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Abstract: Osteoporosis is a widespread systemic disease characterized by a decrease in bone mass
and an imbalance of the microarchitecture of bone tissue. Experimental and clinical studies devoted
to investigating the main pathogenetic mechanisms of osteoporosis revealed the important role of
estrogen deficiency, inflammation, oxidative stress, cellular senescence, and epigenetic factors in the
development of bone resorption due to osteoclastogenesis, and decreased mineralization of bone
tissue and bone formation due to reduced function of osteoblasts caused by apoptosis and age-
depended differentiation of osteoblast precursors into adipocytes. The current review was conducted
to describe the basic mechanisms of the development of osteoporosis at molecular and cellular levels
and to elucidate the most promising therapeutic strategies of pathogenetic therapy of osteoporosis
based on articles cited in PubMed up to September 2023.
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1. Introduction

Osteoporosis is a degenerative systemic disease of the skeleton, characterized by a
decrease in bone mass and an imbalance in the microarchitecture of bone tissue, which
causes increased bone fragility and, accordingly, osteoporotic fractures [1]. Currently,
with an increase in life expectancy, osteoporosis is considered one of the major health
problems, leading to unbearable pain, the risk of bone fractures, and even death, which
determines the high socio-economic significance of this disease [2]. According to the
latest data, more than 200 million people in the world suffer from osteoporosis, and
one in three women over the age of 50 years and one in five men have experienced
osteoporotic fractures during their lifetime [3]. The main factors leading to the development
of osteoporosis include both general factors associated with the natural processes of aging
and activation of bone tissue resorption due to deficiency of sex hormones, as well as
decreased osteogenesis and microarchitecture disorders due to various external factors, for
example, with the administration of glucocorticoids [4]. Experimental and clinical studies
devoted to investigating the main pathogenetic mechanisms of osteoporosis development
revealed the important role of estrogen deficiency, inflammation, oxidative stress, cellular
senescence, and epigenetic factors. The search of articles in PubMed up to September 2023
was conducted to describe the basic mechanisms of the development of osteoporosis at the
molecular and cellular levels and to elucidate the most promising therapeutic strategies for
the pathogenetic therapy of osteoporosis.

2. The Main Pathogenetic Factors of Osteoporosis
2.1. Estrogen Deficiency

The mechanism of bone loss associated with estrogen deficiency affects women
and men but is more pronounced in women due to a greater decrease in estrogen af-
ter menopause. Estrogens are involved in several aspects of bone mass maintenance [5].
Estrogen deficiency leads to an increase in osteoblast apoptosis and inhibition of osteoblast
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differentiation by different mechanisms. First, estrogens increase the viability and pre-
vent apoptosis of osteoblasts, acting through estrogen receptors, stimulating Wingless
integrated type-1 (Wnt)/β-catenin signaling, increasing proliferation and differentiation
of osteoblasts. It was shown that inhibition of estrogen receptor-α (ER-α) expression sup-
presses osteoblast differentiation. Several studies in cell culture and animal models of
ER-α-knockout mice demonstrate a critical role of the osteoblast ER-α in bone regeneration
and fracture healing [6–8].

Moreover, estrogens inhibit the production of several pro-inflammatory cytokines
such as tumor necrosis factor-α (TNF-α), interleukins (IL)-1, -4, -6, and IFN-γ, which are
involved in the maturation of osteoclasts and play an important role in bone resorption [9].
Estrogens also suppress the production of receptor activator of nuclear factor kappa-B
(NF-κB) ligand (RANKL) and increase the production of osteoprotegerin (OPG) by os-
teoblasts and lymphocytes, which maintain the RANKL/OPG ratio necessary for balanced
bone remodeling [10–12].

The important role of IL-17 activated in estrogen deficiency in the development
of osteoporosis was demonstrated in numerous studies. IL-17 enhances the secretion
of RANKL, TNF-α, and IL-1 by innate immune cells, promoting bone resorption [13].
Postmenopausal women with osteoporosis have higher concentrations of serum IL-17A,
RANKL, and OPG and more IL-17-producing CD4+ T-cells in the peripheral blood [14,15].
In an animal model of ovariectomized mice, anti-IL-17 antibody therapy has been shown
to prevent bone loss [16,17].

Another study showed that ovariectomy in mice leads to chronic production of the pro-
inflammatory cytokines TNF-α and IL-17 by converting memory T-cells into effector cells.
Normally, estrogen induces apoptosis of dendritic cells and memory cells. The deficiency of
estrogens causes prolonged lifespan of dendritic cells, leading to higher levels of IL-7 and
IL-15 and antigen-independent activation of memory T-cells to produce TNFα and IL-17A.
Thus, estrogen maintains the homeostasis of memory T-cells and limits their conversion
to effector T-cells in the absence of antigens [18]. There is also evidence that estrogen defi-
ciency increases the expression of major histocompatibility complex II (MHC II) molecules
on dendritic cells and macrophages, which leads to increased antigen presentation and
stimulation of T-cells [19].

The major influence of estrogens on T-cell immune factors in the pathogenesis of
osteoporosis was demonstrated in a model of athymic mice with T-cell deficiency, which
are completely protected from bone loss and increased bone turnover caused by ovariec-
tomy [20,21]. It was demonstrated that estrogens suppress the production of TNF-α by T-
cells, preventing osteoclastic bone resorption and bone loss. Ovariectomy leads to increased
production of TNF-α by T-cells that stimulate RANKL-induced osteoclastogenesis [20].
Transplantation of T-cells from wild-type mice into T-cell deficient mice makes bone tissue
sensitive to ovariectomy, although transplantation of TNF-deficient T-cells does not lead to
this result [21]. In addition to the function as an osteoclast activator, RANKL is involved in
many components of the immune system in the development of osteoporosis, its interaction
with RANK is necessary for the formation of lymph nodes, and it is a key factor stimulating
alternative differentiation of osteoclasts from dendritic cells [22,23]. Figure 1 illustrates the
major mechanisms of estrogen deficiency in the pathogenesis of osteoporosis.

