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Abstract Osteoporosis and atherosclerosis, two multifacto-
rial and degenerative entities, are major public health
problems. These diseases accompany the aging process and
share common risk factors. Furthermore, several common
pathophysiological factors have been suggested. These
include similar molecular pathways involving bone and
vascular mineralization, estrogen deficiency, parathyroid
hormone, homocysteine, lipid oxidation products, inflamma-
tory process, as well as vitamin D and K. Moreover, the use of
statins, biphosphonates, beta-blockers and experimental dual-
purpose therapies based on the biological linkage of the above
entities may simultaneously benefit bone loss and vascular
disease. This review considers a potential link between
osteoporosis and atherosclerosis beyond aging. These com-
mon factors may lead to appropriate treatment strategies.
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Introduction

Osteoporosis and atherosclerosis are major public health
problems that often coexist in both genders worldwide,
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particularly in the elderly. Some, but not all, studies
reported a relationship dependent on age [1-6]. Several
studies also suggested a causal relationship between
atherosclerosis and osteoporosis [7-22, 24-26], so that the
presence of the one is a predictor of the other (Table 1).

According to the National Institutes of Health (NIH)
consensus conference in 2000, osteoporosis is defined as “a
skeletal disorder characterized by compromised bone
strength predisposing a person to an increased risk of
fracture” [23]. Previous studies have shown an association
between osteoporosis and cardiovascular mortality [7-11],
aortic and coronary calcification [12—16], carotid athero-
sclerosis [17—19], peripheral arterial disease [20] and stroke
[21, 22] in both sexes, especially in women.

Epidemiological data

It has been reported [7] that low bone mineral content in
postmenopausal women was associated with increased
mortality in later life, especially from cardiovascular
disease (CVD) (about twofold increased risk of dying from
CVD). The relative risk (RR) was higher in the early
postmenopausal period, when each decrease of one stan-
dard deviation (SD) (0.4 g/cm?) in bone mass was
associated with a 43% increase in mortality. A prospective
study in women over 65 years old [8], reported that the
same decrease in bone mineral density (BMD) of the
femoral neck was followed by a 1.3-fold increase in
mortality from coronary artery disease (CAD), after
adjustment for risk factors, such as hypertension, diabetes
mellitus (DM), smoking, advanced age and low physical
activity. Another large prospective study in women over 65
years old showed that diminished BMD at the proximal
radius was strongly associated with deaths from stroke
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Table 1 Studies associating osteoporosis (represented by bone mineral density) with atherosclerosis

Studies Associated vascular condition Year of publication Number of patients
Von der Recke et al. [6] Cardiovascular mortality 1999 1063
Kado et al. [7] Cardiovascular mortality 2000 6046
Browner et al. [8] Cardiovascular mortality 1991 9704
Marcovitz et al. [9] Coronary artery disease 2005 209
Sennerby et al. [11] Cardiovascular disease 2007 4497
Kiel et al. [12] Aortic calcification 2001 554
Schultz et al. [13] Aortic calcification 2004 228
Hyder et al. [14] Aortic calcification 2007 365
Mangiafico et al. [15] Augmentation index and central aortic systolic pressure 2008 342
Barengolts [16] Coronary calcification 1998 45
Uyama et al. [17] Carotid atherosclerosis 1997 30
Jorgensen et al. [18] Carotid atherosclerosis 2006 2733
Shaffer et al. [19] Carotid atherosclerosis 2007 870
Jorgensen et al. [24] Carotid atherosclerosis 2004 5269
Van der Klift et al. [20] Peripheral artery disease 2002 5268
Farhat [25] Peripheral and coronary artery disease 2006 3075
Jorgensen et al. [21] Stroke 2001 63
Browner et al. [22] Stroke 1993 4024
Johansson [26] Survival 1998 1924

[RR: 1.74; 95% confidence interval (CI) 1.12-2.70] and
each SD decrease in BMD was associated with a 1.19-fold
increase in mortality (95% CI 1.04-1.36), adjusted for age
and duration of follow-up [9]. Furthermore, in a retrospec-
tive analysis low BMD appeared to independently predict
significant CAD in women, with a higher odds ratio than
the above risk factors [odds ratio (OR) 5.6, 95% CI 2.6 to
12.0, p<0.0001] [10]. The reverse relationship has also
been reported. In other words, there was a substantially
increased risk of hip fracture in women with CVD [I1].
This increase was attributed to the similar biological and
molecular pathways that link these two conditions and will
be discussed later in this review [11].

