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Pathogenetic mechanisms of postmenopausal osteoporosis formation
and their relationship with cardiovascular pathology
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ABSTRACT

Involutional hormonal processes characteristic of the postmenopause are accompanied by disorders that deteriorate
the quality of life in the female population and lead to an increased risk of developing metabolic diseases of the
bones and cardiovascular system. In modern medicine, it is extremely important to understand the pathogenesis
of postmenopausal osteoporosis (PMO) in association with cardiovascular diseases, which are the main causes of
mortality in the population.

This review is devoted to determining the key aspects of the pathogenesis of PMO and identifying their relationships
with cardiovascular pathology. Epidemiological data are assessed, the main mechanisms of PMO and vascular
pathology development are considered, the fundamental role of hormone deficiency, immune dysregulation
disorders, and disorders of macrophage polarization is described, and data on the association between the
pathogenesis links of the studied pathological processes are analyzed.

The obtained data will form a unified approach to reducing the growing prevalence of cardiovascular diseases and
complications of PMO and contribute to the development of new research areas in disease prevention.
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PE3IOME

VHBOONIMOHHBIE TOPMOHAIBHBIE TIPOLIECCHI, XapaKTEPHBIE U MOCTKIMMAKTEPUIECKOT0 IEPHO/Ia, COTIPOBOKIA-
FOTCS pacCTPOCTBAMH, YXYALIAONMIMMHU Ka4eCTBO YKU3HHU JKEHCKOH IOJIOBHHBI HACETICHUS M TIPUBOAAIINMH K T0-
BBIIIICHUIO PHCKA Pa3BUTHS METa0OIHIECCKUX 3a00JICBaHU CKeJIeTa M CEPIETHO-COCYAUCTON cucTeMbl. C MO3UIUU
COBpPEMEHHOI MEIUINHBI KpaifHe Ba)KHBIM SIBIISICTCS IOHUMaHUE NATOTeHE3a MOCTKIMMAKTEPHUECKOTO OCTEOMO-
po3a (ITKO) B accommanum ¢ KapAHOBACKYJISIPHBIMU 3a00JICBAHUSIMH, 3aHHMAIOIIUMH JIAIUPYIOMINE TTO3UINN B
CTPYKTYpE€ CMEPTHOCTH HACEIICHHSI.

JlaHHBI 0030p MOCBSILEH ONMpEIEICHHUIO KIIOUEBbIX aCHEeKTOB marorenesa Gpopmuposanus [IKO u BbIABICHUIO
MX B3aMMOCBSI3€H C KapAMOBacKyJsIpHOM marosiorueil. IIpoBeneHa olieHKa 3MMAEMHOIOIMYECKUX HAHHBIX, C
Pa3HBIX TO3MLHUH PacCMOTPEHBI OCHOBHbIE MexaHM3Mbl pa3BuTus [IKO m cocyaucroii maroioruu, ommcaHa
OCHOBOIOJIATAIONIAs POJIb TOPMOHANBHOTO AE(MHULUTA, TUCPETYIATOPHBIX PACCTPOHCTB MMMYHHOW CHCTEMBI,
HapyLICHUH HOJSPU3aLUKM MaKpo(aros, MpoAHAIN3UPOBaHbI JJAHHBIC, JOKA3bIBAIOIIME CONPSDKEHHOCTh 3BEHBCB
MaTOTeHE3a H3Y4aeMbIX aTONIOTMIECKUX MIPOLIECCOB.

CoOpaHHble B 0030pe CBEICHUS TMO3BOJIAT CHOPMUPOBATH CAWHBIA TOAXOA K CHIDKCHHIO pacTyIIei
pactpoCTPaHEHHOCTH CEPJICYHO-COCY/IUCTHIX 3a00JIEBaHUH M OCJIOKHEHHH OCTEONopo3a Cpeay SKeHIIUH
MOCTKIMMAKTEPUUYECKOTO TMEepHOaa M OyAyT CIOCOOCTBOBATh pPa3pabOTKE HOBBIX HAYYHBIX HATpABJICHUNA B
npoduIakTuke 3a00JeBaHUH.

Kiro4eBble €j10Ba: 0CTEONOPO3, TOCTMEHONAY3a, CEPAEYHO-COCYAUCThIE 3a00/I€BaHNs, aTEPOCKIIEPO3, ICTPOreH,
Makpodaru

KonpaukTt uaTepecoB. ABTOPHI JEKIAPUPYIOT OTCYTCTBHUE SIBHBIX U MOTCHIIMAIBHBIX KOH()INKTOB HHTEPECOB,
CBSI3aHHBIX C ITyOIMKanuel HaCTOSIIEH CTaThH.