In the last decade, the mechanism of activation of bone tissue resorption associated
with an increase in the level of reactive oxygen species (ROS) during a decrease of estrogen
level has been widely discussed [24]. Ovariectomy in animal models leads to an increase
in intracellular ROS, while some studies have shown higher serum levels of ROS and
decreased levels of endogenous antioxidants in postmenopausal women [25–27]. ROS
have been observed to stimulate osteoclastogenesis by altering the response of osteoclast
precursors to RANKL and inducing additional osteoclastogenic cytokines IL-1, IL-6, and
IL-7 [25]. In addition, estrogens modulate signaling pathways involved in redox balance
and stimulate the expression of superoxide dismutase (SOD) and glutathione peroxidase
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(Gpx) [24,28]. The role of oxidative stress in the development of osteoporosis will be
discussed below.
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A non-immunological component of estrogen-dependent bone loss may be parathy-
roid cells and C-cells of the thyroid gland, which have receptors for estrogen and respond
to its level by changing the secretion of parathyroid hormone and calcitonin according to
data of transcriptomic and biochemical analyses [29,30]. Studies of hormonal levels during
pregnancy and lactation make it possible to study the dependence of calcitonin and parathy-
roid hormone on estrogen, but research data are contradictory. During the transition from
pregnancy to lactation, the level of estrogen level decreases as well as parathyroid hormone
increases, and calcitonin decreases to supply calcium to milk [31,32]. Calcitonin plays a key
role in mineral metabolism during lactation and inhibits bone resorption by affecting the
osteoclast cytoskeleton. Calcitonin gene-related peptide-alpha (Ctcgrp) null mice lost more
minerals during lactation than wild-type mice and administration of exogenous salmon
calcitonin reversed this difference [33]. Massive apoptosis of osteoclasts and a significant in-
crease in calcitonin and estrogen levels within 24 h after completion of lactation in rats have
been described previously [34,35]. Hormone therapy induced by testosterone propionate
and estrogen dipropionate in orchiectomized Wistar rats affected calcitonin-producing
thyroid C-cells, increasing C-cell volume and serum calcitonin concentrations. In addition,
hormone therapy affected the structure of cancellous bone and reduced the concentration of
osteocalcin in urine and serum [29]. Similar results were obtained in the same model using
tamoxifen, a selective estrogen receptor modulator, instead of estrogen dipropionate [36].
On the other hand, it is also known that mice with a deletion of the calcitonin gene develop
normally and do not demonstrate reduced bone mass, and it is also known that long-term
administration of calcitonin forms resistance to it in osteoclasts [37].
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2.2. Oxidative Stress

Oxidative stress is one of the essential factors of aging and the etiology of many neuro-
logical, cardiovascular, and metabolic diseases, considered as a disturbance of the balance
of free radical formation and antioxidant mechanisms. ROS are unavoidable by-products
of cellular oxygen metabolism and adenosine triphosphate (ATP) formation, and when
excessively accumulated, they cause oxidative stress, which contributes to the develop-
ment of various diseases [38,39]. It is known that ROS damage cellular and mitochondrial
membranes and induce apoptosis. Cells are protected from ROS by recycling them into non-
toxic forms using a system of antioxidant enzymes, such as SOD, catalase, and Gpx [38,40].
One of the mechanisms of oxidative stress during aging is a decrease in mitochondrial
efficiency, leading to an increased ROS production for ATP synthesis. The important role
of mitochondria in aging is associated with their high susceptibility to DNA damage. Nu-
clear DNA is separated by a double membrane and is better protected from free radical
damage. Mitochondrial DNA (mtDNA), located in close proximity to the ROS pool, does
not have the protection provided by nucleosomes and DNA repair mechanisms, making
mtDNA more susceptible to damage caused by oxidants [41,42]. A direct association of
cellular aging, oxidative stress, and mitochondrial damage was demonstrated in some
studies. In a recent study, bone marrow mesenchymal stem cells (BMSCs) were exposed to
different doses of advanced glycation end products (AGEs) with activation or inhibition of
mitophagy, the selective autophagy of mitochondria. The addition of AGEs attenuated the
osteogenic potential of BMSCs and supported adipogenesis, while inhibition of mitophagy
with cyclosporine A exacerbated this effect. Activation of mitophagy by carbonyl cyanide
m-chlorophenylhydrazone resuscitated osteogenesis inhibited by AGEs. BMSCc aging neg-
atively correlated with mitophagy, that was demonstrated by β-galactosidase staining, P53,
P21, and P16 protein expression, and immunofluorescence detection of histones H3K9me3
and γ-H2AX. Knockdown of the mitochondrial deacetylase sirtuin 3 by interfering RNA
enhanced AGE-induced signs of aging and inhibited mitophagy. Overexpression of sir-
tuin SIRT3 with an adeno-associated viral vector activated mitophagy and slowed aging.
The most important result of the study was the fact that overexpression of SIRT3 in vivo
by injection of an adeno-associated viral vector into the tail vein inhibited osteoporosis in
SAMP6 mice according to the results of computed tomography, assessment of mineraliza-
tion, and alkaline phosphatase (ALP) activity [43]. Sirtuins are a family of evolutionarily
conserved NAD-dependent proteins with deacetylase or ADP-ribosyltransferase activity
and are involved in DNA repair and histone deacetylation. The function of sirtuins is
to prevent the aging process, and it was shown to be impaired with age [44]. Sirtuins
are often used in studies on the molecular mechanisms of osteoporosis as a correlation
sign, an indicator of the effectiveness of different factors in experimental models, and
as a promising biochemical target [43–48]. In mice, SIRT1 inhibition results in growth
retardation and increased spontaneous osteoarthritis with age, which is associated with
increased chondrocyte apoptosis [48]. Similar changes were observed in transgenic mice
homozygous for the SIRT1-inactivating mutation [47]. SIRT1 in osteoblasts and osteocytes
increases trabecular bone mass, while SIRT1 in osteoblast progenitors increases cortical
bone by stimulating bone formation at the endocortical surface [44,48].

