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Abstract

In patients with progressive chronic kidney diseg§&KD), the homeostatic
mechanisms regulating calcium and phosphate mésabosuffer important changes
resulting in low serum levels of calcitriol and @aim and phosphorous retention. The
regulatory mechanisms fail and several chronic éyddlisease mineral bone disorders
(CKD-MBD) occur, including bone disease, vasculalcifications, cardiovascular

disorders, bone fragility fractures and reducedisat.

Vascular calcification, bone loss and increasedtdire risk are severe disorders
associated with ageing in chronic CKD, but alsoegally speaking. Several epidemiological
studies have shown the relationship between impaibene metabolism, vascular
calcification and increased mortality. Recent datggest this association may be not just a
consequence of ageing; the common occurrence @fresebases of vascular calcifications
together with low bone activity and osteoporosiggasts there might be some direct
biological links between the bone and the vascsyatems. New challenging experimental
data suggest that once the severe vascular catdific appears, vessels may develop a
mechanism to diminish the vascular mineralization the artery wall, this defensive

mechanism may have a negative impact favouringettiection of bone mass.
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Introduction

In healthy individuals, the kidneys regulate caiciand phosphorus homeostasis
through active tubular mechanisms. Hormones andoracthat contribute to kidney
regulation of calcium and phosphorus include 1,2fydtoxyvitamin D (1,25[0HD or
calcitriol), parathyroid hormone (PTH) and fibroslagrowth factor-23 (FGF-23). In
patients with progressive chronic kidney diseas&K@; the normal homeostatic
mechanisms are challenged, leading to importanpeosatory changes in serum levels of
calcium, phosphorus, calcitriol, FGF-23 and PTH.tAése changes lead in part to several
manifestations that for almost 60 years have beemwk as “renal osteodystrophy” (1). In
addition, clinical, epidemiological and experimémtata have identified a clear association
between the above mentioned changes in biochem@&ers and some relevant outcomes
such as vascular calcification, myocardial dysfiomctand mortality. As a result, a new
term, -CKD—mineral bone disorder (CKD-MBD)-, hasheaecently coined to encompass

all these disorders (2).

Clinical Impact and Pathogenesis of Mineral and Boe Disorders

The calcium, phosphorus, Vitamin D, PTH and FGF23 & closely regulated and
interrelated. Several of the compensatory variatiarthe above mentioned factors take place
at the same time under the control of complex faeklmechanisms (3-5). The progression
of CKD leads to a decrease of active renal mass thad to a reduction of l-alpha
hydroxylase in the kidney, which in turn resultdomw levels of calcitriol, the physiological
active form of vitamin D, impairing calcium absdgpt in the intestine and favouring the
reduction in serum calcium. As a result, the desgean serum calcium stimulate parathyroid
hormone (PTH) synthesis and release, increasing amover, bone resorption and the
stimulation of 1-alpha hydroxylase. All these methms lead to compensatory increases in

serum calcium.
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In addition, the progressive reduction of the rehalction impairs phosphorous
excretion, leading to increases in serum phosplsondich stimulates the synthesis of both
FGF23 and PTH. Thee two factors work in the samection increasing urinary
phosphorous excretion. However, it is important sfoess that, regarding vitamin D
metabolism, the response is more complex and F@GRAEPTH work in opposite directions,
regarding calcitriol synthesis FGF23 inhibits 1kalp hydroxylase reducing calcitriol
synthesis, whereas PTH stimulates it (6-8). Ag#mal function decreases, all these complex
and tightly interrelated mechanisms of parathygd&hd regulation result insufficient and fail
to adequately control the parathyroid gland fumctend the calcium and phosphorous

homeostasis.

