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Abstract. Osteoporosis and osteoarthritis have been increas-
ingly recognized as interrelated disorders rather than isolated
diseases. They often coexist in postmenopausal women,
imposing a notable burden on mobility and quality of life.
Estrogen deficiency, a key characteristic of menopause, repre-
sents animportant,unifying risk factor that accelerates systemic
bone loss while exacerbating osteochondral degeneration.
Prior research has predominantly addressed osteoporosis and
osteoarthritis in parallel; however, the present review offers a
distinct, integrative perspective that implicates estrogen defi-
ciency as a driver of bone-joint unit dysfunction and highlights
the mechanistic convergence of estrogen deficiency across
shared pathological hubs. Specifically, the present review
synthesized existing evidence demonstrating the mechanisms
by which estrogen deficiency reshapes bone remodeling and
cartilage metabolism; estrogen deficiency predominantly
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facilitates the progression of osteoporosis and osteoarthritis
by amplifying common upstream drivers of these conditions,
such as chronic inflammation, immune dysregulation, oxida-
tive stress and impaired tissue repair. Furthermore, the present
review integrated major signaling networks that influence this
comorbidity, including the Wnt/B-catenin, receptor activator
of NF-«xB/receptor activator of NF-«xB ligand/osteoprotegerin,
phosphoinositide 3-kinase/protein kinase B and mitogen-acti-
vated protein kinase pathways. Additionally, the present
review discussed how these pathways present opportunities
for biomarker development and pathway-based intervention
strategies. Notably, the present review extended this mecha-
nistic framework to clinical translation by summarizing the
diagnostic challenges encountered when evaluating patients
with comorbid osteoporosis and osteoarthritis and proposing
an integrated approach for risk stratification and personal-
ized management. Overall, the present review provides a
comprehensive and translational framework for estrogen
deficiency-related osteoporosis-osteoarthritis comorbidity
and underscores future directions for precision therapeutics
targeting this increasingly prevalent comorbid condition.
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1. Introduction

Osteoporosis (OP) and osteoarthritis (OA) rank among the
most prevalent chronic musculoskeletal disorders affecting
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middle-aged and older women, and notably impair patient
mobility and quality of life. The prevalence of both condi-
tions rises with age, and these conditions often co-occur in
postmenopausal women due to shared risk factors, including
age, hormonal changes and chronic inflammation (1). OP is
characterized by a reduction in bone mineral density (BMD)
and altered bone microarchitecture, resulting in an increased
risk of fracture and frailty (2). OA, a degenerative joint disease,
is characterized by the deterioration of articular cartilage and
aberrant subchondral bone remodeling, resulting in joint pain
and functional impairment (3). The co-occurrence of these
diseases typically exacerbates their combined impact on phys-
ical function (1). Despite the elevated prevalence and notable
burden of these conditions, the underlying mechanisms driving
the comorbidity of OP and OA remain incompletely elucidated,
underscoring the necessity for further investigations into
shared molecular pathways and risk factors.

An important factor underlying OP and OA in postmeno-
pausal women is estrogen deficiency, which naturally occurs
as a result of menopause. Estrogen plays an important role in
maintaining homeostasis in bone and joint tissues. Estrogen
has been shown to modulate bone remodeling, inhibit
osteoclast-driven bone resorption and regulate cartilage and
subchondral bone metabolism (4). The rapid decline in estrogen
levels observed following menopause has been demonstrated
to markedly accelerate bone loss, particularly in the initial
postmenopausal years, indicating that estrogen deficiency
is a primary driver of postmenopausal OP (5). Additionally,
estrogen deficiency has been shown to increase patient suscep-
tibility to OA by aggravating cartilage degradation, disrupting
normal subchondral bone remodeling and promoting joint
inflammation (6). In addition to its direct effects on bone
and cartilage cells, estrogen deficiency has been shown to
elicit systemic immune alterations such as low-grade chronic
inflammation and modifications in immune cell function,
further contributing to the pathogenesis of OP and OA (7).
Notably, Shipov et al (8), employing ovariectomized animal
models, which are widely accepted as representative models
of postmenopausal estrogen deficiency, have demonstrated
that estrogen deficiency results in both bone loss and joint
degeneration, reinforcing the important role of hormonal
changes in the coexistence of these conditions.

The clinical phenomenon of OP and OA comorbidity has
garnered notable recognition in previous years; however, the
molecular mechanisms underlying this relationship have yet
to be fully elucidated (9,10). As highlighted in the research
conducted by Liu ef al (11), these prevalent skeletal disor-
ders share overlapping genetic determinants and signaling
cascades. Their work further identified pleiotropic genetic loci
and shared genetic architecture underlying both osteoarthritis
(OA) and osteoporosis (OP), which strongly underscores the
inherent biological correlation between the two conditions.
Additionally, both conditions are influenced by aging-related
processes, such as cellular senescence, chronic inflam-
mation and impaired autophagy, which may disrupt bone
and cartilage homeostasis (12). Furthermore, additional
comorbidities, including diabetes and cardiovascular disease,
complicate the clinical management of patients with OP and
OA (13,14), emphasizing the necessity for integrated, multi-
disciplinary therapeutic approaches. Despite these insights,

notable research gaps persist regarding the elucidation of:
i) Mechanisms by which estrogen deficiency regulates the
molecular interactions between bone and joint tissues; and
i1) how these modified interactions contribute to the onset and
progression of coexisting OP and OA.

The present review systematically investigates the impact
of estrogen deficiency on the pathogenesis of OP and OA
comorbidity. The structure of the present review aims to
extend beyond merely describing OP and OA in parallel and
instead focus on how the loss of estrogen drives overlapping
pathological processes. The present review also emphasizes
the molecular foundations of OP and OA by discussing
previous research advancements and their clinical implica-
tions. Furthermore, the present review examines the direct and
indirect effects of estrogen deficiency on bone and joint cells
while considering the roles of immune and inflammatory path-
ways. Additionally, the present review examines the impacts of
genetic and environmental factors on the pathogenesis of OP
and OA and explores novel biomarkers and therapeutic strate-
gies targeting the common mechanisms of these conditions
that have been associated with estrogen deficiency. By incor-
porating findings from basic research, animal studies and
clinical investigations, the present review endeavors to provide
a comprehensive framework for elucidating the complex
interplay between estrogen deficiency, OP and OA, ultimately
aiming to inform more effective clinical interventions for
affected women.

2. Molecular mechanisms underlying estrogen deficiency
and OP

Estrogen-mediated regulation of bone remodeling. Estrogen
is important for preserving the balance of bone remodeling,
as it impedes osteoclastogenesis and boosts osteoblast activity.
Under physiological conditions, estrogen has been shown
to suppress bone resorption through the activity of various
pathways and cytokines by disrupting the differentiation of
osteoclasts and reducing their lifespan, effectively restraining
the initiation of bone remodeling and mitigating bone
loss (15). Additionally, estrogen enhances the production of
osteoprotegerin (OPG), which functions as a decoy receptor
that binds to receptor activator of nuclear factor k-B ligand
(RANKL), thereby preventing RANKL from activating osteo-
clasts. In postmenopausal women, reduced estrogen levels
have been shown to result in an increased RANKL/OPG ratio,
promoting osteoclast differentiation and bone resorption (16).
This accelerates bone loss and compromises skeletal micro-
architecture, therefore increasing the risk of fractures (17).
Furthermore, estrogen deficiency has been associated with
the upregulation of pro-inflammatory cytokines, for example
interleukin (IL)-1, IL-6 and tumor necrosis factor-a. (TNF-q),
which further supports osteoclastogenesis and exacerbates
bone resorption (16).