High levels of ROS negatively affect osteogenesis. Experimental evidence shows that
oxidative stress induces apoptosis of osteocytes and osteoblasts, leading to an imbalance in
the remodeling process with subsequent altered and insufficient bone formation occurring
with aging, glucocorticoid treatment, osteoporosis, and other bone diseases associated with
oxidative stress [49,50]. Oxidative stress inhibits osteoblast differentiation through endo-
plasmic reticulum kinase (ERK)-dependent NF-κB signaling pathways [51]. Osteoblasts can
produce antioxidants such as glutathione peroxidase to protect against ROS [52], as well as
transforming growth factor β (TGF-β), which is involved in reducing bone resorption [53].
On the other hand, superoxide is generated by osteoclasts for bone resorption, and oxida-
tive stress increases osteoclast differentiation and function [54]. Under the influence of
H2O2, rabbit BMSCs and calvarial osteoblasts showed a decrease in ALP activity, collagen I
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content, and nuclear phosphorylation of runt-related transcription factor 2 (RUNX2) [55].
There is a clear relationship between the osteogenic differentiation of SaOS-2 cells and the
redox status expressed in the ratio of glutathione (GSH) and its oxidized form (GSSG).
Increasing the GSH/GSSG ratio stimulated ALP activity, SaOS-2 mineralization, and the
expression of RUNX2 and OPG genes [56].

Studies, including the measurements of ROS and AGEs in the blood of people with
disorders of the musculoskeletal system, show that their amount correlates with age and the
presence of disease. Plasma levels of AGEs, osteoporosis-related biomarkers, and bone mass
were assessed in 82 postmenopausal women with osteoporosis or osteopenia, 16 young
women with osteopenia, and 43 healthy women without osteoporosis or osteopenia. Higher
serum AGEs level was found in patients with osteoporosis or osteopenia compared to
healthy women [57]. A larger study included 9203 patients (mean age 57.8 years) and
revealed an inverse correlation of AGEs level not only with skeletal mineralization but also
with muscle strength of the upper and lower extremities [58].

In this regard, the use of antioxidants in the treatment of osteoporosis looks quite
promising, and studies of their effectiveness are being carried out in vivo and in vitro.
Melatonin is a powerful endogenous free radical scavenger. The main antioxidant mech-
anism of melatonin is the scavenging of ROS [59,60]. In addition, melatonin induces the
synthesis of antioxidant enzymes, including superoxide dismutase, catalase, glutathione
peroxidase, and glutathione reductase [60,61]. Moreover, melatonin promotes osteogenic
differentiation of BMSCs through the Wnt/β-catenin pathway and mineralization of the
bone matrix [60,62,63]. Melatonin suppresses osteoclastogenesis and induces SIRT1 expres-
sion [64–66]. It was demonstrated in in vivo experiments that melatonin supplementation
in ovariectomized mice had a positive effect on their bone mass [67,68].

Currently, research aimed at studying osteogenesis disorders associated with oxidative
stress is a promising direction for the development of therapeutic strategies using various
compounds with antioxidant properties, including antioxidants of plant origin [69–73].
New mechanisms of osteoporosis that depend on redox processes are discussed, such as
ferroptosis of osteocytes and osteoblasts as a result of iron-dependent lipid peroxidation
that occurs in diabetes mellitus. It was shown that fat-soluble vitamin K2 prevents osteocyte
death by activating the AMPK/SIRT1 signaling pathway [74].

2.3. Cellular Aging

The phenomenon of replicative aging, discovered by Hayflick and Moorehead, extends
to pluripotent mesenchymal stem cells of bone tissue, which is reflected in the rate of divi-
sion, direction of differentiation, and production of the extracellular matrix [75]. The main
factor of cellular aging is currently considered to be telomere shortening. In addition to
replicative senescence, various toxic effects, primarily interactions with ROS, lead to DNA
damage and the immune response to DNA damage [76]. These factors trigger the activation
of the p53/p21 Cip1 and p16 Ink4a senescence pathways, which leads to the suppression
of cell division [77,78].

It was previously demonstrated that expression of senescence biomarker p16 Ink4a, an
inhibitor of cyclin-dependent kinases that plays an important role in cell cycle regulation,
and senescence-associated secretory phenotype (SASP) increase with age in osteocytes,
and the number of such osteocytes increases with age [78]. During the senescence process,
osteogenic differentiation of BMSCs, common progenitors for osteoblasts and adipocytes,
is impaired with the shift to adipogenic differentiation. The study aimed to compare
the expression of phenotype-specific gene markers in C57BL/6 mice of two age groups,
6–8 months and 20–26 months, showed increased expression of genes associated with
adipocyte phenotype and reduced expression of the osteoblast-specific transcription factors,
RUNX2 and distal-less homeobox 5 (DLX5), and osteoblast markers, collagen-1 and osteo-
calcin genes in BMSCs obtained from aged mice. At the same time, U-33/γ2 and U-33/c
osteoblasts obtained from BMSCs of 6–8 months old mice accumulated several times more
calcium than cells from mice 20–25 months old [79]. Similar results were obtained in the
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study in BMSCs from Wistar mice aged 21 and 1 month. The mineralization assessed
using alizarin red on day 21 of culture as well as ALP activity in BMSCs from 1-month-old
rats on days 7 and 10 of cultivation in an osteogenic medium was significantly higher
than in BMSCs from rats aged 21 months old. The expression of genes associated with
osteogenic differentiation such as RUNX2, osterix, ALP, bone sialoprotein, osteopontin,
and osteocalcin, measured on day 10 of cultivation, was also significantly higher in BMSCs
from 1-month-old rats [80]. The results of clinical studies comparing the differentiation
potential of BMSCs from adipose tissue in patients of four age groups showed an inverse re-
lationship between the osteogenic potential of BMSCs and the age of the study participants.
The expression of most osteomarkers, including osteogenic differentiation genes, ALP
activity, and mineralization, was higher in the youngest donor group [81,82]. It was also
demonstrated in several passages of BMSCs from a 21-year-old donor that the expression
of the ALP and collagen-1 genes at passage four was higher than at passage eight, although
RUNX2 expression did not differ between passages four and eight. Mineralization was
lower in BMSCs of passage eight, indicating the reduced osteogenic potential in aged
BMSCs [83]. The study on BMSCs obtained from mice aged 6 days, 6 weeks, and 1 year
showed a slight decrease in chondrogenic, adipogenic, and osteogenic potentials at pas-
sage six compared to passage one, but the most interesting finding of the study was the
dependence of studied parameters on age since the decrease in differentiation potential
and chondrogenesis at both passages was more noticeable in the 1-year-aged group [84].
Peroxisome proliferator-activated receptors gene gamma-2 (PPAR-γ2) and other adipogenic
genes play multidirectional roles in the differentiation of BMSCs, and it was shown that in
aging, the balance shifts toward increased PPAR-γ2 expression and adipogenesis [85].

