a dual‑energy X‑ray absorptiometry (DXA) T‑score of ‑2.5 or 
lower; a hip or vertebral fragility fracture can also establish 
a clinical diagnosis irrespective of BMD (3,4). However, as 
the population ages, osteoporosis and associated fractures are 
rapidly becoming an important public health problem, and 
epidemiological data indicate a high burden of disease: ~20% 
of women aged 50 years or older in the United States, and 
30% of women aged ≥65 years, meet the criteria for osteo‑
porosis as defined by the DXA (5). In China, the prevalence 
of osteoporosis was 20.6% among women aged 40 years or 
older in a nationwide population‑based study (6). Fragility 
fractures can cause persistent pain, functional impairment and 
loss of independence. Hip fractures are particularly serious 
and are associated with increased short‑term mortality in older 
women (7).

Current research suggests that the underlying mecha‑
nism causing PMO is estrogen deficiency in menopausal 
women (8). Under physiological conditions, bone homeostasis 
is maintained by a dynamic remodeling process that balances 
osteoblast‑mediated bone formation and osteoclast‑mediated 
bone resorption. Estrogen preserves this balance primarily 
by inhibiting osteoclastogenesis through regulation of the 
receptor activator of nuclear factor‑κB ligand (RANKL)/osteo‑
protegerin (OPG) system and suppression of pro‑inflammatory 
cytokines. Meanwhile, estrogen promotes osteoblast differen‑
tiation and survival through osteogenic signaling pathways 
such as Wnt/β‑catenin. In addition, estrogen contributes 
to systemic calcium homeostasis by enhancing intestinal 
calcium absorption and reducing renal calcium excretion. 
Consequently, estrogen deficiency disrupts bone remodeling 
equilibrium, resulting in increased bone resorption, reduced 
bone formation, and progressive bone loss characteristic of 
PMO (9,10). Based on this mechanism, researchers in the 
Women's Health Initiative (WHI) trial found that hormone 
replacement therapy (HRT) in healthy postmenopausal women 
was effective in reducing the risk of bone fractures (11), but 
that the therapy may increase the risk of cardiovascular disease 
and breast cancer (12). However, with further research, it has 
been observed that even with normal estrogen levels, women 
in the menopausal transition also experience bone loss (13), 
suggesting that PMO may not be due to estrogen deficiency 
alone. Other endocrine pathways implicated in postmeno‑
pausal skeletal regulation include follicle‑stimulating hormone 
(FSH)  (14), oxytocin (OT)  (15), the parathyroid hormone 
(PTH)‑vitamin D axis (16,17) and calcitonin (CT) (18). Recent 
single‑cell and multi‑omics studies have characterized cellular 
and molecular changes during ovarian aging in humans and 

non‑human primates (19‑21). These findings inform upstream 
endocrine remodeling but do not directly establish a causal link 
between individual ovarian cell programs and postmenopausal 
skeletal outcomes.

The present narrative review synthesizes evidence on 
postmenopausal hormonal remodeling and its skeletal conse‑
quences, focusing mainly on studies published between 2015 
and 2025, with selected updates from 2026 and earlier land‑
mark studies where relevant. Rather than treating individual 
hormones as independent determinants of bone loss, the 
available evidence was organized within an integrated endo‑
crine‑network framework. In this framework, ovarian aging 
and the loss of estrogenic feedback represent upstream endo‑
crine changes that interact with alterations in FSH, OT, PTH, 
CT and vitamin D, while these hormonal signals converge on 
shared skeletal effector systems, including the basic multicel‑
lular unit, osteoimmune pathways, calcium homeostasis and 
the gut‑bone axis. This framework is used to distinguish 
well‑established mechanisms from unresolved controversies, 
compare the translational maturity of emerging interventions, 
and identify stage‑specific priorities for future research.

2. Hormonal changes in postmenopausal women

Decrease in estrogen levels. The postmenopausal decline in 
estrogen reflects follicular depletion and age‑related changes in 
granulosa‑cell function and intraovarian signaling. The central 
feature of ovarian ageing is the irreversible reduction of the 
primordial follicular pool. As the number of follicles decreases 
to a critical threshold (<1,000), the level of estradiol (E2) 
secreted by the granulosa cells declines precipitously, and the 
serum E2 concentration in postmenopausal women is usually 
less than 20 pg/ml (22). Granulosa cells are the main functional 
unit of estrogen synthesis. Using single‑nuclei multi‑omics 
analyses, Jin et al (21) found that the abundance of granulosa 
cells in human aging ovaries was reduced compared with that 
in young ovaries and that the expression of apoptosis‑related 
genes in granulosa cells was increased. Further studies revealed 
that this is mainly due to CCAAT/enhancer‑binding protein 
delta (CEBPD)‑mediated regulation of senescence genes (21) 
and mechanistic target of rapamycin (mTOR) signaling (23) 
leading to an ovarian‑specific senescence pathway. In addition 
to a decrease in granulosa cell number, aging also leads to 
granulosa cell dysfunction and impaired estrogen synthesis. In 
a single‑cell study of goat ovarian aging, Xu et al (24) identi‑
fied pseudotime‑dependent changes in hydroxysteroid 17‑beta 
dehydrogenase 1 (HSD17B1) expression in granulosa cells. 
These findings suggest altered steroidogenic regulation but do 
not establish HSD17B1 as a causal driver of estrogen decline 
in human menopause. The expression level of circular RNA 
DDX10 (circDDX10) gradually decreased with age, inhibiting 
the expression of factors related to steroid hormone synthesis 
in ovarian granulosa cells, leading to insufficient estrogen 
secretion in the aged ovary (25). Aging also alters cellular 
communication, with FSH and growth differentiation factor 
(GDF) signaling depleted in aged granulosa cells and oocytes, 
reducing the ovarian regulatory effects of gonadotropins (21). 
New research found that changes in ovarian follicular fluid 
(FF) cytokine profiles and hormone profiles during the natural 
human physiological cycle are age‑related and independent of 
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endogenous gonadotropin regulation, with interleukin (IL)‑2 
and IL‑12 in FF correlating with E2 and estrone (E1) in FF in 
young women (26).

Increase in follicle stimulating hormone (FSH) levels. 
Hormonal changes in menopausal women include a decrease 
in estrogen and a corresponding change in FSH. Elevated 
FSH concentrations during the menopausal transition were 
documented as early as 1975 (27). This phenomenon is highly 
correlated with the decrease in estrogen during menopause (28). 
Follicular depletion reduces ovarian estrogen and inhibin feed‑
back to the hypothalamic‑pituitary system, thereby increasing 
pituitary FSH secretion  (28,29). Epidemiological analyses 
indicate that hormonal shifts characterized by declining 
E2 and elevated FSH are strongly associated with reduced 
BMD and increased risk of osteopenia and osteoporosis in 
postmenopausal populations (30).

Decrease in OT levels. OT is a neuropeptide primarily 
produced by neurons in the hypothalamus. Lower circulating 
OT concentrations have been reported in some postmeno‑
pausal populations (31). The underlying mechanisms for this 
decline may include changes in sexual activity, decreased 
vagal activity, and lower levels of estrogen (32).

Increase in PTH levels. PTH concentrations may increase 
with aging and disturbances in calcium and vitamin D homeo‑
stasis, but secondary hyperparathyroidism is not an inevitable 
consequence of menopause (33). Eastell et al  (33) found a 
35% increase in PTH with age by collecting blood and testing 
serum PTH in 51 healthy women between the ages of 26 and 
88 years (P<0.02).

CT‑related changes. CT inhibits osteoclast‑mediated bone 
resorption, but the pattern and skeletal significance of 
circulating CT changes after menopause remain less well 
established than those of estrogen deficiency. Age‑related 
changes in thyroid C cells have been reported in male rats, 
and estrogen‑responsive CT secretion has been demonstrated 
in fish; these findings cannot be directly extrapolated to 
postmenopausal women  (34,35). Accordingly, a consistent 
menopause‑related decline in CT should not be assumed.

Vitamin D deficiency. Vitamin D synthesis and metabolism 
can be used to regulate calcium, phosphorus, and bone 
metabolism, with regulation of the efficiency of intestinal 
calcium absorption by its active form, 1,25‑dihydroxyvi‑
tamin D [1,25(OH)2D], being the most important function (36). 
A cross‑sectional National Health and Nutrition Examination 
Survey (NHANES) analysis examined associations between 
vitamin D status and menopausal timing, but it did not estab‑
lish that vitamin D deficiency causes earlier menopause (37). 
Vitamin D status remains relevant to calcium homeostasis 
and skeletal health after menopause  (38). Unfortunately, 
vitamin D deficiency is very common in menopausal women. 
Vitamin D deficiency in menopausal women may have several 
contributing factors. First, aging reduces 7‑dehydrocholesterol 
(7‑DHC), the precursor for vitamin D3 synthesis (39). Reduced 
sun exposure may contribute to low vitamin D status, although 
exposure patterns vary among populations (40). In addition, 

vitamin D transport relies on vitamin D binding protein (DBP) 
and albumin, whose levels can be influenced by the lower 
estrogen levels typical of menopause (41). The detailed mecha‑
nisms underlying the various hormonal changes that occur in 
postmenopausal women are shown in Fig. 1.