Regarding aortic calcification (a surrogate marker of the
atherosclerotic burden), some studies reported an inverse
relationship with BMD [12, 13]. After adjusting for age and
potential confounders, measures for aortic calcification (by
computed tomography) predicted 26.1% of the variance in
BMD (p<0.0001) [13]. In the same study, the investigators
reported that postmenopausal women aged < 60 years with
aortic calcification had more than double the rate of bone
loss (3.4 vs. 1.4% yearly) compared with those without
calcified tissues. The prevalence of arterial calcium in the
aorta (but not in carotid and coronary arteries, after
adjustment for common risk factors) was also greater in
both sexes with lower BMD in another study [14]. Except
for arterial calcium, the stiffness of the aorta, assessed by
means of augmentation index and central aortic systolic and
pulse pressures, was greater in osteoporotic postmenopausal
women than control subjects [15]. Finally, coronary
calcium evaluated by electron beam tomography of the
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heart was significantly higher in women with osteoporosis
than in those without [16].

A study including 2,733 women (aged 55-74 years;
follow-up for 6 years) evaluated the potential link between
osteoporosis and carotid calcification assessed by ultra-
sound. The prevalence of carotid echogenic plaques was
significantly related to low BMD and the age-adjusted RR
of fracture was higher among women with echogenic
plaques than among those without: 1.7 (95% CI 1.0-2.7)
[18]. The investigators of the San Antonio Family Osteo-
porosis Study also demonstrated a correlation between
decreased BMD and increased carotid artery intimal medial
thickness (IMT), after adjusting for known environmental
factors. In particular, they observed a negative association
between IMT and BMD in both Mexican American men
and women over 60 years of age [19]. Moreover, in the
Rotterdam Study, a prospective cohort study of individuals
aged > 55 and over, women with a low femoral neck BMD
had a significantly increased risk of peripheral arterial
disease (OR 1.49, 95% CI 1.16-1.91). However, this
association was not found in men (OR 1.14, 95% CI
0.84—1.53) [20]. Finally, low BMD in the femoral neck has
also been associated with a high risk of stroke in women
[21, 22]. Tt was suggested that each SD (0.13 g/cm?)
decrease in BMD in female but not male subjects was
related to a 1.9-fold increased risk of stroke [21].

In general, only few studies showed a correlation between
atherosclerosis and low bone mass in men. Two large
epidemiological studies in older men have shown that low
BMD is associated with increased severity of calcified
carotid plaques [24] and CVD [25]. In another study,
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BMD was a strong predictor of total mortality in men as
well as in women, but the number of fatal strokes was too
low to evaluate the relationship between BMD and stroke
mortality [26].

Mechanisms potentially underlying the association
between osteoporosis and atherosclerosis

There are several possible links between osteoporosis and
CVD independently of the aging process. Apart from the
fact that both diseases share common risk factors, such as
hypertension [27], DM [28], smoking [29], alcohol abuse
[30] and low level of physical activity [30], they have
common pathogenetic pathways (Table 2).

Vascular calcification-bone mineralization processes

Vascular calcification is an ongoing process and it may occur
without (medial calcification) or within (neo-intimal calcifi-
cation) atherosclerotic plaques [31]. This process appears to
share some common characteristics with bone mineraliza-
tion. In particular, hydroxyapatite, the basic component of
the mineral phase of bone, is also present in calcium deposits
in atherosclerotic lesions [32]. Furthermore, cells with
osteoblastic or osteoclastic potential have been observed in
the arterial wall, as well as bone matrix proteins, including
gamma carboxyglutamate (GLa) proteins, osteopontin and
bone morphogenetic proteins (BMP), especially BMP-2 [33].

