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Insights and implications of sexual dimorphism in osteoporosis

Yuan-Yuan Zhang', Na Xie (%, Xiao-Dong Sun?, Edouard C. Nice?, Yih-Cherng Liou*, Canhua Huang®, Huili Zhu®™ and Zhisen Shen”®

Osteoporosis, a metabolic bone disease characterized by low bone mineral density and deterioration of bone microarchitecture, has
led to a high risk of fatal osteoporotic fractures worldwide. Accumulating evidence has revealed that sexual dimorphism is a
notable feature of osteoporosis, with sex-specific differences in epidemiology and pathogenesis. Specifically, females are more
susceptible than males to osteoporosis, while males are more prone to disability or death from the disease. To date, sex
chromosome abnormalities and steroid hormones have been proven to contribute greatly to sexual dimorphism in osteoporosis by
regulating the functions of bone cells. Understanding the sex-specific differences in osteoporosis and its related complications is
essential for improving treatment strategies tailored to women and men. This literature review focuses on the mechanisms
underlying sexual dimorphism in osteoporosis, mainly in a population of aging patients, chronic glucocorticoid administration, and
diabetes. Moreover, we highlight the implications of sexual dimorphism for developing therapeutics and preventive strategies and
screening approaches tailored to women and men. Additionally, the challenges in translating bench research to bedside treatments
and future directions to overcome these obstacles will be discussed.
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INTRODUCTION
Osteoporosis, the most prevalent metabolic bone disease, affects
approximately 200 million individuals worldwide and is character-
ized by a decrease in bone mineral density (BMD) and progressive
microarchitecture deterioration of bone tissue. These changes are
associated with an increased risk of fragility fractures.! Prior to a
fracture, osteoporosis is usually asymptomatic, but when a
fracture occurs, it can be extremely painful and even life-
threatening.? Fractures in the spine and hip, in particular, can
lead to mortality, with approximately 20% of individuals
experiencing osteoporotic hip fractures dying within six months.?
As life expectancy increases and the baby boomer generation
ages, the burden of osteoporosis and fractures is expected to
grow rapidly, resulting in a significant impact on morbidity and
mortality rates.*> Therefore, osteoporotic fractures are considered
one of the most significant public health priorities by the World
Health Organization.®

Osteoporosis and its complications exhibit particularly pro-
nounced sex-related differences.” Men are less susceptible than
women to developing primary osteoporosis and osteoporotic
fractures due to their Iarger, stronger bones and slower rate of
bone loss in adulthood.*° However, men are more prone to
secondary osteoporosis and have a higher overall mortality rate
from osteoporotic fractures.'® These sexual dimorphisms in the
prevalence and prognosis of osteoporosis and associated
complications may be attributed to sex-specific pathological
mechanisms, including estrogen receptors (ERs) and associated
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pathways, which are key regulators of bone homeostasis."''™ '3

Despite this, extensive preclinical research and clinical studies
have been conducted in both male animal models and men,
primarily driven by concern about the influence of the hormonal
cycle (e.g, menstrual cycle) on outcomes as well as the
classification of women as “protected subjects” in clinical
trials."*"®

Currently, the sex of the patient, an important factor in the
prevention, screening, and treatment of osteoporosis and
fractures, has not been well taken into account. Most medications,
guidelines, screening, and fracture risk prediction methods have
been developed for women and subsequently adapted for use in
men.'® Therefore, gaining further insights into the sex differences
in osteoporosis, especially the underlying pathological mechan-
isms, can help guide the development of age- and sex-specific
preventive, screening, and therapeutic strategies for osteoporosis
and its complications.

A better understanding of the sex-specific pathophysiology of
osteoporosis can contribute to the development of novel, tailored
therapeutics and preventive approaches. This review aims to
address the sexual dimorphism of osteoporosis, with a focus on
the pathogenic mechanisms related to sex chromosome abnorm-
alities, steroid hormones, and psychological stress in osteoporosis.
Despite the intriguing and exciting research in this field, numerous
issues remain to be further addressed to effectively translate
transformative discoveries into beneficial treatments. Therefore, in
this review, we also discuss the challenges and potential solutions
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that can accelerate the development of tailored therapeutics and
screening strategies for osteoporosis.

DISPARITIES IN OSTEOPOROSIS EPIDEMIOLOGY

ACCORDING TO SEX

Aging, a decline in sex steroids, long-term use of glucocorticoids
and diabetes contribute to osteoporosis by altering the balance
between bone formation and resorption.'” Osteoporosis is
commonly associated with postmenopausal women, which can
be attributed to their longer lifespans and the sharp decline in
estrogen levels that they experience.'® In addition to primary
osteoporosis, which typically occurs due to aging and/or
hormonal factors, secondary osteoporosis is associated with
pharmacological agents (such as glucocorticoids (GCs)) or under-
lying diseases such as diabetes."”?' Notably, secondary osteo-
porosis is more prevalent in men than in women. Additionally,
men face a higher risk of mortality following osteoporotic
fractures than women. Despite limited evidence, there is still
controversy surrounding sex-specific differences in GC-induced
and diabetic osteoporosis.

Primary osteoporosis in older women and men

Osteoporosis is a metabolic disease that reduces bone mass and
impairs bone microarchitecture, leading to skeletal fragility and an
elevated risk of fractures.?? Historically, osteoporosis has been
primarily associated with postmenopausal women, considering it
a bone health issue that predominantly affects this group.?

In fact, women over the age of 50 have an osteoporosis
prevalence approximately four times higher than men in the same
age group worldwide, making osteoporosis the most common
cause of fractures among the elderly**?* (Fig. 1a). Although
population-based prevalence data for osteoporotic fractures are
lacking, current data demonstrate sex disparities in hip fractures?®
(Fig. 1a). In the European Union (EU), only 21% of the 20 million
people with osteoporosis are male; however, it is important to
note that men have a higher mortality rate following an
osteoporotic fracture than women.'®

Fracture patterns resulting from osteoporosis differ between
males and females. Hip fractures, the most severe complication of
osteoporosis, occur at a lower incidence in men than in women,
with approximately one-third of cases occurring in males.?” In a
large-scale study of fractures conducted in the United States (US),
male populations accounted for 27.9% of hip fractures in 2010,
and this proportion is projected to increase to 37.8% by 2030.%% In
the MrOS MsOS (Hong Kong) studies, after a 14-year follow-up, the
incident vertebral fracture rate was higher in women than in men,
regardless of whether they had baseline osteoporotic vertebral
deformity.?® According to a nationwide cohort study in South
Korea that enrolled 73 717 patients with osteoporotic fractures,
the incidence rate of subsequent fractures within 24 months was
higher in females than in males (10.37 vs. 9.14 per 100 person-
years, respectively).®° It has been reported that vertebral bone and
long bones are formed by different stem cell populations, making
vertebral bone a feasible target for a distinct set of diseases, such
as tumor metastases.>' Furthermore, the differences in fracture
patterns between the sexes may be because skeletal stem cell-
mediated bone regeneration depends on estrogen signaling in
female mice but not in male mice.*

The mortality rate following osteoporotic fractures is greater in
men than in women. As reported by a nine-year cohort study of
individuals over the age of 60 with osteoporotic hip fractures,
women have a predominance of fractures (64.68%), whereas men
suffer higher mortality rates (20.42%; 95% Cl: 13.76-27.08).> Men
had a slightly higher likelihood of dying from all-cause mortality
within a year after a hip fracture than women (22.8% vs. 19.5%).3*
A prospective study revealed that hip fracture decreased life
expectancy, with men having a larger reduction than women.*
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Even after controlling for age, fracture sites, and medications,
long-term survival analysis disclosed that the higher mortality for
men is overwhelmingly significant compared to women (HR 1.70,
95% Cl: 1.65-1.75, P < 0.001) (Fig. 1a).3¢

In addition to the considerably high mortality rate associated
with hip fractures in men, the mortality risk remains significant
following most osteoporotic fractures. According to data from the
Korea National Health Insurance Service, the cumulative mortality
rate in the first year after initial distal radius fractures was higher in
males than in females (2.24% vs. 1.30%).3” Altogether, it is
important to recognize that osteoporosis not only affects older
women but also causes serious health issues for male
populations.®

GC-induced osteoporosis

GC-containing medications, including cortisone, prednisone,
dexamethasone, and hydrocortisone, are the leading cause of
secondary osteoporosis and severe osteoporotic fractures in both
sexes.>® GCs play a crucial role in maintaining skeletal home-
ostasis, but insufficient or excessive levels can lead to osteoporosis
and fracture. Hip fracture risk is increased by endogenous GC
deficiency conditions such as Addison’s disease, whereas long-
term usage of synthetic GCs frequently induces rapid bone loss
and an enhanced risk of fractures in a time- and dose-dependent
way.*® The risk of vertebral fracture is nearly three times higher,
and the risk of hip fracture is approximately twice as high in
individuals taking oral GCs.*' Although the degree of GC-induced
bone loss varies greatly and no clear predictors have been
validated for individual fracture risk, it is recommended to
undergo a BMD test or receive osteoporosis treatment within six
months of initiating GC therapy.*

The sexual differences in susceptibility to and microarchitec-
ture changes caused by GC-induced osteoporosis are contra-
dictory. The prevalence of GC-induced osteoporosis is slightly
higher in men than in women, with rates of 67% and 59%,
respectively.** However, the prevalence of GC-induced osteo-
porosis was not significantly different between men and
women in a large Japanese study with 25 569 patients. The
study included a population with a mean age of 68.5 years, with
90.5% of patients being over the age of 50.**

GCs have been shown to reduce areal BMD at the femoral neck
in women, as well as the total femur and femoral neck in men.*> In
postmenopausal women, GC-induced osteoporosis is associated
with changes in trabecular and cortical changes, whereas in men,
it results in diminished trabecular thickness and connectivity.*
Notably, only 12% of men and 23% of women who had not
received prior osteoporosis management underwent BMD testing
or received osteoporosis treatment while they were undergoing
oral GC therapy, indicating that chronic GC users do not
adequately undergo osteoporosis prevention treatment, with
men being more undertreated than women.*’

Several factors conceal sexual dimorphism in GC-induced
osteoporosis. As reported by a large population-based multi-
centric study, the 24-h urine excretion of cortisol increases with
age in men but not in women (Fig. 1c).*® These sex-specific
cortisol changes may contribute to age-related osteoporosis,
making the elucidation of sexual dimorphism even more difficult.
GCs, whether endogenous overproduction or exogenous admin-
istration, may induce impaired insulin sensitivity and hyperglyce-
mia, indirectly contributing to bone loss and osteoporosis.*® The
changes in sex hormones make the situation more complex.** GCs
synergistically aggregate the deteriorating effects of estrogen
decline in bone loss, resulting in higher rates of fragility fractures
in postmenopausal women (41.9%) than in premenopausal
women (5.4%).>° Stanozolol derived from dihydrotestosterone
(DHT) can enhance BMD and improve biomechanical properties in
GC-induced osteoporosis, possiblg/ due to the anabolic effects of
androgen on the skeletal system.”'>? It is challenging to examine
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Fig. 1 The prevalence of osteoporosis in men and women throughout their lifetimes. a Left: The prevalence of osteoporosis in women and
men aged 50 and older in selected countries. The sex-specific prevalence rates of osteoporosis in the world, China, European Union (EU)
countries, and the United States (US) are presented for women and men aged 50 years and older. The criterion of the World Health
Organization was applied for the diagnosis of osteoporosis. The following data sources were used to determine osteoporosis prevalence:
osteoporosis prevalence worldwide and in EU countries (https://www.osteoporosis.foundation/facts-statistics/epidemiology-of-osteoporosis-
and-fragility-fractures); osteoporosis prevalence in China, the survey of the China Ministry of Health; and osteoporosis prevalence in the US,
The Centers for Disease Control and Prevention. Middle: The sex-specific prevalence of osteoporotic fractures in selected countries. Unlike
osteoporosis, the population-based prevalence of osteoporotic fractures is difficult to obtain for men and women by country due to the lack
of standard diagnostic criteria. The data represent the proportions of hip fractures in men and women worldwide, China, EU countries, and
the US. Data on hip fractures in China were adopted from a study in Hefei, China.>® Data for hip fractures worldwide, in EU countries, and in
the US originated from the following data source: (https://www.osteoporosis.foundation/facts-statistics/epidemiology-of-osteoporosis-and-
fragility-fractures). Right: The cumulative mortalities among male hip fracture patients were higher than those of female patients at 6, 12, and
36 months. Data were adopted from the study in Denmark.>® b The balance of bone formation and bone resorption changes during a lifetime
due to decreased sex steroids, increased glucocorticoids, T2DM, and aging. Bone resorption can outweigh formation because of decreased
osteoblastogenesis, enhanced osteoclastogenesis, reduced bone remodeling, and cell senescence. c Bone mass (upper), average sex hormone
production (upper middle), prevalence of T2DM (lower middle), and urine cortisol levels (below) in men and women throughout their lifetime.
The dots representing 24 h urine cortisol levels, shown as the 2.5th and 97.5th percentiles, were adapted from a study in Switzerland.*® SASP
senescence-associated secretory phenotype

T2DM face a higher risk of fractures, despite their BMD being

the sexual dimorphism of GCs in osteoporosis because they are
widely used, from rheumatic ailments in women to renal problems
in children. Additionally, the majority of current research on GC-
induced osteoporosis focuses on older populations, leaving
limited information regarding the impact on premenopausal
women and men under the age of 50.*°

Diabetic osteoporosis

Growing evidence suggests an elevated risk of osteoporosis and
osteoporotic fractures in patients with diabetes.>>~>® Patients with
type-1 diabetes mellitus (TTDM) often have lower bone strength
and a higher risk of fractures.>>*° Type-2 diabetes mellitus (T2DM)
leads to skeletal abnormalities, including increased cortical
porosity and a deficit in bone material properties. Patients with
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increased or within the normal range*™® In both Western
European and East Asian populations, the prevalence of T2DM is
higher in men than in women.®"? The sex differences in T2DM
may be due to sexual dimorphism in the utilization of energy and
metabolic substrates in metabolic organs, such as adipose tissue,
muscle, and the liver.®*®* It is plausible that these sexual variations
in metabolic organs also contribute to the sex-specific differences
in diabetic osteoporosis.

