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ABSTRACT

Chronic kidney disease-mineral bone disorder (CKD-MBD) is a multifaceted condition commonly seen in people with
reduced kidney function. It involves a range of interconnected issues in mineral metabolism, bone health and
cardiovascular calcification, which are linked to a lower quality of life and shorter life expectancy. Although various
epidemiological studies show that the laboratory changes defining CKD-MBD become more common as the glomerular
filtration rate declines, the pathophysiology of CKD-MBD is still largely unexplained. We herein review the current
understanding of CKD-MBD, provide a conceptual framework to understand this syndrome, and review the genetic and
environmental factors that may influence the clinical manifestation of CKD-MBD. However, a deeper understanding of
the pathophysiology of CKD-MBD is needed to understand the phenotype variability and the relative contribution to
organ damage of factors involved in CKD-MBD to develop more effective interventions to improve outcomes in patients
with CKD.
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KEY LEARNING POINTS

plications like VC and bone disorders.

tension.

e CKD-MBD results from complex mineral homeostasis disruption due to declining kidney function.
e As CKD progresses, mechanisms involving FGF-23, PTH, klotho and CPPs fail to maintain mineral balance, leading to com-

e C(Clinical manifestations vary among CKD patients, influenced by genetic factors and comorbidities like diabetes and hyper-

e Understanding CKD-MBD’s pathophysiology and phenotype variability is crucial for developing effective interventions.

e Therapeutic strategies include klotho restoration (enhancing klotho function or expression) and CPP inhibition (preventing
CPP formation or promoting clearance) and miRNA manipulation.

e Experimental therapies like klotho supplementation or gene therapy and CPP inhibitors are being explored.

e A multifaceted approach is needed to manage bone mineral metabolism and prevent maladaptive responses.

e Early intervention and individualized treatment plans could improve patient outcomes and slow CKD progression.

INTRODUCTION

Chronic kidney disease-mineral bone disorder (CKD-MBD) is a
complex syndrome frequently observed in individuals with im-
paired renal function [1-4]. It encompasses a spectrum of in-
terrelated abnormalities in mineral metabolism, bone structure
and cardiovascular calcification, and is associated with low qual-
ity of life, reduced life expectancy and higher healthcare ex-
penditures [1, 2, 5]. Numerous epidemiological studies indicate
that laboratory alterations that characterize CKD-MBD become
progressively more prevalent as the glomerular filtration rate
(GFR) decreases [6-8]. In chronic kidney disease (CKD) stage 3,
approximately 40%-50% of patients exhibit abnormalities in cal-
cium, phosphorus and parathormone (PTH) levels. As CKD pro-
gresses, the prevalence of these abnormalities increases further
to around 60%-70% in stage 4 and even to 80%-90% in stage 5
CKD (including those on dialysis) [1, 2, 5].

Although the mechanisms that link deregulated bone min-
eral metabolism with an unfavorable outcome are still largely
speculative, it is plausible to consider that both skeletal and
extra-skeletal complications of altered bone metabolism con-
tribute to the dismal risk to which CKD patients are exposed
[9, 10]. The bone complications of CKD-MBD are represented by
various forms of renal osteodystrophy (ROD) and skeletal frac-
tures [11]. In contrast, extra-skeletal complications include car-
diovascular and soft tissue calcifications and left ventricular hy-
pertrophy. Other clinical complications that have been associ-
ated with CKD-MBD are (i) endocrine disorders, (ii) immune sys-
tem alterations, (iii) neurobehavioral changes and (iv) alterations
in erythropoiesis [2].

Although it is still unclear what the primum movens is, it has
been repeatedly documented that serum levels of vitamin D,
PTH, calcium, phosphorus, and fibroblast growth factor-23 (FGF-
23) are routinely altered from the earliest stages of CKD [12]. Im-
portantly, laboratory studies document how calcium, phospho-
rus and vitamin D can promote the formation of calcifications of
the middle layer of the arterial wall, thus supporting the idea of
a plausible link between serum biomarkers and cardiovascular
and soft tissue calcifications and the risk of cardiovascular event
associated with CKD-MBD [13].