GLa proteins comprise a part of a family of mineral
binding proteins, which includes osteocalcin, several coag-
ulation factors (factors VII and IX) and anti-coagulation
factors (proteins C and S). Gla residues bind and incorporate
calcium into hydroxyapatite crystals [31]. Mice that are
deficient in GLa proteins demonstrate extensive vascular

Table 2 Potential pathogenetic mechanisms that link osteoporosis to
atherosclerosis

Potential pathogenetic mechanisms

1. Aging

2. Common risk factors (hypertension, diabetes mellitus, renal
failure, smoking, low physical activity)

3. Same processes of bone and vascular mineralization (GLa
proteins, osteopontin, BMP-2/TGF-[3/Smad6, osteoprotegerin,
Wnht signals, Runx2 and Msx2 patterns)

4. Estrogen deficiency

5 Homocysteine

6. Lipid oxidation products (minimally oxidized Low Density
Lipoprotein, isoprostanes), 12/15 lipoxygenase

7. Inflammatory process

. Polymorphisms of vitamin D receptors

9. Vitamin K

(o]

calcification, abnormal cartilage calcification and osteopo-
rosis, which suggest that dysregulation of these proteins
may result in abnormal mineralization of both bones and
arteries [34].

Osteopontin (OP) is a major non-collagenous bone
matrix glycoprotein, which binds to integrins, especially
the o33 one. Integrins comprise essential receptors for
osteoclast migration to resorption sites [31]. Apart from its
role in osteoclast attachment to bone, OP has also been
associated with arterial calcification in patients with
advanced atherosclerosis. In CAD, OP seems to be
localized in calcified atherosclerotic lesions, in association
with high serum levels. OP may also induce endothelial
dysfunction, by decreased formation of nitric oxide, a
regulator of cardiovascular homeostasis [35].

BMPs comprise a group of growth factors characterized
by their ability to induce the formation of bone and
cartilage. Seven such proteins have been discovered, 6 of
which (BMP-2 to BMP-7) belong to the transforming
growth factor (TGF)-f3 superfamily. TGF-f3 plays a pivotal
role in the regulation of osteoblast differentiation and
proliferation [36]. Their effects are demonstrated by
intracellular mediators, including stimulatory and inhibitory
Smad proteins. The most important, Smad6, an inhibitor of
BMP signalling, plays a crucial role in the development of
cardiovascular system. Indeed, Smad6-deficient mice ex-
hibit cartilaginous metaplasia and ossification of the aorta,
indicating the role of this protein in vascular calcification
[37]. BMP-2 expression in the arterial wall, activated by
several factors, such as TNF-a, oxidized lipids and
hyperglycemia, seems to be a feature of atherosclerotic
calcification [38].

Data from several studies evaluated the role of osteo-
protegerin (OPG), another marker of bone remodeling, in
the common pathogenesis of atherosclerosis and osteopo-
rosis. OPG is a member of tumor necrosis factor (TNF)
receptor family, which regulates osteoclastogenesis by
inhibiting receptor activator of nuclear factor-kB ligand
(RANKL)-mediated osteoclastic bone resorption in vitro
and in vivo. OPG is secreted mainly by osteoblast lineage
cells [39]. OPG is also produced by cells of the cardiovas-
cular system, including coronary artery smooth muscle cells
and endothelial cells [40]. OPG-deficient mice tend to
exhibit both osteoporosis with multiple fractures and
calcification of the aorta and renal arteries, suggesting that
OPG can influence vascular calcification [41]. In one study,
serum levels of OPG were about 30% greater in women
with DM than in euglycaemic ones [42]. Similar data were
reported by another study of 522 men, which showed that
OPG levels were higher in patients with DM, hypertension
and advanced CAD. Increased OPG levels may therefore
represent an insufficient compensatory mechanism to
prevent further vascular damage [43]. This raises interest
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for a therapeutic potential of exogenous administration of
OPG to patients with osteoporosis and CAD. In general,
activation of nuclear factor kB (NFkB) (except for the
RANK/RANKL/OPG system) appears to be one of the
most important events that link atherosclerosis to osteopo-
rosis. It can be induced by several stimuli, including
cytokines (mainly TNF-a), viruses, LDL, oxidants and
immune stimuli. Induction of NFkB exerts proatherogenic
effects in the vessel wall [44].