3. Effect of hormonal changes on the development of 
osteoporosis in postmenopausal women

Effect of reduced estrogen levels on osteoporosis
Bone mechanical homeostasis mediated by reduced estrogen. 
Bone remodeling requires the coordinated activity of multiple 
cell types, including osteocytes, osteoblasts, osteoclasts, 
bone lining cells, and bone marrow mesenchymal stem cells 
(BMSCs). Osteoclasts, osteoblasts, osteocytes and bone lining 
cells, together with the local vasculature, form the basic 
multicellular unit (BMU), with osteal macrophages (osteo‑
macs) also contributing to the local remodeling environment. 
Communication among these cells through direct contact 
and autocrine/paracrine signaling coordinates bone resorp‑
tion and formation. Under mechanical loading, these cellular 
interactions contribute to bone remodeling, fracture repair and 
regeneration (42,43).

Bone tissue contains numerous osteocytes, which form an 
interconnected network via extended dendrites to facilitate 
mechanotransduction. Estrogen deficiency post‑menopause 
increases osteocyte apoptosis. However, selective estrogen 
receptor (ER) modulators (SERMs), as reported by 
Huber et al (44), can protect osteocytes from apoptosis after 
estrogen withdrawal. Estrogen deficiency also impairs osteo‑
cyte function by altering their paracrine activity, as shown by 
Geoghegan et al (45), leading to an increased RANKL/OPG 
ratio. Lewis et al (46) used ovariectomy to model menopausal 
ovarian failure and found that reduced estrogen lowers 
osteocyte mechanosome numbers and weakens osteocyte 
Ca2+ signaling. This explains the diminished bone adapt‑
ability to mechanical stimulation. Osteocytes are also the 
principal source of sclerostin, a glycoprotein encoded by 
the SOST gene. Sclerostin binds to the Wnt co‑receptors 
low‑density lipoprotein receptor‑related proteins 5 and 6 
(LRP5/6) and inhibits canonical Wnt/β‑catenin signaling, 
thereby suppressing osteoblast differentiation and bone forma‑
tion. Because estrogen deficiency alters osteocyte viability, 
mechanosensation and paracrine signaling, dysregulation of 
the osteocyte‑sclerostin axis may contribute to impaired bone 
formation and remodeling imbalance after menopause (47,48). 
Osteoblasts serve as bone forming cells and mineralizers (49). 
Estrogen enhances alkaline phosphatase activity  (50) and 
boosts osteocalcin (OCN) expression (51), thereby contrib‑
uting to the normal functioning of osteoblasts. Osteoclasts are 
essential for bone remodeling through their bone‑resorbing 
function. Experimental work by Guo et al (52) showed that 
estrogen suppresses osteoclast formation and bone resorp‑
tion through microRNA (miR)‑27a‑mediated regulation of 
peroxisome proliferator‑activated receptor γ and adenoma‑
tous polyposis coli. When subjected to mechanical stress, 
BMSCs can differentiate into osteoblasts or chondrocytes. 
Estrogen supports the osteogenic differentiation of BMSCs 
through several transcriptional and epigenetic mechanisms. In 
cultured human BMSCs, including cells obtained from women 

https://www.spandidos-publications.com/10.3892/ijmm.2026.6027


LIU et al:  HORMONAL REMODELING IN POSTMENOPAUSAL OSTEOPOROSIS4

with PMO, 17β‑estradiol increased runt‑related transcription 
factor 2 (RUNX2) expression and promoted early osteogenic 
differentiation, partly through Notch signaling (53). Separately, 
experiments in human dental mesenchymal stem cells showed 
that estrogen induced lysine demethylase 6B (KDM6B) 
through estrogen receptor α (ERα) and promoted osteo‑
genic differentiation through bone morphogenetic protein 2 
(BMP2)‑ and homeobox C6 (HOXC6)‑related regulation (54). 
These findings support distinct estrogen‑responsive osteogenic 
mechanisms in experimental stem‑cell models (Fig. 2).

The effects of estrogen on different bone cell popula‑
tions do not occur in isolation but within an interconnected 
remodeling network. In addition to the aforementioned direct 
effects, several coupling mechanisms operate within the 
BMU. Osteocyte‑derived RANKL and sclerostin can regulate 
both osteoclasts and osteoblasts, bone lining cells contribute 
to RANKL‑mediated osteoclast regulation, osteomacs support 
osteoblast mineralization, and vascular endothelial cells 
participate in remodeling through the local blood supply and 
signals such as vascular endothelial growth factor (VEGF). 
Thus, the disruption of bone homeostasis associated with 
estrogen deficiency should be considered in the context of both 
individual cellular responses and multicellular communication 
within the BMU (43).

Osteoimmunit y mediated by reduced estrogen. 
Osteoimmunity plays a critical role in maintaining bone 
homeostasis through cytokines and antibodies secreted by 
immune cells. Estrogen deficiency not only directly affects 
osteoblasts and osteoclasts, leading to bone loss, but also 
disrupts bone homeostasis by influencing osteoimmune cells, 
including T cells, B cells and macrophages.

In postmenopausal women, estrogen deficiency has been 
associated with alterations in CD4+ T cell subsets, including 
increased T helper 1 (Th1) and T helper 17 (Th17) activity and 
elevated circulating levels of tumor necrosis factor‑α (TNF‑α), 
interferon‑γ (IFN‑γ), IL‑17 and RANKL (55‑57). Importantly, 
while some evidence is derived from clinical observations in 
postmenopausal women, the causal signaling pathways have 
been primarily validated in experimental models. RANKL or 
TNF‑α, together with macrophage colony‑stimulating factor 
(M‑CSF), can induce osteoclastogenesis from bone marrow 
monocytes (58). TNF‑α can also regulate bone remodeling 
through the circular RNA Hmbox1 (circHmbox1)/miR‑1247‑5p/
B‑cell lymphoma 6 (Bcl6) axis. TNF‑α reduces circHmbox1, 
which increases miR‑1247‑5p‑mediated suppression of Bcl6, 
thereby favoring osteoclast differentiation while impairing 
osteoblast differentiation (59). IFN‑γ has context‑dependent 
effects: It can directly inhibit osteoclast precursors, while 

Figure 1. Mechanisms of hormonal changes in postmenopausal women. Ovarian aging drives the decline in estrogen production through multiple interrelated 
mechanisms: Progressive granulosa cell loss mediated by mTOR signaling and CEBPD‑regulated senescence programs; impaired steroidogenic function of 
granulosa cells caused by downregulated circDDX10 and altered HSD17B1 expression; and disrupted oocyte‑granulosa cell communication due to depleted 
FSH and GDF signaling, combined with age‑related changes in follicular fluid cytokine profiles. The attenuated negative feedback of estrogen on the HPO 
axis, together with reduced inhibin B secretion, collectively leads to elevated circulating FSH levels. Decreased circulating OT levels are associated with 
reduced sexual activity, attenuated vagal activity and lower estrogen concentrations. Age‑related enrichment of PTH‑related pathways and loss of direct estro‑
genic suppression may result in possible secondary hyperparathyroidism. CT secretion patterns vary across individuals, which is attributable to age‑related 
morphological and functional changes in thyroid C cells and withdrawal of estrogenic stimulation. Vitamin D status is regulated by reduced cutaneous 
7‑dehydrocholesterol, insufficient UV exposure and altered levels of carrier proteins DBP and albumin. CEBPD, CCAAT/enhancer‑binding protein delta; 
circDDX10, circular RNA DDX10; CT, calcitonin; DBP, vitamin D‑binding protein; FSH, follicle‑stimulating hormone; GDF, growth differentiation factor; 
HPO, hypothalamic‑pituitary‑ovarian; HSD17B1, hydroxysteroid 17‑beta dehydrogenase 1; mTOR, mechanistic target of rapamycin; OT, oxytocin; PTH, 
parathyroid hormone; UV, ultraviolet.
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indirectly promoting osteoclastogenesis through T‑cell activa‑
tion and increased osteoclastogenic cytokine production. In 
experimental estrogen‑deficiency models, the net effect can 
favor bone resorption (60). IL‑17 is associated with low BMD in 
postmenopausal women, suggesting that it may be a key target 
for osteoporosis (61). In collaboration with T cells, B cells are 
equally involved in the progression of PMO. In PMO, B cells 
contribute through two main mechanisms: secreting RANKL 
and OPG to modulate osteoclast differentiation and activa‑
tion (62) as well as producing antibodies that stimulate bone 
resorption (63). Estrogen influences the M1/M2 macrophage 
ratio by inhibiting M1 macrophage polarization and promoting 
M2 macrophage polarization through its interaction with the 
ER. When estrogen levels are sufficient, it helps maintain a 
balanced macrophage profile. However, in its absence [for 
example, in ovariectomized (OVX) models], M1 macrophages 

dominate, which can lead to increased osteoclastogenesis and 
bone resorption (1) (Fig. 2).