As a result, low serum levels of calcitriol andabain coupled with a trend towards
phosphorous retention become the current pictuteeérmore advanced stages of CKD (3-
5). Furthermore, in CKD stage 5D, severe forms efosdary hyperparathyroidism are
frequently found with diffuse and nodular parathgrdiyperplasia, as well as clinically
relevant monoclonal growth with reduction in thg@eession of the vitamin D and Calcium-
sensing receptors (VDR and CaSR) (9-11). Thesegesaare the main culprits for the poor
response of the parathyroid glands to the incresneftserum calcium and the active
vitamin D therapy. Finally, due to the lack of adatg parathyroid gland control, there is a
clear trend towards autonomous parathyroid glaméweur (tertiary hyperparathyroidism)

which frequently requires surgical intervention.

Many of the above mentioned abnormalities and stteyond the scope of this
review end up not only inducing several forms ofnéodisease, but also vascular
calcifications, cardiovascular disorders, bone ifitggfractures and a greater risk of
mortality. The recently coined term CKD-MBD, encaaspes all these mineral and bone
metabolism disorders (2, 12). As CKD is subdividetording to the degree of renal
function into five stages, it is important to sgd@bat marked differences exist between the

initial and final periods of CKD.
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Clinical Impact and Pathogenesis of Vascular Caification

The predisposition of CKD patients towards the dgwment of vascular
calcifications was mentioned for the first timetfe 19" century; since then, many studies
have analysed this subject. Vascular calcificatian be classified in three types according
to the size and structure of the arteries: elastidarge-calibre arteries, muscular or

medium-calibre arteries, and small calibre arte(13.

Elastic or large-calibre arteries show a relativiiin wall in proportion to their
diameter and the tunica media contains more eldiflies than smooth muscle fibres.
Muscular or medium calibre arteries contain a greptoportion of smooth muscle fibres
than elastic fibres in the tunica media; finallye tsmall calibre arteries contain only smooth
muscle fibres in the tunica media. The classicatdption of arterial calcification specifies
it may occur in two locations: the intimae and thedia layers (14). Nevertheless, this

classical concept is not fully accepted by all atg{15-16) .

Intimae calcification begins and progresses underinfluence of both genetic and
lifestyle-related circumstances. It is associatéth \a sequence of atherosclerotic events

such as endothelial dysfunction, intimae oederpd] kell formation, plaque rupture, and

formation of the thrombus (17). They show a patdisfribution along the length of the | cédigo de campo cambiado
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artery and they are the cause of local stenos ecldsions. They are associated to several
risk factors such as inflammation, alterationsipidl metabolism, obesity, hypertension,

diabetes, smoking and a family history of heartai®.

Media calcification occurs in the elastic laminalafge-calibre and medium-small
size arteries; it can be independent of atherasgikerbut it can be associated with it. Using
X rays they are seen as railroads; they are comnfionhd in the aorta but they also appear
in arteries that are less likely to develop athdegssis, such as the visceral, abdominal,

limb and femoral arteries (18). Calcification oétmedia increases linearly with age and it
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is frequently found in CKD, vitamin D metabolisnstilirbances, and diabetes, among other

scenarios (19-22).

Table 1 summarizes the most prevalent traditionmemia-related and non-
traditional risk factors for vascular calcificatidn CKD patients. Like in the general
population, the traditional cardiovascular risktfas, present in a large proportion of
patients with CKD, are responsible to a great dxfen the progression of vascular
calcifications. Among them non-traditional cardisgalar risk factors, including uraemia-
related risk factors, time on dialysis and hypegpihatemia, are the risk factors more
strongly associated with increased vascular caltifins and mortality. Elevated CRP and
IL-6, as expressions of chronic inflammations, haeen also frequently associated with

vascular calcifications (17).