TIDM patients have a sexually dimorphic prevalence of
osteoporosis, with women being at higher risk. Both men and
women with TIDM have a 2- and 4-fold increased risk of hip and
lumbar spine fractures, respectively.®® A prospective, multicenter
study found that the odds of fractures were higher in prepubertal
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females (OR 2.81, 95% Cl 1.21-6.52) than in postpubertal males
(OR 2.44, 95% CI: 1.11-5.38).5° In line with TIDM, the risks of
osteoporosis in T2DM patients are higher in females than in
males®%” The prevalence of osteoporosis in female T2DM
patients was significantly greater than that in male patients
(21.9% vs. 13.0%), suggesting a sex difference in T2DM-associated
secondary osteoporosis.®® Increased vertebral fractures were
reported in female T2DM patients (RR 1.3), while neither prevalent
nor incident morphometric fractures were increased in male
patients, although the point estimate (HR 1.28) was similar.®®
Similarly, the Dubbo osteoporosis epidemiology study reported
greater incident fracture rates in women with T2DM than in men
(24.5/1 000 vs. 12.7/1 000 person-years).*®

The mortality risk following fracture in women and men with
T2DM remains controversial. According to a population-based
cohort study, men have greater total postfracture death rates than
women.®> A meta-analysis including 22 cohort studies also
revealed a higher mortality risk in men than in women within
five years after a hip fracture.”® However, the Dubbo study
reported that after adjusting for confounders, the risk of mortality
in female T2DM patients was higher than that in males (HR 1.68,
95% Cl 1.30-2.16 vs. HR 1.16, 95% Cl: 0.91-1.49). Given that the
participants in the Dubbo study had average ages that were
higher than 65, it is important to note that the average ages
should be further evaluated to investigate the sex difference in
mortality risk.®®

Analyzing sex dimorphism in diabetic osteoporosis poses
significant challenges. One major challenge is that TIDM starts
at a much earlier age than T2DM, even during adolescence. The
age differences, coupled with variations in the status of sex
hormones among patients participating in clinical observations of
T1IDM and T2DM, complicate the analysis. Additionally, T2DM
patients have many comorbidities, such as rheumatic arthritis.”’
Hence, these patients require treatment with GCs, which further
worsens the osteopathy of these patients and adds complexity to
studying sex differences. Furthermore, many factors complicate
the discovery of sexual dimorphisms, such as varied methodolo-
gies for measuring fractures, biased study designs overlooking the
status of sex hormones, limited transparent reports, and under-
powered studies in males. The relatively small sample size used in
research also limits the ability to reveal sex differences in diabetic
osteoporosis.'®

MOLECULAR MECHANISMS UNDERLYING SEXUAL
DIMORPHISM IN OSTEOPOROSIS

Bone development and remodeling throughout life are complex
and occur differently in women and men.”? To gain insights into
sex differences, it is necessary first to understand bone biology
and then the cellular and molecular pathways underlying sexual
dimorphism in osteoporosis.

Sex variations in bone cell functions and key signaling pathways
Approximately 80% of the skeletal mass comprises cortical bone,
which provides strength and protection. The remaining 20% of
the bone mass is made up of trabecular bone, which provides
structural support and permits bone flexibility.”>’* Bone mass
plays a critical role in determining the risk of osteoporosis and
fragility fractures, and it exhibits obvious sex differences. In
females, bone mass often peaks in the early 20 s and undergoes a
rapid decline after menopause, which is closely related to
estrogen levels.”> However, in men, bone mass frequently peaks
in the late 20s, with testosterone primarily responsible for the
rapid and extensive increases in bone mass, strength, and
dimensions. Typically, males have a higher peak bone mass and
thicker cortical thickness than females (Fig. 1c).”®””

Bone tissues comprise three major types of bone cells, namely,
osteocytes, osteoblasts, and osteoclasts (Fig. 1b).”® Among the
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three types of bone cells, osteocytes are the most abundant,
accounting for approximately 90%-95% of cells in adult bone
tissues. Osteocytes are considered terminally differentiated bone
cells arising from osteoblasts.”® In contrast to highly abundant and
long-lived osteocytes, osteoblasts comprise only approximately
6% of the cells in adult bones and have a relatively short lifespan.
Osteoblasts develop from bone marrow precursor cells, namely,
mesenchymal stem cells (MSCs)2%8' Osteoclasts are multinu-
cleated giant cells originating from bone marrow hematopoietic
progenitors, which generate resident macrophages in various
tissues and monocytes in peripheral blood and are formed by the
fusion of these precursor monocytes and macrophages.??
Osteocytes, osteoblasts, and osteoclasts are all crucial components
for maintaining normal bone function, and any disruption in their
homeostasis underlies the pathogenesis of osteoporosis.®®

Bone remodeling, also known as the bone renewal process,
mainly occurs during adult life and replaces old and damaged
bone without changing bone shape to maintain bone quality.®*
Physiological bone remodeling is delicately regulated by a
complex system involving multiple cells.®> Dysfunctional remodel-
ing results in bone fragility, such as osteoporosis.®® Osteoclasts are
drawn to sites of microdamage to replace old bone with new
bone, and osteoclasts are known as bone-resorbing cells.®” Upon
completion of resorption by osteoclasts, osteoblasts fill the gap
resorbed by depositing new bone and completing the bone
remodeling cycle. For adult bone to sustain strength and mineral
homeostasis, the bone resorbed by osteoclasts needs to be
equivalent to that newly formed by osteoblasts. Crosstalk between
osteoblasts and osteoclasts regulates bone remodeling.*® Based
on the interplay between osteoclasts and immune cells, osteoim-
munity plays a pivotal role in bone remodeling.’

Osteoclasts play unique and vital roles in bone development
and extracellular matrix remodeling in the adult skeleton
system.”® Excess activity of osteoclasts favors bone resorption,
leading to many skeletal diseases, such as osteoporosis.?
Osteoclasts develop and adhere to the bone matrix, which
secretes lytic enzymes and acid to degrade bones®°' The
secretion of protons is necessary for acid proteases to dissolve
bone minerals and digest the extracellular matrix, facilitating
resorption.’? Carbonic anhydrase Il provides the protons for
extracellular acidification by H-ATPase. Vacuolar H™-adenosine
triphosphatase coupled with CI- conductance on the membrane
plays a major role in acidification of the osteoclast-bone
interface.”>?* However, the exact molecular mechanisms for
osteoclast differentiation are still unclear. Notably, the receptor
activator RANK and its ligand RANKL play essential roles as
mediators in activating osteoclastogenesis and promoting bone
resorption. This finding sheds new light on the molecular
mechanisms  underlying  osteoclast  differentiation  and
formation.®>%¢

Osteoblasts are responsible for initiating new bone formation
and remodeling.”” Osteoblasts synthesize and secrete various
extracellular proteins (e.g., type | collagen, osteocalcin, and
alkaline phosphatase) essential for bone matrix formation.
Collagenous and noncollagenous proteins in the matrix work
with osteoblasts and osteoclasts to ensure normal bone metabo-
lism.?® Osteoblasts also contribute to the mineralization of bone
tissues to maintain the calcium-phosphate balance in developing
bone tissues.”® In addition to the aforementioned primary
biological functions, the other biological functions of osteoblasts
include but are not limited to the following: (1) Osteoblasts
produce hormones, among which the first known bone-derived
hormone is osteocalcin, a calcium-binding protein and the most
abundant noncollagen protein. Osteocalcin consists of 49 amino
acid residues, regulating systemic glucose and energy metabo-
lism, cognition, and reproduction.'® In addition, osteocalcin
triggers an involuntary physical reaction in response to a threat,
aiding the ability to escape from danger.'®’ (2) Osteoblasts have
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specific receptors for vitamins and hormones, such as vitamin D
(VD), estrogen, and parathyroid hormone (PTH). Therefore, they
serve as target cells for these crucial hormones.'%? (3) Osteoblasts
express receptor activator of nuclear factor-kappa B (RANK) and its
ligand (RANKL), an important mediator in activating osteoclasts
and holding dual roles in coupling bone formation and resorp-
tion."® (4) Osteoblasts also release proteins that regulate
phosphate excretion from the kidneys, such as fibroblast growth
factor 23 (FGF23).'°* (5) Mature osteoblasts may transform into
bone-lining cells, which are involved in governing the influx and
efflux of calcium ions in bone tissues.'®® As previously mentioned,
estrogens stimulate osteoblasts via ERs, which may explain the
higher incidence of osteoporosis in postmenopausal women
compared to older men. In addition to estrogen receptor 1 (ESR1),
several transcription factors, such as the neural-specific transcrip-
tion factor Engrailed 1, the dishevelled associated activator of
morphogenesis 2, and noncoding RNAs, have been identified to
have pivotal roles in osteoblast differentiation.'®®%”

Osteocytes are usually embedded in the bone matrix and
responsible for the mass of the bone tissues, which are also
multifunctional and dynamic cells integrating hormonal and
mechanical signals.'® Osteocytes play a crucial role in the
remodeling of bone tissues throughout life, exhibiting a range
of essential functions. First, osteocytes secrete some growth
factors, such as insulin-like growth factor-1 (IGF-1) and fibroblast
growth factor (FGF), which stimulate osteoblasts and promote
bone formation following fractures.' Second, osteocytes are the
major responsive cells to mechanical stimulation.''® Third,
osteocytes facilitate the exchange of ions across the bone. Fourth,
osteocytes inhibit the differentiation of osteoblasts while promot-
ing the differentiation of osteoclasts. Moreover, osteocytes express
and secrete various regulatory proteins, such as sclerostin and
Dickkopf 1,""" which act as inhibitors of the Wnt signaling
pathway. These two osteocyte-derived proteins contribute to the
inhibition of bone formation.

Among hormones associated with bone homeostasis, PTH,
secreted by the parathyroid gland, is crucial in regulating calcium
and phosphate homeostasis and bone remodeling.''? Bone and
the kidney are the major target organs for the effects of PTH.''
PTH acts on all three types of bone cells. Specifically, PTH directly
stimulates osteoblasts to form bone.'” On the one hand, PTH
indirectly activates osteoclasts to resorb bone, which further
enhances the release of calcium into the blood. On the other
hand, PTH also induces the release of FGF23 in osteocytes.''
These effects consequently lead to increased bone turnover and
elevated circulatory calcium. In the kidney, PTH enhances the
reabsorption of calcium and promotes the expression of 25-
hydroxyvitamin D-1a-hydroxylase, which increases the production
of calcitriol.""” Calcitriol is well known for elevating serum calcium
levels by enhancing calcium absorption in the intestine, release
from the bone, and reabsorption in the kidney.'"* Owing to the
pivotal roles of PTH, osteoporosis frequently occurs in patients
with primary hyperparathyroidism. Interestingly, recombinant PTH
was reported to increase bone density, reverse skeletal abnorm-
alities, and improve the bone microstructure of patients with
hypoparathyroidism.''® A combination of intermittent PTH and
antiresorptive agents has been widely investigated and may be an
alternative option for patients previously treated with bispho-
sphonates.''” Osteoblasts and osteocytes express the type-1 PTH
receptor (PTH1R) and thus are the target cells of PTH.''®

Following PTH/PTH analog binding to its receptor PTH1R in
bone cells, a complex with low-density lipoprotein receptor-
related protein 6 (LRP6) is formed. Subsequently, the complex
stimulates B-catenin dependent, Wingless, and Int-1 (Wnt)-ligand-
independent Wnt signaling, which in turn enhances the expres-
sion of pro-anabolic genes.''® Together, 19 Wnt proteins exert
their effects through binding to Frizzled receptors and LRPs as
coreceptors, including LRP5 and LRP6."2%'?" To date, three Wnt

Bone Research (2024)12:8

Sexual dimorphism in osteoporosis and implication
Y Zhang et al.

signaling pathways have been discovered, including one canoni-
cal Wnt pathway (i.e, the canonical Wnt/B-catenin signaling
pathway) and two noncanonical Wnt pathways, including the
Wnt/Ca*"-dependent pathway and the Wnt/planar cell polarity
pathway.'?>'%* The canonical Wnt/B-catenin signaling pathway
plays a critical role in osteoporosis, mainly by promoting the
differentiation of mesenchymal progenitor cells into osteo-
blasts.'**'>> The importance of Wnt signaling in bone health
has been evidenced by multiple studies. For example, mutations
of LRP5 disrupting Wnt signaling have been associated with
osteoporosis-pseudoglioma syndrome, characterized by reduced
calvarial thickness.'?®

In addition to PTH-mediated activation of Wnt signaling, the
complex formed by the PTH/PTH analog can stimulate the
formation of cAMP through adenylyl cyclase in bone cells."*’
The downstream effector molecules in PTH1R signaling, such as
IGF-1, FGF2, and bone morphogenetic proteins (BMPs), have been
reported to play essential roles in osteoblast differentiation. FGF2
also regulates bone anabolism by mediating the effects of PTH by
interacting with Wnt signaling.'?® Butyrate, a bacterial metabolite
derived from gut microbiota,'* orchestrates PTH-mediated effects
in the skeletal system, predominantly stimulating bone formation
and resorption by activating the Wnt signaling pathway.'3%'3

Effects of sex chromosome abnormalities on osteoporosis
According to the widely accepted concept, sex differences arise
from the inherent inequality of the sex chromosomes in XX and XY
zygotes, which also cause sex disparities in osteoporosis
phenotypes.”**'*3 For instance, skewed X inactivation causes
variable sex-specific expression of plastin 3 (PLS3), thereby
resulting in X-linked osteoporosis.'*'** PLS3 polymorphisms have
been linked with skeletal fragility and early-onset osteoporosis in
children and young adults.”*> Additionally, pathogenic mutations
in PLS3 strongly correlate with fractures in men and postmeno-
pausal osteoporosis in women."*® Notably, considerable variations
in PLS3 have been detected in women with heterozygous X
chromosomes. These variations caused by PLS3 escaping
X-inactivation or X-inactivation of the mutant allele may explain
why women are less severely affected than men in X-linked
osteoporosis.'3’