Hcrounuk ¢puHaHCHPOBAaHUSA. ABTOPHI 3asBIAI0T 00 OTCYTCTBMH (PMHAHCHPOBAHMUS MPU IPOBEACHUH HCCIIENO-
BaHUAL.

Jns uurupoBanus: [opsnun '.B., 3axBaroB A.H., Camapuna /I.B. [laTroreHetndeckne MexaHu3Mbl GOpMHPO-
BAHMS TMTOCTKIMMAKTEPUIECKOTO OCTEONOPO3a U MX B3aUMOCBA3b C KapHOBACKYIJISIPHOI maTtonorueil. boanemens

cubupckoti meduyunst. 2022;21(1):144—-151. https://doi.org/10.20538/1682-0363-2022-1-144-151.

INTRODUCTION

Currently, the observed trend toward increased life
expectancy in developed countries leads to an increase
in the number of postmenopausal women and a rise
in the incidence of related diseases. Osteoporosis and
cardiovascular diseases are among the most common
postmenopausal complications [1, 2].

Postmenopausal osteoporosis (PMO) is under-
stood as a widespread systemic metabolic bone dis-
ease, characterized by progressive loss of bone tissue
following the onset of natural or induced menopause
[3.4].

PMO belongs to type I primary osteoporosis and
accounts for 85% of all forms of this group of diseas-
es [1]. The social significance of this disease is deter-
mined by its consequences — fractures of the vertebrae
and tubular bones, which is one of the main causes
of disability in the elderly population [5]. While the

majority of premenopausal women have normal bone
mineral density (BMD) parameters, by the age of 70,
27-60% of patients are diagnosed with osteopenia,
while 70% of women develop osteoporotic changes
in hip and lumbar spine [6]. According to statistics,
almost half of women are unable to work as a result of
fractures, and about 20% of them become disabled [7].

The most commonly occurring hip fracture is a se-
rious complication of osteoporosis, and the associated
high mortality rates vary from 12 to 40% during the
first year after the fracture. The risk of fatal outcomes
also increases due to high probability of a vertebral
compression fracture, since it is the trabecular bone
tissue that is the most susceptible to damage [3, 8].
The analysis of fracture frequency dynamics revealed
a statistically significant increase in rates in recent
years. According to the prognosis, the number of oste-
oporotic femoral neck fractures is expected to double
by 2050 [9].
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The multifactorial nature of the disease, complex
pathogenetic mechanisms with underlying hormon-
al deficiency, and the impact on other body systems
allow to consider osteoporosis as a multidisciplinary
problem. In addition to pronounced osteoporot-
ic changes and related fractures, it is characteristic
of postmenopausal women to have progression of
cardiovascular diseases (CVDs). A number of au-
thors [7, 10-12] have proven that the frequency of
CVDs significantly increases in people suffering from
osteoporosis. Globally, the prevalence of CVDs in
postmenopausal women exceeds the prevalence of
CVDs in premenopausal women and men of the same
age [13].

One of the known causes of this phenomenon is os-
teolysis, which leads to an increase in the level of cal-
cium ions in the vascular bed and their further depo-
sition on the inner wall of the vessels. Calcification of
the vascular wall ultimately leads to the development
of ischemic heart disease, acute cerebrovascular acci-
dent, and other CVDs [12].

However, these risk factors do not fully reflect a
more severe course of cardiovascular pathologies in
this group [14]. Therefore, from the standpoint of
modern medicine, comprehensive understanding of
the pathophysiological mechanisms of the relation-
ship between postmenopausal osteoporosis and CVDs
is certainly an important task, since it might not only
improve the diagnosis of serious pathologies and af-
fect further progression of diseases with the formation
of common risk groups, but also become an incentive
to discover new directions in their treatment.

Pathogenetic role of immune dysregulation in the
development of PMO

PMO is considered to be a multifactorial disease.
At the same time, most of the studies indicate the
fundamental role of hypoestrogenism in the process
of bone loss in postmenopausal women. The effect
of estrogens in this case is described either as direct,
due to the influence on specific estrogen receptors by
regulating the transcription of target genes, or as indi-
rect, through a change in the production of stimulants
and blockers of bone remodeling [15]. Moreover, in
comparison with the reproductive period, when ade-
quate estrogen secretion maintains mineral homeosta-
sis and ensures the formation of a peak in bone mass
and maintenance of BMD in the future, the onset of
menopause is characterized by significant shifts in the
hormonal regulation of bone metabolism [3, 15].