In addition to exhibiting antiresorptive effects, estrogen
also supports osteoblast survival and enhances bone formation
by activating the Wnt signaling pathway, which is important
for the differentiation and function of osteoblasts (18). Clinical
and experimental evidence has suggested that interventions
aimed at restoring estrogenic activity, such as hormone
replacement therapy (HRT) or treatments with selective
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estrogen receptor (ER) modulators (SERMs), may lower
elevated bone remodeling markers and partially reverse bone
loss, although the optimal therapeutic regimen for these inter-
ventions remains under investigation (19). Therefore, these
molecular mechanisms-through which estrogen suppresses
osteoclastogenesis, promotes osteoblast survival and activates
anabolic signaling-collectively underscore the critical role
of estrogen as an active coordinator of skeletal health. The
disruption of these mechanisms due to estrogen deficiency has
been identified as a notable contributor to OP pathogenesis
(Table I).

Estrogen deficiency and osteocyte apoptosis. Estrogen
deficiency plays a central role in promoting apoptosis in osteo-
blasts and osteocytes, which adversely affects bone formation
and contributes to OP pathogenesis. Numerous studies have
demonstrated that estrogen deficiency, particularly after meno-
pause, directly elevates the apoptotic rate of osteocytes and
osteoblasts. This disruption in bone homeostasis ultimately
weakens the bone matrix (20,21). Mechanistically, estrogen
deficiency has been shown to alter the osteocyte microen-
vironment, resulting in heightened osteocyte apoptosis and
modifications to the lacunar-canalicular network. These
changes are temporally associated with accelerated bone loss
and increased cortical microporosity (22,23). Additionally,
estrogen deficiency has been shown to attenuate the mecha-
nosensitivity of osteocytes and their paracrine regulation of
osteoclasts, further aggravating bone resorption (22).

At the molecular level, estrogen has been shown to protect
bone cells through a number of signaling pathways, such
as the phosphoinositide 3-kinase (PI3K)/protein kinase B
(Akt) and mitogen-activated protein kinase (MAPK) path-
ways. For example, the PI3K/Akt pathway helps to promote
osteoblast survival and proliferation; however, the activity
of this pathway has been shown to be notably diminished
in osteoblasts derived from estrogen-deficient models. This
reduction has been associated with increased apoptosis and
a decreased capacity for bone formation (24). Similarly, the
MAPK pathway, in particular the extracellular signal-regu-
lated kinase and p38 cascades, has been shown to promote
osteoblast proliferation and inhibit apoptosis. Dysregulation
of this pathway under estrogen-deficient conditions has been
shown to amplify bone cell loss (24,25). Furthermore, oxida-
tive stress, which is amplified in the absence of estrogen, has
been found to promote osteocyte apoptosis and disrupt bone
remodeling. This has indicated that antioxidant therapies may
play a role in alleviating bone loss in the context of estrogen
deficiency (26,27). Furthermore, these findings highlight the
important role of estrogen in maintaining bone cell viability
and highlight the importance of the PI3K/Akt and MAPK
pathways in mediating the anti-apoptotic effects of estrogen
on osteoblasts and osteocytes (Table I). The disruption of these
pathways induced by estrogen deficiency not only heightens
bone cell apoptosis but also impedes bone formation, thereby
accelerating the progression of OP.

Alterations in the bone marrow microenvironment. Estrogen
deficiency leads to notable alterations to the bone marrow
microenvironment, thus serving an important role in the
development of OP and its relationship with OA. One of
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the key changes to the bone microenvironment observed in
estrogen-deficient models is the increased accumulation of
bone marrow adipocytes; this is driven by the shared lineage
of adipocytes and osteoblasts, which originate from mesen-
chymal stromal cells. In postmenopausal OP, the expansion of
marrow adipose tissue (MAT) caused by estrogen deficiency
has been shown to impair bone remodeling via the release
of adipokines and cytokines from MAT-derived adipocytes,
which inhibit osteoblast function and contribute to bone
loss (17). As such, MAT not only functions as a passive space
filler upon estrogen deficiency-induced expansion, but has
also been recognized as an active endocrine organ that modu-
lates the bone microenvironment and exacerbates skeletal
fragility (28).

Furthermore, estrogen deficiency triggers a pro-inflamma-
tory state in the bone marrow, which is typified by elevated
levels of inflammatory cytokines, such as TNF-a and IL-6,
enhancing osteoclastogenesis and bone resorption (29). This
inflammatory environment is sustained by immune cell
dysregulation, particularly regarding B cells and monocytes,
which upregulate RANKL expression and promote excessive
osteoclast activation under estrogen-deficient conditions (30).
Furthermore, cellular senescence becomes more pronounced
in estrogen-deficient bone marrow. This process affects
multiple resident cell populations, including immune cells,
mesenchymal stem cells and osteocytes, and is accompanied
by the senescence-associated secretory phenotype, which
involves the release of pro-inflammatory cytokines and other
factors, leading to heightened inflammation and the reduced
regenerative capacity of mesenchymal stem cells (31). The
accumulation of reactive oxygen species (ROS) induced by
estrogen deficiency, combined with a shift in macrophage
polarization toward the pro-inflammatory M1 phenotype,
has been shown to contribute to the deterioration of the bone
microenvironment by impairing osteogenesis and promoting
bone loss (32). These interconnected processes, comprising
adipogenic drift, chronic inflammation and oxidative stress,
interfere with bone marrow microenvironmental homeostasis;
therefore, these processes underpin both OP and the progres-
sion of OA in the context of estrogen deficiency (Table I).
Elucidating these molecular and cellular modifications can
reveal potential therapeutic targets for restoring marrow
homeostasis and alleviating skeletal disease burdens.

Implications of estrogen deficiency-regulated bone
remodeling for OP and OA comorbidity. The mechanism
by which estrogen deficiency induces OP is not an isolated
phenomenon; notably, estrogen deficiency creates a systemic
and local environment that is harmful to joint health. The
bone-derived alterations characteristic of OP have been
increasingly recognized as important components of a broader
bone-joint unit dysfunction that contributes to OA progres-
sion (33,34). Pro-inflammatory cytokines that drive bone
resorption, such as IL-1f, IL-6 and TNF-a, can disseminate
into the synovial fluid and subchondral bone, thereby trig-
gering synovitis and accelerating cartilage degeneration (6,16).
Estrogen deficiency also induces a higher RANKL/OPG ratio
in the bone microenvironment, which potentiates osteoclast
overactivation and subchondral bone deterioration, a key
pathological change that facilitates OA progression. Similarly,


https://www.spandidos-publications.com/10.3892/mmr.2026.13910

CHENG et al: ESTROGEN DEFICIENCY DRIVES OSTEOPOROSIS AND OSTEOARTHRITIS COMORBIDITY

*10-10)98J SISOIOAU Jown) “O- AN, ‘¢ [-Un[naprur ‘g -1 <[[oo I A1orendar ‘3aiy, ¢/ | 1odjoy I,
‘LTUL ‘g1-oseurjordoqieiowr xmmew ‘¢1-JININ $So10ads uaSAxo oAnoeal ‘SOY (Ul§9101d0dIso ‘DJO pueSI| g-3 J0joe} Jea[onu Jo JojeAande 103dodar “TINVY (SHUYMR0SO ‘YO ‘s15010d0so ‘JO