The use of senolytics or senomorphics can have a beneficial effect on the preservation
of bone mass in old age. An increase in bone mass, suppression of bone resorption, and
a decrease in the number of cells expressing senescence protein p16Ink4a were reported
in 24-month-old INK-ATTAC mice treated with the senolytic drug AP20187 compared
to control mice [86]. Quercetin treatment effectively eliminated β-gal staining BMSCs
in vitro, which indicated the increased proliferative potential and osteogenic differentiation
of senescent BMSCs [87]. Thus, the studies aimed to investigate the age-related changes in
bone tissue demonstrate the main pathogenetic role of cellular senescence is a change in
the ratio of osteogenic/adipogenic potential of progenitor cells, so the use of senolytics is a
promising strategy to ameliorate this factor [88,89].

2.4. Epigenetics

Epigenetic studies in the field of osteoporosis research are focused on the investigation
of DNA methylation and searching for promising therapeutic targets among modifying
proteins [90–92]. DNA methyltransferases (DNMTs) can regulate the differentiation of
osteoblasts and osteoclasts, playing an important role in the development of osteoporo-
sis [93,94]. During differentiation of BMSCs into osteoblasts, the methylation levels of
RUNX2 and SP7 genes decrease, and hypermethylation of the bone morphogenetic pro-
tein 2 promoter in osteoblasts can inhibit the expression of genes associated with bone
formation [95,96]. In addition, the antagonism of osteogenic and adipogenic differentia-
tion of BMSCs depends on opposite methylation patterns, and their disruption has been
proposed as a mechanism for the development of osteoporosis. Transcription regulator
histone deacetylase 3 (HDAC3) promotes osteogenesis and inhibits adipogenesis, while
histone lysine N-methyltransferase or enhancer of Zeste homolog 2 (EZH2) and histone
deacetylase 6 (HDAC6) possess opposite effects [97]. It was shown that BMSCs with retro-
virally upregulated EZH2C expression had increased adipogenic potential and decreased
RUNX2 transcription compared to control cells. Exposure to interfering RNAs against
EZH2C resulted in increased expression of RUNX2. Increased expression of EZH2 led
to an increase in tri-methyl histone H3 lysine 27 (H3K27me3) on the RUNX2 promoters,
thereby blocking it and suppressing osteogenesis [98–100]. In the experiment conducted
on 8-week-old ovariectomized C57BL/6 mice, increased expression of EZH2 in BMSCs
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increased H3K27me3 levels at the Wnt1, Wnt6, and Wnt10A promoters and inhibits Wnt
gene transcription, shifting BMSC commitment to adipocytes. Knockdown of EZH2c pre-
vents this shift. In vivo administration of 3-deazaneplanocin A, an H3K27me3 inhibitor,
reduces Wnt methylation levels, increases bone production, and suppresses bone marrow
fat formation in osteoporotic mice [90,101].

Currently, the search for new enzymes affecting cell differentiation and osteogenesis
is a promising direction in research on the pathogenesis of osteoporosis. Methylation
of N6-methyladenosine (m6A) regulates the expression of BMSC genes associated with
osteogenic differentiation—ALP, RUNX2, SP7, vascular endothelial growth factor, and
signaling pathways important in the context of skeletogenesis—PTH/Pth1r, PI3K-Akt, and
Wnt/β-Catenin [102]. Knockout of methyltransferase-like 3 (Mettl3) leads to a decrease
in bone mass in mice, a decrease in osteogenic potential and increased adipogenic differ-
entiation of BMSCs, and accumulation of adipose tissue in the bone marrow, while over-
expression of Mettl3 protects mice from osteoporosis caused by estrogen deficiency [103].
It has also been reported that the methylation inhibitor 5-AZA-2-deoxycytidine (5-Aza-dC)
is effective against DNMT1, activation of the expression of DLX5, osterix, ALP, osteocal-
cin genes, and osteogenic differentiation of BMSCs [93,97,104]. Methylation analysis of
44 patients using next-generation sequencing identified five proteins significant in osteo-
porosis: Zinc Finger Protein 267 (ZNF267), Actin Binding LIM Protein Family Member
2 (ABLIM2), Ras Homolog Family Member J (RHOJ), Cyclin-Dependent Kinase-Like 5
(CDKL5), and Programmed Cell Death 1 (PDCD1) [105,106]. A study on trabecular bone
samples from 12 patients using immunoprecipitation of methylated DNA revealed four
genes differentially expressed in osteoporosis—PPIL3, NIF3L1, SMTN, and CALHM2 [107].

Epigenetic mechanisms are critical regulators of BMSC differentiation that deteriorate
during aging, so therapeutic or regenerative strategies based on epigenetic regulation of
BMSC aging are considered promising for maintaining BMSC homeostasis in elderly people
or patients with bone diseases [97].