Of course, the mechanisms that underlie the loss
of bone mass associated with estrogen deficiency are

much more complex and are not limited to the mod-
el of direct regulatory effects of these hormones on
bone tissue [15]. Recent studies of osteoimmunology
have proven the role of immune dysregulation in the
initiation of various inflammatory diseases of bone
tissue, including osteoporosis. Cells of immune and
bone systems have many common molecules, such as
transcription factors, signaling molecules, cytokines
or chemokines, and the osteoclast at the cellular level
can be considered as a prototype of an osteoimmune
cell [16]. Therefore, the so-called immunoporosis was
clearly revealed from the standpoint of the effect of
T helper 1 (Thl), T helper 2 (Th2), and T helper 17
(Th17) cells, as well as regulatory T cells and other
cells of the immune system [17].

It was also found that postmenopausal women
with osteoporosis have certain immune status disor-
ders compared with healthy women of the same age,
and their T cell activity parameters exceed normal
values. Now this is associated with the absence of an
estrogen blocking effect on the production of pro-os-
teoclastogenic cytokines (tumor necrosis factor alpha,
interleukin-1 beta (IL-1B), interleukin-6 (IL-6) [18].
Thus, the presence of PMO in women is combined
with an increase in the concentrations of IL-1p, IL-6,
IL-8, IL-17A, and receptor activator of nuclear factor
kappa-B ligand (RANKL) and a decrease in the levels
of IL-4 and IL-10 [15]. Moreover, under normal con-
ditions, suppression of pro-osteoclastogenic cytokine
secretion by hormones is implemented both due to a
direct effect on T cells and an indirect effect by inhib-
iting IL-7 and stimulating transforming growth fac-
tor-beta (TGF-B) [18]. Estrogens are able to directly
induce apoptosis of bone-resorbing osteoclasts, while
the pool size of preosteoclasts not involved in bone
resorption is also reduced by estrogens [19].

In total, the processes of osteoclast differentiation
in PMO are stimulated by two regulatory factors:

The cytokine ligand — receptor system RANKL /
RANK / OPG. It is known that in a state characteristic
of PMO, there is an increased production of RANKL,
which is necessary for further connection with RANK
and its activation. A subsequent increase in the expres-
sion of nuclear factor kappa-B (NF-«kB) activates the
nuclear factor of activated T cells 1 (NFATc1), which,
in turn, is the protein initiator of bone resorption and
contributes to progressive bone destruction [20, 21].

The macrophage colony-stimulating factor
(M-CSF) produced by osteoblasts. It stimulates intra-
cellular tyrosine kinase, resulting in the subsequent
proliferation and differentiation of osteoclast progen-
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itor cells — monocytes, macrophages, preosteoclasts
[21].

Macrophages are of particular interest among pro-
genitor cells, since it is a heterogeneous population of
cells that exhibit unique plasticity under changing en-
vironmental conditions [20, 22, 23]. Over the past de-
cades, a lot of research was dedicated to the functional
features of various macrophage phenotypes, and now-
adays there are reliable data proving the role of these
cells in the pathogenesis of osteoporosis [4, 17].

Thus, it is known that for women who have
reached the age of postmenopause and have a low
level of estrogens, there is an imbalance between
the proinflammatory M1 and anti-inflammatory M2
phenotype, leading to a change in the polarization of
macrophages. The shift in the ratio of macrophage
phenotypes and the resulting discrepancy between the
number of osteoclasts and their precursors negatively
affect the state of bone tissue and contribute to the de-
velopment and progression of osteoporosis [4, 19, 23].

Estrogen deficiency

!

Osteoclast Osteoclast
\_\\ ; /"/ /
| ;’/
M2/m1 4

It is estrogens that coordinate the balance between
macrophages and osteoclasts, determining the course
of PMO [21], as evidenced by a number of studies.
Thus, in a model of experimental osteoporosis after
ovariectomy in mice, bone marrow macrophages were
isolated from the femur, followed by induced polariza-
tion of M1 macrophages by lipopolysaccharide (LPS)
/ interferon gamma (IFNy) and M2 macrophages — by
IL-4 / IL-13, respectively. After stimulation of the
M1 and M2 RANKL phenotypes, it was found that it
was the M2 phenotype that mainly differentiated into
a functional osteoclast, and not M1, which led to a
change in the M1/ M2 ratio [19]. Conducting a similar
study, but under conditions of a normalized hormonal
background using 17p-estradiol (E2), it was showed
that restoring the level of estrogens prevented osteo-
clastogenesis from M2 macrophages, and the ratio of
phenotypes remained normal. The effect of the endo-
crine profile on the balance between macrophages and
osteoclasts is shown in Figure 1.