I9U30 OB 92IOJUIAI dFeWEp 93FB[11Ied
pUE SSO[ QUOq [eIPUOYIQNS YITYM UT ‘9[OAD

UONRIUAFIP 9)BI[AJJE pue AJI[IqeIoU[NA

110ddns [eorueyoow 2onpal pue
UOISSIWSURI} PeO[ J9)[e SaSueyDd [eIpUOyOqNs

uonoOLIANUI

(29-8%) [e9130[01q-[EJTUBYIIWOI] B UT SINSAY 93e[T)IBD 9SBAIOUT SOTURYIIWOI] PAINY PUB 2INJOANIYDIILOIOIUL SUOQ PIIBIOLIANA( jrun jurof-ouog
VO pue JO "uoneIdUIFIP
Jo uorssa13oid Juarmouod ayj urdropun  jurol sejero[oooe pue AJ[Iqerou[na 93e[nIed
PUE SISBISOQWOY [RIUSTUOIIAUSOIIT S9SBIOUT UOTBIOLISJOP QUOQ [BIPUOYOIqNS SSO[ auoq
MOIIEW 9UOQ [JIM 9I9JISJUT UOTIB[NUINOIE JueITIIoouod ‘aredar oFe[nIed pue uonouny IOARJ pUR s1S0U2509)50 aredwT UOTIBR[NUINOJE Surfepourax
SOY pue uoneqimod sunurwur 91A001puoyod Iredwl SIOJRIPAW SATIEPIXO SO pue uoneqiniad auUNUIT ‘9OUIISIUIS JUSWIUOITAUSOIOTW
(2€-62) ‘UOT)BRWIWIBJUT JTUOIYD ‘JJ1Ip druadodipy pUB AIOJEWIWB[UI PIALIOP-MOIIBW U0 ‘uopInq aunjolAd ‘Ajsodipe moirewr paseaIou] MOIIEW QUOY
UOnRISUIZap 95e[NILd 9JBIA[00R
sIse}soowioy a3e[1Ied JeY) SOWAZUS J1[0qeIed JO uoIssaidxa ay) Surepowrar suoq pairedur
pue 2uoq 30q SuIsToIdwOod WSROI sajowo1d pue 20ud0souds pue sisojdode pue stsojdode 914009350 03 Surpe9] ‘SOY
(08-LL)  Swrzi[Iqeisop-onssn pareys e sI SSANs X0pay 91A00IpUOYD SIALIP SOY PAIBAT POSBAIOUI PUB SISUJOP JUBPIXONIUE PIONPIY SSaI)S SAIIBPIXO
Y[eISS0Id UONJBULIOJ 9UOQq
pue uononpoid auryo3Ad judysisiod uoneIuagop parredwt pue UoIBANOE JSB[009)S0 sjroddns
eia ASooyjed jurol [eoo] pue auoq a8e[nIed pue SIIIAOUAS Ssurejsns ‘wnuqrbostp Sa11// [Y L pue uorsuedxa
WL-TL) OTWR)SAS SIFPLIq UONB[NFIISAP U] JUSWUOIIAUSOIOTW SUNWIWI AJOJeWR U] [[99-g SuIpnour ‘Q0ue[eqUII SUNWIWIOASO  UONR[NIAISAP sunurwy
Surfopowar
uonepeI3ap oFe[nIed UONBZIISUIS jueUIWOP-uondIosal pue UOHEBULIOJ ISB[O0J)SO
(L9-S9 pue uondiosar suoq yjoq sayrjdwe aje3s ured pue oFewep a5e[NILd 9)LI[AOL Jrowoad “0- N, pue 9-11 ‘g 1-TI Surpnjour
‘96‘GQ) AIOjewWIWR[UT [BD0] PUB OTW)SAS paIeys Y WIST[0qRILD USALIP-QUIYOIAD PUB STIIAOUAS ‘soury03A0 A1oretwuejur-oid Jo S[OAQ] PAILAS[T uoTjRWUIRHUI OTUOIYD)
UMOpBaIq XLIBW JR[N[[9JBIIX3 0} SuIpes| ssans pajo[dop-uadonsa 1apun sisoydode
UONIBIOLIIAP [BIPUOYDI0I]SO ‘SISOIUAS UBdI3Te pue uaZe[[0d [] 9dA} 914003150 puE }SB[qOIISO pPaseaIdul ‘uordiosar
A1ssa1301d FuLIISOJ ‘uonepeI3IP XIIjBUW PaoNpa1 Y ‘g [-dINIA Se Yons ‘SowAZud UOQ pue SISAUAT0]SB[I03)SO PAJUBYUD Qoue[RqUI WSI[OqRIOW
(I-L€E) a3e[nIed Yl SSO[ QU0q J1wA)sAs s9[dno) Surpei3op-x1mew Jo AJIAIIOR PAsSBaIdU] u1 Sunnsal onel HJO/ TNV Y pasea1ou] a3enaeo-auog
(‘sjoy) AIp1gIowod Y O-dO Ul 9]0 JUITIOAUOD) VO Ul suonjeidfe Aoy dO U1 suoneide A9y S[npow dNSTUBYIIA

“K3IPIqIowWod YO-dO 03 Aoudroyop uaSonso Sumjul] SWSIUBYodW Je[nod[owW pareys ‘T 9[qeL,



A= SPANDIDOS
7] §, PUBLICATIONS

oxidative stress, MAT expansion and alterations to the bone
marrow microenvironment caused by aging cells have been
shown to potentially impair chondrocyte function and affect
cartilage repair (32,35). Furthermore, bone loss and micro-
architectural deterioration, particularly in the subchondral
compartment, can modify load transmission across the joint,
thus increasing cartilage vulnerability and accelerating degen-
erative changes (36). Therefore, molecular dysregulation in the
bone induced by estrogen deficiency directly influences the
development of joint degeneration, contributing to OA. This
establishes a fundamental association between alterations to
the bone microenvironment and the concurrent onset of joint
degeneration.

3. Molecular mechanisms underlying estrogen deficiency
and OA

Imbalance of cartilage matrix metabolism. Estrogen plays an
important role in maintaining the structural and functional
integrity of articular cartilage. Notably, estrogen regulates
chondrocyte activity, particularly regarding the production of
type II collagen and aggrecan, which are important compo-
nents of the cartilaginous extracellular matrix. As evidenced
in studies on postmenopausal women and ovariectomized
animal models, estrogen deficiency disrupts the balance of
these components, resulting in impaired synthesis of the
cartilaginous extracellular matrix and an increase in its degra-
dation (37,38). Notably, estrogen deficiency has been shown
to stimulate the upregulation of matrix metalloproteinases
(MMPs), particularly MMP-13, the primary and specific colla-
genase responsible for targeted degradation of type II collagen
in articular cartilage (39). Research has indicated that estrogen
deficiency results in reduced proteoglycan levels, decreased
type II collagen production and elevated MMP expression,
culminating in cartilage degradation and OA-like altera-
tions (40,41). Furthermore, interventions aimed at restoring
estrogenic activity have been shown to partially reverse
these degenerative changes. Therapeutic strategies that target
downstream effectors of estrogen, such as galectin-3 or MMPs
secreted by osteoclasts, have also yielded promising results,
highlighting the importance of estrogen in preserving cartilage
matrix homeostasis (40). Additional studies have revealed that
therapeutic agents capable of enhancing chondrocyte-mediated
matrix synthesis, such as actein, or combined metabolic inter-
ventions can ameliorate cartilage loss and restore extracellular
matrix integrity in models of estrogen deficiency-induced
OA (41,42). These findings underline the important role of
estrogen in maintaining an equilibrium between anabolic and
catabolic processes in cartilage.