Bone loss induced by estrogen deficiency through the gut 
microbiota. Gut flora is a key microecosystem in the body. 
In recent years, researchers have proposed the concept of the 
‘gut‑bone’ axis, revealing a close relationship between gut 
flora and PMO (64). Human observational data link the meno‑
pausal transition to changes in intestinal permeability and 
inflammation (65). Experimental studies also suggest altered 
gastrointestinal motility after estrogen withdrawal  (66). 
These changes can alter gut flora composition, potentially 
leading to dysbiosis. Meng  et  al  (67) demonstrated that 
estrogen deficiency markedly reduces gut microbiota species 
richness and alters β‑diversity. Notably, certain bacteria, 
including Helicobacter rodentium, Lachnospiraceae 10‑1, 
Lachnospiraceae A4 and Lactobacillus  reuteri, show 

Figure 2. Effect of reduced estrogen levels on osteoporosis. Estrogen deficiency promotes postmenopausal osteoporosis via three interconnected 
pathophysiological modules. i) Osteoimmunity: Estrogen deficiency increases CD4+ T cell‑derived TNF‑α, IL‑17 and IFN‑γ; TNF‑α suppresses the 
circHmbox1/miR‑1247‑5p/Bcl6 axis to impair osteoblast differentiation, while TNF‑α and RANKL, together with M‑CSF, drive osteoclastogenesis from 
monocytes. IFN‑γ exerts context‑dependent effects on osteoclast formation. B cells regulate osteoclast activity via RANKL and OPG secretion, and 
M1‑polarized macrophages enhance bone resorption. ii) Gut microbiota: Estrogen deficiency reduces intestinal epithelial tight junction protein expression and 
alters intestinal motility, leading to microbial dysbiosis. Lachnospiraceae and its predicted metabolic pathways are associated with bone‑related outcomes, 
while Enterorhabdus, Alistipes and Butyricimonas show associations with bone alterations. iii) Bone mechanical homeostasis: Estrogen deficiency increases 
osteocyte apoptosis, reduces osteocyte mechanosome abundance and Ca2+ signaling, and elevates the RANKL/OPG ratio to activate osteoclasts; it also 
decreases osteoblast ALP activity and OCN expression. The MSC module summarizes separate estrogen‑responsive osteogenic mechanisms involving 
RUNX2 in human bone marrow MSCs and KDM6B in human dental MSCs. ALP, alkaline phosphatase; Bcl6, B‑cell lymphoma 6; Ca2+, calcium ion; 
circHmbox1, circular RNA Hmbox1; IFN‑γ, interferon‑gamma; IL‑17, interleukin‑17; KDM6B, lysine demethylase 6B; M1, classically activated macrophage; 
M‑CSF, macrophage colony‑stimulating factor; OCN, osteocalcin; OPG, osteoprotegerin; RANKL, receptor activator of nuclear factor‑κB ligand; RUNX2, 
runt‑related transcription factor 2; TNF‑α, tumor necrosis factor‑alpha; MSCs, mesenchymal stem cells; miR, microRNA.
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significantly enhanced relative abundance. Interestingly, 
Chen et al (68) found that recipient mice receiving fecal trans‑
plants from postmenopausal patients with normal bone mass 
exhibited Lachnospiraceae and Oscillibacter enrichment, 
whereas recipient mice receiving fecal transplants from patients 
with PMO exhibited Halobiforma, Enterorhabdus, Alistipes 
and Butyricimonas, suggesting donor‑ and model‑dependent 
associations between microbial composition and skeletal 
outcomes. In recipient mice, enrichment of Halobiforma, 
Enterorhabdus, Alistipes and Butyricimonas was also associ‑
ated with altered TNF‑α and IL‑17A expression in serum and 
bone tissue, linking gut dysbiosis to the osteoimmune path‑
ways (68). Using Mendelian randomization, Zeng et al (69) 
reported associations of Lachnospiraceae NK4A136 and 
Oxalobacteraceae with lower osteoporosis risk, and associa‑
tions of Pasteurellaceae, Pasteurellales and Ruminococcaceae 
UCG004 with higher risk. These findings depend on the 
assumptions of the genetic instruments and require valida‑
tion across populations. Lachnospiraceae was associated 
with alterations in purine metabolism, including changes in 
inosine, xanthine and uric acid levels in the OVX model. These 
metabolic changes were correlated with BMD. Functional 
prediction suggested enrichment of purine‑metabolism‑related 
enzymes (70). Associations between microbial taxa, predicted 
metabolic functions, and bone‑related outcomes have also been 
reported in experimental and human studies (70‑72). These 
findings do not yet establish uniform protective or pathogenic 
roles for individual taxa or demonstrate that the inferred 
metabolic pathways mediate bone loss in humans (Fig. 2). 
Associations between specific microbial taxa and bone health 
are not consistent across studies. A previous systematic review 
showed substantial variation in osteoporosis‑associated micro‑
bial profiles across cohorts, including population‑dependent 
differences in Alistipes (73). Such heterogeneity may be related 
to differences in population characteristics, diet, menopausal 
stage, sequencing methods and analytical approaches (73). 
Therefore, individual taxa cannot yet be consistently classified 
as protective or pathogenic in PMO.

In addition to microbial composition, increasing attention 
has been directed toward microbiota‑derived metabolites, 
particularly short‑chain fatty acids (SCFAs) such as acetate, 
propionate and butyrate. These metabolites are produced 
through microbial fermentation of dietary fibers and are 
considered key mediators linking gut microbiota to host meta‑
bolic regulation. SCFAs have been shown to modulate bone 
metabolism by inhibiting osteoclast differentiation, promoting 
osteoblast activity, and regulating immune responses involved 
in bone remodeling. Experimental studies suggest that SCFAs 
may reduce bone loss by suppressing osteoclastogenesis and 
modulating immune pathways such as the regulatory T cell 
(Treg)/Th17 balance, thereby contributing to the maintenance 
of bone homeostasis  (74‑76). Research has shown that the 
composition of the gut microbiota is significantly altered in 
women with PMO, accompanied by reduced levels of certain 
SCFAs (77). These findings support the hypothesis that micro‑
bial metabolites act as functional intermediates in the gut‑bone 
axis and may represent potential biomarkers or therapeutic 
targets in PMO. Several clinical and translational studies have 
investigated probiotic interventions as a strategy to modulate 
the gut microbiota and promote bone health. Meta‑analyses 

of probiotic trials report effects on selected bone‑turnover 
and BMD outcomes, but findings vary by strain, formulation, 
population and treatment duration (78,79). These results do 
not establish fracture prevention or justify replacing standard 
osteoporosis therapy with probiotics.

The gut‑bone axis may connect endocrine, immune and 
metabolic changes in PMO, but taxon‑specific mechanisms 
and clinical benefits of microbiota‑directed interventions 
remain incompletely established. These interactions are 
summarized in Fig. 2.

Effect of increased FSH levels on osteoporosis. Using 
NHANES data (1999‑2002), Liu et al (80) analyzed serum 
FSH associations with lumbar spine and femoral neck BMD in 
women aged 35‑60. They found a significant non‑linear inverse 
association between serum FSH and lumbar spine BMD exclu‑
sively in postmenopausal women (P for non‑linearity=0.013), 
and a comparable link between FSH and osteoporosis risk 
(P=0.05) (80). Zheng et al (81) identified follitropin subunit 
beta among proteins with high importance in a multivariable 
predictive model. Predictive importance does not establish 
a causal skeletal effect of circulating FSH. Mechanistically, 
FSH binds to the FSH receptor (FSHR) and activates G 
protein/CCAAT/enhancer‑binding protein β signaling in 
adipocytes, which promotes heat shock protein 90α (HSP90α) 
secretion. Increased extracellular HSP90α subsequently 
enhances osteoclast activity and may contribute to increased 
bone resorption  (82). Although observational and genetic 
analyses support an association between elevated FSH and 
bone loss, direct human interventional evidence is still lacking. 
Most mechanistic evidence remains experimental; therefore, 
the causal skeletal effect of elevated FSH in humans has not 
yet been established and requires further longitudinal and 
interventional validation.

Effect of decreased OT levels on osteoporosis. Indeed, OT 
receptors are widely present on bone tissue and OT regulates 
bone remodeling by binding to OT receptors on osteoblasts 
and osteoclasts  (83). In normal conditions, E2 triggers the 
mitogen‑activated protein kinase/extracellular signal‑regulated 
kinase (MAPK/ERK) pathway and OT receptor expression 
in osteoblasts, boosting OT production. OT then upregulates 
BMP2 and activating transcription factor 4 promoting osteo‑
blast differentiation and function and forming a synergistic 
feed‑forward loop  (15). Reduced estrogen signaling may 
weaken this feed‑forward loop, although its contribution 
to skeletal outcomes after menopause remains to be estab‑
lished (15). OT has distinct effects on osteoclast formation and 
mature cell resorptive activity. In experimental models, OT 
promotes osteoclastogenesis directly and indirectly, including 
through increased RANKL and reduced OPG expression in 
osteoblasts. Conversely, OT can suppress resorption by mature 
osteoclasts through intracellular Ca2+ release and nitric oxide 
synthesis (84). These stage‑ and cell‑dependent effects help 
explain why changes in osteoclast number do not necessarily 
translate into equivalent changes in bone resorption; the net 
therapeutic effect in postmenopausal women remains unproven.

In human studies, Du et al (85) linked OT to bone mass 
(β=0.59, P=0.044) and after age adjustment, to osteoporosis 
risk (OR: 0.75; 95% CI: 0.63‑0.98; P=0.019) in a cross‑sectional 
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study of healthy community dwelling postmenopausal women 
aged 50‑90. In an ovariectomized rat model, OT attenuated 
bone loss and altered bone‑turnover markers and OPG/RANKL 
mRNA expression (86). Thus, current human evidence supports 
an association between OT and skeletal status but does not yet 
establish the therapeutic efficacy of OT supplementation.

