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Bone represents a metabolically active tissue subject to continuous remodeling orchestrated by the dynamic interplay
between osteoblasts and osteoclasts. These cellular processes are modulated by a complex interplay of biochemical and
mechanical factors, which are instrumental in assessing bone remodeling. This comprehensive evaluation aids in
detecting disorders arising from imbalances between bone formation and reabsorption. Osteoporosis, characterized by a
reduction in bone mass and strength leading to heightened bone fragility and susceptibility to fractures, is one of the more
prevalent chronic diseases. Some epidemiological studies, especially in patients with chronic kidney disease (CKD), have
identified an association between osteoporosis and vascular calcification. Notably, low bone mineral density has been
linked to an increased incidence of aortic calcification, with shared molecules, mechanisms, and pathways between the
two processes. Certain molecules emerging from these shared pathways can serve as biomarkers for bone and mineral
metabolism. Detecting and evaluating these alterations early is crucial, requiring the identification of biomarkers that are
reliable for early intervention. While traditional biomarkers for bone remodeling and vascular calcification exist, they suffer
from limitations such as low specificity, low sensitivity, and conflicting results across studies. In response, efforts are
underway to explore new, more specific biomarkers that can detect alterations at earlier stages.
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1. Receptor Activator of Nuclear Factor Kappa B Ligand and
Osteoprotegerin

The Receptor Activator of Nuclear Factor kappa B (RANK)/RANK ligand (RANKL)/osteoprotegerin (OPG) system, and the
more recently discovered member, leucine-rich repeat-containing G protein-coupled receptor 4 (LGR4), play pivotal roles
in both bone and vascular mineralization. While the system’s involvement in bone maintenance is well-established, recent
studies have attributed a significant role to this system in vascular smooth muscle cell (VSMC) calcification. In bone,
osteoblasts synthesize and secrete RANKL, which binds to its transmembrane receptor RANK in osteoclast precursors.
This binding promotes the maturation, activation, and survival of osteoclasts, thereby increasing bone resorption and loss.
Simultaneously, osteoblasts secrete OPG, a soluble receptor of RANKL, which prevents the binding of RANKL to RANK,
thereby regulating osteoclastogenesis . The LGR4 extracellular domain competes with RANK for binding to RANKL,
resulting in the inhibition of osteoclast differentiation and a subsequent reduction in osteoclastic bone resorption. LGR4 is
essential for bone formation by promoting the maturation and mineralization of osteoblasts [@. Recent findings indicate
that LGR4 is expressed in mature osteoclasts, where it inhibits osteoclastogenesis through two distinct mechanisms: (1)
by preventing the binding of RANKL to RANK and (2) through the binding of RANKL to LGR4, activating the GSK3-3
signaling pathway, suppressing the expression of NFATc1, and inhibiting osteoclast differentiation [&E!,

Some factors, including PTH, facilitate osteoclast differentiation by augmenting RANKL production in osteoblasts and
concurrently inhibiting OPG synthesis 2. The expression of this system is additionally modulated by various cytokines and
glucocorticoids [4. Numerous studies have delved into the impact of diet on BMD. Traditionally, the focus has centered on
exploring the influence of the Mediterranean diet on classical biomarkers such as calcium and vitamin D. Nevertheless, a
distinct study brought to light that beta-carotene and isoflavones, particularly genistein, exhibited a decelerating effect on
bone resorption. This effect manifested through a reduction in serum levels of bone resorption markers, such as RANKL,
concomitant with an increase in markers indicative of new bone formation, such as OPG B8, Furthermore, various types
of dietary fatty acids can also modulate the RANK/RANKL/OPG system, each with distinct osteogenic potential. The

authors suggest that olive oil, in particular, may prevent the development and progression of osteoclast-related diseases
[

The identification that OPG knockout mice develop osteoporosis and severe arterial calcification &, along with the
observation that RANKL expression increases in calcified arterial tissue &, and evidence that RANKL induces VSMC



calcification in vitro, with OPG preventing this process LA syggests that the RANK/RANKL/OPG/LGR4 axis may serve
as a crucial autocrine/paracrine system involved in both bone loss and vascular calcification. Consequently, it was
anticipated that Denosumab, a human monoclonal antibody against RANKL used for osteoporosis treatment, could
prevent or delay the progression of vascular calcification. Indeed, Helas et al. demonstrated that Denosumab reduced
vascular calcium deposition in glucocorticoid-induced osteoporosis in mice, affirming the existence of a connection
between the bone and vascular systems 2. However, the FREEDOM study involving osteoporotic patients revealed that
the frequency of aortic calcification progression and adverse cardiovascular events was similar between women in the
placebo and Denosumab groups, despite the improvement in BMD and reduction in fracture risk due to the treatment (23!,
These findings highlight the necessity for studies investigating the regulatory mechanisms of this pathway in both bone
and vessels, ensuring that strategies aimed at bone protection do not inadvertently result in counterproductive effects on
vascular calcification.