CKD is associated with a high prevalence of vascuakicifications (18, 22-25),
which lead to a high prevalence of cardiovascuilsease, and reduced life expectancy (26).
The high prevalence of vascular calcifications li@en also reported in early stages of CKD
where it has been shown that 40% of patients (Ciges 2-4, mean GFR of 33 ml/min)
showed calcification of the coronary arteries coragawith a 13% of control subjects
(similar age with normal renal function (24)]). Hever, vascular calcification is not only
seen in CKD patients; A subgroup of randomly seléd&uropean population older than 50
years (Vertebral Osteoporosis Study [EVOS]) shoaedic calcification in 54.2% of men

and 43.1% of women (20).

In a recent study, the prevalence of aortic calatfon was higher in HD patients
(79%) than in a random-based and age-matched dermgralation (37.5%) (22). Time on
renal replacement therapy has been also positagdpciated with vascular calcification,
mainly in medium calibre arteries; in fact, eachryen renal replacement therapy increased
the risk of vascular calcifications by 15% (27). dddition, the number and severity of

vascular calcifications have been positively asgted with mortality, both in general
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population and in CKD patients (20, 22, 26). In[Kt has been reported up to between
10 to 30 times higher mortality than in the gen@@ulation (28) . Women on HD showed
an increased risk of severe aortic calcificationompared with women from the general

population, probably due to a combination of ateelerosis and arteriosclerosis (22).

Until recently, vascular calcification was consil® the result of a simple
precipitation of the circulating calcium and phostgh However, the mechanism by which
the process of vascular calcification is produsedamplex; it does not consist in a simple
precipitation of calcium and phosphate; on the royt it is an active and regulated
process in which, step by step, vascular smootls egidergo apoptosis and vesicle
formation changing the phenotype of smooth vascuklls into osteoblast like-cells.
Vascular calcification can be considered as theltres$ the lack of the current equilibrium
between the promoters and inhibitors of the calatfon process, in which several uraemic

factors - phosphorus on the top of the list-, @dsey role.

In humans and mammals, serum concentrations alioaland phosphate exceed the
calcium-phosphate solubility product; however, anfessel precipitation does not take
place. This fact has stressed the important rageul by physiological inhibitors of the
calcification, which counterbalance the well-knoeffiect of calcification promoters. The
list of promoters and inhibitors of the calcifiaati process has increased in recent years
(29-32). The main interest has been put on the ffiadde promoters of calcification” with
the aim to develop strategies to minimize them. &trave been associated to the risk of
mortality, such as phosphorus, calcium, vitamin HIH, dyslipidaemia, inflammation,
nutrition, CRP, homocystein, fibrinogen and albumftimong them, serum phosphorus
needs to be highlighted as one of the more impbrisk factors which has been strongly

associated with increased vascular calcificationsraortality (29-34).

Today, the fact that high phosphorus is a key faictdhe differentiation of smooth

vascular cells into osteoblasts-like cells trigggrisignals which will end promoting
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mineralization is well accepted (30, 32, 3B)vitro experiments have demonstrated that
high phosphorus levels act directly on the trapsiom of bone-related genes, such as Cbfa-
1 and osteocalcin, resulting in the activation e¥esal osteogenic pathways (35-36). In
addition, phosphorus is capable of acting as amsleny intracellular messenger activating
several molecular pathways involved in bone foromatOther important factors from this
list of promoters such as the BMPs (bone morphagprioteins), an important family of
proteins involved in bone formation and vasculdcifiaations; Cbfa-1, BMP-Msx-Wnt
axis, vitamin D, calcium, phosphorus, TNF alphaidative stress, matrix GLA protein
(MGP), osteoprotegerin (OPG), fetuin A, pyrophodpband bisphosphonates are among

the more studied mineralization promoters and it (13, 29-31, 36-37).

Links between Bone Metabolism and Vascular Calfication

Bone loss, increased fracture risk and vasculacificaltion are severe disorders
associated with ageing in chronic kidney disead€DCpatients and the general population
(19-20, 22, 38). Furthermore, several epidemiokgstudies suggest a relationship between

impaired bone metabolism, vascular calcificatiod arcreased mortality.