Effect of increased PTH levels on osteoporosis. PTH is a key 
regulator of bone remodeling and exhibits context‑dependent 
effects on skeletal homeostasis. At the cellular level, 
PTH promotes bone formation by enhancing osteoblast 
precursor differentiation, inhibiting osteoblast apoptosis, and 
suppressing sclerostin production, a negative regulator of 
bone formation (87). However, prolonged elevation of PTH 
can shift bone remodeling toward resorption by stimulating 
osteoblast‑ and osteocyte‑derived RANKL expression and 
reducing OPG production, thereby promoting osteoclast 
differentiation. By contrast, intermittent PTH stimulation 
used in anabolic therapies preferentially enhances osteoblast 
activity and bone formation  (16). In experimental models, 
PTH reduced miR‑19a/b expression, while antagonizing 
miR‑19a/b increased its target TG‑interacting factor 1 (Tgif1) 
and augmented PTH‑induced bone gain (88). Apart from the 
direct effects of PTH, genetic polymorphisms in the patient's 
own PTH and PTH 1 receptor (PTHR1) genes also influ‑
ence susceptibility to osteoporosis in menopausal women. 
By analyzing case‑control genetic associations in a cohort 
of South Indian women, Fernandez et al (89) revealed lower 
heel BMD in women with osteoporosis who had the BstBI‑AA 
recessive genotype. On the other hand, Abdi  et  al  (90) 
selected Arab women as their subjects and discovered that 
the PTHR1 single‑nucleotide polymorphism rs1138518 C/T 
genotype serves as a risk factor for osteoporosis in postmeno‑
pausal women. Furthermore, it was observed that the C/T 
and T/T genotypes are associated with different outcomes 
in 25‑hydroxyvitamin D [25(OH)D] levels, suggesting that 
PTHR1 rs1138518 may play a regulatory role in modulating 
25(OH)D levels (90). These population‑specific genetic asso‑
ciations require replication and do not establish a functional 
mechanism or a clinically validated prediction tool.

CT and osteoporosis. CT suppresses osteoclast‑mediated 
bone resorption, which can be reflected by reduced urinary 
hydroxyproline excretion  (91). For osteoclasts, CT rapidly 
disrupts the osteoclast ruffled border, inhibits osteoclast 
motility and promotes detachment from bone (18). Although 
CT has a well‑established role in regulating osteoclasts, 
its effects on osteoblasts remain debated. Naot  et  al  (92) 
reported the absence of CT receptors in osteoblasts, whereas 
Farley  et al  (93) demonstrated CT‑mediated promotion of 
osteoblast proliferation. By contrast, Cornish et al (94) showed 
no increase in mineralized bone area following CT treatment in 
mice. These studies examined different models and endpoints, 
including receptor expression, cell proliferation and mineral‑
ized bone area, which are not interchangeable measures of a 
direct osteoanabolic effect. This discrepancy may arise from 
differences in CT concentrations and incubation durations 
between studies, highlighting the need for concentration‑ and 
time‑dependent gradient experiments to characterize CT 
effects on osteoblasts. Several investigations indicate that CT 

primarily acts by inhibiting osteoclast activity, thereby altering 
the coupling signals between osteoclasts and osteoblasts rather 
than directly stimulating osteoblast proliferation (92).

However, although CT has well‑established inhibitory 
effects on osteoclast‑mediated bone resorption, its clinical effi‑
cacy in the treatment of osteoporosis in humans appears to be 
relatively limited. Randomized controlled trials (RCTs) have 
shown that intranasal salmon CT (sCT) can reduce the risk of 
vertebral fractures, but it does not significantly decrease the 
incidence of non‑vertebral or hip fractures (95). Accordingly, 
most current clinical guidelines no longer recommend CT 
as a first‑line therapy for PMO. These findings suggest that 
although CT plays an important role in the regulation of bone 
metabolism, its clinical utility in the treatment of osteoporosis 
remains limited and warrants further investigation. Clarifying 
the cellular targets and signaling mechanisms of CT will be 
important for determining its therapeutic relevance in PMO.

Effect of Vitamin D deficiency on osteoporosis. Vitamin D, a 
fat‑soluble vitamin, is crucial for bone metabolism as it enhances 
intestinal calcium absorption. Chen et al (96) investigated the 
association between vitamin D levels and BMD, bone turnover 
markers (BTMs), as well as PTH in 8,532 Chinese postmeno‑
pausal women. Vitamin D deficiency or insufficiency was 
present in ~81% of the study population (96). In osteoporotic 
patients, higher vitamin D levels were positively correlated 
with BMD at all measured sites and negatively correlated 
with BTMs, including β‑C‑terminal telopeptide of type I 
collagen (β‑CTX) and OCN, as well as with PTH levels (96). 
In line with this result, the study by Al‑Rawaf et al (97) also 
identified vitamin D as a key predictor of osteoporosis in 
postmenopausal women. Current evidence links vitamin D 
to osteoporosis through three key mechanisms: Regulation 
of calcium‑phosphorus homeostasis (17), immune‑mediated 
modulation of pro‑inflammatory cytokine production (17), 
and vitamin D receptor gene polymorphisms that influence 
susceptibility to the disease (98). Selected skeletal actions of 
FSH, OT, PTH, CT and vitamin D are summarized in Fig. 3. 
The regulatory effects of different hormones and their recep‑
tors on postmenopausal bone loss are summarized in Table I.

Hormonal crosstalk and regulatory networks. To integrate the 
aforementioned hormone‑specific evidence, postmenopausal 
endocrine remodeling can be considered at three analyti‑
cally distinct but interacting levels. At the upstream level, 
ovarian aging and the loss of estrogenic feedback establish 
the endocrine context of menopause. At an intermediate level, 
alterations involving FSH, the PTH‑vitamin D axis, OT and CT 
modify systemic and local skeletal regulation. At the effector 
level, these endocrine signals converge on the basic multicel‑
lular unit, osteoimmune pathways, calcium homeostasis, and 
the gut‑bone axis, ultimately disturbing osteoblast‑osteoclast 
coupling and favoring net bone loss. This hierarchy should be 
regarded as an integrative conceptual framework rather than a 
strictly linear cascade, because several components are linked 
through feedback loops and the strength of evidence differs 
among individual pathways. Within this framework, the decline 
in estrogen is widely regarded as the key endocrine event. Under 
physiological conditions, estrogen provides negative feedback 
to the pituitary and helps regulate gonadotropin secretion. With 
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progressive ovarian insufficiency and the accompanying fall in 
estrogen levels, this feedback regulation becomes attenuated, 
leading to a pronounced rise in FSH (99). As a result, in the 
postmenopausal state, reduced estrogen and elevated FSH may 
jointly influence bone cells and favor a shift in bone remodeling 
toward increased bone resorption.

In addition, alterations in estrogen levels also disturb the 
balance among calcium‑regulating hormones. Reduced calcium 
absorption and low vitamin D status may contribute to compen‑
satory PTH elevation, particularly with aging (33,100,101). At the 
same time, vitamin D metabolism is influenced by both aging 
and changes in estrogen status. Insufficient vitamin D further 
impairs intestinal calcium absorption and stimulates compensa‑
tory PTH secretion, forming a vitamin D‑PTH regulatory loop 
that ultimately contributes to accelerated bone loss (100,101). 
At the cellular level, PTH and 1,25(OH)2D3 can also increase 
RANKL expression in osteoblasts, thereby linking hormonal 
changes to osteoblast‑osteoclast communication within the 
BMU. Vitamin D‑related signaling can further stimulate osteo‑
blast‑derived VEGF, providing a link between bone formation 

and vascular regulation (43). Beyond the classical endocrine axes, 
several neuroendocrine factors also participate in this regulatory 
network. For instance, estrogen has been shown to regulate the 
synthesis of OT and the expression of its receptor. Consequently, 
the postmenopausal decline in estrogen may indirectly weaken 
the protective effects of OT on bone tissue (102). These inter‑
actions illustrate how distinct endocrine changes can converge 
on shared skeletal regulatory pathways. However, the strength 
of supporting evidence differs among individual pathways; 
the major hormone‑related findings are therefore summarized 
according to their evidence types in Table II.