This review summarizes the main factors and mechanisms
linking alterations in bone mineral metabolism with clinical
bone and cardiovascular manifestations of CKD-MBD.

PATHOPHYSIOLOGY OF CKD-MBD: THE
PHOSPHOROCENTRIC VIEW

A central feature in the pathogenesis of CKD-MBD is the dis-
ruption of phosphorus homeostasis due to declining kidney

function [7, 14]. Although focusing on one single factor, such as
phosphate, does not entirely capture CKD-MBD pathophysiol-
ogy, it represents a simple conceptual framework to explain how
adaptive control of mineral metabolism may turn maladaptive
under certain conditions (Fig. 1).

Under normal circumstances, phosphorus balance is tightly
regulated through three primary mechanisms: intestinal ab-
sorption, renal excretion and exchange with bone stores [15-17]
(Fig. 1). Dietary phosphorus is absorbed mainly in the duodenum
and jejunum, with approximately 80% of ingested phosphorus
being absorbed [17]. The kidneys play a pivotal role in maintain-
ing phosphorus homeostasis by adjusting the GFR and fractional
excretion of phosphate (FEp) to match dietary intake [18, 19].

Several hormones and proteins finely regulate phosphorus
metabolism, including vitamin D, PTH, FGF-23 and klotho [19-
22]. Vitamin D enhances intestinal absorption and renal reab-
sorption of phosphorus and calcium [20]. PTH increases renal
excretion of phosphorus while promoting calcium reabsorption
and mobilization of minerals from bone [20]. FGF-23, produced
by osteocytes and osteoblasts in response to increased phospho-
rus or vitamin D levels, decreases renal phosphate reabsorption
and suppresses vitamin D activation, thus lowering the body
pool of phosphate [23, 24]. Klotho is a co-receptor for FGF-23,
facilitating its actions [25, 26].

In CKD, the progressive loss of nephron mass impairs the
kidneys’ ability to excrete phosphorus, leading to disruptions in
mineral metabolism even before hyperphosphatemia becomes
apparent [12, 23] (Fig. 1). Elevated levels of FGF-23 and PTH are
detectable as early as stages 2-3a CKD, serving as compen-
satory mechanisms to maintain normal serum phosphorus lev-
els by increasing FEp [18, 27, 28]. However, as GFR declines below
approximately 30mL/min, these compensatory mechanisms
become insufficient, and hyperphosphatemia ensues [29].

The kidneys’ inability to excrete excess phosphorus leads
to a positive phosphate balance, which is central to the patho-
physiology of CKD-MBD [12, 30]. The accumulation of phospho-
rus contributes to vascular calcification (VC) and induces renal
tubular damage, promoting further decline in kidney function
[31-33]. High phosphate levels can stimulate the formation of
calciprotein particles (CPPs) [34, 35]: complexes of calcium, phos-
phorus and serum proteins like fetuin-A, which solubilize and
transfer minerals. Moreover, mineral excess in CKD can induce
calcium and phosphate deposition in soft and vascular tissues,
driving cardiovascular calcification.

ROLE OF FGF-23 AND PTH IN CKD-MBD

Elevated FGF-23 levels in CKD have been associated with ad-
verse outcomes, including left ventricular hypertrophy, heart
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Figure 1: Under normal physiological conditions (blue part), the body pool of phosphorus is neutral, and the amount ingested from the diet is excreted by the kidneys,
stimulated by FGF-23 and PTH. In addition, these hormones reduce vitamin D activation, resulting in decreased intestinal absorption of phosphorus. All these actions
enable the maintenance of phosphorus homeostasis. However, when renal function is reduced (red part), renal excretion of phosphorus is no longer sufficient, and a
vicious cycle is triggered that leads to a progressive expansion of the body’s phosphorus pool despite overexpression of FGF-23 and PTH.