Osteoporosis is associated with X-linked genetic disease,
particularly in males.'*®'3° Osteoporosis and low bone mass are
prevalent comorbidities in hemophilia A (HA), a congenital
X-linked recessive genetic disease.'**'** The high prevalence of
osteoporosis in HA patients has been reported to be closely
associated with VD deficiency and hemophilic arthropathy.'**'4>
In HA patients, the missing or defective expression of factor VI
(FVIII) disturbs bone homeostasis via the RANK/RANKL/osteopro-
tegerin (OPG) axis. The FVIll-induced production of thrombin
regulates bone metabolism by upregulating interleukin-6 (IL-6),
runt-related transcription factor 2 (RUNX2) and osteocalcin, as well
as changing the cytokine profile (Fig. 2)."*® Global knockout of the
FVIIl gene induced trabecular bone accretion in male mice and
diminished cortical compartment accretion in female mice.
Furthermore, it resulted in repressed bone formation in male
mice but increased resorption in female mice.'*’

Another sex chromosomal abnormality with a high risk of
osteoporosis is Klinefelter syndrome (KS), a common genetic
condition characterized by an extra copy of the X chromosome in
males. X-linked copy number variants may play a role in the
elevated risk of osteoporosis, affecting approximately 40% of
individuals with KS."*® Patients with KS exhibit lower BMD than
matched healthy people, which can be predicted by muscle mass,
a history of testosterone treatment, age at diagnosis and bone
markers.'*® Notably, a cross-sectional study showed that the bone
mass phenotype in patients with KS was not associated with
testosterone levels or the androgen receptor (AR) CAG poly-
morphism."*° Interestingly, even men with KS who have adequate
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Fig. 2 X-linked osteoporosis in males. X-linked osteoporosis is most likely more common in males, given the higher rates of mutation in
genes, such as PLS3 and factor VIII (FVIII), that are located on the X chromosome. PLS3 deficiency induces an imbalance between bone
resorption and formation, resulting in insufficient mineralization in osteoblasts, increased bone resorption in osteoclasts, and dysregulation of
mechanosensing in osteocytes. A missing or defective clotting protein, factor VIII (FVIII), may directly disrupt bone homeostasis via the RANK/
RANKL/OPG pathway in hemophilia A (HA) patients. The FVIII/VWF complex inhibits RANKL and increases the activity of OPG, thereby
promoting osteogenesis. Activated FVIIl detaches from VWF, binds to FIX, and then activates FX to FXa, which is responsible for the conversion
of prothrombin into thrombin. Thrombin binds to PRL-1 to increase the production of IL-6, which further enhances the expression of RUNX2
and osteocalcin, decreasing the expression of RANKL. FVIII or FIX regulates the Wnt/B-catenin pathway and reduces the production of
sclerostin to further inhibit the Wnt signaling pathway. OPG osteoprotegerin, RANKL receptor activator of nuclear factor-kappa B ligand, TNF-a
tumor necrosis factor o, IFN-y interferon-y; IL-1p, interleukin-1p, IL-6 interleukin-6, MAPK mitogen-activated protein kinase, COX-2
cyclooxygenase 2, PGE2 prostaglandin E2, EP4 PGE2 receptor 4, RUNX2 runt-related transcription factor 2

testosterone levels may have reduced bone mass, and testoster-
one replacement therapy does not always improve bone density
in KS patients. Several factors, including low insulin-like factor 3
(INSL3), VD deficiency, reduced estrogen level, unfavorable fat/
muscle ratio, and high follicle-stimulating hormone (FSH), may
contribute to osteoporosis in KS patients.”’

Major sex hormones in bone metabolism

Similar to sex chromosome abnormalities, sex hormones, includ-
ing estrogen, androgens and testosterone, also contribute to sex
differences in the risk and pathophysiology of osteoporosis.'>? Sex
steroids act as essential regulatory sex hormones in bone
modeling and remodeling processes by targeting bone cells,
mainly osteoblasts and osteoclasts. The production of sex
hormones changes dramatically and differently in men and
women during their lifetime and is the most important factor
for sex differences in osteoporosis (Fig. 1).

Estrogen’s powerful influence on bone homeostasis and its deficiency
in osteoporosis. Among sex steroids that affect bone homeostasis
and health, estrogen is undoubtedly the most important sex
hormone in women and a major hormone in men.'” 17p-estradiol
(estradiol, E2) is well known as the most potent estrogen with
three major receptors, including classical estrogen receptor alpha
(ERa) and estrogen receptor beta (ERB), as well as nonclassical G
protein-coupled estrogen receptor 1 (GPER1)."*® Estrogen, which
reaches its peak during a woman’s 20s and declines after
menopause,”>'>* plays a critical role in tightly controlling bone
mass in women. Postmenopausal bone loss, which is due to the
associated decline in estrogen and usually occurs 5-15 years after
menopause, is characterized mainly by an accelerated loss of
trabecular bone, hence why postmenopausal osteoporosis is also
referred to as trabecular osteoporosis.'>® According to a study on
perimenopausal and postmenopausal women, the annual loss of

SPRINGERNATURE

BMD was approximately 2%-5% in the first several years of
menopause followed by a notable increase in BMD loss, reaching
20%-30% at the femoral neck and 30%-40% at the spine ten
years following the onset of menopause.'*®

Estrogen is also associated with age-related osteoporosis in
men.”® A deficit of estradiol in older males contributes to reduced
BMD due to a high turnover rate, poor microarchitecture, and
rapid bone loss.'%">” The direct role of estradiol deficiency in
men’s osteoporosis is well supported by studies of men with
congenital ER deficit (also referred to as congenital estrogen
resistance) and aromatase deficiency.’”® Men with aromatase
deficiency presented a phenotype similar to that seen in estrogen-
resistant patients.'>® Nevertheless, unlike estrogen-resistant men,
men with aromatase deficiency respond well to estrogen therapy
and experience an increase in BMD following treatment.'®
Inhibition of aromatase significantly reduces the urinary markers
of bone resorption and formation in men at a mean age of 68.'°"
Although the clinical phenotypes of the two human models of
estrogen deficiency differ, adult men with congenital aromatase
deficiency benefit from high-dose estradiol treatment.'®? These
findings provide direct evidence that estrogen deficiency is
essential in bone loss in older men.

The molecular mechanisms of estrogen in bone homeostasis
are complex. Over the past few decades, numerous studies have
focused on the effects of estrogen on bone cells during growth,
maturation, remodeling, or turnover in adults, shedding light on
how estrogen deficiency contributes to osteoporosis.”®% 163164
First, estradiol inhibits inflammation by repressing key pro-
osteoclastic cytokines in T cells, including tumor necrosis factor
(TNF), IL-1, IL-6, and IL-7."®> The enhanced release of these
cytokines in response to estrogen deficiency is associated with
increased osteoclast differentiation and activity, as well as bone
resorption (Fig. 3a).'°®'®” Estradiol also reduces inflammation by
downregulating the nuclear factor-kB (NF-kB) pathway,
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Fig. 3 Mechanisms of sex steroid hormones on bone homeostasis. a Mechanism of estrogen action on bone cells. Estrogen is the most
important sex hormone in women who undergo a hormonal shift in 17p-estradiol levels, transitioning from perimenopause to early
postmenopause. The declining estrogen levels after menopause directly enhance the apoptosis of osteocytes to reduce bone remodeling,
indirectly decrease osteoblastogenesis, and increase osteoclastogenesis by regulating RANKL. Estrogen regulates RANKL by acting on stromal
cells and immune cells by changing cytokine profiles. b Schematic of the effects of male sex hormones on bone cells. The male sex hormone
testosterone is an important regulator of bone cells, mainly osteoblasts and osteoclasts. Decreased testosterone levels in older men induce a
decrease in DHT, which further represses the proliferation and differentiation of osteoblasts, increases apoptosis of osteoblasts, and reduces
the synthesis of EMP. The decline in testosterone results in reduced estrogen levels, which further directly or indirectly decreases
osteoblastogenesis and increases osteoclastogenesis to reduce BMD. ALP alkaline phosphatase, Bcl-2 B-cell lymphoma-2, ERa estrogen
receptor alpha, ERp estrogen receptor beta, FasL Fas ligand, IL-1 interleukin-1, IL-6 interleukin-6, IL-7 interleukin-7, IFN-y interferon-y, RANKL
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inhibiting osteoclast formation and bone resorptive activ-
ity.'®®1%9" Second, estradiol promotes apoptosis of bone-
resorbing osteoclasts (Fig. 3a)."7%""" Estradiol induces the
expression of Fas ligand (FasL), a member of the TNF subfamily,
in osteoblasts at the transcriptional level by binding to ERa. The
activation of Fas/FasL signaling thereby induces osteoclast
apoptosis in bone tissues.'”#'”3® Estradiol also inhibits
osteoblast-driven osteoclastogenesis by regulating the mem-
brane association of RANKL, another member of the TNF family,
to decrease the amount and activity of osteoclasts.'”* Third,
estradiol has pro-osteoblastic activity by upregulating the
antiapoptotic protein B-cell lymphoma-2 (Bcl-2), leading to a
net increase in new bone formation.'’>'7¢ 17f-estradiol relieves
oxidative damage in osteoblasts by increasing the expression of
miR-320-3p and decreasing RUNX2."”” In aging female mice, the
increase in FGF23 during a mild phosphate challenge is higher
than that in male mice, possibly due to the direct effect of
estradiol on osteocytes.'’® Additionally, estradiol directly upre-
gulates the expression of alkaline phosphatase and bone-specific
alkaline phosphatase, both of which are recognized as biomar-
kers for osteoblast differentiation, thus leading to an increase in
osteoblasts and the formation of new bone (Fig. 3a).'”?

ERs can affect the biological role and signaling pathways in the
sex dimorphism of bones.'”® ERa and ERB are abundantly expressed
in osteocytes, osteoblasts, osteoclasts, and immune cells, with
different but overlapping distributions in females and males.'”® At
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the mRNA level, ERa is approximately 10-fold more abundant than
ERB in trabecular bone."®® In addition, ERa plays a major role in
mediating bone responses to estrogen in both sexes, whereas ERf
has minor protective effects in females and no significant effects in
males.”® Increasing attention has recently been directed toward the
emerging roles of ERa in mechanotransduction signaling pathways
in articular chondrocytes.'®' In line with the above notion, bone
formation was shown to be enhanced via upregulation of ERa in the
process of fracture healing in mice following an application of
mechanical strain induced by high-frequency low-magnitude
vibration.'®? Specifically, ERa activation induces the differentiation
of MSCs into osteoblasts, the differentiation of osteoblasts into
osteocytes, and apoptosis of osteoclasts."'®*'%* The effect of
estrogen on cortical and trabecular bone mass is mediated by a
direct effect on osteoblasts and osteoclasts via ERa.'>> A novel
resveratrol oligomer derivative exhibited potent anti-osteoporosis
effects in ovariectomized rats by activating ERB, indicating the
potential effects of ERB in osteoporosis in females.'®® Although
GPER1 is expressed in osteoblasts, osteocytes, and osteoclasts,
relatively few reports exist on its role in bone homeostasis.'®
Previous animal studies of bone cell-specific deletion of ERa
have gained insights into its biological role and signaling
pathways in the sex dimorphism of bones. ERa inactivation in
extrahypothalamic neurons during late puberty increased bone
length in female mice but not in male mice, suggesting that
central ERa signaling affects bone growth and radial bone
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expansion via the growth hormone (GH)/IGF-1 axis, specifically in
females.'®” ERa deletion in both osteoblasts and chondrocytes
induced substantial trabecular bone loss and reduced cortical
bone periosteal and endosteal diameters in female mice but not in
male mice, indicating that ERa in osteoblast progenitors and
hypertrophic chondrocytes played sexually different roles in bone
mass regulation.'®® Deleting ERa in osteocytes decreased the
trabecular bone mass only in male mice."® ERa knockout was
associated with decreased bone turnover and increased trabecular
bone volume in both female and male mice, while ERPB deletion
had the same effects only in female mice.’® ERaq, but not ERB, in
osteocalcin-positive osteoblasts was suggested to boost the late
stage of bone regeneration in female mice.'”® Ovariectomy
induces enhanced expression of microRNA-148a and osteoporosis,
and microRNA-148a increases apoptosis of osteoblasts by inhibit-
ing ERa in female mice.'"

These data demonstrate that estrogen is a crucial sex hormone
that governs bone metabolism in both women and men and
protects bone tissues through a variety of molecular mechanisms.
Further insights into the sex- and age-related differential effects
and mechanisms of estrogen and ERs will help in the develop-
ment of tailored strategies to prevent and treat osteoporosis in
specific populations.

Androgens in bone health and osteoporosis. Testosterone acts as
an essential regulatory sex hormone in bone modeling and
remodeling processes by targeting osteoblasts and osteoclasts.
Testosterone can be converted to DHT, the most powerful
androgen, which directly binds to the AR to induce androgenic
activity (Fig. 3b)."”"9?

Endogenous inadequacy of androgens due to disease may
cause osteoporosis. Hypogonadism is a clinical and biochemical
syndrome in which the testes cannot produce physiological
concentrations of testosterone, usually indicated by a serum
testosterone level of less than 300 ng/dL.'?* Due to acquired mild
hormonal deficiencies, hypogonadism has been identified as one
of the most common causative factors for secondary osteoporosis
in men. Men with hypogonadism presented lower BMD and
poorer bone microarchitecture.'®® Additionally, it has also been
shown that testosterone benefits the BMD of hypogonadal men
more than it does men with physiological levels of testoster-
one."®>'% Some previous studies have shown that testosterone
replacement therapy (TRT) enhanced BMD and improved bone
turnover markers and microarchitecture in men with hypogonad-
ism. 0197729 The results of testosterone trials also showed organ-
specific effects for testosterone treatment in older males.”’
Despite the increasing use of testosterone supplementation for
the prevention and treatment of osteoporosis, there are no studies
supporting the use of TRT in reducing the risk of fractures in men.
Therefore, further studies are needed to obtain deeper insights
into the pathophysiology and clinical effects of testosterone on
bone to improve the use of testosterone for this indication.