Our attempt to enlighten the above linkage should
include the pivotal role of Wnts, a family of 19 secreted
signalling glycoproteins, in the regulation of osteoblasto-
genesis and bone formation. They bind to receptor com-
plexes, including LDL receptor-related proteins (LRP)-5
and LRP-6, as well as frizzled proteins [45]. This complex
initiates an intracellular cascade of events leading to the
stabilization of (3-catenin and its subsequent translocation
into the nucleus, where associated with the transcription
factors Tcf/Lef, it triggers gene expression involving bone
development [46]. Wnt ligands have also been implicated
in the regulation of the pathologic calcification in the
vasculature, as well as the osteoblastic transdifferentiation
of vascular smooth cells in vitro, although the exact
mechanisms explaining this process have not been eluci-
dated [47]. Furthermore, emerging data suggest an antag-
onism of Wnt signalling by oxidative stress with increasing
age, which may be a common molecular mechanism
contributing to the development not only of osteoporosis,
but also several pathologies such as atherosclerosis, insulin
resistance and hyperlipidemia [48]. Evaluating the role
of Wnt/LRP on a genetic basis, one should mention that
dual gene mutations of LRP-5 and its ligand, apolipoprotein
E (especially the e4 allele), in mice are associated with
hypercholesterolemia, advanced atherosclerosis and low
bone mass [35]. Recently, a missense mutation in LRP6
was identified in a family with autosomal dominant early
CAD, features of the metabolic syndrome and osteoporosis
[49]. All these data provide an attractive field for further
investigation of the role of LRP-5/6 and Wnt signalling in a
biological linkage of atherosclerosis and osteoporosis.

Another family of transcription factors includes core
binding factor al (Cbfal) and runt-related transcriptional
factor-2 (Runx2), which induce osteoblastic differentiation
at the early stage and inhibit it at the late stage. They
promote the expression of bone matrix protein genes and
the mineralization in immature mesenchymal and osteo-
blastic cells in vitro. Runx2 also forms a complex with Tcf/
Lef, comprising an important regulator of bone formation
[50]. Moreover, Runx2 expression has been identified in
atherosclerotic human vascular tissue specimens, but not in
normal vessels, indicating a potential role in vascular
calcification. It appears to participate in the induction of
vascular smooth cell calcification by oxidative stress [51].
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As mentioned above, BMP-2 is expressed in calcified
atherosclerotic lesions. It is necessary for the osteogenic
differentiation of mesenchymal cells, including vascular
smooth cells. Its effect is usually exerted in synergy with
Msx2, a homeodomain transcription factor that controls
osteoblastic differentiation and mineralization in the devel-
oping skull [38]. Genetic evidence suggests that the Msx2
gene is a direct gene target of BMP-2. Indeed, Msx2-
deficient mice exhibit a generalized skeletal osteoblast
deficiency and a low turnover osteoporosis syndrome
[52]. In a similar way, Msx2 induces osteogenic versus
adipogenic differentiation of aortic myofibroblasts. This
action is performed via up-regulation of another transcrip-
tion factor, osterix (Osx), which is also stimulated by
BMP-2. Osx directs osteoblast-specific differentiation, up-
regulates ALP expression and is necessary for mineraliza-
tion. It was also shown that Msx2 can act independently of
Runx2, by Wnt/LRPS5 signalling pathway [53].

Estrogens and homocysteine

It is well documented that women after the menopause
demonstrate an accelerated bone loss, suggesting that
estrogen deficiency plays a pivotal role in this process
[54]. The beneficial effects of estrogens on the cardiovas-
cular system are also well established [55]. Furthermore,
bone and coronary arteries are target organs for estrogens.
Estrogen receptors have been detected on osteoblasts,
osteoclasts and coronary artery smooth muscle cells [56].
They are also expressed in osteoblasts as well as in
chondrocytes in men, whose BMD is positively correlated
with estrogen concentrations [57].