failure, inflammation, innate immune cell dysfunction and in-
creased mortality [24, 33, 36-39]. While FGF-23 initially helps to
prevent hyperphosphatemia, persistently high levels can have
pathological effects on multiple organ systems. Indeed, data
suggest that maladaptive increases of FGF-23 are involved in left
ventricular hypertrophy development, heart failure, cardiac ar-
rhythmias and abnormalities in the microcirculation, ultimately
portending an increased CV risk [24, 40]. In addition, synergis-
tic effects of FGF-23 and inflammation may further complicate
the vicious cycle, ultimately leading to end organ damage and
risk of adverse effects. As recently observed, FGF-23 cleavage is
influenced by inflammatory cytokines that may alter the ratio
of intact FGF-23 and its metabolites, possibly aggravating CKD-
MBD [41].

Although the exact mechanisms of FGF-23 need to be fur-
ther elucidated, FGF-23 primarily binds to FGF receptor 1 (FGFR1)
in the presence of the co-receptor «-klotho, which is crucial
for its biological actions in the kidneys. FGF-23 can also inter-
act with FGFR2 and FGFR3, although with lower affinity. These
klotho-dependent actions are thought to play a role in min-
eral metabolism homeostasis. However, at high levels, FGF-23
can bind to FGFR4 independently of klotho, leading to klotho-
independent effects such as cardiac hypertrophy [24, 29, 33].

Elevated levels of FGF-23 are closely associated with the pro-
gression of CKD and increased proteinuria, and have been shown
to reduce the efficacy of renin-angiotensin-aldosterone system
inhibitors, complicating CKD management [42, 43]. High FGF-
23 levels in CKD patients indicate a poorer prognosis and more
rapid disease progression [42, 43].

Similarly, elevated PTH levels contribute to CKD-MBD by
promoting bone resorption, leading to renal osteodystrophy
[44]. When CKD-MBD disturbances are not corrected, parathy-
roid gland hyperplasia occurs, leading to an increase in
parathyroid gland volume and abnormal PTH secretion. This

enlargement reduces the expression of calcium-sensing recep-
tors and vitamin D receptors, perpetuating the cycle of sec-
ondary hyperparathyroidism (SHPT) [45]. By stimulating osteo-
clast activity, PTH promotes high bone turnover and releases
additional phosphorus and calcium into the circulation, further
complicating the mineral imbalance. PTH also enhances calcium
reabsorption in the kidneys, reducing its excretion. Additionally,
it stimulates the conversion of vitamin D to its active form, cal-
citriol, which increases intestinal calcium absorption. However,
while prolonged elevated PTH levels lead to bone loss, intermit-
tent PTH administration can stimulate bone formation by ac-
tivating osteoblasts, contributing to both bone resorption and
deposition [46].

ROLE OF KLOTHO IN CKD-MBD

Klotho is a transmembrane protein that plays a crucial role in
mineral homeostasis, particularly in regulating phosphorus and
calcium levels. It is a co-receptor for FGF-23, enhancing its bind-
ing affinity to FGF receptors and facilitating the phosphaturic
actions [22, 25, 26]. Klotho expression is abundant in healthy kid-
neys, but its levels decline significantly in CKD due to nephron
loss and renal fibrosis [22, 26]. The reduction of klotho in CKD pa-
tients contributes to FGF-23 resistance, wherein elevated FGF-23
levels fail to exert their phosphaturic effects effectively [22, 26].
This resistance exacerbates hyperphosphatemia and promotes
VC. Additionally, klotho has been shown to possess antioxidant
and anti-inflammatory properties, and its deficiency may lead to
endothelial dysfunction and accelerated aging phenomena ob-
served in CKD patients [22, 26].

Studies suggest that klotho deficiency independently con-
tributes to CKD-MBD progression by enhancing phosphate re-
tention and increasing calcitriol deficiency. The diminished
klotho levels also impair calcium reabsorption in the distal renal
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tubules, further disrupting mineral balance [22, 26]. Therapeutic
strategies to restore klotho expression or function may offer po-
tential benefits in mitigating CKD-MBD complications.