2.5. Genetic Factors

The physiological characteristics leading to the osteoporotic phenotype are inher-
ited through multiple alleles, and a family history of osteoporotic fractures is generally
considered a significant risk factor for osteoporosis. According to various estimates, the
impact of hereditary factors in the development of osteoporotic fractures reaches 85% [108].
Despite its high heritability, osteoporosis is not considered a hereditary pathology since
it is influenced by various metabolic, alimentary, and other factors, including vitamin D
levels. Some of these factors are also under genetic control, in particular, genes affecting
BMD. Osteoporosis is rarely caused by single gene mutations, which can negatively affect
bone mineralization and osteoblast differentiation and function [109,110]. In addition,
rarer cases of monogenic osteoporosis are associated with mutations in genes involved
in WNT1 signaling. Thus, biallelic nonsense or frameshift mutations of WNT1 can also
lead to osteogenesis imperfecta, earlier onset of fragility fractures, and the development
of early-onset osteoporosis [111]. The most common causes of osteoporosis in the general
population are multiple mutations representing a complex genetic architecture that is still
not fully understood. Genome-wide association studies (GWAS) in bone have identified
hundreds of loci that are associated with BMD. The most common monogenic mutations
are type I collagen abnormalities. Thus, inherited autosomal dominant mutations and
de novo mutations of the COL1A1 and COL1A2 genes are the causes of osteogenesis
imperfecta in 85–90% of cases of osteoporosis and osteoporotic fractures [112]. Research
suggests that various mutations in genes CLCN7, GALNT3, IBSP, LTBP3, RSPO3, and SOX4
cause decreased BMD [113]. TNFRSF11B, LRP5, RUNX2, SP7, SOST, DKKI, and ESR1 have
a strong influence on osteoporosis development, according to GWAS data. Among the
19 human WNT ligands, WNT16 affects cortical bone properties and homeostasis, and
patients with early-onset osteoporosis have been observed to have a high frequency of
heterozygous mutations in the WNT1 gene [114]. The sclerostin SOST gene, an inhibitor
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of the Wnt/β-catenin signaling pathway, which is essential for the maintenance of bone
mass, is well known for multiple single nucleotide polymorphisms causing variability in
bone mineral density [115]. The role of a combination of genetic variants of the regulatory
proteins OPG and LRP5, which also contribute to a decrease in BMD, has been shown [116].
Several studies demonstrate the contribution of low-frequency and rare genetic variants to
decreased bone mineral density in the general population. For example, a low-frequency
noncoding variant near the novel EN1 locus has a stronger effect on BMD and causes the
development of lumbar spine fractures compared with other genetic variants [117]. Bone
metabolic disorders can be caused by variations in the nuclear and mitochondrial DNA
copy number [118]. Thus, the combination of different genetic variants involving multiple
loci associated with bone mineral density and fracture risk may have a direct impact on the
development of osteoporosis in the general population.

Searching for correlations in gene expression profiling databases reveals an association
between osteoporosis and Parkinson’s disease. The genes SNAP25, AQP4, SV2B, KCND3,
and ABCA2 have important diagnostic value for both diseases [119]. Common genes
associated with osteoporosis and chronic gastritis were identified: CD163, CD14, CCR1,
CYBB, CXCL10, SIGLEC1, LILRB2, IGSF6, MS4A6A, and CCL8. The correlation between
osteoporosis and chronic gastritis may be due to the ability of parathyroid hormone to
stimulate gastrin secretion, as well as an increased pro-inflammatory profile in patients with
chronic gastritis, which stimulates bone resorption [120]. The association of osteoporosis
with chronic colitis and Crohn’s disease was shown in a meta-analysis of 30 GWAS. The
incidence of fractures in people with inflammatory bowel disease is 40% higher than in the
general population [121].

2.6. Inflammation

Recent findings in osteoimmunology demonstrate a key role of inflammatory factors
in described mechanisms of osteoporosis. The chronic inflammatory conditions induced
by aging and estrogen deficiency activate the NLRP3 inflammasome, which leads to in-
flammatory mediators oversecretion and stimulates the inflammatory response. NLRP3
inflammasome plays an important role in the development of osteoporosis by reduc-
ing differentiation, causing dysfunction of the osteoblasts, and accelerating osteoclasts,
thus promoting bone resorption and impaired bone formation [122]. The study in post-
menopausal women with osteoporosis demonstrated that single-nucleotide variants in
NLRP3 inflammasome pathway genes activating pro-inflammatory cytokines IL-1β and
IL-18 production are associated with osteoporosis severity [123]. Increased secretion of
inflammatory cytokines, in particular, TNF-α and IL-1β, induces MAPK activation that
leads to reduced osteoblastogenesis, resulting in defective bone remodeling [124]. Several
studies on treatment approaches aimed to modulate NLRP3 inflammasome activity and in-
flammatory cytokines production reported beneficial effects of therapy on bone metabolism
and osteoporosis development [125,126]. Figure 2 demonstrates the main cellular and
molecular mechanisms of osteoporosis.

In fact, estrogen deficiency is a crucial factor in triggering the cascade of inflamma-
tory mechanisms in the pathogenesis of osteoporosis, as described in the first section of
the review. Estrogen deficiency causes the activation of RANKL signaling, resulting in
increased production of inflammatory cytokines by activation of immune cells, including
T-lymphocytes, that leads to osteoclastogenesis [5]. In this regard, the research of the
RANKL/RANK/OPG system is a key scope of osteoimmunology [127,128].

The important role of inflammatory factors underlies the functioning of the gut
microbiota—bone axis involved in bone metabolism by affecting anti-inflammatory path-
ways by releasing various metabolites, in particular, short-chain fatty acids (SCFA) [129].
The effectiveness of SCFA therapy in terms of prevention of inflammation-induced bone
resorption was confirmed in several studies on cellular and animal models [130].
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3. Modern Therapeutic Approaches for the Treatment of Osteoporosis

Increasing advances in the research of osteoporosis allowed the development of
various therapeutic strategies for pathogenetic prevention and treatment of osteoporosis.
Table 1 presents the most widely used approaches as well as promising directions in
osteoporosis therapy.

Table 1. Characteristics of the main preparations for osteoporosis therapy.