Except for the direct effects of estrogens on bone loss
and atherosclerosis, their deficiency affects these two
progressive diseases indirectly. A decrease in estrogen
levels is associated with an increase in serum parathyroid
hormone (PTH) [58]. Increased PTH secretion results in
accelerated bone loss and soft tissue calcium deposition,
including vascular and myocardial calcification [59].
Furthermore, estrogens may be inversely related to serum
levels of homocysteine [60] and lipids, especially oxidized
low density lipoprotein (LDL) [61].

Homocysteine is a possible risk factor for atherosclerosis
[62]. Homocysteinuria, a genetically inherited disease
caused by a deficiency of cystathionine 3 synthetase or a
mutant form of methylenetetrahydrofolate reductase
(MTHEFR), is characterized by elevated plasma homocys-
teine concentrations. Its clinical manifestations, apart from
skeletal disorders and osteoporosis, include a tendency
towards premature atherosclerosis and thromboembolism.
Homocysteine seems to interfere with the formation of
collagen cross-links, prevents insolubilization of fibrils,
inhibits lysyl oxidase and may delay the synthesis of more
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complex cross-links in collagen. There is also evidence that
postmenopausal women with heterozygous mutation in
MTHFR and therefore hyperhomocysteinemia demon-
strate a decrease in BMD [63]. This supports the hypoth-
esis that homocysteine participates in the interaction
between estrogen and bone metabolism. Moreover, a
prospective study demonstrated a 10.9% decrease in
plasma homocysteine levels in postmenopausal women
continuously treated with micronised 17f3-estradiol com-
bined with cyclic dydrogesterone compared with baseline
pre-hormone replacement levels [64].

Lipid oxidation

Lipid oxidation products such as minimally oxidized LDL
(MM-LDL) promote arterial calcification and its accumu-
lation in the subendothelial space of skeletal bone arteries
inhibits bone formation. MM-LDL acts through activating
peroxisome proliferator-activated receptors « and vy
(PPARx and PPARY). It promotes bone loss by directing
progenitor marrow stromal cells to undergo adipogenic
instead of osteogenic differentiation, as indicated by a
reduced expression of bone alkaline phosphatase (b-ALP)
and osteocalcin, two markers of bone formation [65]. The
accumulation of oxidized lipids in tissue mimics chronic
infection and thereby stimulates an immune response that
promotes the hardening of soft tissue (to wall off infectious
agents) and the softening of hard tissue (to dissolve a
substrate for growth of infectious agents) [66]. Moreover,
the enzyme 12/15 lipoxygenase (12/15LO), which is
responsible for the oxidative modification of LDL [67],
plays a functional role in the modulation of oxidative stress
and is active in bone and arterial wall [68]. The importance
of this enzyme rises from the fact that its inhibition in
animals seems to enhance bone mass and diminish
generation of atherosclerotic lesions [68, 69].

Other markers of oxidative stress involve the isoprostanes,
lipid oxidation products derived from arachidonic acid. The
two most extensively studied members of this family are 8-
isoprostaglandin F2a (isoPGF2a) and 8-isoprostaglandin
E2a (isoPGE2a) [70]. Isoprostanes are present in athero-
sclerotic plaques, have vasoconstrictor effects, inducing the
release of endothelin-1 in endothelium and modulate the
aggregation of platelets [71]. They provide a common
biological linkage towards the association between athero-
sclerosis and osteoporosis, as they seem to inhibit
osteoblastic differentiation of preosteoblasts and enhance
osteoclastic differentiation and activity. This was evi-
denced using tartrate-resistant acid phosphatase (TRAP)
activity, a marker of bone resorption, which was increased
after treatment of marrow-derived preosteoclasts with
isoPGE2a [71]. Another study evaluating the role of iso-
PGF2a, showed increased levels in hypercholesterolaemic

subjects, combined with lower bone mass and higher levels
of b-ALP and osteocalcin than in normocholesterolaemic
ones [72]. All these findings lend support to the “lipid
hypothesis of osteoporosis.