CCPS AND VASCULAR CALCIFICATION

CCPs are nanoscale colloidal complexes formed when supersat-
urated calcium and phosphate precipitate in the presence of
serum proteins like fetuin-A [34]. CPPs act as carriers that pre-
vent the immediate precipitation of calcium-phosphate crystals
in soft tissues. However, elevated serum phosphate and calcium
levels in CKD promote excessive CPP formation, overwhelming
protective mechanisms [34, 35, 47, 48].

There are two types of CPPs: primary CPPs, containing
amorphous calcium-phosphate complexes, and secondary CPPs,
which have a crystalline structure and are considered more
pathogenic [34]. The transition from primary to secondary
CPPs is associated with increased pro-inflammatory and pro-
calcific effects. Elevated levels of CPPs in CKD patients have
been linked to endothelial dysfunction, arterial stiffness and
VC [34, 35, 47, 48].

CPPs can induce vascular smooth muscle cell transformation
into osteogenic-like cells, promoting calcium-phosphate deposi-
tion in the vascular wall [34, 35, 47, 48]. This process contributes
significantly to the high cardiovascular morbidity and mortal-
ity observed in CKD patients. Moreover, CPPs may activate in-
flammatory pathways by engaging with toll-like receptors on
immune cells, leading to systemic inflammation and further
vascular damage [33].

MICROPARTICLES

Microparticles (MPs) may play a significant role in CKD-MBD
by contributing to the pathophysiology of the disease [49, 50].
As important intercellular signaling molecules, these tiny vesi-
cles, shed from various cell types, can carry bioactive molecules
such as proteins, lipids and nucleic acids. In particular, the small
non-coding microRNAs (miRNAs) represent a promising group
of molecules that are virtually involved in all pathophysiolog-
ical processes and potentially serve as a therapeutic target for
CKD-MBD [49, 50]. In CKD-MBD, MPs are involved in promot-
ing inflammation, VC and bone remodeling. They can also serve
as biomarkers for disease progression and therapeutic targets,
offering the potential for new diagnostic and treatment strate-
gies [49, 50].

GENETIC AND ENVIRONMENTAL FACTORS
Genetic factors

Several lines of evidence point towards a genetic basis for vari-
ability in serum PTH, vitamin D and FGF-23 concentrations. First,
various rare Mendelian disorders cause abnormalities in min-
eral metabolism [51-55]. Second, a classical twin study indicated
heritability for PTH of 60%, for 25-hydroxyvitamin D 43% and
for 1,25-hydroxyvitamin D 65% [56]. Subsequently, genome-wide
association studies (GWAS) identified single nucleotide poly-
morphisms (SNPs) that displayed independent associations with
serum concentrations of PTH, 25-hydroxyvitamin D and FGF-
23 (Table 1). While heritability of mineral metabolism factors
seems considerable, so far only small percentages of their vari-
ances have been explained by GWAS. The top loci associated
with serum PTH levels explained only 4.5% of the variance in
serum PTH [57]. Similarly, the top five loci associated with FGF-

23 together explained 3% of the variance in circulating FGF-23
[58]. The total variance in plasma 25-hydroxyvitamin D levels
explained by 138 conditionally independent genome-wide sig-
nificant vitamin D SNPs was 4.9% [59]. Of note, there seems to
be some overlap between the genetic drivers of the three major
hormones involved in bone and mineral homeostasis (Table 1).
The RGS14 gene encodes Regulator of G protein signaling 14, a
protein that was recently identified to regulate PTH- and FGF-
23-sensitive renal phosphate uptake mediated by the sodium
phosphate cotransporter 2A (NPT2A) [60]. In addition, genetic
variants in CYP24A1, encoding vitamin D 24-hydroxylase, are
strongly related to serum vitamin D, PTH and FGF-23 levels. This
is not surprising, given the well-established regulation of FGF-23
and PTH (through an increase in plasma calcium levels) by ac-
tive vitamin D (1,25-dihydroxyvitamin D), which is degraded by
the enzyme 24-hydroxylase. Together, this comparison of their
genetic drives underlines the interrelationships between indi-
vidual components of bone mineral homeostasis.