Androgen deficiency due to aging or androgen deprivation
therapy in patients with prostate cancer is another leading cause
of osteoporosis. The decline of testosterone during aging is
associated with reduced BMD, osteoporosis, and enhanced risk of
fractures.®>*°2 Rapid bone loss and severe deterioration of
microarchitecture occur in prostate cancer patients undergoing
androgen deprivation therapy.’®®> However, the exact levels of
testosterone that may cause the development of osteoporosis and
the onset of osteoporotic symptoms have not been established
due to conflicting results in human studies.?®*

Testosterone has numerous functions in the skeletal system.
Testosterone regulates periosteal apposition and increases bone
growth, making male bones larger than female bones.?*
Testosterone protects bones by modulating nonskeletal factors
such as muscle strength.’°® Moreover, testosterone stimulates the
differentiation and proliferation of osteoblasts while suppressing
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the maturation and resorptive activity of osteoclasts. Testosterone
deficiency in ovariectomized male rats stimulated RANKL produc-
tion by osteoblasts, and elevated levels of RANKL enhanced bone
resorption by promoting osteoblast differentiation, leading to
decreased BMD (Fig. 3b).2°”~2°° Additionally, bioactive estrogen
(estradiol, E2) and DHT, converted from testosterone by aroma-
tase, contribute to the protective effects of testosterone on bone
(Fig. 3b).29°72"2 Of the three types of bone cells, osteoblasts are
the direct target of testosterone-derived DHT and estradiol, which
promotes bone formation and remodeling by binding to AR and
ERs in men.?°®2'3 Notably, aromatase inhibitors result in a lower
BMD and higher fracture risks in postmenopausal women with ER-
positive breast cancer, suggesting a protective role of testosterone
in women with estrogen deficiency.>'* Androgen also interacts
with vitamin D5 (VD3) to prevent the development of osteoporosis
in men.2'® Treatment with DHT was reported to increase serum
VD3 in mice, which further confirmed an association between
androgens and VD homeostasis.”'® Studies by other researchers
found that VD can suppress the peripheral conversion of
androgen to estrogen catalyzed by aromatase.?'” Estrogens, but
not androgens, increased the gene expression of VD-binding
protein (DBP), a protein primarily responsible for the transport of
circulating VD.2'® Interestingly, DBP gene polymorphisms were
associated with BMD and the risk of fractures in male patients with
osteoporosis.?'® Genome-wide association analysis of circulating
DBP identified two variants associated with serum DBP levels.?*°
Although the beneficial effects of VD on bone, such as in the
absorption and reabsorption of calcium, have been well docu-
mented, research on the interplay of VD and androgen needs
further study to better understand its role in male osteoporosis.

AR mediates the maintenance and modulation of bone home-
ostasis. AR-deficient mice exhibited decreased bone mass,
reduced volume of trabecular and cortical bone, and osteopenia
in endochondral bones due to enhanced bone turnover and
resorption.'®> Specific deletion of AR in bone cells, such as
osteoblasts and osteocytes, reduced the trabecular bone mass.
However, the absence of AR in cells other than osteoblasts and
osteocytes can also regulate bone mass. Conditional knockout of
AR in neurons of male mice exhibited obvious loss of cortical
thickness and strength even with sufficient androgen.??" Deletion
of AR in B lymphocytes increased their numbers, suggesting
androgen-mediated regulation of lymphocytes.??* Testosterone
inhibited the expression of IL-6 from immune cells, reducing the
pro-osteoclastic effect.??*> Conversely, testosterone deficiency may
enhance the unfavorable impact of IL-6 on BMD. Blocking AR also
significantly impaired bone repair in female rats.?2>72%

In addition to older males with low testosterone levels, osteoporo-
sis has been observed in young men with normal testosterone levels,
which is categorized as idiopathic osteoporosis.'® Idiopathic osteo-
porosis is a heterogeneous disorder in young adults with decreased
osteoblast function and impaired bone acquisition, and the exact
pathological mechanism remains unclear?*® Men with low serum
IGF-1, a major GH mediator that plays a crucial role in bone
remodeling, have an elevated fracture risk, especially hip and
vertebral fractures.'® In contrast, higher serum IGF-1 levels were
reported to be associated with idiopathic osteoporosis in premeno-
pausal females.??” The expression of the IGF-1 receptor on circulating
osteoblast progenitor cells can predict the bone formation rate and
effects of teriparatide treatment in patients with premenopausal
idiopathic osteoporosis.>?® Given that abnormally low levels of IGF-1
have been closely linked to suppressed bone formation in most male
patients with idiopathic osteoporosis at a young age, those patients
may benefit from recombinant GH as an alternative therapy.'®**°

Sex hormone-mediated oxidative stress and protective autophagy
in osteoporosis

Age-related increases in reactive oxygen species (ROS) are
inversely related to age-associated decreases in BMD and bone
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Fig. 4 The role of sex hormone-mediated oxidative stress and protective autophagy in osteoporosis. a Glucocorticoids, diabetes, and aging
induce reactive oxygen species (ROS) and increase oxidative stress, which is a major mechanism of osteoporosis. Excessive oxidative stress
disrupts bone homeostasis by promoting bone resorption and inhibiting bone formation and remodeling. Sex steroids, especially estrogen,
can promote protective autophagy to enhance bone formation. b 173-estradiol promotes protective autophagy in osteoblasts and osteocytes
via FOXO3 and mTOR signaling to enhance bone formation. Estrogen also inhibits excessive autophagy in osteoblasts via JNK signaling to
decrease apoptosis. Excessive ROS increase protective autophagy in osteoclasts to promote survival and bone resorption. c Aging, diabetes,
glucocorticoids, and estrogen deficiency all increase ROS to induce excessive oxidative stress to repress osteoblastogenesis through TCF/LEF
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strength, which may contribute to age-related osteoporosis.**°
Accordingly, the beneficial effects of estrogen and phytoestrogens
on bone are attributed at least in part to their antioxidant
properties (Fig. 4a).2" In addition to aging, some age-related
metabolic diseases are also associated with increased ROS
levels.*° For instance, hyperglycemia and insulin resistance were
shown to result in increased ROS production in T2DM patients due
to the promotion of mitochondrial respiration.>>*** Additionally,
GC-induced ROS upregulate oxidative stress-related gene expres-
sion in osteoblasts and inhibit Wnt-induced osteoblastogenesis.?*?

Oxidative stress plays a critical role in osteoporosis progres-
sion.>>* Long-term exposure to oxidative stress disrupts bone
homeostasis, thereby contributing to osteoporosis.”*> Aging-
induced oxidative stress leads to enhanced osteoclast activity
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and reduced osteoblast activity.*® Aging, diabetes, GCs, and
estrogen deficiency can all promote the production of ROS to
induce excessive oxidative stress, which decreases osteoblasto-
genesis through TCF/LEF signaling.®” Oxidative stress also
promotes the production of proinflammatory cytokines and
miRNAs to increase osteoclastogenesis and decrease osteoblasto-
genesis.”*® ROS are important components regulating the
differentiation of osteoclasts.’>® As a kind of ROS, H,0, causes
oxidative damage to multiple intracellular macromolecules,
eventually leading to cell senescence and death.?*° Notably,
excessive oxidative stress can be neutralized and lowered by
antioxidants, such as glutathione and N-acetyl cysteine (NAC).
Therefore, they may induce beneficial effects on bone or even
hold potential as therapeutic agents for osteoporosis.”’?**
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Sudachitin, a polymethoxyflavone from Citrus sudachi, suppresses
inflammatory bone destruction and osteoclastogenesis by
decreasing ROS production in osteoclast precursors.®*' The
powerful antioxidant NAC was shown to inhibit orchiectomy-
induced osteoporosis in mice by repressing osteocyte senes-
cence.®* Vitamins K1 and K2 protect osteoblasts from H,O,-
induced oxidative damage, suggesting a protective role of vitamin
K in the mineralization, formation and remodeling of bones.**
Inhibiting p66°"° decreases oxidative stress and promotes
osteogenesis, which can be repressed by E2 and DHT
(Fig. 4c).2**?* Collectively, defense against oxidative stress
represents a potent way to prevent osteoporosis in the elderly.2*

Autophagy is a potential protective mechanism to protect bone
cells from oxidative stress-induced damage and maintain home-
ostasis (Fig. 4b).>*72*® Under oxidative stress, excessive ROS can
trigger autophagy through multiple signaling pathways, such as
ROS/FOX03,%**%°  ROS/AMPK,*>'  ROS/Akt/mTOR,***  HIF-1a/
BNIP3,> MAPK/ERK,*>* and ROS/JNK/c-Jun.**> It has been well
documented that autophagy, a self-degradation of damaged
organelles, aggregated or misfolded proteins and other macro-
molecules, represents an essential key mechanism for preserving
organismal and cellular homeostasis, including bone home-
ostasis.?>® Thus far, three types of autophagy (macroautophagy,
chaperone-mediated autophagy, and microautophagy) have been
identified, of which macroautophagy is most closely related to
human diseases, including osteoporosis.>” Dysfunctional autop-
hagy induced by aging may be an essential mechanism for
developing age-related osteoporosis.'>>?*® Autophagic activity is
also involved in growth factor-mediated effects on bone. For
instance, an interplay between BMPs, strong osteogenic growth
factors, and autophagic activity has been identified. The ligands of
BMPs participate in modulating autophagy levels in muscle-
related disease by regulating energy metabolism.?**2%° B-catenin-
dependent canonical Wnt signaling, a validated signaling pathway
with a critical role in the differentiation of stem cells to osteoblast
lineage cells and the formation of mature osteoblasts in
osteogenesis, is negatively correlated with autophagy.?®’ Autop-
hagy is also involved in the modulation of osteoclastogenesis and
osteoclast function.®® For instance, GCs induce bone loss by
increasing autophagg/ in osteoclasts via the PI3K/Akt/mTOR
signaling pathway.’®> Many autophagy-related proteins (ATG),
such as ATG5, ATG7, ATG4B, and MAP1LC3, have been reported to
be important in promoting bone resorption.?** Targeting Atg7
repressed the activity of osteoclasts in ovariectomized mice while
inhibiting autophagy in osteoblast aggregate bone loss in
estrogen deficiency cases.?®>?% Cell-specific deletion of Atg7 in
osteoblasts reduced bone formation by triggering endoplasmic
reticulum stress.>>® Modulating autophagy is a promising strategy
for treating osteoporosis. Advanced glycation end product (AGE)
accumulation in hyperglycemia causes senescence of bone
marrow MSCs and induces senile osteoporosis, which can be
reversed by enhancing mitophagy by overexpressing sirtuin-3.2%”
Enhancing autophagy in bone mesenchymal stem cells (BMSCs)
promoted bone formation and osteogenic differentiation by
activating mTOR and triggering the WNT/B-catenin pathway.>®®
Specifically, enhancing autophagy in osteoblasts by degrading the
Notch intracellular domain boosted the differentiation of osteo-
blasts and relieved osteoporosis.’®® Estrogens, especially
17B-estradiol, promoted protective autophagy in bone cells to
inhibit ROS and promote cell survival (Fig. 4b).2”%%"

Growing evidence suggests that the expression levels of many
autophagy genes are regulated by sex hormones, such as
estrogens and their receptors, contributing to the distinction
between autophagy-mediated osteoporosis in men and women
(Fig. 4d).?’>"*’® For instance, ATG3 is regulated by AR only,
whereas Unc-51-like autophagy activating kinase 1 (ULK1) is the
target gene, with its transcription level regulated by both AR and
ERa. Bioinformatics analysis has revealed that ERa potentially
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regulates 19 autophagy genes, and 12 autophagy genes are
potential target genes of ERPB in humans, with their expression
levels regulated by ERs at the transcriptional level. Further
analysis of the gene-related pathways has found that these genes
play functional roles in the induction of phagophores, expansion,
and fusion with lysosomes in autophagy.”’® Among these
autophagy genes potentially regulated by sex hormones and
their receptors, ULK1 was confirmed to play a direct role in bone
homeostasis and osteolytic metastasis.’”” By silencing or over-
expressing ULK1 in vitro and in vivo, ULK1 has been demon-
strated to be directly involved in modulating OC differentiation
via the ULK1/docking protein 3/spleen tyrosine kinase axis, while
ULK1 upregulation inhibits OC-mediated bone resorption and
thereby impedes bone loss.””” 17p-estradiol increases the
expression of sirtuin-1 to promote autophagy via the AMPK/
mTOR signaling pathway and inhibits apoptosis by activating
FOXO3a signaling in osteoblasts.?”° Estrogen deficiency in female
rats decreases autophagy and enhances apoptosis in osteocytes,
while estrogen replacement therapy enhances the viability of
osteocytes by repressing apoptosis and maintaining autop-
hagy.?”® As illustrated by proteomic analysis, estrogen promotes
autophagy in human osteoblasts during differentiation to
promote survival and mineralization by upregulating RAB3
GTPase-activating protein.?”®

Research on sex-specific autophagy genes is still in its early
stages. Interestingly, some sex-specific autophagy genes are
regulated by either AR or ERs, while others are regulated by both
AR and ERs (dual regulation). It is still unclear whether dual
regulation occurs in the same or different biological processes. It
has yet to be determined whether these sex-specific autophagy
genes play functional roles related to sex differences in
osteoporosis. Further insights into these autophagy genes
regulated by sex hormones and receptors may provide new
targets for developing novel therapeutic approaches and help
tailor treatment strategies for osteoporosis.