Estrogen deficiency shifts this equilibrium towards matrix
degradation by upregulating MMP expression and suppressing
the synthesis of key matrix proteins (Table I). Therefore, thera-
peutic strategies targeting the molecular pathways influenced
by estrogen loss, particularly those related to MMP regulation
and matrix-protein synthesis, offer promise for preventing or
alleviating cartilage degeneration in the context of OP and OA
comorbidity.

Chondrocyte apoptosis and senescence. Estrogen deficiency
has been recognized as an important factor in the induction
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of chondrocyte apoptosis, which undermines the ability of
cartilage to repair and maintain itself. Estrogen deficiency,
as observed in studies on postmenopausal women and
ovariectomized animal models, creates an environment that
fosters cartilage degeneration by amplifying oxidative stress
and causing mitochondrial dysfunction (43). The research
conducted by Song et al (44) indicated that estrogen replace-
ment therapy (ERT), particularly using 17f-estradiol, can
mitigate chondrocyte injury induced by acidic conditions by
suppressing apoptosis and restoring mitochondrial function,
underscoring the protective role of estrogen in maintaining
chondrocyte viability. Mechanistically, estrogen deficiency is
associated with heightened oxidative stress, which activates
pro-apoptotic signaling pathways and disrupts mitochon-
drial function, ultimately leading to programmed cell death.
Additionally, estrogen deficiency disrupts the Wnt/f3-catenin
signaling pathway in cartilage, decreasing chondrocyte
proliferation and increasing apoptosis; these outcomes can be
partially reversed by estrogen supplementation (45). Oxidative
stress plays an important role, as excessive ROS levels not only
induce apoptosis but also accelerate cellular aging processes,
generating a feedback loop that drives cartilage deteriora-
tion (46,47) (Table I). Collectively, these molecular events
emphasize how estrogen deficiency compromises chondrocyte
survival and function, establishing a mechanistic link between
postmenopausal OP and increased susceptibility to OA.
Additionally, these findings highlight potential therapeutic
targets for alleviating joint degeneration in individuals with
estrogen deficiency.

Synovial inflammatory response. Estrogen deficiency
reportedly exacerbates synovial inflammation, which is an
important process in the pathogenesis of OP and OA comor-
bidity. Postmenopausal estrogen deficiency has been shown to
alter the joint immune microenvironment by increasing the
levels of pro-inflammatory cytokines, including IL-1p and
TNF-a (48). These cytokines help to mediate the inflamma-
tory cascade, facilitating the recruitment and stimulation of
immune cells within the synovium (49). This inflammatory
response not only accelerates joint damage but also promotes
cartilage degradation. A recent study has indicated that
follicle-stimulating hormone, which is upregulated in response
to estrogen deficiency, can directly stimulate synovial macro-
phages to secrete inflammatory cytokines via activation of the
nuclear factor kB (NF-«B) signaling pathway. This mechanism
further aggravates inflammation in the joint and accelerates
OA progression (50).

Clinical and histopathological examinations of synovial
tissues from patients with OA and rheumatoid arthritis have
revealed robust associations between sex-hormone receptor
expression and both lymphocyte infiltration and subchondral
inflammation, underscoring the impact of sex hormones on
synovial pathology (51,52). A recent research indicated that
the age-related decline in estrogen levels is associated with
reduced levels of structural proteins in the cartilage and
elevated inflammatory markers in the synovial fluid, which
are particularly evident in female patients, suggesting a direct
link between hormonal status and the joint microenviron-
ment (53). The resulting inflammatory microenvironment not
only promotes synovial hyperplasia and pannus formation but
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also accelerates the catabolic processes that lead to cartilage
breakdown and joint degeneration (Table I). Interventions
targeting the estrogen signaling pathway, such as SERMs or
therapeutic agents that modify the retinoid X receptor a-ERa
interaction, have demonstrated notable promise in reducing
synovial inflammation and catabolic responses in preclinical
models (54). Together, these findings emphasize the central role
of estrogen deficiency in enhancing synovial inflammation by
upregulating pro-inflammatory cytokines. This enhancement
drives OA progression and contributes to OA-OP comorbidity.

Implications of estrogen deficiency-induced joint degenera-
tion for the co-occurrence of OP and OA. The aforementioned
mechanisms illustrate that estrogen deficiency promotes OA
progression via disruption of cartilage matrix homeostasis,
increased chondrocyte apoptosis and senescence, and the
amplification of synovial inflammation. Notably, these
joint-centered changes do not remain limited to the cartilage
and synovium, instead contributing to a broader dysfunction
of the osteochondral unit that may simultaneously exacerbate
OP. Inflammatory mediators released from the synovium and
deteriorating cartilage potentially accelerate subchondral bone
loss by increasing the activation of osteoclasts and inhibiting
osteogenic repair (55,56). Additionally, oxidative stress
that triggers chondrocyte apoptosis has also been shown to
promote osteocyte apoptosis and osteoclast activity (35,57).
Consequently, the pathological processes initiated within the
joint in response to estrogen deficiency, including inflamma-
tion, oxidative stress and cell death, do not solely impact the
cartilage but actively contribute to the degradation of bone
tissue (33). These interactions support a bidirectional model
wherein cartilage degeneration and synovial inflammation
increase subchondral bone turnover, whereas alterations in
bone microarchitecture exacerbate cartilage vulnerability via
biomechanical and biochemical feedback loops.

Overall, these findings reinforce the notion that estrogen
deficiency serves as a common upstream trigger that
orchestrates pathological processes across the bone-carti-
lage-synovium axis, thus providing a basis for integrated
diagnostic methods and combined therapeutic strategies
targeting OP-OA comorbidity.

4. Role of estrogen deficiency in OP and OA comorbidity

Bone-joint unit interactions. The complex relationship
between bone and joint structures is important for main-
taining the integrity of the musculoskeletal system, and by
extension its functionality. Estrogen deficiency disrupts this
delicate balance, thus contributing to the pathogenesis of
OP-OA comorbidity. The bone-joint unit functions synergisti-
cally, as the health of the subchondral bone directly affects
the biomechanics and homeostatic regulation of the overlying
articular cartilage (58). Estrogen deficiency has been shown
to lead to notable deterioration of the bone microarchitecture,
resulting in decreased bone mass and weakened mechanical
support (59). This altered bone environment may potentially
modify joint loading patterns and increase the risk of cartilage
damage, thereby accelerating OA progression (60). Notably, the
connection between these comorbidities has been reinforced
by evidence from studies that have concurrently evaluated both

types of tissue. For example, in ovariectomized female rats
and mice, which are well-established models for simulating
postmenopausal estrogen deficiency, bone loss was character-
ized by decreased BMD and microstructural deterioration,
and joint degeneration was typified by cartilage thinning and
bone spur formation; these were observed simultaneously
within the same animals. This provided direct experimental
evidence for estrogen deficiency as a shared pathogenic driver
underlying both OP and OA (61,62). Similarly, findings from
clinical cohorts corroborate the concept of estrogen as a shared
driver of OP and OA.