4. Therapeutic strategies for PMO

HRT. In 2002, the WHI found that the use of combined 
conjugated equine estrogen and medroxyprogesterone acetate 
regimens, aimed at improving osteoporosis, led to an elevated 
risk of cardiovascular events and an increased risk of breast 
cancer (12). This puts the use of HRT in the limelight. In fact, 
HRT components are primarily estrogens and/or progestins and 

Figure 3. Skeletal actions of FSH, OT, PTH, CT and vitamin D. This diagram summarizes the regulatory effects of five hormonal systems on bone remodeling. 
FSH binds to FSH receptors on adipocytes and activates the G protein/C/EBPβ pathway, which promotes HSP90α secretion and thereby enhances osteoclast 
activity. OT signaling upregulates ATF4 and BMP2 to promote osteoblast differentiation; meanwhile, it increases the RANKL/OPG ratio in osteoblast‑lineage 
cells to favor osteoclastogenesis, and on the other hand, induces intracellular Ca2+ release in mature osteoclasts to suppress their resorptive function. PTH exerts 
exposure‑dependent biphasic effects: Sustained elevation upregulates the RANKL/OPG ratio to promote osteoclastogenesis, while intermittent administration 
enhances osteoblast precursor differentiation and inhibits sclerostin to exert anabolic effects. Polymorphisms in the PTH and PTHR1 genes modulate individual 
susceptibility to osteoporosis. CT inhibits osteoclast‑mediated bone resorption by disrupting the osteoclast ruffled border, as reflected by reduced levels of 
urinary hydroxyproline, a bone resorption marker; the direct effects of CT on osteoblast proliferation and mineralized bone area remain controversial. Vitamin D 
maintains calcium‑phosphorus homeostasis and modulates pro‑inflammatory cytokine production; polymorphisms in the VDR gene are genetic susceptibility 
factors for osteoporosis. FSH, follicle‑stimulating hormone; OT, oxytocin; PTH, parathyroid hormone; CT, calcitonin; HSP90α, heat shock protein 90 alpha; 
ATF4, activating transcription factor 4; RANKL, receptor activator of nuclear factor‑κB ligand; OPG, osteoprotegerin; VDR, vitamin D receptor.
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are primarily used to treat perimenopausal and early menopausal 
vasomotor symptoms. Systemic hormone therapy may prevent 
bone loss in appropriately selected postmenopausal women, 
with formulation, route, and duration individualized according 
to menopausal symptoms and the benefit‑risk profile (103). 
Stevenson et al (104) employed two HRT regimens. The first 
regimen consisted of 1 mg of 17β‑estradiol and either 5 or 10 mg 
of dydrogesterone administered daily for 14 consecutive days, 
with a 28‑day cycle. The second regimen involved 2 mg of 
17β‑estradiol and either 10 or 20 mg of dydrogesterone given 
daily for 14 consecutive days, also with a 28‑day cycle. They 
found that, compared with baseline, HRT significantly increased 
total disc height in both the 1‑mg E2 group (0.16±0.65 cm, 
P=0.015) and the 2‑mg E2 group (0.21±0.86 cm, P=0.006). 
However, between‑group differences were not statistically 
significant, and this analysis did not directly establish a reduc‑
tion in fracture risk (104). Gamsjaeger et al (105) administered 
a combination of 2 mg E2 and 1 mg norethindrone acetate to 
postmenopausal women over a two‑year period. They observed 
that HRT with this regimen altered osteoid composition and 
mineralization‑related characteristics (105). The 2022 North 
American Menopause Society (NAMS) position statement 
emphasizes that the benefit‑risk profile of HRT is generally 
more favorable in healthy women younger than 60 years or 
within 10 years of menopause onset (103). By contrast, initiation 
at an older age or more than 10 years after menopause is associ‑
ated with higher absolute risks of coronary heart disease, stroke 
and venous thromboembolism. Risk also varies according to the 
route and regimen of treatment. Oral estrogen is associated with 
a higher risk of venous thromboembolism than transdermal 
estrogen, although direct comparative RCT evidence remains 
limited. Breast cancer risk also differs according to the type 
and duration of hormone therapy (106‑108). Systemic HRT is 
generally avoided in women with estrogen‑sensitive malignan‑
cies, unexplained vaginal bleeding, active liver disease, previous 
venous thromboembolism, or established cardiovascular disease. 
Therefore, treatment should be individualized according to age, 
time since menopause, route of administration, and baseline risk 
profile (103).

Recent studies continue to refine the evidence base for 
hormone therapy in PMO. A reanalysis of the WHI random‑
ized trials reported fracture‑risk reductions across baseline risk 
strata (109). Separately, a 2025 nested case‑control study exam‑
ined fracture risk after discontinuation of menopausal hormone 
therapy (110). Additionally, emerging evidence suggests that 
combining HRT with structured exercise can further enhance 
BMD (111). Contemporary analyses also highlight that the risk 
profile of HRT varies with formulation and route, with observa‑
tional evidence suggesting lower venous thromboembolic risk 
with transdermal than oral estrogen (108,112). In summary, 
the individual benefit risk balance of HRT hinges on the type, 
dose and duration of HRT, along with each woman's unique 
characteristics. Further studies are required to investigate these 
variables comprehensively.

Pharmacological therapies other than menopausal hormone 
therapy
Bisphosphonates. Bisphosphonates, characterized by two 
phosphonate groups, function by inhibiting osteoclast activity 
and thereby reducing bone resorption, positioning them as a 
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Table II. Evidence types supporting hormone‑related findings in postmenopausal osteoporosis.

Authors, year	 Hormonal factor	 Hormone‑related findings	 Evidence type and main limitation	 (Refs.)

Khosla et al,	 Estrogen/ER	 Estrogen deficiency contributes	 Mechanistic evidence summarized in	 (2,53, 54,109)
2012; Fan	 signaling	 to remodeling imbalance;	 a review, with primary experiments in
et al, 2014;		  estrogen‑based therapy reduces	 distinct human stem‑cell models. 
Liu et al,		  fracture risk in selected	 Therapeutic fracture outcomes:
2022;		  postmenopausal populations	 pooled analysis of randomized
Lorentzon			   trials. Clinical efficacy does not
et al, 2022		  .	 independently validate every
			   proposed molecular pathway.
Liu et al,	 FSH/FSHR	 Higher FSH is associated with	 Human observational associations	 (80‑82,136)
2023; Zheng	 signaling	 lower BMD in some human	 and proteomic prediction; a small
et al, 2025;		  studies; FSH‑related pathways	 human comparison and animal and
Huang et al,		  and FSH blockade have been	 in vitro experiments; preclinical FSH‑
2024		  investigated experimentally.	 blocking antibody studies. A direct
Gera et al,			   skeletal benefit of FSH blockade has
2022			   not been established in human
			   osteoporosis trials.

Tamma et al,	 OT/OTR	 OT supports osteoblast func‑	 Human observational studies; animal	 (84‑86)
2009;	 signaling	 tion and has stage‑dependent	 and in vitro studies. Human thera‑
Du et al,		  effects on osteoclast formation	 peutic efficacy, dosing, and long‑term
2021;		  and resorption in experimental	 skeletal safety remain unestablished.
Moghazy		  models; circulating OT is
et al, 2020		  associated with skeletal
		  measures in some populations.

LeBoff et al,	 PTH/PTHR1	 Sustained PTH excess and	 Experimental mechanisms summa‑	 (4,16,89,90)
2022; Silva	 signaling	 intermittent PTH‑receptor	 rized in a review; clinical trial
et al, 2015;		  stimulation have different	 outcomes summarized in a clinical
Fernandez		  skeletal effects. Selected PTH/	 guide; population‑specific genetic
et al, 2022;		  PTHR1 variants have been	 association studies. Therapeutic
Abdi et al,		  associated with BMD or osteo‑	 evidence should not be conflated with
2021		  porosis susceptibility.	 evidence for individual genetic
			   variants.

Xie et al,	C T/CTR	C T directly inhibits osteoclast‑	 Experimental mechanisms summa‑	 (18,95)
2020;	 signaling	 mediated resorption. Pharmaco‑	 rized in a review; primary randomized
Chesnut et al,		  logical salmon CT has shown	 trial evidence for intranasal salmon
2000		  vertebral antifracture activity,	C T. Drug effects do not establish that
		  but evidence for nonvertebral or	 endogenous CT deficiency is a major
		  hip fracture benefit is limited.	 cause of PMO.

Bellavia et al,	 Vitamin D/VDR	 Vitamin D regulates calcium	 Human observational studies; physio‑	 (17,36,96,98)
2024; Fleet	 signaling	 homeostasis; vitamin D status	 logical and mechanistic evidence
et al, 2022;		  and selected VDR variants have	 summarized in reviews; genetic
Chen et al,		  been associated with skeletal	 association studies. Association does
2023;		  outcomes.	 not establish an added antifracture
Mondockova			   benefit of supplementation in
et al, 2023			   vitamin‑D‑replete individuals.

Evidence categories describe study design and are not a formal GRADE assessment. Mechanistic findings, human associations, and therapeutic 
trial results are presented separately because they support different levels of inference. BMD, bone mineral density; CT, calcitonin; CTR, CT 
receptor; ER, estrogen receptor; FSH, follicle‑stimulating hormone; FSHR, FSH receptor; OT, oxytocin; OTR, OT receptor; PMO, postmeno‑
pausal osteoporosis; PTH, parathyroid hormone; PTHR1, PTH 1 receptor; VDR, vitamin D receptor; GRADE, Grading of Recommendations 
Assessment, Development and Evaluation.

https://www.spandidos-publications.com/10.3892/ijmm.2026.6027
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potent class of antiresorptive agents. Following estrogen defi‑
ciency, the expression of osteoclastogenic factors increases, 
leading to enhanced osteoclast activity and excessive bone 
resorption. Bisphosphonates counteract this process by 
directly inhibiting osteoclast function, thereby compensating 
for the estrogen deficiency‑induced increase in bone resorp‑
tion (4). US Food and Drug Administration (FDA)‑approved 
bisphosphonates encompass alendronate, ibandronate, risedro‑
nate and zoledronic acid (4). Nevertheless, bisphosphonates are 
associated with potential adverse effects such as renal impair‑
ment, gastrointestinal problems, and hypocalcemia, which 
restricts their application in osteoporosis treatment (113). Oral 
bisphosphonates should be avoided in patients with major 
esophageal abnormalities or those unable to remain upright 
after administration, while hypocalcemia should be corrected 
before treatment. Renal function should also be considered 
when selecting individual bisphosphonates  (4). Rare but 
important adverse events include osteonecrosis of the jaw and 
atypical femoral fractures, which should be considered during 
long‑term treatment and reassessment (4).