Estrogen and testosterone in GC-induced osteoporosis
Despite their high therapeutic effectiveness, the use of GCs
induces various side effects, including GC-induced osteoporo-
sis.*>?8% Usually, bone loss may occur soon after the initiation of
GC treatment, and the fracture risk may increase within months
following treatment.*® Specifically, GCs inhibit the proliferation
and differentiation of osteoblasts, elevate the apoptosis of
osteoblasts and osteocytes, and increase osteoclastogenesis.?3'252
GCs induce autophagy in osteoblasts and inhibit their proliferation
by downregulating the Wnt and MAPK signaling pathways.?*® For
osteocytes, GCs induce their apoptosis by increasing the influx of
Ca’" and promoting the Pyk2-JNK signaling pathway.?®® In
addition, GCs promote the differentiation and maturation of
osteoclasts and increase the number of osteoclasts by upregulat-
ing RANKL, thereby prolonging the osteoclast lifespan and
resulting in bone loss (Fig. 5a).3°

Crosstalk between GCs, estrogen and testosterone plays key
roles in osteoporosis. GCs inhibit gonadotropin secretion, resulting
in decreased production of estrogen and testosterone, as well as
increased bone resorption, which consequently contributes to
osteoporosis.?®* Testosterone in hypogonadal men has been
shown to prevent bone loss at the lumbar spine in GC-induced
osteoporosis, while the selective estrogen-receptor modulator
raloxifene decreased fractures in postmenopausal females.?®
Regarding osteoporosis, GCs and estrogens have opposing actions
on multiple signaling pathways. Both GCs and estrogens can
regulate the MAPK signaling pathway, in which estrogens increase
the phosphorylation of p38 MAPK. In contrast, GCs decrease the
phosphorylation of ERK-MAPK, leading to different effects on the
proliferation of osteoblasts.?®¢?%” Furthermore, estrogens upregu-
late and phosphorylate the Akt protein, while GCs downregulate
it.2%8289 A5 mentioned earlier, estrogens and phytoestrogens
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Fig. 5 Pathological mechanisms of osteoporosis induced by diabetes, glucocorticoids, and psychological stress. a Glucocorticoid (GC) inhibits
the proliferation and increases the apoptosis of osteoblasts by downregulating Wnt signaling, repressing the production of sex steroids,
decreasing calcium absorption, and reducing growth factors. GC decreases the differentiation of adipocytes in bone marrow by decreasing
the Wnt/p-catenin pathway. GCs also promote the apoptosis of osteocytes by increasing the influx of Ca®>". GCs decrease apoptosis and
promote the survival of osteoclasts by upregulating RANKL and downregulating M-CSF. b T2DM-associated osteoporosis is characterized by
decreased bone turnover and impaired microarchitecture, which has a complex pathological mechanism and involves multiple signaling
pathways. T2DM affects bone metabolism, demineralization, bone marrow adiposity, and calcium balance through hyperglycemia. Other
coexisting conditions in T2DM, such as obesity, impaired renal function, hypercalciuria, reactive oxygen species (ROS), more advanced
glycation end products (AGEs) accumulation, inflammation, and peptides in the gastrointestinal (Gl) tract, contribute to the higher prevalence
of osteoporosis in T2DM patients. Estrogen and androgen can scavenge ROS directly or indirectly by changing cytokine profiles and exert
protective effects by nonskeletal mechanisms such as the regulation of adipose tissues. Estrogen protects pancreatic f§ cells and increases
insulin production to indirectly alleviate diabetic osteoporosis. ¢ Psychological stress contributes to osteoporosis through the hypothalamic—
pituitary—adrenal (HPA) axis and the brain-immune connection. Psychological stress promotes bone loss by regulating growth hormones,
glucocorticoids, sex hormones, and pro-inflammatory cytokines. MSCs mesenchymal stem cells, M-CSF macrophage colony-stimulating factor,
OPG osteoprotegerin, RANKL receptor activator of nuclear factor kappa-B ligand, AGEs advanced glycation end products, ROS reactive oxygen
species, SOST sclerostin, GLP-1 glucagon-like peptide-1, Gl tract gastrointestinal tract, GIP gastric inhibitory polypeptide, IGF insulin-like
growth factor, GC glucocorticoid, CRH cortisol-releasing hormone, GnRH gonadotrophin-releasing hormone, GHRH growth hormone-
releasing hormone, SNS sympathetic nervous system, NPY neuropeptide Y, NMU neuromedin U, ACTH adrenocorticotrophic hormone, GH
growth hormone, FSH follicle-stimulating hormone, LH luteinizing hormone, PICs pro-inflammatory cytokines

protect bone by alleviating GC-induced osteoporosis and antag- needing GC treatment may benefit from combining GCs with
onizing GC side effects. When translating these scientific findings ~ phytoestrogens, such as poncirin,?®° quercetin,?*'2° genistein,>*
into clinical practice, sex- and age-specific differences should be  trigonelline,*** and icariin,?*® to reduce the risk of developing GC-
considered to enhance efficacy and decrease side effects. For induced osteoporosis.’%*?® Qverall, phytoestrogens show some
instance, estrogens rapidly decline in postmenopausal women, so benefits, but their effectiveness in the context of GC-induced
prolonged medication is recommended when they require GC osteoporosis is not well established and needs further
therapy to diminish the risk of osteoporosis. Male patients investigation.
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Diabetic osteoporosis

As a metabolic disorder, the influence of diabetes on bone tissues
and cells is complex.’*?°® TIDM patients exhibit enhanced
systemic inflammation, bone loss, and fracture risks, in which IL-10
is essential in promoting osteoblast maturation.”®° Boys with
T1DM exhibited significantly lower BMD at several sites than boys
without T1DM, while these obvious differences were not observed
in girls with TIDM. Factors affecting BMD in boys and girls with
T1DM also differ notably.3°° Male TIDM patients showed lower
25(0OH)D levels and higher PTH levels than control individuals,
while no such differences were found in females with TIDM.3°" All
these reports suggest sex differences in the pathological
mechanisms underlying T1DM-induced osteoporosis.
Ovariectomy-induced estrogen deficiency aggregated T1DM-
induced expression of TNF-a in osteoporosis in female mice,
suggesting that TNF-a may play a more important role in females
than in males in T1DM-induced osteoporosis.>®*> Endogenous
BMP-6 was shown to be reduced in male TIDM mice, which
contributed to bone loss3*® Most studies on T1DM-induced
osteoporosis are carried out using male animal models, so data on
female animals are somewhat limited.

In contrast to TIDM, T2DM is a chronic metabolic disease
characterized by insulin resistance. The pancreas still produces
insulin, but not at sufficient levels, and the tissues and cells cannot
respond appropriately to insulin. Unlike T1DM, which usually
onsets at a young age, T2DM commonly occurs at an older age
and frequently coexists with obesity. The prevalence of T2DM
exhibits obvious sex differences during a lifetime (Fig. 1c).
Similarly, males are more vulnerable to nutritional challenges
and more likely to develop insulin resistance and hyperglycemia
than females in nearly all animal models.>** However, female
T2DM patients exhibited a higher relative risk of cardiovascular
diseases and mortality than males, suggesting that hyperglycemia
may neutralize the beneficial effects of estrogen.’®> T2DM-
associated bone disease is characterized by decreased turnover
and impaired bone microarchitecture (i.e, enhanced cortical
porosity and reduced cortical volume).?® Although there was
seemingly normal BMD or even greater levels of areal BMD in
T2DM patients than in individuals without T2DM, a higher risk of
developing fragility fractures was reported in T2DM patients.®’
However, the exact underlying mechanisms need to be further
elucidated. Several diabetes-associated risk factors that may
contribute to fragility fractures in T2DM patients have been
identified, including obesity, insulin resistance, poor glycemic
control, micro- and macrovascular complications, exogenous
insulin therapy, and accumulation of AGEs.°®%” Furthermore,
T2DM and aging enhanced the production of senescent cells in
various tissues, including bone tissues, in male diabetic rats.3%
Multiple molecular pathways were activated in male diabetic rats
and involved the effects of T2DM on bone metabolism, altered
microarchitecture, and osteoporosis.>®” Gene expression and
glucose metabolism in osteoblasts are tightly regulated by insulin.
Studies have shown that insulin stimulates the differentiation and
proliferation of osteoblasts by binding to insulin receptors under
normal conditions.3%®3%° Due to insulin resistance and long-term
exposure to uncontrolled hyperglycemia in T2DM, the metabolism
of osteoblasts is severely impaired, which directly disrupts bone
homeostasis mainly through osteoblast-mediated bone forma-
tion.>'° In addition to the aforementioned direct effects, T2DM
also induces impaired renal function, hypercalciuria, aberrant AGE
accumulation in collagen, inflammation, and diabetic retinopathy,
which also facilitate the higher prevalence of osteoporosis in
patients with diabetes (Fig. 5b).°®*°® In rodent models of T1IDM
and T2DM, estrogen (173-estradiol) has been demonstrated to
display protective effects on pancreatic {3 cells through ERs, and 3
cells are involved in maintaining bone homeostasis by regulating
osteocalcin.®'" Based on these findings, it has been proposed that
enhanced ER action is a promising therapeutic approach to

SPRINGERNATURE

preserve functional B cell mass in diabetic patients (Fig. 5b)3""

Physical exercise-induced skeletal irisin relieved T2DM-induced
bone loss in female rats.>'? High insulin levels enhanced cortical
bone mass and influenced microstructure by regulating osteo-
blast- and osteoclast-related gene expression in male KK-Ay
mice>'® Canagliflozin improved bone microarchitecture by
regulating the differentiation of osteoblasts via AMPK/RUNX2
signaling in male T2DM mice.®'* It should be pointed out that the
majority of the current studies on diabetic osteoporosis are carried
out in either male or ovariectomized female animal models, which
is far from support elucidating sex differences. Animal models
mimicking premenopausal diabetic women should be established.
If studies are simultaneously carried out on both male and female
animals, comparing results and reaching conclusions on sex
differences will be easier. It is now important to find clues of
sexual dimorphism of diabetic osteoporosis in risk factors and
biochemical markers of both sexes.

In summary, diabetes is among the leading causes of secondary
osteoporosis, and the diabetic population is increasing world-
wide*'® In China, it has been reported that the overall prevalence
of total diabetes was 12.8%, ranging from 6.2% in Guizhou to as
high as 19.9% in Inner Mongolia, and a higher prevalence was
observed in men than in women.?*'*'® Therefore, basic research
and clinical studies must be accelerated to prevent and treat
diabetic osteoporosis, especially in countries with a high
prevalence of diabetes and a rapid growth of aging populations.

Psychological stress-induced osteoporosis
Both biological and psychosocial factors contribute to sex
differences in the risks and outcomes of osteoporosis, among
which psychosocial stress shows a greater influence on women
than on men.'” Although mental disorders and osteoporosis have
distinct pathological mechanisms, several recent studies show
that mental health disorders are strongly associated with
osteoporosis,>'®3' and notably, this negative association differs
between women and men 3232

A nationwide longitudinal study reported that patients with
posttraumatic stress disorder had a much higher risk of
osteoporosis (HR: 2.66, 95% Cl [1.91, 3.71]) later in life. It should
be noted that 76.3% of the subjects in this study were females.3*
The influence of psychological stress on postmenopausal osteo-
porosis patients with or without depression was also investigated.
It was found that the lumbar vertebra and femur dual-energy X-
ray absorptiometry scores were significantly lower in women with
osteoporosis and depression than in control patients.3?® In
another study, the correlation between chronic psychological
stress and osteoporosis was investigated in 2 327 patients with
depression and 21 141 matched control individuals. The results
reported a significantly lower BMD in the vertebra, distal radius,
and proximal femur and higher levels of bone resorption markers
in patients with depression than in control individuals without
depression.®** Analysis of the sex-specific difference between
depression and osteoporosis indicated that women with depres-
sion responded more strongly to psychological stress and that
osteoporosis was approximately three times more common in
women than in men.>? In addition, women were more vulnerable
to depression-associated low bone mass, whereas men with
depression displayed significantly more bone loss than women
with depression.** Aside from the direct effects of psychological
stress, pharmacological agents for treating mental disorders such
as major depression or posttraumatic stress disorder exert drug-
induced side effects on bones, leading to lower BMD and a higher
risk of osteoporosis and fractures in patients with mental
diseases.>*® Antipsychotics can also induce hy;)erprolactinemia,
which further increases the risk of osteoporosis.*2®

Serum 25(0OH)D concentrations are associated with anxiety
levels in postmenopausal women, indicating the role of VD in
psychological stress and osteoporosis.>?” Several studies have
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suggested that stress hormone signaling mediated by the
hypothalamic—pituitary—adrenal (HPA) axis and the brain-
immune connection may be essential contributors. Growth
hormones, GCs, and inflammatory cytokines may mediate the
adverse effects of psychological stress on bone loss, leading to
osteoporosis (Fig. 5¢).3?%32° How psychological stress regulates
the development of osteoporosis still needs to be elucidated.

Due to the effects of sex hormones, sex chromosomes, or other
intrinsic or extrinsic differences between the sexes (e.g., bioavail-
able estrogen, physical activity) in osteoporosis, it is necessary to
take sex-specific genetic and environmental factors into serious
consideration when planning future etiological studies of
osteoporosis.

STRATEGIES AND CHALLENGES IN THE MANAGEMENT OF
OSTEOPOROSIS

As a metabolic disorder, bone homeostasis of formation and
resorption is under the tight control of the endocrine system, and
the disruption of homeostasis results in osteoporosis. Various
osteoporosis treatments have been developed to primarily
strengthen bone and reduce the risk of osteoporotic fractures
(Fig. 6).33%%37 Based on their pharmacological mechanisms, the
current medications for osteoporosis fall into two main cate-
gories®3?333; (1) antiresorptive agents that exert therapeutic
effects through suppressing osteoclast-mediated resorption and,
in turn, reduce the rate at which bones breakdown or resorb and
(2) anabolic medications that activate osteoblasts and thereby
stimulate new bone formation.?***3° Given the sex- and age-
specific differences in osteoporosis and its related complications,
such as osteoporotic fracture, treatment strategies need to be
tailored for women and men.**® The following section summarizes
the current treatment options for osteoporosis for both sexes,
discusses the challenges, and proposes future directions for
improving the tailoring of medications.