The role of OPG and RANKL as serum biomarkers has been reported by several authors. The RANKL/OPG ratio is
crucial in determining the degree of bone remodeling and bone mass . Postmenopausal women with low BMD
demonstrated lower serum OPG levels and a higher RANKL/OPG ratio compared to women with normal BMD 141,
Similarly, in a study involving rheumatoid arthritis patients, those with osteoporosis exhibited lower serum OPG levels and
higher RANKL levels compared to patients with normal BMD 121161,

Although consensus is lacking regarding their relation with vascular calcifications, several studies in CKD patients have
associated vascular calcification with elevated OPG serum levels A8l However, in another study involving patients with
ischemic coronary disease 19, circulating OPG levels exhibited a negative correlation with total coronary artery
calcification, no correlation with serum RANKL concentration, and a positive correlation between the RANKL/OPG ratio
and total coronary artery calcification. These variations in results may be attributed to the timing of disease progression
during biomarker determinations and the challenge of discerning whether the biomarker is being produced by the bone
undergoing mineralization, the vessel undergoing calcification, or a vessel protected from calcification. Another possible
cause that explains these differences is the different populations used, which is commonly called selection bias.

A study proposed the feasibility of detecting LGR4 in serum 29, positing that it may sequester RANKL, thereby preventing
its binding to RANK in bone. However, the biological significance of this discovery remains undetermined. In an
unpublished preliminary study conducted by the group, rats with chronic renal failure, manifesting vascular calcification
and bone demineralization, revealed elevated serum RANK/OPG ratios, with no concurrent alterations in the serum levels
of LGRA4. Further investigations are essential to elucidate the potential role of LGR4 as a serum biomarker for bone loss or
vascular calcification.

| 2. Sclerostin and Dickkopfl

The Wnt/B-catenin pathway constitutes an intracellular signaling pathway that serves as a primary regulator of bone
formation and it is involved in the progression of vascular calcification. Wnt/B-catenin governs osteoblast activity 241,
Endogenous antagonists of the Wnt/B-catenin pathway include, among others, sclerostin (also known as Sost) and
dickkopfl (Dkk1). In bone, PTH acts as a key modulator of this pathway: PTH inhibits sclerostin, thereby enhancing bone
formation. Similarly, PTH inhibition leads to increased expression of sclerostin, underlining the close relationship between
sclerostin and PTH [22. However, there is a lack of consensus regarding the effects of PTH on Dkk1 [23124]

Sclerostin and Dkk1 are predominantly secreted by osteocytes into the circulation, and their serum levels are indicative of
inhibited bone formation. Circulating sclerostin levels are influenced by gender, increase with age, and exhibit higher
concentrations in elderly subjects compared to younger counterparts with similar BMD [23. Moreover, exercise
downregulates sclerostin 28127, Notably, postmenopausal women demonstrate increased sclerostin levels 28, Although it
might be expected that sclerostin and Dkk1 are inversely correlated with BMD in postmenopausal women, several studies
have revealeda positive association between BMD and sclerostin and Dkk1 223981 For instance, a recent study found a
positive correlation between sclerostin and Dkk1 expression in bone from postmenopausal women with osteoporosis and
BMD, with their serum levels reflecting their bone levels 29, This discrepancy may be explained by the fact that bone
sclerostin and Dkk1 are primarily produced by live osteocytes, and their levels may reflect osteocyte numbers (associated
with higher BMD). The number of live osteocytes typically decreases with age, leading to lower levels of bone sclerostin
and Dkk1. Conversely, other studies suggest a negative association between serum sclerostin levels and BMD B2E3] \ith
elevated circulating sclerostin levels identified as a strong and independent risk factor for osteoporosis-related fractures in
postmenopausal women 4. The age-dependent decline in glomerular filtration rate should be considered when
interpreting circulating sclerostin levels, necessitating further studies to ascertain its value as a bone biomarker. A recent



study suggests that the sclerostin/PTH ratio best defines bone status since the ratio can integrate both PTH-dependent
bone formation and a lower rate of bone formation associated with high levels of sclerostin 2!,

In the vasculature, the role of sclerostin and Dkk1 remains controversial. Some studies in CKD patients report increased
serum sclerostin levels positively correlated with aortic calcification 281, However, another CKD study indicates that higher
sclerostin levels are associated with lower aortic calcification and a better survival rate 3., In a mouse model of adenine
diet-induced vascular calcification, sclerostin knockout mice exhibited more extensive vascular calcification than wild-type
mice B, Conversely, in another mouse model of vascular calcification induced by warfarin, anti-sclerostin treatment
increased aortic and vascular calcification, suggesting a protective role for sclerostin against vascular calcification B2,
These results are in agreement with studies that have shown an association between the presence of vascular
calcification in the aorta of rats with chronic renal failure with a decrease in aortic Sost gene expression levels 19,
However, a study in diabetic rats with chronic renal failure demonstrated that monoclonal antibodies against Dkk1

prevented both bone and vascular damage [28l. More research is imperative to resolve these conflicting findings.