PTH and PTH‑related protein analogs. Intermittent 
PTH receptor stimulation promotes bone formation, 
whereas sustained PTH elevation can favor bone resorption. 
Teriparatide is a PTH (1‑34) analog, and abaloparatide is a 
PTH‑related protein analog; both are used as anabolic treat‑
ments for osteoporosis (114,115). Nevertheless, these agents 
are associated with side effects. Common adverse effects of 
PTH analogs include nausea, dizziness and disturbances in 
calcium metabolism. An osteosarcoma signal was observed 
in preclinical rodent studies; however, subsequent large obser‑
vational studies have not demonstrated an increased incidence 
of osteosarcoma in humans (116). Nevertheless, these agents 
should be avoided in patients at increased baseline risk of 
osteosarcoma, including those with Paget's disease, skeletal 
malignancies or bone metastases, and previous skeletal radia‑
tion exposure. Caution is also warranted in patients with active 
or recent urolithiasis (117).

Denosumab (RANKL inhibitor). Denosumab is a mono‑
clonal antibody that binds RANKL and prevents its interaction 
with RANK, thereby inhibiting osteoclast formation and 
activity. In postmenopausal women, reduced estrogen levels 
result in an increased RANKL/OPG ratio, which promotes 
osteoclastogenesis and enhances bone resorption. Denosumab 
directly targets this pathway by binding to RANKL and 
blocking its interaction with RANK, thereby suppressing 
osteoclast activation and counteracting the excessive osteoclast 
activity caused by estrogen deficiency (118,119). Owing to its 
remarkable capacity to increase BMD, it has been introduced 
into clinical practice. Denosumab is generally well tolerated, 
but hypocalcemia remains an important safety concern, 
particularly in patients with impaired renal function. Severe 
hypocalcemia is a particular concern in advanced chronic 
kidney disease (CKD), especially in patients receiving dialysis 
or with CKD‑related mineral and bone disorder (120). Delayed 
dosing or discontinuation can result in rebound bone turnover, 
rapid BMD loss and multiple vertebral fractures. Therefore, 
denosumab should not be discontinued without subsequent 
antiresorptive therapy to reduce rebound fracture risk (4,121).

Raloxifene (SERM). Raloxifene, a selective ER modu‑
lator approved by FDA, is indicated for the prevention and 

treatment of osteoporosis in postmenopausal women  (4). 
Raloxifene exerts estrogen agonist effects in bone. By 
activating estrogen receptor‑mediated signaling, it inhibits 
osteoclast activity, reduces bone resorption, and increases 
BMD, thereby correcting the bone metabolic imbalance 
caused by estrogen deficiency (122,123). Guidelines from the 
Endocrine Society recommend raloxifene for postmenopausal 
women at low risk of deep vein thrombosis who are unsuitable 
for bisphosphonates or denosumab, or those at high risk for 
breast cancer, to prevent vertebral fractures (115). Notably, 
raloxifene reduces vertebral fracture risk, while a reduction 
in non‑vertebral fracture risk has not been demonstrated (4). 
However, Raloxifene has been linked to an increased risk of 
venous thromboembolism and possibly fatal stroke, without a 
corresponding increase in total stroke events (124).

Sclerostin inhibitor (romosozumab). Romosozumab is 
a humanized monoclonal antibody that targets sclerostin, 
an osteocyte‑derived inhibitor of canonical Wnt/β‑catenin 
signaling. By neutralizing sclerostin, romosozumab relieves 
inhibition of LRP5/6‑mediated Wnt signaling and exerts a 
dual effect by increasing bone formation while reducing bone 
resorption (4). Current guidance supports a 12‑month course of 
romosozumab in patients at very high fracture risk, followed 
by antiresorptive therapy to maintain skeletal gains (4,125). 
Recent clinical evidence has confirmed substantial increases 
in BMD and reductions in fracture risk with romosozumab. 
However, cardiovascular safety remains an important consid‑
eration, and treatment should be individualized according to 
the patient's fracture and cardiovascular risk profiles (126). 
Under US labeling, romosozumab should not be initiated 
in patients with myocardial infarction or stroke within the 
preceding year (127).

Current therapies are not interchangeable because they 
address different aspects of the imbalance in bone remodeling. 
Bisphosphonates and denosumab primarily suppress exces‑
sive bone resorption, while PTH analogs and romosozumab 
offer anabolic options for patients at very high fracture 
risk. Decisions about HRT also depend on age, time since 
menopause, and systemic safety alongside skeletal benefit. 
Treatment selection should therefore account for fracture risk, 
mechanism of action, and patient‑specific safety rather than 
efficacy alone.

Non‑pharmacological treatment. Beyond the aforementioned 
HRT and non‑HRT pharmacological treatments, non‑phar‑
macological approaches play a crucial role in preventing and 
ameliorating PMO. Lifestyle measures include smoking cessa‑
tion, avoidance of excessive alcohol intake, adequate nutrition, 
and weight‑bearing, resistance, and balance exercise adapted 
to individual fracture risk and physical capacity (4,128). In 
addition to its effects on skeletal loading, regular exercise 
can help preserve muscle function and physical performance, 
which are important components of fall and fracture preven‑
tion (4). An updated systematic review and meta‑analysis of 
80 controlled studies involving 5,581 postmenopausal women 
further demonstrated beneficial effects of exercise on BMD 
at the lumbar spine, femoral neck and total hip (128). Besides 
lifestyle modifications, adequate calcium and vitamin D 
intake is also advantageous. Calcium and vitamin D intake 
should follow applicable guidance and individual assessment. 
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For example, the Bone Health and Osteoporosis Foundation 
recommends a total calcium intake of 1,200  mg/day for 
women aged 51 years or older and vitamin D supplementation 
of 800‑1,000 IU/day when needed (4). Treatment of established 
vitamin D deficiency should be individualized rather than 
equated with routine maintenance supplementation. Together, 
these lifestyle and nutritional measures should be considered 
integral components of comprehensive osteoporosis manage‑
ment and are generally used alongside pharmacological therapy 
in women at elevated fracture risk  (4). The representative 
mechanisms, clinical efficacy, and key limitations of current 
therapeutic strategies for PMO are summarized in Table III.

Despite their established clinical utility, current thera‑
peutic strategies are constrained by patient‑specific safety 
considerations, limitations of long‑term treatment, discontinua‑
tion‑related effects, or incomplete applicability across different 
risk groups. Together with increasing recognition of the 
broader endocrine remodeling that accompanies menopause, 
these limitations provide a rationale for exploring complemen‑
tary strategies that target additional hormone‑related pathways 
and mechanisms of bone loss.

Future research directions regarding treatment based on 
hormonal changes during post‑menopause. As aforemen‑
tioned, HRT is effective in preventing and alleviating PMO, but 
the long‑term use of estrogen‑ and progestin‑based regimens 
may be associated with adverse effects. This has prompted 
increasing interest in natural bioactive compounds as potential 
complementary strategies for modulating bone remodeling. 
Some natural bioactive compounds have been reported to exert 
both pro‑anabolic and antiresorptive effects by supporting 
osteoblast function and suppressing osteoclast activity, with 
additional mechanisms involving estrogen‑like, anti‑inflam‑
matory, antioxidant and bone signaling effects (129). Recent 
experimental evidence supports this dual regulatory concept. 
In 2024, a formononetin‑derived phytoestrogen was shown to 
promote osteoblast formation through BMP/Smad signaling 
while simultaneously inhibiting RANKL‑induced osteoclas‑
togenesis through regulation of the RANK/RANKL/OPG 
axis in vitro and in an ovariectomized mouse model (130). 
Additionally, several ER‑targeted plant‑derived compounds 
have also shown potential osteoprotective effects. 
Chen et al (131) generated a PMO rat model through ovariec‑
tomy. Subsequently, upon administering Secoisolariciresinol 
diglucoside (SDG) to the rats, it was observed that SDG 
regulated the expression of E2 and ER. This regulation led 
to a reduction in injury and inflammation, and an improve‑
ment in bone formation indices (131). Hyperoside, a flavonoid 
constituent of Cuscutae Semen, has shown osteoprotective 
effects in OVX mice through the ERα/integrin β3 (ITGβ3) 
signaling pathway (132). Siwu decoction (SWD), composed 
of Rehmannia glutinosa (Gaertn.) DC., Angelica  sinensis 
(Oliv.) Diels, Paeonia lactiflora Pall., and Ligusticum striatum 
DC., has been investigated for its potential effects on PMO. 
Network pharmacology identified the ER/phosphatidylinositol 
3‑kinase (PI3K)/protein kinase B (AKT) pathway as a potential 
mechanism, which was subsequently examined in both in vivo 
and in vitro experiments (133). Although the aforementioned 
specific ER‑targeted plant‑derived compounds are supported 
predominantly by preclinical evidence, the clinical evidence 

is not uniform across all classes of phytoestrogens. A 2024 
systematic review and meta‑analysis of 63 RCTs reported that 
isoflavone interventions were associated with improvements 
in BMD at the lumbar spine, femoral neck and distal radius in 
postmenopausal women (134). However, these findings cannot 
be directly extrapolated to compounds such as SDG, hypero‑
side, or SWD, for which robust randomized clinical evidence 
and long‑term safety data remain limited.