Postmenopausal populations often exhibit concomitant
reductions in BMD alongside symptomatic or radiographic
OA features, suggesting shared endocrine and inflammatory
drivers affecting bone and joint tissues (1). Recent research has
highlighted that chronic inflammation disrupts the homeostatic
interactions between bone and joint cells. In particular, pyrop-
tosis fosters an inflammatory environment that exacerbates
both bone and joint degeneration, thereby disrupting cellular
homeostasis within the skeletal environment (63) and further
destabilizing the bone-joint complex (Fig. 1). Additionally,
molecular mediators, such as irisin and S-equol, have emerged
as important regulators of bone-muscle-adipose signaling,
influencing inflammatory and metabolic pathways that affect
bone and joint health (39,64). Estrogen deficiency potentially
disrupts these molecular mediators, thereby damaging the
structural and functional integration of the bone-joint unit.
The relationship between bone and joint health, which is
influenced by hormonal status and inflammation, underlines
the necessity for a comprehensive approach to understanding
and managing degenerative musculoskeletal diseases.

Activation of shared inflammatory pathways. Estrogen defi-
ciency plays an important role in the development of OP and
OA by upregulating pro-inflammatory cytokines, which acti-
vate overlapping inflammatory signaling pathways, including
NF-«B and Janus kinase (JAK)/signal transducer and activator
of transcription (STAT) pathways, thereby triggering chronic
inflammation in bone and joint tissues. The NF-kB pathway is
important for regulating immune and inflammatory responses;
activation of this pathway has been associated with increased
osteoclastogenesis and bone resorption, leading to bone loss
in OP (55). Concurrently, NF-kB signaling enhances the
expression of MMPs and other catabolic enzymes in chon-
drocytes, thus accelerating cartilage degradation in OA (65).
The JAK/STAT pathway, another key inflammatory cascade,
is also triggered by a number of cytokines that are elevated
in estrogen-deficient states, further intensifying inflammatory
responses and enhancing tissue destruction in both bone and
cartilage (66). Notably, these pathways are often activated
simultaneously under similar pathological conditions. For
example, in postmenopausal women and ovariectomy models,
an increase in IL-6 levels has been shown to activate the
JAK/STAT signaling pathway, promoting osteoclastogen-
esis while also driving synovial inflammation and cartilage
catabolism; this illustrates a shared inflammatory mechanism
between OP and OA pathogenesis (66,67).

Chronic inflammation triggers pathways that secrete
pro-inflammatory cytokines, such as IL-1p3 and TNF-a, which
exert tissue-specific effects: In bone, they exacerbate bone loss
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Figure 1. Estrogen deficiency drives OP-OA comorbidity via shared inflammatory/immune/oxidative hubs and convergent signaling networks. Schematic
overview illustrating how estrogen deficiency reduces estrogen receptor signaling and antioxidant capacity, thereby establishing a shared pathological core
characterized by chronic inflammation (e.g., increased IL-13/IL-6/TNF-a), immune dysregulation (including B-cell expansion and Th17/Treg imbalance
with elevated IL-17) and oxidative stress (ROS accumulation with impaired Nrf2 activity and reduced GPX4). These upstream drivers converge on a shared
signaling execution layer: i) Wnt/B-catenin attenuation impairs osteogenic differentiation and cartilage repair; ii) an increased RANK/RANKL/OPG ratio
enhances osteoclastogenesis and promotes systemic bone loss and subchondral remodeling; iii) PI3K/Akt suppression and aberrant MAPK (ERK/p38)
activation promote apoptosis, impaired repair, stress responses, and matrix catabolism (including upregulation of MMP-13), accelerating ECM degrada-
tion. Downstream, these mechanisms drive parallel tissue outcomes in the bone compartment (increased osteoclast activity, osteoblast/osteocyte apoptosis,
marrow adipogenic shift, microarchitectural deterioration and overall bone loss) and the joint compartment (cartilage matrix degradation with loss of type II
collagen/aggrecan, chondrocyte apoptosis/senescence, synovial inflammation and progressive joint degeneration). Finally, the figure highlights the bone-joint
unit vicious cycle, in which subchondral bone loss alters mechanical loading to promote cartilage damage, while joint inflammation and oxidative stress feed
back to stimulate osteoclastogenesis and accelerate bone resorption, collectively reinforcing OP-OA co-progression. OP, osteoporosis; OA, osteoarthritis;
ERa, estrogen receptor-a; IL, interleukin; TNF-a, tumor necrosis factor-a; Th17, T helper 17; Treg, regulatory T cell; ROS, reactive oxygen species; Nrf2,
nuclear factor erythroid 2-related factor 2; GPX4, glutathione peroxidase 4; RANKL, receptor activator of NF-«B ligand; OPG, osteoprotegerin; PI3K,
phosphoinositide 3-kinase; Akt, protein kinase B; MAPK, mitogen-activated protein kinase; ERK, extracellular signal-regulated kinase; MMP-13, matrix

metalloproteinase-13; ECM, extracellular matrix.

by amplifying osteoclast activity; in cartilage, they promote
degradation through enhanced catabolic activity and compro-
mised repair (67) (Fig. 1). Furthermore, emerging evidence
has suggested that interventions targeting these inflammatory
pathways, whether through pharmacological agents or specific
bioactive compounds such as flavonoids or gamabufotalin,
can mitigate bone loss and cartilage breakdown (68-70). This
underlines the notable role of inflammation in the co-occur-
rence of OP and OA. In summary, estrogen deficiency creates
a chronic inflammatory environment by activating the NF-xB
and JAK/STAT signaling pathways, as well as other related
signaling pathways, thereby mediating the deleterious effects
of inflammation on bone and joint tissues and establishing a
mechanistic link between OP and OA (Table I).

Immune regulatory imbalance. Estrogen plays a notable role in
modulating the differentiation and function of immune cells.
Therefore, estrogen deficiency elicits notable immune dysregu-
lation, which contributes to OP-OA comorbidity. Under normal
physiological conditions, estrogen helps to maintain immune
homeostasis in the bone marrow by regulating the activity
of T cells, B cells and macrophages (71). In postmenopausal

women with OP, estrogen deficiency results in the abnormal
activation and proliferation of immune cells, particularly B
cells (72). A single-cell transcriptomic study conducted on bone
marrow cells isolated from ovariectomized mice has revealed
a marked increase in B-cell proliferation and a concurrent
reduction in neutrophil proportions compared with control
mice. This transition has been attributed to the widespread
downregulation of activator protein 1 subunits, which are regu-
lated by ER-mediated signaling, particularly ERa (73). Notably,
the pharmacological inhibition of B-cell development using
anti-IL-7 antibodies has been shown to markedly reduce bone
loss, accentuating the important role of immune cell imbalance
in estrogen deficiency-induced OP (73).