Current treatments for osteoporosis in female and male patients
Antiresorptive therapies for osteoporosis. Antiresorptive agents
have been the mainstay of treatments for osteoporosis in the past
three decades and have shown proven effects in decreasing
fracture risks and increasing BMD. However, they have been
reported to cause adverse reactions, such as atypical femoral
fractures and jaw osteonecrosis, resulting in reduced reliance on
these medications."”® To date, antiresorptive pharmaceuticals
approved for osteoporosis comprise five major classes: bispho-
sphonates, sex hormones, selective estrogen receptor modulators,
monoclonal antibodies, and calcitonin.>*’

Bisphosphonates: Bisphosphonates are the first-line, most
widely used, and least expensive antiresorptive agents for
osteoporosis.>*®*3° Bisphosphonates are usually considered the
first option for osteoporosis, and approved bisphosphonates
include alendronate (Fosamax),>*>**' ibandronate (Boniva), rise-
dronate (Actonel)>**>3** and zoledronate or zoledronic acid
(Reclast).>**>% These drugs have shown anti-fracture efficacy
with a good safety profile and are recommended for treating
osteoporosis and individuals with prior osteopenia (an increased
risk of osteoporosis) or a history of fragility fracture34¥34°
Bisphosphonates are effective at increasing BMD and decreasing
fracture risk in patients with diabetic osteoporosis.>*° As shown by
a retrospective study enrolling 7 830 subjects, preadmission use of
bisphosphonate was associated with superior survival among
critically ill patients.*®' The American College of Physicians
recommends that male osteoporosis patients should be offered
bisphosphonates to decrease the risk of vertebral fractures.>>?

In addition to the therapeutic effects of alendronate in treating
male patients with primary osteoporosis, the agent is effective for
males with a high risk of developing fractures.>*® A network meta-
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analysis demonstrated that alendronate reduces osteoclast-
mediated bone resorption and matrix breakdown, resulting in
increased BMD at the lumbar spine and femoral neck, thereby
decreasing the risk of new vertebral fracture.>** Using a national
database, alendronate was found to reduce the risk of hip
fractures with sustained safety in patients above 80 years old and
prior fractures.>* Oral alendronate administered weekly also
increases BMD, thereby improving GC-induced bone loss among
male and female patients3>> In men with hypogonadism or
eugonadism, alendronate significantly decreased the incidence of
vertebral fracture compared with control individuals (0.8% in
patients treated with alendronate vs. 7.1% in the control
patients).340

Zoledronate is recommended for male patients needing
intravenous treatment and is the only treatment demonstrated
to decrease fracture risks in men.'® In addition to effects on
fracture risk, zoledronate induced fewer vascular events,
decreased the incidence of cancer, and reduced the mortality of
osteogenic women older than 65 years old compared with a
placebo.®*® A retrospective cohort study using the Danish and
Swedish health registries reported that zoledronate increased the
risk of heart failure and death when compared to bispho-
sphonates. However, it is important to note that there was no
increase in cardiovascular mortality in zoledronate users in
comparison to those using bisphosphonates or untreated control
individuals. This observation may be due to the higher baseline
risks present in patients who begin zoledronate treatment.*’

Current data about atrial fibrillation and bisphosphonates remain
contradictory.>*®3>° However, due to adverse skeletal effects, the use
of bisphosphonates in patients with the highest risk of future
fractures dropped from 15% in 2004 to 3% in 2013 in the US.3%°
Considering that bisphosphonate use in male patients treated with
sex steroids helps restore the patients’ eugonadal status, it may be
worthwhile investigating whether the combined use of bispho-
sphonates could improve the clinical efficacy of testosterone.

Estrogens and phytoestrogens: Pharmacological therapy for
osteoporosis began in the 1940s when estrogen was found to
reverse the negative calcium balance in postmenopausal women.'®°
Estrogen facilitates the acquisition of bone mass during puberty and
plays a crucial role in bone homeostasis.'” Estrogen levels sharply
decline in menopausal women, which directly contributes to a
decrease in BMD and predisposes this sex- and age-specific
population to osteoporosis and a high risk of osteoporotic
fractures.">* In animal studies, ovariectomy-induced depletion of
estrogen biosynthesis caused osteoporosis, which has been used to
develop an animal model of postmenopausal osteoporosis.>¢'>¢2

The efficacy and safety of estrogens and phytoestrogens in
patients with osteoporosis, especially postmenopausal female
patients, have been extensively investigated.*®®> Hormonal therapy
with estrogens reduced the incidence of all osteoporotic fractures
in postmenopausal women in the Women'’s Health Initiative (WHI)
randomized controlled clinical trial. In the Women’s Health,
Osteoporosis, Progestin, Estrogen (HOPE) clinical study program,
822 women were randomly assigned to three different treatment
groups: the combined equine estrogen (CEE) group, the CEE plus
medroxyprogesterone acetate (MPA) group, or the placebo group,
and all participating women were given 600 mg/d elemental
calcium. Compared to the placebo group, the hormone treatment
groups showed a significant increase in BMD, specifically a 0-1.5%
increase in hip BMD and a 0-3% increase in spine BMD.
Furthermore, this clinical trial also observed drug-related side
effects, such as breast pain and vaginal bleeding, with greater risk
in the CEE + MPA group than in the placebo group.®®* In addition
to direct effects on osteoporosis, menopausal hormone therapy
reduces the risk of T2DM, enhances insulin sensitivity, and
improves glycemic control, which may exhibit indirect and long-
term benefits to bone health.3%®
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In addition to estrogen treatment for osteoporosis, naturally
occurring phytoestrogens, such as quercetin,®*® icariin, %3¢’
kaempferol,>%3%° and genistein,>’°*”" have shown therapeutic
effects in female patients with osteoporosis.>’>3” |soflavones, a
kind of phytoestrogen with lower binding affinity than endogen-
ous estrogens, can act as an ERp selective ligand and an inhibitor
of testosterone 5-a reductase to maintain the balance of estrogen/
androgen to promote bone health.3”*
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However, side effects induced by hormone treatment (e.g.,
breast pain and vaginal bleeding) were also observed.>** Overall,
estrogen replacement therapy can be offered to perimenopausal
or early postmenopausal women experiencing moderate to severe
symptoms, as the benefits tend to outweigh the risks.>”> However,
it is important to note that long-term estrogen therapy has been
associated with increased risks of cardiovascular events. Therefore,
the route of administration, dose, and duration of estrogen
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treatment should be individualized after careful consideration.”®
The excessive risk of breast cancer associated with estrogen
replacement therapy has also raised significant concerns.>’’
Although many studies have shown the high efficacy of estrogen
therapy, including improved BMD and reduced fractures, it is not
used as the first-line therapy for osteoporosis and osteoporotic
fractures primarily due to potential adverse events. The structural
similarity to estrogen enables phytoestrogens to induce estro-
genic or antiestrogenic effects by binding to ERs. There are also
other health concerns related to phytoestrogen treatment, such as
endocrine disruption and thyroid function disturbance.?”®

The therapeutic benefits and side effects of estrogens and
phytoestrogens have also been investigated in specific male
patients. The deficit of estradiol, the most potent estrogen, in
older males has been shown to decrease BMD and increase bone
loss.>”® Estrogen therapy has effectively improved BMD in a
specific male population with congenital estrogen resistance or
congenital aromatase deficiency (congenital estrogen defi-
ciency).®®® These clinical studies in adult men with congenital
aromatase deficiency have provided evidence in support of the
benefits of hormonal therapy with estradiol on this specific male
population.

In summary, estrogen therapy is usually considered for older
women to relieve menopausal symptoms (i.e,, hot flushes). The
associated improvements in bone health should be considered
when weighing the benefits and the risks of estrogen treatment.
Estrogen therapy is now usually recommended for postmenopau-
sal women at high risk of fractures who cannot take other anti-
osteoporosis drugs. It is recommended that the lowest effective
dose of hormone be used for the shortest effective time. In
addition, hormonal therapy with estrogens may be considered the
main treatment and prevention of osteoporosis in an appropriate
female population. Moreover, estrogen therapy needs to be
individualized in the specific population of adult men with
congenital aromatase deficiency or estrogen resistance.

Selective estrogen receptor modulators: The past decade has
witnessed the development and approval of selective estrogen
receptor modulators (SREMs) to treat different estrogen-
responsive conditions, including postmenopausal osteoporosis
and breast cancer.®®' SREMs are structurally diverse compounds
that act either as ER agonists or antagonists by interacting with
ERs in target organs. Those approved or under clinical trials that
have shown beneficial effects on BMD in postmenopausal women
with osteoporosis (e.g., raloxifene, 333 |asofoxifene,****%> baze-
doxifene®®) are ER agonists in bone 387388

Among SREMs, raloxifene is the only approved agent in many
countries for treating postmenopausal osteoporosis and preventing
vertebral fractures in women, but it has not been approved for
males3®® As recommended in the 2018 update of French
recommendations on the management of postmenopausal osteo-
porosis, raloxifene should be considered for women with osteo-
porosis who are younger than 70 years old whose risk of
nonvertebral fractures is low.>3° In clinical trials, tamoxifen and
toremifene, currently recommended for patients with advanced
breast cancer, have shown beneficial effects on BMD in older
women after menopause. A clinical trial including 8 556 women
aged 59-80 years showed that lasofoxifene at a daily dose of 0.5 mg
decreased the risk of nonvertebral and vertebral fractures.?®*

Furthermore, the clinical use of SERMs has been expanded to
male patients undergoing androgen deprivation therapy but
needs to be carefully prescribed due to adverse events such as
gastrointestinal, cardiovascular, and psychiatric effects.**' Two
SERMs, clomiphene citrate and tamoxifen, have been used off-
label in males with central hypogonadism, which enhances serum
testosterone levels3°2 Moreover, SERMs in combination with
immunotherapy were suggested to benefit patients with prostate
cancer by regulating the tumor immune microenvironment.%
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Various studies have indicated the adverse effects of the long-
term use of SREMs.3?*3%> SREMs have been reported to be
associated with uterine cancer, venous thromboembolism, and
fatal strokes, which remain a major concern for long-term therapy
for osteoporosis.3?®

Currently, several new SREMs, such as bazedoxifene,
ospemifene,>®3%° and arzoxifene,**®*°" either alone or in
combination, are under investigation for the prevention and
treatment of osteoporosis.®3'%% As shown by a meta-analysis of
PubMed, EMBASE, Web of Science, EBSCO, and Cochrane Library
databases, bazedoxifene seems to have good safety and efficacy
in postmenopausal women.>®® The findings are promising, as
these newly developed SREMs have potentially higher efficacy and
potency than previous agents. In preclinical studies, these drugs
have demonstrated their effectiveness matching that of conven-
tional hormone replacement therapy in experimental osteoporosis
in animal models with improved safety profiles.*>*** Human
studies, including phase lll clinical trials, are ongoing.

386,397

Calcitonin: Calcitonin is a peptide hormone released by the
thyroid that binds to osteoclasts, potently suppresses osteoclast
activity, and inhibits bone resorption.*®>*°® The discovery of
calcitonin functions in osteoclasts and osteoporosis led to the
development of synthetic human calcitonin, such as salmon
calcitonin (an analog of human calcitonin), as a therapeutic drug
approved for the prevention and treatment of osteoporosis.*®”%
Calcitonin is not recommended as the first-line therapy to treat
osteoporosis but is particularly appropriate for patients with high-
turnover osteoporosis.**?*'° This is mainly because other
approved antiresorptive therapies, such as bisphosphonates, are
more effective for treating osteoporosis and preventing osteo-
porotic fractures.*’"'? The other main reason is related to
calcitonin-associated side effects.*’® For instance, the long-term
use of calcitonin may elevate the risk of prostate cancer in men. In
postmenopausal women, previous clinical trials of nasal calcitonin
have noted rhinitis and epistaxis as the most common adverse
effects, with incidence rates of 12% and 4%, respectively.*'* Put
simply, calcitonin is a relatively less effective antiresorptive
therapy for osteoporosis and related fractures, and its benefit
does not outweigh the risk of treating osteoporosis.*'®

Monoclonal antibodies: Understanding the roles of RANKL*'®
and sclerostin®'’ in bone metabolism and osteoporosis has
contributed to the development of two monoclonal antibodies
for treating osteoporosis and preventing fractures, namely,
denosumab and romosozumab.*'8419

Denosumab is a human monoclonal IgG2 antibody against
RANKL and has been approved for the treatment of osteoporosis
in postmenopausal women, women with breast cancer taking
aromatase inhibitors, and men at high risk of fracture, such as
prostate cancer patients undergoing androgen deprivation
therapy.**°™*?2 In addition, denosumab has been approved for
treating GC-induced osteoporosis in both women and men at
high risk of fracture. This approval was based on important
findings from clinical studies on patients of both sexes who were
treated with GCs and at increased risk of osteoporotic frac-
tures.’>*?* Both male and female osteoporosis patients were
given denosumab, and notably, during the two years of treatment,
the incidence of vertebral fractures, including new and worsening
fractures, decreased by nearly 66%.*° Denosumab has also been
approved for male patients with osteoporosis.*** Denosumab can
also increase BMD in males with primary osteoporosis or prostate
cancer undergoing androgen deprivation therapy.2°>*?> Despite
the efficacy in improving BMD and reducing the incidence of
fractures, several side effects may restrict the use of denosumab in
specific patient populations. Upon discontinuation, the effects of
denosumab rapidly reversed, which resulted in increased bone
turnover and BMD loss,**® with the vertebral fracture rate
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increasing, even back to the level in untreated patients.''®**’

Denosumab thus should not be stopped without alternative
treatment since a sudden arrest may result in a rebound in
vertebral fracture risk.**® Denosumab is usually considered an
alternative to bisphosphonates. Without a powerful bispho-
sphonate at denosumab discontinuation, the incidence of
vertebral fractures is high, which raises great concerns.*?
Romosozumab is a humanized monoclonal antibody that binds
specifically to sclerostin, an antagonist of the Wnt signaling
pathway, resulting in the inhibition of bone resorption and
stimulation of bone formation.>*>**° Romosozumab is currently
indicated for postmenopausal osteoporosis patients at high risk of
fractures or osteoporosis patients for whom other treatments have
failed or were intolerable.**'**> Romosozumab also decreased the
risk of vertebral fracture in postmenopausal women at 12 and
24 months after transitioning from denosumab, and it was given
for 12 months at a dose of 60 mg, which was administered
subcutaneously every 6 months.*> A phase 2, multicenter,
randomized, placebo-controlled clinical trial showed that the
discontinuation of romosozumab induced large declines in BMD,
with the highest decrease in the lumbar spine (9.3%).*'® Although
recent clinical studies have reported cardiovascular adverse
reactions associated with romosozumab, the available evidence
does not definitively establish a direct link between romosozumab
and cardiovascular events.*** The discontinuation of denosumab
is primarily linked to rapid bone loss in the majority of patients
and an increased risk of vertebral fractures, underscoring the need
for a careful assessment of the indications to start denosu-
mab 427435436 Additionally, relative to denosumab, the efficacy
and safety of romosozumab still needs to be evaluated for women
and men at high risk of osteoporosis and osteoporotic fractures
other than postmenopausal osteoporosis, such as women with
breast cancer treated with aromatase inhibitors or prostate cancer
patients undergoing androgen deprivation therapy.*>34%”