Inflammatory process

Atherosclerosis is thought to include an ongoing inflamma-
tory process. Markers of inflammation such as interleukin-6
(IL-6) and C-reactive protein (CRP) have been associated
with all-cause and cardiovascular mortality in both sexes
[73]. On the other hand, IL-6 is known to stimulate
osteoclasts to increase the rate of bone resorption [74]. As
far as CRP is concerned, the association between serum
high sensitivity CRP (hs-CRP) levels and BMD in pre-and
postmenopausal women was stronger in subjects with lower
BMD, after adjustment for age, body mass index (BMI) and
menopausal status, combined with higher serum total ALP
activity (all, P for trend <0.001) [75]. Similar results were
obtained from another study which showed that the increase
in the levels of hs-CRP in pre-and post-menopausal women
was followed by an increase in serum NTX, a marker of
bone resorption, as mentioned above [76]. Thus, a systemic
inflammatory process may be a common mechanism for the
development of low bone mass and atherosclerosis.

Vitamins D and K

The role of vitamin D in bone metabolism through calcium
absorption is well established [77]. Genetic studies provide
further support for a role of vitamin D in the pathogenesis
of both osteoporosis and atherosclerosis. Vitamin D
receptors (VDR) are present in endothelial [78] and smooth
muscle cells [79] of the arterial wall. Some studies suggest
that polymorphisms of VDR may contribute to the common
risk between osteoporosis and atherosclerosis [80]. In
particular, the BSmI polymorphism has been associated
with slowed calcium absorption and lower BMD [81]. On
the other hand, the frequency of Bsml B allele has been
reported to be higher in patients with angiographically
documented CAD [82] and DM [83], although one study
found no relation at all [84].

As mentioned above, GLa proteins are involved in the
regulation of the calcification processes in bone and
vascular tissue. GLa is formed by vitamin K, which acts
as a coenzyme for glutamate carboxylase, converting
glutamate to <y-carboxyglutamate. As a result, reduced
availability of vitamin K leads to functionally defective
GLa proteins, with low affinity for the hydroxyapatite bone
matrix and therefore low BMD [85]. Indeed, administration
of vitamin K seems to retard femoral neck bone loss in
postmenopausal women [86]. On the other hand, impaired
vitamin K status has been associated with the presence of
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atherosclerotic calcification [87], providing evidence for its
role in vascular mineralization.

Therapeutic implications of the association
between atherosclerosis and osteoporosis

Statins

The beneficial actions of statins in patients with atheroscle-
rosis and CVD are well established [88-90]. Statins appear
to also exert beneficial effects on bone metabolism [91, 92].
Given the potential significance of hyperlipidemia in the
pathogenesis of osteoporosis, these effects of statins might
be attributed to their lipid-lowering action. However, the
beneficial effects of statins on bone metabolism also appear
to be lipid-lowering independent. Statins act by inhibiting
the enzyme 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA)
reductase, the rate-limiting enzyme involved in endogenous
cholesterol biosynthesis, which catalyzes the reduction of
HMG-CoA to mevalonic acid. Apart from reducing
cholesterol biosynthesis, the inhibition of mevalonate also
leads to a reduction in the synthesis of important inter-
mediates, such as the isoprenoids farnesyl pyrophosphate
and geranylgeranyl pyrophosphate [93]. These intermedi-
ates are involved in the posttranslational prenylation of
several proteins (e.g., Ras, Rho and Rac) that modulate a
variety of cellular processes including cellular signalling,
differentiation and proliferation [94]. Prenylated signalling
proteins are essential for osteoclast function, consistent with
some observations that statins inhibit osteoclast activity in
vitro [95]. Apart from inhibition of osteoclast activity there
is evidence that statins also induce bone formation, perhaps
through an increase in BMP-2 [35]. In a prospective study,
simvastatin therapy was associated with an increase in
serum osteocalcin concentration [96], while another study
demonstrated an increase in the levels of vitamin D after
administration of atorvastatin [97].