FSH‑targeted approaches have been investigated experi‑
mentally, although the direct skeletal contribution of FSH in 
humans remains unresolved (135). In 2022, Gera et al (136) 
developed a humanized epitope specific FSH blocking anti‑
body, designated as MS‑Hu6. They reported on the efficacy 
of MS‑Hu6 in preventing and treating osteoporosis in mice, 
along with safety parameters from monkey experiments. 
These preclinical findings support further evaluation of 
MS‑Hu6 for the treatment of PMO. Ning et al (137) reported 
that knockdown of the long non‑coding RNA designated MRF 
enhanced BMSC osteogenic differentiation and bone‑defect 
repair through FSHR‑associated cyclic adenosine mono‑
phosphate (cAMP)/protein kinase A (PKA)/cAMP response 
element‑binding protein signaling. This identifies MRF as an 
experimental regulatory target, but it does not establish that 
MRF inhibition is equivalent to systemic FSH blockade or 
that it is an effective treatment for PMO. Although preclinical 
studies of the FSH‑blocking antibody MS‑Hu6 have shown 
both preventive and therapeutic effects in animal models, 
its translation to humans requires further investigation. Key 
issues, including long‑term safety, immunogenicity, optimal 
dosing and cost‑effectiveness, remain unresolved. The cited 
study provides preclinical evidence and does not establish 
antifracture efficacy or long‑term safety in humans (136).

Lower circulating OT concentrations have been associated 
with skeletal outcomes in some postmenopausal popula‑
tions (85). Exogenous OT supplementation has been shown to 
exert anti‑osteoporotic effects in OVX rats (86). A 2022 study 
in senescent female rats further examined the effects of OT on 
bone remodeling (138). Although animal studies have shown 
osteoprotective effects of OT, human evidence remains largely 
observational. A recent systematic review similarly found that 
intervention evidence is dominated by animal studies, whereas 
human studies mainly report associations between circulating 
OT and skeletal outcomes; clinical trials are still needed 
to establish therapeutic efficacy and optimal dosing (139). 
Well‑designed, large‑scale RCTs are therefore needed to 
clarify the appropriate dose, long‑term safety, and its efficacy 
compared with established anti‑osteoporotic treatments.

Anabolic treatment is generally followed by antiresorptive 
therapy to preserve skeletal gains (115). Treatment duration 
should follow agent‑specific and jurisdiction‑specific recom‑
mendations; teriparatide use beyond two years is reserved 
under US labeling for patients who remain at or return to high 
fracture risk (116). This clinical context provides the impetus 
for the current studies, which aim to investigate the advantages 
of PTH combination therapy in postmenopausal women with 
osteoporosis. Wei et al (140) reported that, following six months 
of treatment of patients with PMO with teriparatide alone 
or a combination of teriparatide and zoledronic acid, visual 
analogue scale (VAS) scores, along with serum levels of osteo‑
pontin (OPN) and C‑terminal telopeptide of type I collagen 

https://www.spandidos-publications.com/10.3892/ijmm.2026.6027
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Table III. Therapeutic strategies for postmenopausal osteoporosis.

Therapeutic	 Representative	 Main mechanism	 Representative	 Key adverse
strategy	 agents	 of action	 clinical efficacy	 effects/limitations

HRT	 Estradiol; 	C ompensates for	 In a pooled analysis of	 Venous thromboembolism
	  conjugated	 estrogen defi‑	 the WHI hormone	 and stroke; breast cancer
	 estrogens;	 ciency; activates	 therapy trials, relative	 risk varies by regimen and
	 estrogen‑	 estrogen receptor	 risks of any clinical	 duration. Selection depends
	 progestin	 signaling in bone;	 fracture, major	 on age, time since
	 combinations	 suppresses 	 osteoporotic fracture,	 menopause, symptoms, and 
		  osteoclast activity;	 and hip fracture were	 contraindications (103,107).
		  reduces bone	 reduced by 28, 40 and
		  resorption and	 34%, respectively, vs.
		  fracture risk	 placebo over a mean
			   follow‑up of
			   4.3 years (109).
Bisphosphonates	 Alendronate;	 Inhibit osteoclast‑	 The clinical guide	 Gastrointestinal adverse
	 risedronate;	 mediated bone	 summarizes ~50%	 effects with oral agents;
	 ibandronate;	 resorption.	 lower spine and	 renal restrictions and hypo‑
	 zoledronic acid		  hip fracture	 calcemia; rare osteonecrosis
			   incidence with	 of the jaw and atypical
			   alendronate over 3 years	 femoral fractures. Avoid
			   in patients with prior	 oral treatment in patients
			   vertebral fracture or	 with major esophageal
			   osteoporosis by hip	 disorders or inability to
			   BMD. Corresponding	 remain upright; agent‑
			   estimates for zoledronic	 specific renal thresholds
			   acid are ~62‑70, 41, and	 apply (4).
			   21‑25% lower vertebral,
			   hip, and nonvertebral
			   fracture incidence,
			   respectively, over
			   3 years (4).
PTH/PTHrP	 Teriparatide;	 Intermittent	 The clinical guide	 Nausea, dizziness, and
analogs	 abaloparatide	 PTH1‑receptor	 summarizes ~65‑77 and	 calcium‑related adverse
		  activation	 35‑53% lower vertebral	 effects; caution with active
		  promotes osteo‑	 and nonvertebral	 or recent urolithiasis. Avoid
		  blast differentia‑	 fracture risks, respecti‑	 use in patients at increased
		  tion and survival	 vely, with teriparatide	 baseline risk of osteo‑
		  and increases	 after an average of	 sarcoma. A rodent
		  bone formation;	 18 months. Abalo‑	 osteosarcoma signal has not
		  suppression of	 paratide reduced new	 translated into an increased
		  sclerostin contri‑	 vertebral and nonverte‑	 incidence in human obser‑
		  butes to the anabo‑	 bral fracture risks by	 vational studies of
		  lic response (114).	 ~86% and 43%,	 teriparatide (4,116).
			   respectively, vs. placebo
			   over 18 months (4).
RANKL	D enosumab	 Binds RANKL,	 In the FREEDOM trial,	 Hypocalcemia, including
inhibitor		  prevents its inter‑	 denosumab reduced	 severe hypocalcemia in
		  action with	 new radiographic	 advanced chronic kidney
		  RANK, and	 vertebral, hip, and non‑	 disease; rebound bone loss
		  inhibits osteoclast	 vertebral fracture risks	 and multiple vertebral
		  formation and	 by ~68, 40 and 20%, 	 fractures after delayed
		  activity	 respectively, vs. placebo	 dosing or discontinuation.
			   over 3 years (144).	 Subsequent antiresorptive 
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(S‑CTX), were significantly lower in the combination‑treat‑
ment group compared with the teriparatide‑monotherapy 
group (VAS: P=0.001; OPN: P<0.001; S‑CTX: P<0.001) (140). 
Compared with vitamin K2 alone, combined recombinant 
human PTH (1‑34) [rhPTH(1‑34)] and vitamin K2 improved 
BMD and selected bone‑turnover markers in a small, random‑
ized study  (141). This comparison does not establish the 

additional benefit of vitamin K2 over PTH monotherapy. These 
results should not be interpreted as established superiority for 
fracture prevention without adequately powered comparative 
trials.

sCT, a peptide hormone, exhibits clinical efficacy in inhib‑
iting osteoclast activity, thereby regulating bone metabolism. 
A meta‑analysis reported changes in selected biochemical 

Table III. Continued.