This immune dysregulation extends beyond the bone
tissue. The altered systemic immune profile, specifically the
imbalance between helper T cells, resulting from estrogen
deficiency has also been shown to affect joint health. In cases
of estrogen deficiency, the equilibrium between pro-inflam-
matory T helper 17 (Th17) cells and anti-inflammatory
regulatory T (Treg) cells is disrupted, resulting in increased
IL-17 production (74). IL-17 is a potent cytokine that enhances
osteoclast activity, which in turn promotes bone resorption.
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This cytokine also contributes to synovial inflammation and
cartilage matrix degradation, thereby impacting bone and
joint health simultaneously (67,74). As such, disruption of
the Th17/Treg cell balance, which is influenced by systemic
estrogen levels and gut microbiota, further exacerbates
immune-mediated bone and joint pathology (74) (Fig. 1).
Furthermore, integrative bioinformatic analyses of postmeno-
pausal patients with OP have demonstrated that differentially
expressed genes in immune cells, particularly monocytes and
T-cell subsets, associate with immune-response mechanisms
and their underlying signaling pathways that are instrumental
in bone metabolism and inflammatory responses (75,76).
These findings underscore the pathological role of immune
dysregulation caused by estrogen deficiency, which is char-
acterized by the aberrant activation of T cells, B cells and
macrophages (Table I). This dysregulation not only intensifies
bone resorption and joint inflammation but also serves as an
important mechanistic link in the comorbidity of OP and OA.

Oxidative stress intensification: Common pathological
mediators. Estrogen deficiency diminishes the activity of
antioxidant enzymes, leading to the accumulation of ROS in
bone tissue and the joint microenvironment, which in turn
induces oxidative stress responses. Research conducted by
Mohamad et al (77) demonstrated that menopause-related
hormonal changes disrupt redox homeostasis in the body, resulting
in elevated oxidative stress levels. Estrogen exerts antioxidant
effects and helps to protect osteocytes from lipid-peroxidation
damage by upregulating antioxidant enzymes, such as gluta-
thione peroxidase 4 (GPX4) (78). Estrogen deficiency reduces
GPX4 expression, resulting in the accumulation of phospholipid
peroxides in osteoblasts. This accumulation has been shown
to inhibit osteogenic differentiation and, by extension, impair
bone formation (78). Additionally, estrogen has been shown to
enhance the antioxidant capacity of bone-derived cells, including
bone marrow mesenchymal stem cells (BMSCs), by activating
the nuclear factor erythroid 2-related factor 2 (Nrf2) signaling
pathway, promoting the expression of antioxidant genes. However,
estrogen deficiency has been shown to inhibit Nrf2 activity,
diminishing the ability of cells to respond to oxidative stress.
This impairment leads to a shortened cellular lifespan and the
reduced osteogenic differentiation capability of BMSCs, which
ultimately affects bone formation (79) (Fig. 1).

In bone tissue, oxidative stress has been shown to acti-
vate apoptotic pathways, such as the Bcl-2-associated X
protein/caspase 3 signaling pathway, resulting in a reduction in
the number of osteocytes, decreased bone-matrix generation
capacity and the destruction of trabecular structure, ultimately
leading to bone loss and OP (57). Additionally, oxidative stress
stimulates osteoclast differentiation by activating specific
signaling pathways, such as the MAPK and NF-«B signaling
pathways, while impeding osteoblast differentiation and
mineralization. These effects culminate in increased bone
resorption and reduced bone formation (80). Recent findings
have suggested that fibroblast growth factor 7 protects osteo-
blasts from oxidative stress, reducing apoptosis and supporting
osteogenic differentiation, thus exhibiting protective effects
that prevent OP pathogenesis (81).

Oxidative stress acts as a common mediator that directly
damages bone and cartilage tissue, accelerating joint

degeneration. Research has indicated that excessive ROS accu-
mulation potentially induces apoptosis and cellular senescence
in osteoblasts and chondrocytes, leading to the dysfunction
of these cells and disrupting the homeostasis of bone and
cartilage (35). In articular cartilage, ROS can enhance the
expression of catabolic enzymes, such as MMPs, thereby
facilitating the degradation of the cartilaginous extracellular
matrix and accelerating OA progression (39). Furthermore,
oxidative stress can activate inflammatory pathways, such
as the NF-kB and hypoxia-inducible factor 1-a signaling
pathways, further aggravating the inflammatory response and
contributing to synovitis and cartilage degeneration (82,83). In
the joints, oxidative stress-induced apoptosis and matrix degra-
dation generate a feedback loop that perpetuates degenerative
changes in joint structure (82,84). Additionally, oxidative stress
has been shown to potentially damage bone marrow microves-
sels and synovial cells, thereby exacerbating the pathological
damage associated with OP and OA (85,86) (Fig. 1). Notably,
studies utilizing ovariectomized models have demonstrated
that antioxidant treatments can alleviate bone loss and carti-
lage damage, providing functional evidence that oxidative
stress represents a common therapeutic target in these comor-
bidities (26,39). Summarily, oxidative stress has been shown
to induce apoptosis in bone cells and chondrocytes, promote
matrix degradation and regulate inflammatory responses and
bone-remodeling signaling pathways, therefore constituting a
common pathological basis for OP and OA (Table I).

5. Signaling pathways in the comorbidity of estrogen
deficiency-related OP and OA

Wnt/fB-catenin signaling pathway. The Wnt/f-catenin
signaling pathway helps to regulate cell proliferation, differen-
tiation and migration; as such, it is instrumental in mediating
embryonic development and tissue homeostasis (87). Estrogen
plays a notable role in maintaining bone homeostasis and
cartilage integrity by regulating the Wnt/B-catenin signaling
pathway, which is important for osteogenesis and cartilage
repair (88,89). Typically, estrogen stimulates the Wnt/f-catenin
pathway, thereby promoting osteoblast differentiation, bone
matrix production and chondrocyte function, all of which
promote bone formation and cartilage repair (90,91). This
effect is facilitated by the ER-mediated transcriptional regula-
tion of key Wnt pathway genes, leading to increased [3-catenin
signaling, which in turn results in greater bone mass and
improved cartilage quality. Conversely, under conditions of
estrogen deficiency, such as postmenopausal OP or ovariec-
tomized animal models, Wnt/p-catenin pathway activity has
been shown to be markedly diminished (92). This reduction
in signaling has been shown to result in decreased osteogenic
differentiation, impaired bone formation and accelerated
cartilage degeneration (Table II). Animal studies using ovari-
ectomized models have consistently demonstrated a marked
decline in BMD and bone biomechanical strength, alongside
histological evidence of cartilage deterioration; these pheno-
typic changes represent downstream pathological changes
driven by reduced Wnt/B-catenin signaling activity (92,93).
These findings underscore the importance of targeting
the Wnt/p-catenin pathway in formulating treatments for
postmenopausal women with OP and OA.
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Receptor activator of NF-kB (RANK)/RANKL/OPG signaling
pathway. The RANK/RANKL/OPG signaling pathway is
important for regulating bone remodeling and joint inflam-
mation, playing a notable role in the pathogenesis of OP and
OA. Notably, the balance between RANKL and OPG is
important for maintaining bone homeostasis. An increase in the
RANKL/OPG ratio interferes with this homeostasis, resulting
in increased bone resorption, a phenomenon evident in OP and
subchondral bone remodeling in OA (94,95). Postmenopausal
estrogen deficiency markedly contributes to this imbalance by
raising RANKL levels and lowering OPG levels. These altera-
tions have been shown to enhance osteoclast activity, resulting
in systemic bone loss and localized joint degeneration (96,97).
Furthermore, the RANK/RANKL/OPG pathway is notably
involved in inflammatory processes within the joint, where
elevated RANKL levels not only promote osteoclastogenesis
but also associate with disease severity in OA (98). Therapeutic
strategies targeting this axis, including RANKL-neutralizing
antibodies such as denosumab, have proven effective in
mitigating bone resorption and are currently being explored
for broader applications in metabolic bone diseases and joint
disorders (99). The RANK/RANKL/OPG pathway is important
in linking estrogen deficiency to the pathophysiology of OP and
OA (Table II), emphasizing its importance as a mechanistic and
therapeutic target for managing these conditions.