Moreover, a substantial increase in bone formation and
trabecular bone volume has been reported in female rats after
5 weeks of administration of simvastatin [98]. An analysis of
four large prospective studies suggests that statins may
prevent osteoporotic fractures. Each study found a strong
trend towards fewer hip fractures among women who
reported the use of statins, even after adjusting for a number
of other factors [99]. In a large retrospective analysis,
exposure to statins was associated with a decreased fracture
risk even after short duration (a few weeks to a few
months). In contrast, there was little evidence that fibrates
or other lipid-lowering drugs alter bone fracture risk [91].
However, non-confirmatory data have arisen from a large
randomized case-controlled trial, evaluating the effect of
pravastatin use on the fracture rate, although this study
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involved a non osteoporotic population [100]. Pravastatin
seems to be ineffective at increasing BMP-2 as it binds less
strongly to plasma proteins than do other statins, such as
lovastatin, simvastatin or fluvastatin [101].

A meta-analysis of 19 studies assessed the effect of
statins on BMD and the risk of fractures. Twelve studies
concluded that statins exert a beneficial effect on BMD, 6
studies that they had no effect and one study reported a
deleterious effect. Furthermore, there was a different impact
on bone mass between statins in regard to their lipophilic or
hydrophilic properties. In particular, lipophilic statins
(lovastatin, simvastatin) showed a significant effect on total
hip (TH) and femoral neck (FN) BMD, whereas hydro-
philic ones (atorvastatin, pravastatin, fluvastatin) had no
effect on BMD. TH and FN BMD was significantly higher
(by about 0.20 SD) among statin users than among controls,
although lumbar spine BMD was only marginally in-
creased, suggesting that these drugs act mainly on cortical
bone. The discrepancies observed between all these studies
might be attributed to several reasons, including low and
variable uptake of statins into bones, low systemic
bioavailability (important hepatic first-pass effect), different
sensitivities of osteoblasts and osteoclasts to statins,
variable risk of osteoporosis between patients, insufficient
duration of exposure (statins may need to be taken for more
than 1 year) and drug dosages (the doses showing benefit in
animal studies were tenfold higher than those used in
dyslipidemia [102].

Biphosphonates

The decrease in production of mevalonate achieved by
statins seems to also be an important biochemical pathway
in the action of biphosphonates which are widely used in
the treatment of osteoporosis, via inhibition of osteoclastic
activity. Biphosphonates can inhibit the development of
atherosclerosis in animal experiments and this action seems
to be independent of lowering serum calcium levels [103].
The protective effect of biphosphonates has been attributed
to their direct action on the vessel wall by sensitizing
macrophages to undergo apoptosis, preventing foam cell
formation by inhibiting the uptake of LDL and affecting
cell replication [104]. Furthermore, etidronate, a biphos-
phonate, was suggested to have an inhibitory effect on
atherosclerosis in patients with low bone mass [105]. Why
biphosphonates, though acting on the same biochemical
pathway as statins, only have anti-resorptive effects
(whereas statins directly stimulate bone formation) is yet
unexplained. There might be different sensitivities of
osteoblasts and osteoclasts to statins and biphosphonates
[102]. However, all these promising preliminary findings
need to be confirmed in large double-blind randomized
controlled trials.
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Antihypertensive drugs

Beta-blockers appear to induce bone formation and/or
inhibit bone resorption in animals as well as reduce the
risk of fracture in humans [106]. Their action seems to be
based on the regulation of bone remodelling by the
sympathetic nervous system. Sympathetic nerve fibres have
been detected in bone tissue and functional adrenergic
receptors are expressed on osteoblasts and osteoclasts
[107]. Adrenergic stimulation has been reported to cause
both anabolic and catabolic effects on bone, mediated by «-
and 3-adrenergic receptors, respectively. The (3-adrenergic
stimulation of bone resorption might be mediated by
directly activated osteoclasts [108]. A large prospective
population-based study associated the use of [3-blockers
with a reduced risk of fractures in middle-aged and older
subjects from the general population [109]. However, these
agents cannot be recommended as preventive therapy for
fractures until randomized controlled trials establish their
efficacy.