Romosozumab, an anti-sclerostin treatment, presents a promising avenue for preventing and treating fractures in

osteoporosis among postmenopausal women; however, potential negative cardiovascular effects need careful
consideration LOIE7E2[40]

| 3. Periostin

Periostin, also known as a specific osteoblastic factor, is a non-collagenous protein predominantly expressed in the
periosteum, a fiborous membrane covering the bone surface and connected to the muscles. The periosteum consists of
two layers, with the outer layer primarily composed of fibroblasts and the inner layer housing bone progenitor cells,
osteoblasts, nerves, and blood vessels. Periostin is also expressed in other connective tissues, including the periodontal
ligament, muscle fascia, aorta, heart valves, and tendons, contributing to their structural integrity and participating in
reparative processes. In bone, periostin regulates collagen crosslinking that contributes to bone strength . Periostin-
deficient mice exhibit low BMD, impaired microarchitecture and decreased bone strength 42,

In addition, periostin may serve as a crucial mediator of the effects of PTH on the Wnt/B-catenin pathway. Intermittent
PTH administration stimulates periostin and inhibits sclerostin synthesis in bone and osteoblasts in vitro. Moreover, the
addition of recombinant periostin also suppresses the expression of sclerostin 2243l Teriparatide (PTH 1-34) therapy
increases periostin secretion in postmenopausal women 4. In animal models, hypocaloric diets diminished serum
periostin [43],

Periostin is a soluble factor detectable in serum and plasma. Studies examining its role as a biomarker of bone
metabolism present conflicting results. The OFELY (Os des Femmes de Lyon) study positively associated serum periostin
levels with fracture risk in postmenopausal women 8. This unexpected finding is explained as an adaptive metabolic
response of periosteal cells to maintain bone. Similar results were observed in another study, where plasma periostin
levels were higher in postmenopausal women with non-vertebral fractures, suggesting that plasma periostin may be a
potential biomarker for osteoporotic fracture risk, particularly in non-spinal skeletal sites 47, However, another study found
no differences in periostin levels between postmenopausal women with normal and low BMD 8],

The impact of periostin on vascular calcification is less explored, although it is considered a promotor of vascular
calcifcation. A recent study demonstrated that recombinant periostin in vitro promoted the phenotypic transdifferentiation
of VSMCs to a calcifying phenotype. Ex vivo, recombinant periostin accelerated aortic calcification, partly through
excessive activation of glycolysis and imbalanced mitochondrial homeostasis 42, Furthermore, the study observed a
positive association between plasma periostin levels and the calcification score (Agatston score) in patients with angina
pectoris or suspected coronary artery disease #2. Another recent study noted increased periostin expression in calcified
VSMCs and calcified arteries of diabetic rats. It was further described that periostin acts on calcification by blocking
autophagic flow B, Additionally, periostin increases human VSMC calcification via activation of -Catenin, and serum
periostin levels were higher in hemodialysis patients compared with healthy controls B1. Therefore, periostin appears to
regulate various processes influencing vascular calcification.

| 4. Sphingosine-1-Phosphate

Sphingosine-1-phosphate (S1P) is a lipid mediator that acts through G protein-coupled receptors, controlling various cell
functions. In bone, S1P regulates osteoblast survival and migration, while also stimulating RANKL synthesis and
promoting osteoclast differentiation 52, Additionally, S1P controls the dynamic migration of osteoclast precursors between



blood and bone through its receptors S1IPR1 and S1PR2, which exert opposing actions. S1IPR1 mediates positive
chemotaxis toward S1P in osteoclast precursors, while S1PR2 directs negative chemotaxis (or chemorepulsion) by
generating gradients 23],

Some recent articles show that increased serum levels of S1P are responsible for reduced levels of BMD and increased
levels of bone resorption markers, which are associated with an increased risk of osteoporosis (541581 |n human studies,
circulating levels of S1P are increased in postmenopausal women compared to premenopausal women and men.
Furthermore, elevated serum levels are associated with lower BMD in postmenopausal and premenopausal women, as
well as in men 58, Additionally, serum levels of S1P are positively correlated with bone resorption markers 28, Other
studies suggest that S1P may be a potential predictor of fracture risk in postmenopausal women [24155](57],

The effects of S1P in vascular calcification are less well evaluated. A recent study observed that S1P is increased in
phosphate-induced VSMC calcification 28, and the exogenous addition of S1P to VSMCs accelerated their calcification
B8l |n the interstitial cells of the valve, S1P caused increases in bone morphogenetic protein 2 (BMP2), alkaline
phosphatase (ALP), and calcification, as well as proinflammatory effects B2, Currently, its potential role as a serum
biomarker of vascular calcification is still unknown.
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