Normal endocrine
profile

RANKL

Osteoclast Osteoclast

M1=M2

Fig. 1. Effect of endocrine profile on the balance between macrophages and osteoclasts: M1, M2 — macrophage phenotypes;
M2 /M1 — a shift in the ratio of macrophages toward the M2 phenotype
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These phenomena are explained by the fact that
estrogen protects the M2 macrophage from RANKL
stimulation due to selective action through the o-es-
trogen receptor (ERa) and subsequent blocking of
the nuclear translocation of NF-kB p65 [19, 20]. A
selective a-estrogen receptor agonist PPT (4, 4', 4"
-(4-propyl-[1H]-pyrazole-1, 3, 5-triyl) trisphenol) can
reproduce a similar therapeutic effect in treatment of
osteoporosis in ovariectomized mice.

Therefore, against the background of estrogen defi-
ciency, osteoclastogenesis of macrophages of the M2
phenotype leads to a shift in the M1 / M2 ratio and
contributes to the progression of PMO.

MECHANISMS OF THE RELATIONSHIP
BETWEEN PMO AND CARDIOVASCULAR
DISEASES

The postmenopausal period is dangerous not only
due to progressive loss of bone mass, but also due to
an increased likelihood of CVD. Unfortunately, quite
often, these processes mutually aggravate each other,
worsening the quality of patients’ lives and causing
the development of serious complications [7, 10].
Currently, there are data from a number of authors
confirming the relationship between vascular diseases
and bone tissue, which can be traced both in the pres-
ence of similar pathogenesis links and in observations
conducted during experimental and clinical studies
[24, 25].

In particular, estrogen deficiency underlying
PMO, is also a risk factor for CVDs in women after
their reproductive function has declined. Moreover,
the effect of sex hormones on CVD is diverse: they
regulate the mechanisms of vasodilation, the rela-
tionship between hypoxia and angiogenesis, and the
formation and development of left ventricular dia-
stolic dysfunction. They are also crucial in the regu-
lation of calcium homeostasis and participate in the
coordination of the contraction and relaxation of car-
diomyocytes [2, 13].

17B-estradiol (E2) mentioned earlier as a factor that
prevents osteoclastogenesis from M2 macrophages
and normalizes the ratio of phenotypes in osteoporosis
is also involved in vasodilation processes. This occurs
mainly due to the regulation of nitric oxide synthesis
by binding to estrogen receptors that are present in en-
dothelial cells [21, 26].

The cytokine system RANKL / RANK / OPG,
which affects both the stages of bone remodeling and
the development of arterial calcification, is one of the
common factors involved in the regulation of bone

tissue and vascular mineralization [27]. In this case,
special attention should be paid to osteoprotegerin
(OPG), an important secreted protein of the tumor ne-
crosis factor family, which regulates bone density by
inhibiting osteoclast differentiation and activation and
affects the development of arterial calcification. By
binding to its ligand (OPGL), it suppresses the inter-
action between RANK and OPGL on osteoclasts and
their precursors, acting as a secreted inhibitor of the
RANK signaling pathway [11]. Studies on mice in-
volving targeted deletion of the osteoprotegerin gene
showed a significant decrease in total bone density
and high incidence of fractures, as well as a decrease
in the incidence of calcification in the aorta and renal
arteries. Statistical data confirm the relationship be-
tween a high degree of aortic calcification and a pro-
nounced decrease in BMD. Besides, they confirm that
the risk of carotid artery calcification for women with
osteoporosis is approximately 4 times higher than that
in women with a normal BMD index in the femoral
neck [24, 27].

One of the significant pathogenetic factors affect-
ing the development of CVD is disturbance of macro-
phage polarization. Currently, a lot of data have been
obtained on the role of macrophage phenotypes in the
development of atherosclerotic lesions [11, 13, 22].
As in the case of osteoclastogenesis regulation, the
effect of M1 and M2 phenotypes is opposite, contrib-
uting to a shift in the overall ratio of macrophages and
progression of the lesion or, conversely, restoration of
the vascular tissue.

However, in this case, activation of each pheno-
type is closely related to the change in the metabolic
processes occurring in atherosclerosis. Thus, proin-
flammatory M1 macrophages are characterized by an
anabolic type of metabolism, so they mainly regulate
glycolysis or the pentose phosphate pathway. The an-
ti-inflammatory M2 phenotype, in turn, is associated
with oxidative phosphorylation and fatty acid oxida-
tion. Therefore, such factors as hyperlipidemia, hy-
poxia, and hyperglycemia can change polarization of
macrophages toward the glycolytic M1 phenotype and
shift the initial equilibrium, contributing to the pro-
gression of atherosclerosis [22].