Therapeutic	 Representative	 Main mechanism	 Representative	 Key adverse
strategy	 agents	 of action	 clinical efficacy	 effects/limitations

				    therapy is required when
				     treatment is stopped (4,121).
				    FDA warning for advanced 
				    kidney disease (120).
SERM	 Raloxifene	 Estrogen agonist	 The clinical guide	 Venous thromboembolism;
		  effect in bone;	 summarizes ~30‑40%	 increased fatal‑stroke risk in
		  suppresses osteo‑	 lower vertebral fracture	 women with coronary
		  clast activity;	 incidence with raloxi‑	 disease or elevated coronary
		  increases bone	 fene in patients with a	 risk. Contraindicated in
		  mineral density;	 prior vertebral fracture	 women with a current or
		  reduces vertebral	 and ~55% lower inci‑	 previous venous thrombo‑
		  fracture risk	 dence in those without a	 embolism (115,124).
			   prior vertebral fracture.
			   A reduction in non‑
			   vertebral fracture risk
			   has not been
			   demonstrated (4).
Sclerostin	 Romosozumab	 Neutralizes	 Reduced vertebral and	C ardiovascular risk assess‑
inhibitor		  sclerostin; relieves	 clinical fracture risks by	 ment is required; under US
		  inhibition of	 ~73% and 36%,	 labeling, do not initiate
		  LRP5/6‑mediated	 respectively, at	 treatment within 1 year after
		  Wnt/β‑catenin	 12 months vs.	 myocardial infarction or
		  signaling;	 placebo (125)	 stroke. Limit treatment to
		  increases bone		  12 monthly doses and follow
		  formation and		  with antiresorptive
		  decreases bone		  therapy (4). US prescribing
		  resorption		  information (127).
Non‑	 Lifestyle modi‑	 Improve bone	 Supports bone health	 Adjunctive care; does not
pharmacological	 fication; 	 health through	 and fall prevention; a	 replace indicated pharmaco‑
interventions	 calcium;	 adequate nutrient	 single fracture‑risk	 therapy in women at high
	 vitamin D;	 supply and	 reduction estimate is not	 fracture risk. Avoid exces‑
	 exercise	 mechanical	 applicable to this hetero‑	 sive calcium or vitamin D
		  loading; support	 geneous group (4,128).	 supplementation (4,145).
		  bone strength and
		  remodeling

Representative agents, mechanisms of action, clinical efficacy, and adverse effects/limitations are illustrative rather than exhaustive. Clinical 
efficacy values represent approximate relative fracture‑risk reductions reported in representative clinical trials or evidence syntheses and 
should not be interpreted as direct head‑to‑head comparisons because study populations, treatment durations, and fracture endpoints differed. 
HRT, hormone replacement therapy; WHI, Women's Health Initiative; BMD, bone mineral density; PTH, parathyroid hormone; PTHrP, para‑
thyroid hormone‑related protein; PTH1 receptor, parathyroid hormone 1 receptor; RANK, receptor activator of nuclear factor‑κB; RANKL, 
receptor activator of nuclear factor‑κB ligand; SERM, selective estrogen receptor modulator; LRP5/6, low‑density lipoprotein receptor‑related 
proteins 5 and 6; FDA, US Food and Drug Administration; US, United States.

https://www.spandidos-publications.com/10.3892/ijmm.2026.6027
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outcomes with intranasal sCT but did not establish clear 
superiority for BMD outcomes or for combination treatment 
over conventional therapy alone (142). Furthermore, sCT is 
susceptible to rapid degradation, attributed to its short half‑life 
and inherent instability. This characteristic substantially 
restricts its clinical utility. Zhang et al  (143) engineered a 
microsphere formulation for encapsulating sCT. This inno‑
vation has achieved a decrease in the dosing frequency and 
an extension of the sustained‑release duration, suggesting 
that this formulation may improve sCT delivery for PMO 
treatment (143). Formulation improvements do not establish 
superior antifracture efficacy. CT has a limited role in contem‑
porary osteoporosis management and is generally considered 
only when more effective alternatives are unsuitable (115).

5. Discussion

PMO is a globally prevalent skeletal disorder with far reaching 
implications for women's health, intricately intertwined with 
the hormonal perturbations that accompany menopause. The 
present review has provided an in‑depth exploration of the 
complex interplay between hormonal changes and the develop‑
ment of PMO, as well as the current and emerging therapeutic 
modalities.

Overall, current evidence supports estrogen deficiency as a 
central, but not isolated, endocrine event in PMO. Ovarian aging 
is accompanied by broader hormonal remodeling involving 
FSH, the PTH‑vitamin D axis, OT and CT, and these changes 
converge on shared regulatory systems including the basic 
multicellular unit, osteoimmune signaling, calcium homeo‑
stasis, and the gut‑bone axis. This network‑based perspective 
helps explain why postmenopausal bone loss cannot be fully 
attributed to a single hormone or signaling pathway. However, 
the maturity of evidence differs substantially among these 
components. While several endocrine relationships are well 
established, the direct skeletal contributions of FSH, OT, CT, 
and specific gut microbial signals remain incompletely vali‑
dated in humans. A key unresolved question is therefore how 
to distinguish endocrine changes that are associated with bone 
loss from those that have a causal role in skeletal deterioration. 
Future studies should place greater emphasis on longitudinal 
human data and interventional validation of these pathways.

In the realm of therapeutic strategies, HRT has been a 
cornerstone in the management of PMO. It has demonstrated 
efficacy in preventing and ameliorating osteoporosis by replen‑
ishing estrogen levels. However, the use of HRT is marred by 
concerns over an increased risk of cardiovascular disease and 
breast cancer. This risk benefit ratio is a critical consideration 
in clinical decision making. Future research should focus on 
identifying reliable biomarkers that can accurately predict an 
individual woman's risk of developing these adverse events 
with HRT. This could enable the selection of women who are 
more likely to benefit from HRT while minimizing potential 
risks. Established tissue‑selective estrogen complexes combine 
estrogen with a SERM; their suitability still depends on the 
treatment indication and individual risk profile (103).

Pharmacological therapies other than HRT, including 
bisphosphonates, PTH analogs, denosumab, raloxifene, and the 
sclerostin inhibitor romosozumab, each have their own unique 
advantages and limitations. Bisphosphonates, potent inhibitors 

of osteoclast activity, are associated with potential adverse 
effects such as renal impairment, gastrointestinal disturbances, 
and osteonecrosis of the jaw. PTH analogs, while effective in 
stimulating osteogenesis, carry the risk of side effects such 
as leg cramps, nausea, dizziness, and an increased risk of 
kidney stones. An osteosarcoma signal was also observed 
in preclinical studies (116). Denosumab, a monoclonal anti‑
body targeting RANKL, has shown remarkable efficacy in 
increasing BMD, but its use is complicated by a risk of verte‑
bral fractures upon discontinuation. Raloxifene, a selective 
ER modulator, is effective in reducing the risk of vertebral 
fractures but has limited efficacy in preventing non‑vertebral 
fractures. Romosozumab provides a distinct osteoanabolic 
strategy by targeting osteocyte‑derived sclerostin, although 
its use requires careful consideration of cardiovascular risk. 
These limitations highlight the need for continuous innovation 
in drug development. For instance, the development of novel 
drug delivery systems, such as nanoparticle‑based carriers or 
targeted drug‑delivery platforms, could potentially mitigate 
the adverse effects of these drugs by enhancing their specificity 
and reducing off‑target effects.

Non‑pharmacological treatments, such as lifestyle 
modifications (including smoking cessation, avoidance of 
excessive alcohol intake and regular exercise) and calcium and 
vitamin D supplementation, are integral components of osteo‑
porosis management. However, the optimal combination and 
dosage of these interventions for individual patients remain 
ill‑defined. Future research should aim to develop personal‑
ized non‑pharmacological treatment plans that consider a 
patient's age, menopausal status, genetic background, lifestyle 
factors and comorbidities.

The emerging potential therapies, including plant extracts, 
FSH‑blockade therapy, OT‑related interventions, PTH combi‑
nation therapy and modified sCT therapy, are supported by 
varying levels of preclinical and clinical evidence. Taken 
together, these approaches span different stages of transla‑
tional development. The aforementioned specific plant‑derived 
compounds, together with FSH blockade and OT‑related 
approaches, remain predominantly supported by preclinical 
evidence. OT supplementation has shown osteoprotective 
effects in animal models; however, whether these findings can 
be translated into effective therapies for PMO requires further 
clinical validation. By contrast, PTH‑based combination 
therapy has begun to accumulate clinical evidence, whereas 
modified sCT has mainly been explored through formu‑
lation‑based optimization. This heterogeneity in evidence 
maturity indicates that future studies should be tailored to 
the specific stage of each approach, with greater emphasis on 
human validation, long‑term safety, comparative efficacy and 
appropriate patient selection.

Future studies should move beyond single‑factor models 
toward experimentally testable designs. Factorial animal 
models combining estrogen withdrawal with controlled 
perturbation of FSH and the PTH‑vitamin D axis could help 
distinguish independent from interactive endocrine effects 
on bone remodeling. For the gut‑bone axis, candidate strains 
should be tested in germ‑free or antibiotic‑depleted models 
using defined colonization, rescue experiments and metabo‑
lomic profiling to establish causality. Clinical studies should 
stratify perimenopausal and older postmenopausal women, 
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given their distinct endocrine profiles, fracture risks and 
comorbidity burdens. For FSH‑ and OT‑targeted therapies, 
dose‑response relationships, pharmacokinetics, pharmaco‑
dynamics, and long‑term safety should be established before 
large efficacy trials; immunogenicity is an additional concern 
for antibody‑based FSH blockade.

In conclusion, while significant strides have been made in 
elucidating the influence of postmenopausal hormone level 
changes on osteoporosis and developing treatment strategies, 
numerous knowledge gaps persist. Key gaps remain in fully 
elucidating the molecular mechanisms linking hormonal 
changes to bone remodeling, integrating multi‑system regu‑
latory interactions, and establishing long‑term safety and 
individualized treatment strategies. Future research should 
be directed towards a more comprehensive understanding 
of the underlying molecular mechanisms, the improvement 
of existing therapies through innovative drug design and 
delivery systems, and the acceleration of the translation of 
novel treatments from bench to bedside. This will be essential 
for effectively managing PMO and reducing its associated 
morbidity and mortality, thereby improving the quality of life 
for postmenopausal women worldwide.
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