PI3K/Akt and MAPK pathways. The PI3K/Akt and MAPK
signaling pathways are important for regulating cell prolif-
eration, apoptosis and inflammatory responses, indicating
that these pathways are important for maintaining bone and
joint homeostasis. Under physiological conditions, these path-
ways coordinate the functions of osteoblasts, osteoclasts and
chondrocytes, preserving the integrity of bone and cartilage.
However, estrogen deficiency, which is commonly observed in
postmenopausal women, has been shown to disrupt the deli-
cate balance of these signaling cascades, aggravating bone and
joint damage (100,101). Research has revealed that estrogen
potentially influences the PI3K/Akt and MAPK pathways,
enhancing osteogenic differentiation, promoting angiogenesis
and reducing apoptosis in BMSCs and chondrocytes (102,103).
A decline in estrogen levels attenuates the protective effects
of these pathways, resulting in heightened oxidative stress,
increased inflammatory cytokine release and elevated osteo-
clast activity, which have been shown to contribute to the
progression of OP and OA (104). The drug Ononin has been
shown to exert chondroprotective effects in an IL-1p-induced
chondrocyte inflammation model by inhibiting the expres-
sion of ECM-degrading enzymes such as MMP-13 and
reducing type II collagen degradation, achieved through the
downregulation of the MAPK signaling pathways (105).

The PI3K/Akt pathway is important for cell survival and
the prevention of apoptosis, whereas the MAPK pathway is
involved in responses to stress and inflammation (106). In
the context of estrogen deficiency, both pathways become
dysregulated: PI3K/Akt signaling diminishes, resulting in
increased cell death and compromised tissue repair, whereas
abnormal MAPK pathway activation fosters matrix degra-
dation and inflammatory responses (107,108). Therapeutic
interventions, including isoflavones and traditional Chinese
medicines, have reportedly demonstrated protective effects

by reactivating the PI3K/Akt pathway and inhibiting the over-
activation of the MAPK pathway. This dual action helps to
ameliorate inflammation, promote matrix synthesis and inhibit
osteoclastogenesis (103,107,109). Collectively, these find-
ings highlight the notable roles of the PI3K/Akt and MAPK
signaling pathways in the pathogenesis of bone and joint
comorbidities associated with estrogen deficiency, positioning
these pathways as promising targets for clinical intervention in
OP and OA (Table II).

6. Clinical manifestations and diagnostic challenges of
estrogen deficiency-related comorbid OP and OA

Clinical characteristics of comorbid patients. Patients with
comorbid OP and OA present a particularly complex clinical
profile, marked by the simultaneous presence of reduced
BMD and joint-related symptoms, such as pain and functional
impairment. The co-occurrence of these degenerative diseases
frequently results in overlapping and intertwined symptom-
atology, rendering clinical assessment and management of
these conditions challenging (9,110). For example, individuals
with postmenopausal OP may remain asymptomatic until
a fracture occurs, whereas patients with OA localized in
the knee typically experience chronic pain and progressive
disability. When these conditions coexist, patients often report
both generalized skeletal fragility and localized joint pain,
leading to increased functional limitations and a reduced
quality of life for patients (1). Interpreting imaging findings
in patients with comorbid conditions can be particularly chal-
lenging. Patients with comorbid OP and OA may concurrently
exhibit radiographic indicators characteristic of OA, such as
joint-space shrinkage, subchondral sclerosis and osteophyte
formation, alongside the reduced BMD evident in OP (111).
This coexistence of imaging findings complicates the differ-
ential diagnosis of these conditions, as determining whether
pain and dysfunction primarily originate from bone loss or
joint degeneration becomes challenging (Fig. 2). Shared risk
factors, for example age, hormonal shifts, particularly estrogen
deficiency, and chronic low-grade inflammation, further
obscure the clinical distinctions between these conditions.
Recent insights into the mechanisms underlying degenerative
bone and joint diseases, particularly the role of epigenetic
modifications such as DNA methylation, have suggested that
the pathogenesis of OP and OA may share molecular path-
ways that underscore their interrelated clinical features (112).
Consequently, patients with OP and OA exhibit overlapping
symptoms, complex imaging findings and shared risk factors,
all of which increase diagnostic complexity and necessitate a
nuanced, multidisciplinary approach to management.

Laboratory and imaging evaluation. Laboratory evaluation
of bone metabolism and inflammation is important for
differentiating and managing comorbid OP and OA. Bone
turnover markers (BTMs), including serum procollagen type I
N-propeptide (PINP) and (-isomerized C-terminal telopep-
tide of type I collagen (B-CTX-I), function as established
biomarkers for OP pathogenesis. These markers assist not
only risk stratification but also the monitoring of treatment
response and adherence, as the notable alterations in PINP
and B-CTX-I levels following anti-osteoporotic therapies have
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phatase 5b; MMP-13, matrix metalloproteinase-13; ERT, estrogen replacement therapy; HRT, hormone replacement therapy; SERMs, selective estrogen
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been shown to associate with reductions in fracture risk (113).
Markers of bone and cartilage degradation, such as C-terminal
telopeptide of type II collagen (CTX-II) and enzymes, such as
bone alkaline phosphatase and tartrate-resistant acid phospha-
tase 5b, are important for evaluating bone turnover and joint
metabolism, especially in patients with concurrent chronic
kidney disease or other comorbidities that may confound
biomarker interpretation (114). In OA, inflammatory cytokines
and pathway-related molecules, including Wnt signaling inhib-
itors such as sclerostin and dickkopf-1, have been increasingly
recognized as potential biomarkers of disease activity and
progression (115,116) (Fig. 2). However, limitations persist,
for example variability in assay standardization, confounding
effects from impaired renal function secondary to chronic
kidney disease and the insufficient integration of BTMs into
clinical algorithms (113). These limitations underscore the
need for further therapeutic validation and harmonization
prior to routine clinical use. The interpretation of laboratory
detection of these markers alongside clinical and imaging
findings improves diagnostic accuracy and allows for tailored
management strategies for patients with comorbid OP and OA.

Imaging modalities play an important role in assessing bone
and joint pathology, particularly in patients with comorbid OP
and OA. Each imaging technique exhibits specific applications
and limitations. Dual-energy X-ray absorptiometry (DXA)
is considered the benchmark for measuring BMD, which is
important for diagnosing OP and assessing fracture risk.
However, DXA offers limited insights into bone microarchi-
tecture and cannot directly visualize cartilage or early joint
structural modifications, restricting its effectiveness in the
comprehensive evaluation of OA (117). By contrast, magnetic
resonance imaging (MRI) excels at detecting early osteoar-
ticular changes, such as cartilage degeneration, synovitis and
adverse local tissue reactions, even in asymptomatic indi-
viduals. This capability supports its use in monitoring disease
progression and identifying complications that may not be
visible through clinical evaluation or plain radiographs (118).
Ultra-high-resolution computed tomography (CT) enhances
the visualization of trabecular bone microstructure and
yields quantitative metrics that associate with bone quality
and osteoarthritic disease status, surpassing conventional
CT in accuracy (119) (Fig. 2). However, imaging modalities
encounter several challenges, including variability in image
interpretation, sensitivity to technical factors, such as spatial
resolution, and the limited reproducibility of radiomic features,
a specific type of quantitative imaging biomarkers, across
various scanners and protocols (120). Additionally, recent
evidence has indicated that the added value of imaging data in
predicting clinical outcomes may be modest when compared
with comprehensive clinical models. This emphasizes the
necessity for integrated diagnostic algorithms that combine
laboratory results, imaging data and clinical information to
ensure optimal patient care (121).