The localization of phenotypes also confirms the
dual role of macrophages. For example, staining of
M1 phenotype markers is mainly limited to one of the
most unstable areas inside the plaque, while M2 phe-
notype markers are more often present in the vascular
adventitia or areas of stable plaques. M1 macrophages
are also more common in the foci of infarction than
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M2 macrophages [11]. These data confirm that the
M1 phenotype, which, according to many authors,
is proatherogenic, characterizes progressive lesions,

' |

Regulation of Fatty acid
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while regressing plaques are enriched with the antia-
therogenic M2 phenotype, which promotes restoration
of vascular wall tissues (Fig. 2).
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Fig. 2. The role of macrophage phenotypes in the development of atherosclerotic lesions. FA — fatty acids; M1 / M2 — shift in the
ratio of macrophages toward the M1 phenotype

In addition to the common links in the pathogen-
esis of vascular lesion formation and bone tissue re-
duction, these pathological conditions are reciprocal
in relation to corrective therapy. The results of some
studies indicate that bisphosphonates, which are used
in treatment of osteoporosis as bone resorption in-
hibitors, have a positive effect on the vascular wall
and even reduce the degree of vascular calcification
[11]. In order to prevent or reduce progression of
subclinical atherosclerosis and vascular calcifica-
tion, other groups of drugs used in the treatment of
osteoporosis were also studied, which included an-
tiresorptive agents (monoclonal antibodies targeting
RANKL, selective estrogen receptor modulators)
and anabolic bone therapy (teriparatide). However,
currently, such studies are few, which is an incen-
tive for the development and introduction into clin-
ical practice of new pathogenetically substantiated
methods for treatment of comorbid diseases under
consideration [25].

CONCLUSION

The mechanisms of PMO formation following the
impact of hormonal imbalance on bone tissue are ex-
tremely complex. Hypoestrogenism is the main trig-
ger in the imbalance of bone remodeling which can
directly or indirectly induce bone resorption process-
es. Metabolic disorders and dysregulated immune
disorders perform a particular function in maintain-
ing degenerative processes and disease progression.
The change in the immune status is largely due to the
lack of a blocking effect of estrogens on the regula-
tory factors of the RANKL / RANK / OPG system,
which affects activation of NFATcl and M-CSF and
is responsible for proliferation and differentiation of
osteoclast progenitors.

Impairment of macrophage polarization in condi-
tions of estrogen deficiency is associated with the ab-
sence of a blocking effect of the hormone on estrogen
receptors. In such an environment, activation of M2
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phenotype osteoclastogenesis leads to increased bone
resorption, which underlies osteoporotic changes. In
addition, the analysis made it possible to establish
the presence of a close correlation between PMO and
cardiovascular pathology from the standpoint of the
hormone factor, bone proteins, cytokines, and macro-
phage polarization. Thus, osteoprotegerin, acting as a
secreted inhibitor of the RANKL signaling pathway,
is responsible for changing the overall bone density,
as well as for the development of large vessel calci-
fication, and its effects on the relationship between a
decrease in BMD and an increase in the risk of calcifi-
cation have been confirmed by statistical data.

It is also shown that due to the disruption of po-
larization processes, macrophages undergo structural
changes during the development of both PMO and
cardiovascular pathologies. Only in atherosclerosis,
macrophage phenotypes are described according to
metabolic shifts, as pro-atherogenic M1 and anti-ath-
erogenic M2, while in osteoporosis, they are classi-
fied as proinflammatory M1 and anti-inflammatory
M2 phenotypes. At the same time, during the analysis
of the collected data, it was found out that in case of
PMO, the M1 / M2 ratio is characterized by a shift
toward the M2 phenotype, and in case of atheroscle-
rosis, the shift is mainly toward the M1 phenotype.
However, the observed pattern in the relationship be-
tween cardiovascular pathology and osteoporosis has
not been studied enough.

Therefore, it is necessary to further study these and
other links in the pathogenesis of the considered dis-
eases, both individually and in relation to each other.
Clear understanding of the described and possible new
mechanisms can not only make a great contribution to
the development of strategies to reduce the growing
prevalence of cardiovascular pathologies and compli-
cations of osteoporosis among postmenopausal wom-
en, but will also help to form a unified approach to the
prevention of these diseases.
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