The pathogenetic factors linking bone fragility twivascular calcification are not
fully understood, but this relationship has beeovim for almost 20 years, since for the first
time a significant inverse correlation between @steosis and aortic calcification was
reported (39). However, during the following yeathjs association was probably
underestimated because osteoporosis and vasculdfication were considered non-
modifiable age-dependent disorders. Neverthelesgnt data suggest this association may
not be just a consequence of ageing (20, 22). ©he af ageing cannot be completely
dismissed, but the clinical coincidence of vascubdcifications with low bone activity and
osteoporosis suggests there might be direct bichbdinks between arteriosclerosis and

osteoporosis. In fact, osteoporosis and vasculkifications are influenced by several
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common risk factors such as inflammation, dyslipide oxidative stress, and oestrogen,

vitamin D and K deficiencies.

Some population-based longitudinal studies have odstrated an association
between osteoporosis and vascular calcificatiomrtgrial stiffness (25). A study with a
large cohort published in 2004 showed that the ele@f vascular calcification inversely
correlated with bone mineral density. Furthermamepart of the same cohort followed up
for 2 years, the progression of vascular calcificainversely correlated with the rate of

bone loss (40).

In agreement with previous results, a recent ssimwved that after 4 years of follow-
up, individuals who showed the most severe vascukcification or the greatest
progression of vascular calcification were thos@whowed not only the lowest bone mass,
but also the highest incidence of new osteopofatictures (20). In addition, as expected,,
bone mass decreased and non-traumatic vertebcalifea increased in both sexes as age
increased. Also, serum levels of 25(OH)bversely correlated with vascular calcification
and bone mass, and positively correlated with theevglence of secondary

hyperparathyroidism and non-traumatic vertebraittrees.

The progression of aortic vascular calcificationsv{ calcifications or increase in the
size of pre-existing calcifications) were signifitiy higher in patients who had a previous
aortic calcification regardless of severity (mitdpderate, severe; p< 0.001, age-adjusted).
Interestingly, after 4 years of follow-up, mortglitvas also significantly and positively
associated with the rate of severe vascular cedtifins in men and with the rate of non-

traumatic bone fractures in women (20).

Similar results have been also published aboutepation haemodialysis, which
showed that vascular calcification in some areas,(the large and medium calibre arteries
[utero-sperm], femoral, iliac; hands [digital, palanch, radial]), was associated with an

increased risk of vertebral fractures (22). In #ddj comparing the data from

haemodialysis patients with the EVOS study (age-s@x-matched population), the risk of {cOn formato: Derecha: 0,63 cm
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aortic calcifications was significantly higher irmégmodialysis patients (men: OR:7.7:
women: OR:9.0). In addition, women on haemodialygith severe vascular calcifications
(any localisation), and also women with vertebrakfures showed a high mortality risk
after all adjustments including age (Figure 1). igiry, women who died during the 2-year
follow-up period had a prevalence of vertebral tiiees 3 times higher (58.8 vs. 19.3%)
than those women who were alive at the end of theemvation period (adjusted for the

same variables) (Figure 2).

Age and diabetes were strongly associated witbuwascalcifications but other well-
know modifiable risk factors such as serum PTH,a0d P levels, vitamin D, calcium-
based phosphate binders intake, dyslipidaemia, rteqpeon, and smoking were not

associated with the prevalence, severity or praipaof the vascular calcifications.

If we combine the clinic and epidemiologic datag thssociation between serum
25(0H)D3 levels, vascular calcifications, bone massd non-traumatic bone fractures, we
may speculate that all of them might be linked é&gsons which are beyond ageing (20, 25-

26, 41).