Differential diagnosis and risk stratification. To ensure the
accuracy of differential diagnosis and risk stratification in
patients with comorbid OP and OA, especially in the context
of estrogen deficiency, comprehensive assessments of bone
and joint damage are needed in order to guide personalized
treatment strategies. The pathophysiological mechanisms

underlying these conditions possess both overlapping and
distinct features, such as the relationship between BMD loss
and cartilage degradation, necessitating integrated diagnostic
approaches. Advanced imaging techniques, such as micro-CT
and MRI microscopy, have proven valuable for quantitatively
assessing trabecular bone microarchitecture and joint-space
modifications (122). These technologies facilitate the early
detection of bone loss and joint degeneration, improving
preclinical models and clinical practice. Furthermore, DXA
remains central to diagnosing OP and is effective at identi-
fying and managing at-risk individuals, as evidenced by the
association between DXA utilization and OP treatment rates
in postmenopausal women (123). Incorporating clinical vari-
ables, such as age, body mass index, menopause duration, OA
history and comorbidities, into machine learning models may
enhance the accuracy of OP risk predictions compared with
traditional methods, highlighting the potential of these models
for personalized risk assessment (124,125).

At the molecular level, the expression levels of ERs
and MMPs, such as MMP-13, in bone and cartilage tissues
represent additional biomarkers of disease progression and
therapeutic response in OP and OA. Furthermore, estrogen
deficiency has been associated with an increase in catabolic
enzymes and a decline in the integrity of bone and cartilage
tissues (126,127). These molecular insights can guide the
selection of targeted therapies, including SERMs or osteo-
clast activity modulators, which have exhibited promise
in managing OP and OA (128,129) (Fig. 2). Ultimately,
developing individualized diagnostic and treatment plans
that incorporate imaging, clinical risk factors and molecular
markers is important for optimizing outcomes in patients with
estrogen-deficiency-related bone and joint comorbidities.

7. Estrogen-related intervention strategies and their
limitations

Efficacy and risks of ERT. ERT and HRT represent well-
established approaches for treating menopausal symptoms and
preventing OP in postmenopausal women. Numerous random-
ized controlled trials and meta-analyses have demonstrated
that ERT and HRT markedly improve BMD in postmenopausal
female patients with OP, mitigating the risks of vertebral and
non-vertebral fractures in this population (130,131). In addi-
tion to enhancing BMD, HRT has been shown to improve the
quality of life of postmenopausal women by addressing vaso-
motor symptoms, such as hot flashes and night sweats, as well
as urogenital atrophy (131,132). Furthermore, certain studies
have indicated a beneficial effect of HRT on intervertebral
disc height, which may help to alleviate the risk of vertebral
fractures and enhance spinal health (133,134).

However, ERT also presents a number of risks. Well-
documented adverse effects include an increased likelihood
of breast and endometrial cancers, venous thromboembolism
and stroke, particularly with long-term use or in women
with predisposing factors (135). The risk profile can vary
based on the formulation, route of administration and
inclusion of progestogens, the latter of which is important
for protecting the endometrium in women with an intact
uterus (136). Large-scale studies have also revealed that HRT
does not markedly impact cardiovascular outcomes, such as
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heart-failure risk, yet concerns regarding other cardiovascular
events persist (135,137). Notably, the safety and efficacy
of ERT and HRT may differ among various subgroups.
Therefore, individualized therapy, in which the benefits of
symptom relief and bone protection are carefully weighed
against the potential for serious adverse events, is of notable
importance (138). Clinical guidelines emphasize the impor-
tance of patient selection, recommending HRT primarily for
women with notable menopausal symptoms or a high risk of
fractures whereas advising against its use in patients with a
history of hormone-sensitive malignancies or thromboem-
bolic disease (139) (Fig. 2). Overall, ERT can provide notable
clinical benefits by improving bone density and delaying inter-
vertebral disc degeneration, but its use must be judicious, with
careful consideration of individual risk factors and ongoing
monitoring to optimize patient outcomes and minimize harm.

Novel targeted drugs and combination therapy. The manage-
ment of comorbid OP and OA has increasingly shifted toward
the development and application of novel targeted therapies.
These therapies include SERMs, bisphosphonates and
anti-inflammatory agents, which hold promise for improving
outcomes in patients affected by both conditions through
targeting shared molecular pathways and addressing the
underlying pathophysiological mechanisms of bone and carti-
lage degeneration (140). SERMs modulate ERs to enhance
BMD and may offer protection to cartilage (141). By contrast,
bisphosphonates have proven effective in mitigating fracture
risk in patients with OP by inhibiting osteoclast-mediated
bone resorption (142). Furthermore, anti-inflammatory agents
remain under investigation for their potential to alleviate
chronic inflammation that contributes to the progression of
OA and bone loss (143,144).

Beyond these traditional pharmacological strategies,
advancements in regenerative medicine have introduced
exosome-based therapies as an innovative intervention
method. Exosomes, which carry transcription factors, proteins
and targeting ligands, uniquely target cells to influence tissue
repair, alleviate inflammation and maintain homeostasis (145).
Preclinical models have demonstrated the potential of engi-
neered exosomes to regenerate bone, osteochondral tissue
and cartilage for the treatment of OA, OP and osteone-
crosis (146,147). Combination treatments using exosomes and
other established therapies, including SERMs and bisphospho-
nates, are currently being explored as a strategy for improving
therapeutic efficacy synergistically, especially within the
osteochondral niche (148-150) (Fig. 2). Despite the promising
potential of these innovative combination therapies, robust
evidence from well-designed clinical studies is important
for validating their safety, efficacy and long-term benefits in
managing comorbid OP and OA. Future research should focus
on optimizing these combination strategies and elucidating
their therapeutic mechanisms to enhance patient outcomes.

8. Conclusions

Estrogen deficiency has been increasingly recognized as an
important factor underlying the comorbidity of OP and OA,
corroborating the notion that these two prevalent age-related
disorders represent interconnected manifestations of a shared
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bone-joint unit dysfunction rather than isolated conditions.
By converging on common biological pathways, including
chronic low-grade inflammation, immune imbalance, oxida-
tive stress and impaired tissue remodeling, estrogen deficiency
facilitates the coordinated deterioration of bone integrity and
joint structure, thereby accelerating systemic bone loss and
local osteochondral degeneration. From a clinical perspec-
tive, this mechanistic convergence underscores the necessity
for integrated risk stratification and management strategies
that concurrently address skeletal fragility and joint degen-
eration. Future research should prioritize refined phenotyping,
biomarker-guided risk assessments and pathway-based
therapeutic strategies, reinforced by longitudinal cohorts
and multi-omics approaches, to enable the development of
precision treatments for patients OP-OA comorbidity.
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