Although there is no general consensus that hypertension
should be considered an established risk factor for osteopo-
rosis, we will discuss the role of some antihypertensive drugs
(apart from (-blockers) on bone metabolism. High blood
pressure can induce abnormalities in calcium metabolism
and increase bone mineral loss in women [29]. Some studies
demonstrated an effect of thiazide diuretics in preventing
osteoporosis, perhaps by reducing the urinary calcium
excretion [110, 111]. In both of these randomized con-
trolled trials the daily administration of hydrochlorothiazide
(50 mg) prevented postmenopausal bone loss and its benefit
seemed to be sustained for at least the first 4 years of
treatment [111]. The bone-protective effect of thiazides

cannot only be attributed to the increased renal calcium
reabsorption via inhibition of Na“-Cl" cotransporter (NCC)
at the kidney distal tubule, but also to a direct effect on
bone. It seems that osteoblasts also express NCC and
therefore thiazides stimulate osteoblast differentiation and
bone mineralization. Furthermore, they may induce the
production of osteoblast markers, such as Runx2 and OP,
the role of which was discussed above [112].

As far as the renin-angiotensin system is concerned, it
seems that angiotensin II promotes bone loss by activating
osteoclasts via RANKL induction, demonstrated by an
increase in TRAP activity. Furthermore, the use of an
angiotensin II type 1 receptor blockade (olmesartan)
appeared to attenuate this process [113]. However, the
evidence evaluating the role of angiotensin converting
enzyme (ACE) inhibitors in preventing bone loss is
controversial. Some studies associated their administration
with an increase in hip and spine BMD [114] and others
showed that ACE inhibition has no effect on the skeleton
[115]. These different outcomes may be attributed to ACE
polymorphisms. In particular, subjects presenting with the
[I+ID polymorphism exhibit a poor response to antihyper-
tensive drug treatment with respect to bone mass, whereas
those with the DD polymorphism seem to respond better
[116]. Nonetheless, more confirmatory data are needed for
these drugs to be indicated for both hypertension (a well-
established risk factor for atherosclerosis) and osteoporosis.

Experimental therapies
New experimental therapeutic horizons have opened up,

promoting the generation of dual-purpose treatment, which
will retard the progression of atherosclerotic plaques and

Table 3 Therapeutic approach towards prevention of both osteoporosis and atherosclerosis outcomes

Therapies

Ways of action

References

A. Statins

a. Reduction of mevalonate leading to decreased formation

[93-95]

of isoprenoid mediators
b. Increase in the levels of bone morphogenetic protein (BMP)-2 [96]

c. Increase in the levels of vitamin D [97]
B. Biphosphonates a. Protection against atherosclerosis through mevalonate pathway [103]
b. Preventing foam cell formation [104]
C. Beta-blockers Blocking beta-adrenergic stimulation of osteoclasts [106-108]
D. Thiazides a. Reduction of urinary calcium excretion [110, 111]
b. Stimulation of osteoblast differentiation [112]
E. Angiotensin converting enzyme (ACE) inhibitors and Conflicting data-potential role of angiotensin in activation [113-116]
angiotensin II receptor 1 blockers of osteoclasts via RANK/RANKL system
F. Novel-experimental therapies a) inhibition of 12/15 lipoxygenase [35]

b) attenuation of osteocalcin expression

¢) modifying LRP5 towards an increase in BMD
d) deletion of Wnt antagonists

e) recombinant osteoprotegerin

f) teriparatide
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enhance bone density. Briefly, they involve: (i) inhibition of
12/15 lipoxygenase (ii) attenuation of osteocalcin expres-
sion (iii) modifying LRP5 (iv) deletion of Wnt antagonists
(v) recombinant osteoprotegerin, and, (vi) teriparatide (the
1-34 N-terminal fragment of PTH, which is used as an
anabolic therapy for severe osteoporosis and is shown to
limit aortic valve calcification) [35]. However, these
attractive and encouraging therapies are very distant from
their final application in patients to achieve dual prevention
from the adverse outcomes attributed to osteoporosis and
atherosclerosis (Table 3).

Conclusions

Emerging data support the association between atheroscle-
rosis and osteoporosis beyond the aging process. Except for
the common risk factors that influence both cardiovascular
risk and bone metabolism, their association could be
attributed to several shared biochemical, molecular and
cellular processes. However, further investigation and large
randomized controlled trials are needed to confirm these
relationships. A link between atherosclerosis and osteopo-
rosis could potentially influence the pharmacological
options for the prevention and treatment of these highly
prevalent conditions.

Conflicts of interest This review was written independently; no
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