The relationship between vascular calcification &vd bone turnover has been also
assessed by histomorphometry in haemodialysis niati€5). A negative relationship
between low bone turnover and the degree of vascalaification has been found (41-43).
An inverse relationship between coronary calcifarat and vascular stiffness with
mineralized bone volume has been recently publighg)l Nevertheless, despite all these
evidences, the relationship between low bone twenawnd vascular calcification is still a
matter of debate. A recent publication found thegoular calcification was not influenced
by bone turnover when a multivariate analysis wadgomed (43), even though a great
percentage of patients with high bone turnover vieckided in this study. It is known that
high PTH concentration, is another important pa¢imagic factor positively associated with
vascular calcification. In fact, it has been repdrthat the correction of the balance in bone

turnover, either high or low bone turnover, prateagainst the progression of vascular
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calcification (44). In any case, overall, the sufrthe epidemiological and clinical studies
strongly suggests that the prevalence and progressivascular calcification are related to

bone mass, bone turnover and mineralization, bogednd osteoporotic fragility fractures.

Likely Negative Effect of Vascular Calcification on Bone Health: A Challenging

Hypothesis for Further Research

An intriguing question is whether the presence afcular calcification can have a
further negative impact on bone metabolism. In@eme study, rats that developed severe
vascular calcification after a phosphorus load sftbno increase of bone mass at any of the
sites studied after 20 weeks (34) . In contras$s, with no phosphorus load did not develop
vascular calcification. In addition, bone mass éased during the study period as expected.
The microarray analysis of the aortas with seveascular calcification showed over-
expression of the secreted frizzled-related prof&RRPs) family. It is well-known that
SFRPs are inhibitors of the canonical Wnt signglliathway, which is actively involved in

bone formation and vascular calcification (34, 4§-4

The increase of SFRPs proteins in areas of sewaseular calcification may be
indicative of a wall artery defensive mechanisrggered in order to block the activation of
the Wnt pathway with the aim to attenuate mineagian in the calcified aortic wall. Since
SFRPs are secreted proteins, they can act notandily on the artery wall trying to reduce
the mineralizationoSFRPs might be able to reach the bone, whereciinglg act as in the
vessels, trying to decrease mineralization resyltim reduction of bone mass. This is a
challenging feedback hypothesis that might helgexplain the results observed in the
clinical and epidemiological studies discussed abdr which the most severe cases of
progressive vascular calcification were associatedlow bone mass and a greater

percentage of bone fractures.

. { Con formato: Derecha: 0,63 cm

-

11«7



In summary, in both the general and CKD populatiemascular calcification and its
severity seems to be inversely related to bone nies®asing bone fractures. In addition,
the increase of vascular calcification and bonetfnas are associated to a reduced survival.
Interestingly, once vascular calcification appeansl progresses, arteries may develop a
defensive mechanism with the aim to attenuate gness the vascular mineralization at the

artery wall, which in turn can exert a negative atipon bone health.
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Table 1.

Risk factors associated to vascular calcificatioiCKD patientsReproduced with permission

of the original authors.(reference 13)

Traditional risk factors

* Hypertension

* Dyslipidemia

* Diabetes mellitus
e Smoking

e Older age

» Family history of premature coronary heart disease

Uraemia-related and non-traditional risk factors

« Time on dialysis

* Hyperphosphatemia

» High Calcium-phosphorus product

» Hyperparathyroidism and hypoparathyroidism
» High dosage of vitamin D metabolites

* Low fetuin-A

* Anaemia

» Poor nutrition (low albumin)

e Chronic Inflammation (CRP, IL-1, IL-6, TNB*
* Hyperhomocysteinemia

» Advanced glycated end products

* CRP: C reactive protein; IL-1 : interleukin 1L-6 : interleukin 6 ; TN : tumoral necrosis facter.
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Figure 1

Kaplan meyer analysis in women (A) with prevaleavese vascular calcifications at any

vascular site, (B) with prevalent vertebral fraesiReproduced with permission of the original

authors.(reference 22)
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Figure 2

Effect of vertebral fractures on the risk for métyain men and women who were on

hemodialysis after a two-year follow-up perideeproduced with permission of the original

authors.(reference 19)
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