Drug Mechanism of Action/Effects Comments

Bisphosphonates
Selectively inhibit the enzyme farnesyl

pyrophosphate synthase in osteoclasts, leading to
their apoptosis [131]

Gastrointestinal adverse effects [132]
Atypical fractures [133]

Not recommended for patients with low creatinine
clearance [134]

RANKL inhibitors Inhibits the binding of RANKL to its receptor,
inhibits osteoclastogenesis [135,136]

Duration of denosumab administration increases
the rate of bone resorption after treatment

cessation [137]

PTH analogues
Binds the PTH receptor (PTH1R), activates protein

kinase A, enhances the formation of
osteoblasts [138,139]

Decreases bone mineral density after
withdrawal [140]

Antisclerostin
antibodies

Slow down the binding of sclerostin to LRP5/6,
reduce blocking of the osteogenic Wnt pathway,

increases the number of osteoblasts [141]
Increase the risk of cardiovascular events [142]

Hormone therapy Binds to estrogen receptors [143] Used for postmenopausal osteoporosis [143]

Calcitonin Inhibit osteoclast activity [144] Used for postmenopausal osteoporosis, low
efficiency [144,145]

Targeting STING Activation of STING/IFN-β [146] It is a potential target
Targeting

semaphorins
Modulate plexin receptors, enhanced bone

formation, and reduced bone resorption [147] It is a potential target

3.1. Bisphosphonates

Currently, the first-line preparations for the treatment of osteoporosis are antiresorp-
tive drugs, in particular bisphosphonates, which prevent bone resorption by osteoclasts,
thereby increasing bone density and reducing the risk of fractures [148]. Widely used prepa-
rations of this group for the prevention and treatment of postmenopausal osteoporosis are
preparations of the second and third-generation approved their effectiveness in clinical
studies alendronate, ibandronate, risedronate, and zoledronic acid [149]. The mechanism of
action of these preparations is based on the binding and inhibition of the activity of farnesyl
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pyrophosphate synthase (FPP), a key enzyme in the mevalonic acid pathway, which is
critical for the production of cholesterol, other sterols, and isoprenoid lipids. The inhibition
of FPP leads to the suppression of post-translational modification of proteins that play a
central role in maintaining the cytoskeleton and regulation of the osteoclast activity that
causes osteoclast apoptosis [150,151]. Thus, bisphosphonates are able to selectively inhibit
osteoclast activity and thereby slow down bone resorption, especially in postmenopausal
osteoporosis [152].

3.2. RANKL Inhibitors

The main preparation of the group of RANKL inhibitors approved and widely used
for the treatment of postmenopausal osteoporosis is denosumab, a monoclonal antibody
that binds to RANKL and prevents its binding to the RANK receptor [135]. Since RANKL
is a major mediator of bone resorption that initiates a signaling cascade essential for dif-
ferentiation, activation, and survival of osteoclasts. Denosumab suppresses osteoclast
function by inhibiting osteoclastogenesis and the return of nonresorbable osteomorphs to
osteoclasts. However, it was shown that high doses of RANKL inhibitors can transform
accumulating osteomorphs into active osteoclasts that lead to bone resorption, which is
accompanied by fractures [136]. The effectiveness of denosumab has been studied in com-
parison with bisphosphonates and found that it was associated with a significantly greater
reduction in the risk of vertebral and other fractures than alendronate or ibandronate,
but no differences were found compared with zoledronate [153]. Clinical studies have
shown that long-term therapy with denosumab for up to 10 years was associated with
an increase in bone mineral density (BMD), a low incidence of fractures, and a low level
of side effects [154]. In addition to denosumab, other compounds that affect RANKL
are being identified and developed. However, these drugs are only at the development
stage. For example, EPZ compounds, inhibitors of protein arginine methyltransferase
5, affect RANKL-induced osteoclast differentiation through molecular mechanisms in
in vitro experiments. Namely, EPZ compounds reduce the nuclear translocation of NF-κB
by inhibiting the dimethylation of the p65 subunit, which ultimately prevents osteoclast
differentiation and bone resorption [155]. Moreover, it was found in in vitro studies that
the XL019 compound, a Janus kinase inhibitor, inhibits RANKL-induced osteoclastogenesis
by suppressing mitogen-activated protein kinase signaling and reducing the expression
of osteoclast-specific genes and proteins, thereby preventing bone resorption [156]. Other
studies are devoted to the investigation of inhibitors of RANKL through LGR4 signaling
and the generation of anti-RANKL antibodies, which may be a promising target for the
regulation of osteoclast resorption [157].

3.3. Parathyroid Hormone Analogs

The main preparations in the group of parathyroid hormones (PTH) analogs include
teriparatide, an analog of PTH, and abaloparatide, an analog of the PTH-related pep-
tide. The main mechanism of action of PTH analogs is the binding of the PTH receptor
(PTH1R), which affects the G protein/cAMP signaling pathway and activates protein kinase
A [138]. In addition, when teriparatide and abaloparatide bind to PTH1R, several signaling
pathways, Gq/phospholipase C/Ca2+ and β-arrestin/ERK, are activated, leading to the
activation of transcription factors of genes underlying the anabolic response [158]. PTH
analogs enhance the formation of osteoblasts, thereby increasing bone density, improving
bone strength, and reducing the risk of fractures [139]. However, despite the high effec-
tiveness of PTH analogs, discontinuation of therapy leads to a reduction of bone mineral
density and requires further antiresorptive therapy to enhance or maintain the achieved
effects [140]. Clinical studies of teriparatide in osteoporosis showed that despite the early
positive effect on bone formation, the “anabolic window” period and subsequent bone re-
sorption subsequently occurred [159]. It has been revealed that receptor activity-modifying
proteins (RAMPs) can bind to G protein-coupled receptors (GPCRs), including the PTH1R
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receptor, thereby affecting bone metabolism that allows to consider this mechanism as a
promising target for specific modulation of anabolic processes in bone tissue [160].