Anabolic medications for osteoporosis. Based on the hypothesis
that osteocytes and osteoblasts can be irregularly stimulated to form
new bones without decreasing bone resorption, anabolic therapies
for osteoporosis are progressing rapidly.'’® Anabolic medications,
which act mainly by activating osteoblasts and osteocytes to promote
new bone formation, are leading a new clinical paradigm.**3** Based
upon the findings that PTH/PTH analogs show anabolic effects on
bone cells, two anabolic agents, teriparatide and abaloparatide, have
been approved by the FDA for the treatment of osteoporosis.*****!
Teriparatide is a recombinant protein comprising the first 34 amino
acids of PTH and functions as an agonist of PTH1R.** Abaloparatide, a
34-amino acid peptide, shares 76% homology with parathyroid
hormone-related protein (PTHrP) and 41% homology with PTH
(1-34). It is a second-generation anabolic drug and acts as a selective
agonist of PTH1R** Downstream effectors in PTH1R signaling are
also potential targets for osteoporosis.***** For instance, targeting
the canonical Wnt/B-catenin signaling pathway and its bone-specific
inhibitor sclerostin has been one of the major strategies in developing
therapeutic agents for osteoporosis.**® The recently approved
monoclonal antibody romosozumab, which targets sclerostin, was
designed to act on the canonical Wnt/B-catenin signaling path-
way.*”“4*® However, blocking sclerostin results in the activation of
Wnt signaling and possible adverse cardiovascular outcomes.**®
Teriparatide is a recombinant form of human PTH (rhPTH) with
an anabolic capacity to improve osteoblast activity and subse-
quently new bone formation3***°%%*! Teriparatide promoted
bone healing in medication-induced osteonecrosis of the jaw
compared to a placebo in an RCT.*>*> Among anabolic medications
for osteoporosis, teriparatide is the first approved drug in this
category for osteoporosis in men and women at a very high risk of
fractures.*>> A PTHrP analog (abaloparatide) is a synthetic 34-
amino acid peptide analog of PTHrP with a functional role in bone
formation similar to PTH in stimulating new bone formation.*** A
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post hoc analysis of the Abaloparatide Comparator Trial In
Vertebral Endpoints (ACTIVE), a phase 3, double-blind, rando-
mized, placebo- and active-controlled trial, reported that fracture
events were fewer following abaloparatide treatment in patients
with T2DM, and differences were not significant between groups
except nonvertebral fractures in the abaloparatide versus placebo
groups (P =0.04).*>° Abaloparatide was approved by the FDA in
2017 for postmenopausal women at high risk of fracture.**® Both
teriparatide and abaloparatide exert their effects by directly
binding to PTHIR, leading to stronger stimulation of bone
formation rather than resorption with a net gain in BMD.**¢%’
Clinical trials in postmenopausal osteoporosis patients with a very
high risk of fractures have shown that subcutaneous injection with
teriparatide or abaloparatide for up to 21 months reduced
incidental fractures (both nonvertebral and vertebral).**® Con-
sidering that treatment with either teriparatide or abaloparatide
may increase serum uric acid, there should be some caution when
prescribing these anabolic medications for patients with current or
previous acute gouty arthritis.*>® Teriparatide and abaloparatide
may cause hypercalcemia and hypercalciuria; therefore, preexist-
ing hypercalcemia, hypercalciuria, and a history of kidney stones
are considered contraindications for the use of these drugs.*¢%*¢’

Downstream effectors in PTH1R signaling are also potential
targets for osteoporosis.*****> For instance, targeting the canoni-
cal Wnt/B-catenin signaling pathway and its bone-specific
inhibitor sclerostin has been one of the major strategies in
developing therapeutic agents for osteoporosis.**® The recently
approved romosozumab was designed to target the canonical
Wnt/B-catenin signaling pathway, and the drug acts as a
monoclonal antibody against sclerostin,**7448

Taken together, anabolic medications, such as teriparatide,
abaloparatide, and romosozumab, have shown greater therapeu-
tic effects in randomized clinical trials on reducing clinical fracture
risks in postmenopausal women with osteoporosis and at very
high risk of fracture in comparison with patients treated with oral
bisphosphonates, the first-line, most commonly used, less costly
antiresorptive medications for osteoporosis.'®!1438462  The
advantage of anabolic mediations over antiresorptive medications
(e.g., bisphosphonates) in strengthening BMD and decreasing
fracture risk is likely attributed to the stronger stimulation of bone
formation than resorption, resulting in a net gain in BMD, an
improvement in bone strength, and a reduction in osteoporotic
fracture risk. Therefore, anabolic medications may be considered
for osteoporosis of various causative factors (e.g., menopause in
women, the use of GCs in men and women) in drug-naive male or
female patients who are evaluated to have a very high risk of
fractures. The use of anabolic medications may also be considered
for osteoporosis patients who do not respond well to antiresorp-
tive medications or have experienced treatment failure.*6344

Despite their apparent advantage in reducing the risk of
fractures, particularly in postmenopausal osteoporosis in women,
anabolic medications have not become the first-line pharmaco-
logic treatment for most osteoporosis patients. This is mainly
attributed to several limitations, including relatively high cost,
subcutaneous administration requirements, and concerns over
long-term safety.*®> However, researchers still have great hope for
anabolic agents, and initiating the remodeling cascade by
activating PTH1R by teriparatide and abaloparatide will inevitably
enhance resorption. Thus, there is an urgent need to understand
the direct effects of anabolic agents on each cell type and the
influence on bone resorption, which will help to determine the
population for whom it is most suitable and optimize the
treatment strategy for osteoporosis.''®

Challenges and future directions in the treatment of osteoporosis
Although the currently available osteoporosis medications have
shown clinical efficacy in improving BMD and diminishing
osteoporotic fractures (Table 1), there are undoubtedly challenges
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Table 1. Differences in drug indications and benefits of osteoporosis medications between women and men
Medications Sex differences in drug indications Sex differences in benefits
BMD VFs NVFs
Alendronate Postmenopausal women with osteoporosis v v v
Women with osteoporosis due to steroid use
Men with primary osteoporosis, hypogonadal osteoporosis or GIOP v v x
Ibandronate Prevention and treatment of postmenopausal osteoporosis in women v v v
Not approved for the treatment of osteoporosis in men v x x
Risedronate Postmenopausal osteoporosis or GIOP in women v v v
Men with osteoporosis v ® ®
Pamidronate Women with osteoporosis at high fracture risk v v v
x x ®
Zoledronic acid Postmenopausal osteoporosis or GIOP in women v v v
Men with primary osteoporosis s s J
Men with GIOP
v x ®
Denosumab Menopausal women at high fracture risk v v v
Men with primary osteoporosis s ® ®
Men with ADT-associated osteoporosis
v v x
Strontium ranelate Women with osteoporosis at high fracture risk v v v
Adult men with osteoporosis v/ % ®
Teriparatide Menopausal women with osteoporosis v v v
Men with primary osteoporosis v v ®
v evidence available, % lack of evidence or insufficient evidence, high fracture risk is defined as having multiple risk factors for fracture or a history of
osteoporotic fracture
ADT androgen deprivation therapy, BMD bone mineral density, GIOP glucocorticoid-induced osteoporosis, NVFs nonvertebral fractures, VFs vertebral fractures

in treating different types of osteoporosis with common and
distinct risk factors, including sex- and age-specific osteoporo-
sis.'%94%5 More exquisitely designed clinical studies are needed to
assess the feasibility of these treatment options in various

populations.

Intervention threshold for initiating osteoporosis treatment in
women and men. According to a recent real-world study in
China, a 10-year probability of major osteoporotic fractures
(greater than 7%) based on the Fracture Risk Assessment (FRAX)
tool was identified as the intervention threshold for cost-effective
osteoporosis treatment with zoledronate for postmenopausal
women.*® In this respect, a certain age or a given risk factor does
not represent a particular risk threshold. Therefore, further studies
are needed to determine the normal ranges and thresholds in
specific populations that need osteoporosis treatment, especially
for postmenopausal women and older men, as well as younger
women and men with multiple risk factors. A broader strategy for
osteoporosis and generic bisphosphonates may be the only
medication satisfying the necessary efficacy, safety, and cost.**®
Clinical evaluation trials in males should also be performed.

Combined/sequential therapy. Combining anabolic agents and
antiresorptive medications in sequential therapy for osteoporosis
may result in greater clinical efficacy.**®*’° The sequence in which
drugs are given in combined/sequential therapy is important for
the overall efficacy.''**%® Treatment sequence matters when
sequential therapy is carried out with anabolic medications, such
as PTH, teriparatide, and antiresorptive agents.*”'*"3 For instance,
adding alendronate to the teriparatide treatment regimen was not
shown to benefit male patients with osteoporosis.*’* Therefore, in
sequential therapy for sex-specific populations, including post-
menopausal osteoporosis in women and GC-induced osteoporosis
in men and women who are at a very high risk of fractures,
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anabolic medications are recommended to be used first for a short
time to improve BMD and bone strength by boosting bone
formation, followed by the long-term use of antiresorptive
drugs.®**47> Although sequential therapy reduces the risk of
osteoporotic fracture with greater clinical efficacy than that of
each drug alone, there are concerns about the side effects and
high cost.

Nondrug practice in combination with current osteoporosis medica-
tions. The therapeutic benefit of osteoporosis medication in
combination with alternative nondrug protocols has been
increasingly recognized.*’® The nondrug practice may include
but is not limited to regular exercise, nutrition (intake of calcium
and bioactive VD3), stopping excessive alcohol consumption, and
quitting smoking.”’”™*’° Regular physical exercise, especially
weight-bearing physical activities, can maintain or increase muscle
function and strengthen bones, thereby reducing fractures in both
men and women.*®%*8! Regarding nutrition and supplements, it
was suggested to consume foods enriched in calcium and VD or
supplements of calcium and bioactive VD3 to combat osteoporo-
sis.*®2 If dietary calcium is inadequate, supplementation is
recommended. The National Osteoporosis Society Vitamin D
Guideline recommends a 25(0OH)D level of at least 50 nmol/L and a
maintenance dose of 800 IU/d.*?** A meta-analysis identified
increased risks of stroke with intakes of calcium above 1 000 mg
daily, but only in female patients.**> Moreover, supplementation
with a polyunsaturated fatty acid-enriched diet in growing and
developing mice and rats can exert positive effects on osteoblasts
and decrease the risk of osteoporosis.”” Balanced nutrition,
including protein, minerals, fruit and vegetables, should be
emphasized for preventing fractures.*®* A recent review revealed
that nutrients from daily diets, such as unsaturated fatty acids,
proteins, minerals, peptides, phytoestrogens, and prebiotics, can
regulate bone metabolism and reverse bone loss and may prove
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to be an effective strategy to prevent and treat osteoporosis
without subsequent side effects.*®

Hormonal therapy with estrogens/phytoestrogens/androgens.
When planning future clinical studies for treating osteoporosis
and fractures with hormonal therapy, sex- and age-specific
differences should be considered. Various doses, durations,
regimens, and administration routes should also be investigated
in future clinical studies to diminish side effects, especially in
women with postmenopausal osteoporosis. As levels of estrogens
decline sharply in women after menopause, the benefits of
estrogens on bone will be diminished or might even be lost in a
proportion of postmenopausal women. If GC therapy is needed for
inflammatory diseases in postmenopausal women, we propose
that the dosage and duration of GCs should be reduced to avoid
the risk of osteoporosis. Male patients taking GCs may benefit
from combination with phytoestrogens, such as quercetin,
poncirin, kaempferol, genistein, and icariin, to decrease the risk
of GC-induced osteoporosis.’%?°??°* The Endocrine Society
recommends testosterone replacement to males with symptoms
of hypogonadism without contraindication to its use.**® However,
the effectiveness of testosterone in increasing BMD is less obvious
than anti-osteoporosis medication. Therefore, more evidence is
needed.

More clinical trials with larger sample sizes in men. Clinical trials of
anti-osteoporosis medications are more common in women than
in men. Additionally, clinical trials in women usually have a larger
sample size than those in men. BMD is usually used, rather than
fractures, as the outcome in clinical trials in men. More clinical
trials with large sample sizes in men are needed, considering the
use of fractures as the outcome.*?* In addition, the comorbidities
in men are usually different from those of women, which should
also be considered in designing clinical trials.

Raising awareness about osteoporosis and fractures, especially in
men. Over the last decade, major international initiatives have
been used to develop a systematic approach to decrease the risk
of fragility fractures in both women and men.*®” Considering the
rapid growth of the aging population, the burden of osteoporosis
is growing rapidly. However, most patients with osteoporosis and
a high risk of fractures have not received any preventive care
targeting future fractures.*®® This undertreatment is usually
referred to as the treatment gap, which may be due to limited
awareness and poor compliance. For example, fewer male patients
in the USA were tested or treated after a fracture than female
patients (6% vs. 12%).*®° Furthermore, there is a sex disparity in
fracture patients and a lack of awareness of osteoporosis,
particularly in older men.

SCREENING APPROACHES FOR OSTEOPOROSIS AND
OSTEOPOROTIC FRACTURES

Before proper treatment, patients at risk must be identified by
screening tests and assessing their risks of osteoporosis and
osteoporotic fractures. Several tools have been developed, but
their performance in age- and sex-specific populations var-
ies.'%490491 Screening intervals, frequencies, and potential adverse
effects for sex-specific populations still need to be clarified and
validated.