3.4. Antisclerostin Antibodies

Preparations of the group antisclerostin antibodies affect the protein sclerostin, pro-
duced and secreted by mature osteocytes, which blocks the activation of the osteogenic
Wnt-signaling pathway, thereby controlling bone formation by osteoblasts. Sclerostin is
a bone morphogenetic protein (BMP) antagonist encoded by the SOST gene that binds
to the Wnt coreceptors LRP 5/6 [161]. As described above, inhibition of the canonical
Wnt-signaling pathway in mature osteoblasts/osteocytes reduces the levels of OPG, the
decoy receptor for RANKL, leading to increased osteoclast differentiation and bone re-
sorption [162]. Antisclerostin antibodies slow down the binding of sclerostin to LRP 5/6,
increasing the concentration of β-catenin and reducing the negative suppression of Wnt-
induced responses [141]. The most well-known sclerostin inhibitor, approved by the FDA
and approved in clinical trials, is romosozumab. This preparation increases the number of
osteoblasts, improves mechanical strength by increasing bone mass, improves structural
and architectural characteristics, and optimizes the composition of bone tissue [163,164].
However, romosozumab has a limited period of effectiveness, which requires concomitant
antiresorptive therapy [164]. It was shown that sequential use of romosozumab followed by
denosumab may be a promising regimen for the treatment of osteoporosis [165]. It is impor-
tant that romosozumab administration increases the incidence of adverse cardiovascular
events, and therefore, its use should be avoided in patients at high risk of cardiovascular
or cerebrovascular diseases [142]. In addition to romosozumab, two other antibodies to
sclerostin, setrusumab and blosozumab, have been studied in clinical trials but are not
currently used in clinical practice [166,167].

3.5. Selective Estrogen Receptor Modulators (SERM)

The most studied preparations of the group of selective estrogen receptor modulators
(SERMs) are raloxifene and bazedoxifene. These preparations bind to estrogen receptors
and act as receptor antagonists in the uterus and mammary gland, and at the same time as
agonists, regulating bone and lipid metabolism [168]. The beneficial effects of raloxifene in
osteoporosis treatment are an increase in bone mass and mineral density due to a decrease
in bone resorption [143]. Moreover, raloxifene possesses additional positive effects on
the cardiovascular system, including the reduction of serum levels of LDL cholesterol,
fibrinogen, and lipoprotein A, and increases the level of HDL cholesterol. However, the
main side effects of raloxifene, such as hot flashes and venous thromboembolism, limit
its use in some patients [169,170]. However, SERM preparations are successfully used in
postmenopausal osteoporosis [145].

3.6. Calcitonin

Calcitonin preparations are derivatives of human calcitonin, also used to treat post-
menopausal osteoporosis. Calcitonin, a peptide hormone of the thyroid gland, has the
ability to inhibit the activity of osteoclasts, thereby reducing the loss of bone mineral den-
sity and helping to reduce the risk of osteoporotic fractures [144]. Currently, due to low
efficiency and side effects, calcitonin is rarely used in clinical practice but can be used for
the treatment of acute osteoporotic fractures [171].

3.7. Promising Directions of Osteoporosis-Targeting Therapy

Recently, the cGAS-STING signaling pathway has attracted attention as an important
factor in the cellular inflammatory response and a new target of anti-inflammatory therapy.
Stimulator of interferon genes (STING) triggers innate immune activation by upregulation
of NF-κB transcription and producing type I interferon independently of Toll-like receptors
along with downregulation of IFN-β production. Moreover, activation of STING induces
the transcription of inflammatory genes and increases the secretion of pro-inflammatory
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cytokines, thereby triggering chronic inflammation and promoting the development of
inflammatory and autoimmune diseases [172]. It was shown that targeting STING/NF-κB
in osteoporosis treatment is a promising therapeutic approach to reduce bone resorption by
inhibiting osteoclast differentiation [146].

Semaphorins are extracellular signaling proteins targeting plexin receptors. Semaphorins
are key regulators of the morphology and mobility of cells in the nervous, cardiovascular,
immune, endocrine, musculoskeletal, and other systems [173]. The molecule semaphorin
4D (Sema4D) produced by osteoclasts suppresses bone formation through the Plexin-
B1/IGF-1 signaling pathway and also promotes osteoclast resorption and osteoclastogene-
sis by binding CD72 to osteoclast precursors [174,175]. In contrast, Sema3A produced by
osteocytes and osteoblasts can inhibit Plcγ2 and M-CSF-induced osteoclast differentiation
and stimulate Plexin-A and neuropilin 1 (Nrp1) through canonical Wnt/β-catenin signal-
ing, thus acting as a potent osteogenic and osteoprotective factor [176]. It was demonstrated
in animal experiments that the administration of Sema4D-specific siRNA and Sema3A-
specific agonists enhanced bone formation and reduced bone resorption in healthy and
ovariectomized mice [147]. The revealed dual regulatory effects of semaphorins on bone re-
modeling attract special attention, which may indicate great prospects for the development
of drugs based on them for the treatment of osteoporosis.

Pyrroloquinoline quinone (PQQ), which is considered a catalyst for redox reactions
and can scavenge ROS and ameliorate oxidative stress, shows high efficiency in maintaining
osteogenesis in murine models. In the model of ovariectomized C57BL/6 mice administered
subcutaneous estradiol or supplemented with PQQ, there was no difference in parameters
of bone mass, mineralization, osteoresorption, biomechanics, redox balance, and cellular
aging between mice with PQQ in the diet and mice who received estrogens. These results
confirm the fact that estrogen deficiency reduces antioxidant defense and induces oxidative
stress [177].

In another study in mice recessively homozygous for B cell-specific Moloney murine
leukemia virus integration site 1 (BMI-1), which normally exhibit premature aging and
osteoporosis, the addition of PQQ had a positive effect on bone mass, osteonectin, and
collagen 1 content, decreased levels of ROS, and ALP activity. In addition, Western blot
analysis of P16, P19, P21, P27, P53, γH2AX, and caspase-3 proteins confirmed reduced bone
resorption, DNA damage, and apoptosis [178]. Similar results were obtained in testosterone-
deficient mice, demonstrating that the addition of PQQ in the diet compensated the effect
of orchiectomy on osteoblastogenesis and the expression of proteins associated with DNA
repair [179].

Calcium-based nanomaterials used not only as locally applied approaches, such as
implant coatings and filling materials for osteoporotic bone regeneration, but also as
preparations for antiosteoporosis treatment are perspective treatment strategy for delaying
osteoporosis progression due to their pro-osteogenic properties [180].

Many studies indicate the role of long noncoding RNAs (lncRNAs) in signaling
processes affecting bone formation. lncRNAs are involved in transcription, translation,
regulation of gene expression, cell differentiation, and cell cycle regulation. According
to recent studies, lncRNAs promote osteogenesis through signaling pathways associated
with osteogenesis transcription factors and microRNAs. Exosomes and binding to bone
implants are being considered promising approaches for lncRNAs implementation [181].

HMGA1 encodes a non-histone regulatory region of chromatin, which is involved in its
organization and gene transcription. In vivo and in vitro experiments showed that HMGA1
expression increases during osteogenesis of rat BMSCs and decreases during ovariectomy.
Bone loss during ovariectomy in rats was compensated by the introduction of a lentivirus
inserting HMGA1 into the bone marrow cavity; therefore, HMGA1 is considered a potential
gene therapy target for the treatment of osteoporosis [182]. The clinical potential of the
adeno-associated virus, an inhibitor of the WNT/β-catenin signaling pathway antagonists
SHN3 and SOST, was demonstrated in terms of enhanced osteoblast function and bone
formation [183].
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The potential of stem cells in osteoporosis therapy is aimed primarily at stimulating
bone formation due to their proliferative and anti-inflammatory properties. Stem cells
differentiate into osteoblasts. In animal models, stem cell injection can improve bone
microstructure and bone density, increase ALP activity, activate OPG production, and
inhibit TNF-α and RANKL expression. Currently, stem cells are at the stage of animal
experiments, and ethical controversies are raised in terms of this type of therapy [184]. The
metabolites of stem cells, such as the secretome and conditioned medium, are increasingly
being considered since the intervention of BMSCs may still be associated with the risk of
immune complications. In this regard, the use of amniotic mesenchymal stem cell products
(AMSCs), which contain cytokines and growth factors, namely bFGF, VEGF, TGF-β, EGF,
KGF, HGF, FGF7, and BMP-2, playing an important role in the healing of bone defects is
investigated [185]. Another promising option for using the BMSC secretome is exosomes,
secretory vesicles sized 30–120 nm, which contain proteins, lipids, and nucleic acids and
serve as important mediators of intercellular communication. Exosomes obtained from
BMSCs have been shown to increase the expression of osteodifferentiation genes, delivering
growth factors and microRNAs that possess a positive effect on bone regeneration [186].

3.8. Personalized Approaches in Osteoporosis Treatment

Because there are many different mechanisms leading to the osteoporotic phenotype,
there are a variety of preparations targeting these mechanisms, but the effectiveness of
combinations of these preparations varies from one patient to another despite having
similar effects. The number of preparations can be prescribed only for postmenopausal
osteoporosis and are not applicable to other groups of patients. Widely used bone resorption
inhibitors, bisphosphonates, may not provide a therapeutic effect during the first 2 years
of use in 20–40% of all patients. Patient genetic profiles are currently being studied in
an attempt to generate predictive patterns for response to therapy and to personalize the
treatment [187,188]. In therapy aimed at reducing bone resorption, the adjuvant use of
antioxidants has been proposed as an alternative to the use of antiresorptive drugs to inhibit
osteoclast activity, which could restore the balance between osteoclasts and osteoblasts and
the process of physiological remodeling [189].

The development of osteoporosis is strongly associated with individual risk factors, in-
cluding nutrition, body weight, lifestyle factors such as smoking and inactivity, geographic
factors associated with insufficient sunlight exposure, and others [190,191]. In this regard,
dietary modifications, exercise recommendations, and lifestyle changes should be included
in the personalized treatment strategies for osteoporosis. The results of the study of lifestyle
modification intervention along with pharmacotherapy showed the beneficial effect of
lifestyle modification on BMD in postmenopausal osteoporotic women [192]. The evalua-
tion of vitamin D status is quite relevant for timely diagnostics of vitamin D deficiency in
osteoporosis prevention [193]. Whole-body vibration therapy is considered a promising
physiotherapeutic measure to increase bone mass and density in age-related osteoporosis
since it is effectively used in space medicine [194]. Among various risk factors of osteo-
porosis, gut microbiome disturbance affects osteoporosis development due to immune and
endocrine mechanisms as well as via disruption of the gut–bone axis signaling [195]. So,
the personalized use of pre- and probiotics and other therapies to restore the gut micro-
biome is highly recommended in therapeutic interventions in osteoporosis. In particular,
several studies demonstrated the beneficial effect of fecal microbiota transplantation from
healthy donors to recipients with gut microbiota imbalance on osteoporosis development
in experimental models and clinical trials [196].

4. Conclusions

Thus, the aging of the organism is a stimulating factor for processes associated with
the development of osteoporosis. Decreased production of sex hormones, as one of the as-
pects of aging, induces bone resorption through increased production of pro-inflammatory
mediators. An increase in the level of ROS with age prevents osteogenic differentiation
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and promotes the increase of osteoclasts; at the same time, the efficiency of osteogenic
differentiation of progenitor cells decreases during aging with a shift to adipogenesis. At
an earlier age, factors associated with estrogen deficiency and inflammation are of key
importance in the pathogenesis of osteoporosis; at a later age, the reduction of osteoblast
differentiation becomes the main factor in the pathogenesis of osteoporosis. These mecha-
nisms also depend on the individual hormonal status of the organism, so the prospects for
the treatment of osteoporosis are believed to be the further development of personalized
medicine. Currently, there is a wide range of preparations that affect various cellular and
molecular mechanisms of osteoporosis; however, treatment with existing preparations is
associated with the risk of serious side effects, so further research aimed at the development
of new pathogenetic approaches to the treatment of osteoporosis is extremely relevant.
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