Screening tests for osteoporosis and osteoporotic fractures

Studies have shown that bone measurement tests can predict
osteoporotic fractures,**>*%* especially in postmenopausal women
and older men, of which dual-energy central X-ray absorptiometry
(DXA) at the hip and lumbar spine is well accepted as the most
commonly used test for BMD.****°> The major international
guidelines for the management and treatment of osteoporosis
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recommend using BMD as measured by central DXA to define
osteoporosis and the threshold at which to initiate treating
osteoporosis with therapeutic drugs to prevent osteoporotic
fractures.**>°” Central DXA is recommended as the primary
diagnostic modality for screening osteoporosis in women >65 and
men >70 years of age.*® Moreover, central DXA is used to
evaluate patients’ eligibility to be enrolled in clinical trials of anti-
osteoporosis drugs.*’

Aside from central DXA, peripheral DXA measuring the BMD of
the lower forearm and heel and quantitative ultrasound (QUS)
detecting bone mineral status in some peripheral sites are used as
alternative tools to screen for osteoporosis and predict osteo-
porotic fracture risks.>® Although peripheral DXA and QUS are
similar in predicting osteoporotic fracture risk, QUS can avoid the
risk of radiation exposure.*°°> Compared with central DXA
measurements, both peripheral DXA and QUS are performed
using portable devices, making these two measurement tests
easier and less costly.

Risk assessment for osteoporosis and related fractures

Clinical risk factors for both sexes usually include a family history
of hip fracture in first-degree relatives (e.g., parents), excessive
alcohol consumption, cigarette smoking, and low body weight.>*
However, the clinical risk factors for osteoporosis and osteoporotic
fractures vary in specific populations, including but not limited to
sex- and age-specific populations (Tables 2 and 3). In addition to
bone measurement tests, central DXA, peripheral DXA and QUS
may help to identify the risk of osteoporosis and osteoporotic
fractures for both sexes.>%*>%

A study enrolling perimenopausal Japanese women demon-
strated that body weight, BMI, height, and handgrip strength were
positively correlated with BMD, which can predict future
osteoporosis.’® Menopausal status should be considered a
predominant risk factor for osteoporosis and osteoporotic
fractures in women. Before screening with bone measurement
tests for postmenopausal women aged 65 years, clinical risk
factors associated with a high risk of osteoporotic fractures should
be assessed. Given that postmenopausal women can benefit from
treatment in many clinical studies, an appropriate clinical risk
assessment tool should determine who should undergo screening
with bone measurement tests for postmenopausal women < 65
years old and with at least one risk factor.

Several clinical risk assessment tools for osteoporosis and
osteoporotic fractures have been developed,®”*% including the
Osteoporosis Index of Risk (OSIRIS),>*?°'° the Simple Calculated
Osteoporosis Risk Estimation (SCORE; Merck),>°®°'" the Osteo-
porosis Self-Assessment Tool (OST),>'>°'® and the Osteoporosis
Risk Assessment Instrument (ORAI).>'*>'> In general, these clinical
risk assessment tools are moderately accurate.

There are only a few clinical trials directly evaluating the
effectiveness of osteoporosis screening, particularly the differ-
ences between sexes. The most commonly used clinical risk
assessment tool in predicting fractures is the FRAX (University of
Sheffield, UK).>"® The FRAX can assess a person’s 10-year risk of
fracture.®'” FRAX effectively assesses the risk for female patients,
but its accuracy may be lower in males.'® The OST was initially
developed based on data from postmenopausal women in eight
Asian countries, and this screening algorithm appeared to perform
well in assessing osteoporosis risk in women.**’>'® The perfor-
mance of the OST in men was also determined and compared
with that of women. In a US Study, an OST score with a cutoff
threshold of <1 could identify postmenopausal women with
osteoporosis at the femoral neck with a sensitivity and specificity
of 89% and 41%, respectively, while an OST score with a cutoff
threshold of 3 can identify men with osteoporosis at the femoral
neck, total hip, or lumbar spine with a sensitivity and specificity of
88% and 55%, respectively.*® Similarly, the performance of most
screening tools for the risk of osteoporosis has been reported to
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Table 2.

Differences in osteoporosis screening recommendations between women and men

Societies/Organizations

Recommendations for Women

Recommendations for Men

World Health Organization >65 years

International Society for Clinical >65 years; OR
Densitometry

Endocrine Society

The U.S Preventive Services Task Force
osteoporosis; OR

woman without risk factors

American Association of Clinical >65 years
Endocrinologists
China Association of Gerontology and  >65 years

Geriatrics

UK National Osteoporosis Guideline
Group

Canadian Osteoporosis Society >65 years

Postmenopausal women with risk factors

265 years without previous fractures or secondary causes of

<65 years with a 10-year fracture risk > that of a 65-year-old

DXA scans for women at high risk of osteoporosis

No recommendation
>70 years; OR
50-69 years with risk factors

No recommendation

No recommendation
>70 years
DXA scans for men at high risk of

osteoporosis
>65 years

DXA dual-energy X-ray absorptiometry, UK United Kingdom, U.S. United States

nonvertebral fracture

Table 3. Sexual dimorphism in major risk factors and biochemical markers for risk assessment and stratification in screening for osteoporosis
Risk factors/Biochemical markers Women Men
Unchangeable risk factors

Older age, family history of osteoporosis, family history of fractures, previous fracture, small bone frame size, white or v v
Asian ethnicity

Alterations in major sex hormone levels

A decline in estrogen at menopause v x
Reduction in testosterone levels with aging x v
Lifestyle-related risk factors

Sedentary lifestyle or lack of physical activity, excessive alcohol consumption, cigarette smoking v v
Dietary risk factors

Inadequate calcium intake, Insufficient nutrients v v
Long-term use of some medications

Glucocorticoids v v
Medications to reduce estrogen levels for breast cancer treatment v %
Androgen deprivation therapy for the treatment of prostate cancer x v
Thyroid hormone medication for an underactive thyroid v v
Underlying medical conditions and diseases

Diabetes mellitus, hypogonadism, thyroid disorders, hyperparathyroidism, inflammatory diseases, chronic kidney v v
disease, chronic liver disease, cancer, eating disorders, celiac disease, VD deficiency, psychological stress

Serum biochemical markers for risk assessment of osteoporosis

Serum osteocalcin, BALP, PINP for bone formation, CTX-I and NTX- | for bone resorption v 4
Urinary biochemical markers for risk assessment of osteoporotic fractures

The urinary ratio of native (alpha) to isomerized (beta) CTX for risk of fractures, including hip, vertebral, and v b 4

v evidence available, % insufficient or lack of evidence

type | collagen, PINP N-terminal propeptide of type | procollagen

BALP bone-specific alkaline phosphatase, CTX-/ carboxyterminal cross-linked telopeptide of type | collagen, NTX-/ amino-terminal cross-linked telopeptide of

vary by sex, age, and ethnicity. A systematic review reported that
the performance of none of the tools is consistently better than
others, and simple tools such as the OST and ORAI often
performed as well or better than complex tools such as the
SCORE and FRAX.*”

Challenges and future directions for osteoporosis screening

Various studies support screening for osteoporosis with bone
measurement tests (central and DXA, peripheral DXA, and QUS) in
postmenopausal women aged <65 years at high risk of
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osteoporosis.’®>>'° Patients with cancer were also recommended
to undergo fracture risk assessment since they have unique risk
factors for osteoporosis.'>' However, it is still inconclusive whether
the benefits of screening for osteoporosis to prevent osteoporotic
fractures are superior to the potential hazards caused by bone
measurement tests in men.'®

Considering the complexity of osteoporosis, particularly sex-
specific differences, as highlighted in this review, we propose
screening concepts for osteoporosis to prevent fractures. (1) More
efforts should be made to narrow the treatment gap. Fracture
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prediction tools such as FRAX and imaging modalities such as DXA
provide great potential to identify individuals at high risk.>*°
However, there are still many at-risk individuals missing assess-
ment and treatment. Novel assessment methods and reduced
treatment side effects will help. (2) Sex- and age-specific screening
intervals and frequencies should be considered. Some studies
have suggested that screening intervals are determined mainly
according to baseline BMD and age. Other studies found that
repeating bone measurement tests 4-8 years following the initial
screening was not advantageous. Regarding frequency, the
current results are still limited, especially in men. (3) There are
specific risk factors for different types of osteoporosis and sex-
specific differences. In addition to common risk factors for
osteoporosis, specific risk factors and their predictive value should
be investigated in the future in different types of osteoporosis,
such as GC-induced osteoporosis and diabetic osteoporosis. (4)
There are potential adverse effects of screening using bone
measurement tests. Until now, no studies have examined the
possible adverse effects of screening for osteoporosis in men. It
has been proposed that the dangers of screening may be similar
between men and women. Further efforts to elucidate this
mechanism should be made. (5) Noninvasive genetic tests and
biomarkers for osteoporosis and osteoporotic fractures. Osteo-
porosis is well documented as a bone metabolic disease with a
strong genetic component>?’ Genetic factors can explain
approximately 50%-80% of the interindividual variation in BMD
and 50%-70% of osteoporotic fractures.>** Despite the strong
genetic influence and heritability, genetic tests and molecular
biomarkers specific to osteoporosis and its related fractures are
lacking. Thus far, no such tests and markers have been used to
screen for osteoporosis. In this context, and with the sex
differences in osteoporosis, future studies are needed to develop
noninvasive genetic tests and biomarkers for osteoporosis and
fractures in both women and men.

CONCLUSIONS AND PERSPECTIVES

The sex of the patient and changes in sex hormone levels over a
lifetime play pivotal roles in health and disease. Over the past
decades, substantial preclinical research and clinical studies have
been conducted in male animal models and men chiefly due to
concerns about the influence of the hormonal cycle (eg.,
menstrual cycle) on outcomes as well as the classification of
women as ‘protected subjects’ in clinical trials.'"*'> Essentially,
conclusions based on one sex have been used to develop disease
treatment and management guidelines for both sexes. It is
important to include both the sex of the patient and hormonal
changes to improve clinical outcomes.'® With advances in
precision medicine, sex differences in disease have gained
increasing attention. In line with this, two scientific organizations,
the Organization for the Study of Sex Differences (OSSD) and the
International Society of Gender Medicine (ISGM), have been
established to facilitate in-depth research and enhance the
development of sex-specific therapies. Research on sexual
dimorphism in health and disease is evolving to form a new
scientific discipline.

Osteoporosis and related fragility fractures commonly affect
both women and men, causing a severe and growing threat to
global health. Relative to the predominantly higher prevalence of
primary osteoporosis in women, men are more likely to be
disabled and even die from osteoporotic fractures. The miscon-
ception that osteoporosis affects only women must be addressed.
Moreover, implementing care for men at high risk of fractures is
highly recommended to ensure timely identification and treat-
ment and prevent devastating consequences. In addition to the
epidemiological differences between sexes, basic research and
clinical studies have shed light on multiple mechanisms under-
lying sexual dimorphism in osteoporosis, which will help develop
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more effective and sex-specific osteoporosis therapies and
screening tools. Given the association between diabetes, GCs,
and psychological stress with osteoporosis, both basic research
and clinical trials need to be promoted and prioritized in the
future.

In terms of basic research, it is necessary to overcome
difficulties in obtaining samples with improved state-of-the-art
biobanks and carry out multiomics research usually using difficult-
to-be-obtained bone samples.>?* The impact of cell heterogeneity
should also be emphasized. Single-cell RNA sequencing provides
valuable information on novel cell subtypes, cell-fate transitions,
cell-cell interactions and more. Thus, these findings contribute to
a deep understanding of cell heterogeneity.’** The combination
of single-cell sequencing technology and multiomics may provide
new insights for elucidating the biological mechanism of sexual
dimorphism in osteoporosis. It is too time-consuming and labor-
intensive to conduct separate functional studies on individual
gene variants, and the results are difficult to compare and analyze.
Employing high-throughput technology and artificial intelligence
to detect thousands of suspected susceptibility loci may shed light
on new functional evidence. Deeply elucidating sexual dimorph-
ism in the field of metabolism, especially the mechanism of amino
acid, lipid, and glucose metabolism, will provide new viewpoints
for understanding the molecular mechanism of osteoporosis and
finding new pharmacological targets. Animal models should be
carefully designed, encompassing species differences in sex
hormones and receptors. Estrogen loss should be considered in
animal models when investigating aging-related disorders in
women, as female mice preserve functional levels of estrogen
even in old age.>® If gonadectomy is used, whether the surgery is
performed before or after sexual maturity will significantly
influence efficiency. The soybean content in the food also
influences the results. If isolated tissues or cells are used, the sex
and level of sex hormones in the animal and the concentration of
steroid hormone analogs in the culture medium should also be
considered. Since most studies have been carried out using either
male or female mice, the roles and mechanisms of some
important molecules cannot be compared between the sexes. It
is strongly suggested to carry out animal studies in both sexes,
which will facilitate the comparison and discovery of sexual
dimorphism.

In clinical trials, data should be analyzed and reported based on
the status of steroid hormones. Current clinical trials of anti-
osteoporosis medications in men usually have small sample sizes,
and the primary endpoint of most trials is BMD rather than
fractures. Larger clinical trials with fractures as the primary
endpoint should be carried out for male osteoporosis patients.
The rapidly developing field of artificial intelligence may help to
develop age- and sex-specific screening and risk assessment tools.

In terms of patient education, although great progress has been
made in the treatment of osteoporosis, the treatment gap of
patients with high fracture risk is increasing, especially in men. It is
very important to strive to enhance compliance. The treatment
gap is due not only to the gap in awareness but also to the need
for further basic and medical research, development of new
medicines, clinical trials, and practice. The ever-widening gap calls
for urgent attention, ranging from raising public awareness,
especially in older men, to motivating researchers, clinicians, and
national policies to improve care for individuals at high risk of
osteoporosis and associated fragility fractures. As a disease with
strong sexual dimorphism, elucidating the underlying mechan-
isms will help to tailor therapeutic and screening strategies and to
close the treatment gap.
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