Of interest, genetically predicted plasma levels can be used
as instruments to analyze potentially causal relationships with
outcomes. A genetically predicted higher plasma FGF-23 level
was associated with an increased risk of heart failure with pre-
served ejection fraction in individuals with low genetically pre-
dicted eGFR in one cohort [61]. At variance with this result,
a more recent Mendelian randomization study showed that a
higher FGF-23 level is linked with a lower heart failure risk, al-
though this study did not include sub-analyses focusing on im-
paired kidney function [62]. Mendelian randomization studies
also suggested that higher vitamin D levels might reduce the
risk of hypertension [63] and the risk of heart failure in type
2 diabetes [64]. In contrast, a phenome-wide Mendelian ran-
domization study in the UK Biobank did not support a causal
effect of vitamin D on multiple health outcomes including
blood pressure, ischemic heart disease and all-cause mortality
[65]. A GWAS of coronary artery calcification revealed signifi-
cant enrichment of factors related to regulation of phosphate
homeostasis (ENPP1/ENPP3 and FGF-23) [66]. Together, these
findings seem to suggest that abnormalities in mineral
metabolism are linked with adverse cardiovascular outcomes
particularly in high-risk populations such as patients with di-
abetes or CKD.

Environmental factors

As approximately half of the variability in hormones regulating
mineral metabolism is explained by genetic variation, the other
half is under the control of environmental factors. Following the
same reasoning, it has been postulated that 38%-54% of the vari-
ance in areal bone mineral density may be explained by envi-
ronmental factors [67]. Major environmental factors that influ-
ence bone homeostasis and strength include exercise, vitamin
D status, dietary intake of calcium and phosphate, smoking and
alcohol consumption (Fig. 2). The identification of these factors
is important since they are modifiable non-pharmacologic ap-
proaches that can be implemented as first-step measures and
should be considered to prevent and treat CKD-associated os-
teoporosis in all CKD patients. At the same time, there have been
(and still are) extensive discussions about the recommended in-
take of vitamin D, calcium and phosphate in CKD patients. Be-
cause vitamin D deficiency is a well-known driver of secondary
hyperparathyroidism, current guidelines recommend correct-
ing vitamin D deficiency in patients with hyperparathyroidism.
Indeed, a recent meta-analysis confirmed a reduction in PTH
following vitamin D supplementation in CKD stages G3-4; at
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Table 1: Genetics of serum PTH, 25-hydroxyvitamin D and FGF-23 levels: top five SNPs.

SNP Nearest gene Gene name Beta? (SE) P-value
Trait: serum PTH (Ndiscovery+validation =29 165)
156127099 CYP24A1 Cytochrome P450, family 24, 0.07 (0.003) 2.4 x 1072
subfamily A, polypeptide 1
(24-hydroxylase)
154074995 RGS14 Regulator of G-protein signaling 14 0.03 (0.003) 3.3 x 103
15219779 CLDN14 Claudin 14 0.04 (0.003) 8.9 x 1022
154443100 RTDR1 Radial spoke head 14 homolog 0.02 (0.003) 4.1 x 1011
1573186030 CASR Calcium-sensing receptor 0.03 (0.004) 1.2 x 107°
Trait: serum FGF-23 (N = 16 224)
1517216707 CYP24A1 Cytochrome P450, family 24, 0.054 (0.005) 3.0 x 10724
subfamily A, polypeptide 1
(24-hydroxylase)
1s2769071 ABO ABO blood group transferase 0.037 (0.005) 6.1 x 10V
1511741640 RGS14 Regulator of G-protein signaling 14 0.039 (0.005) 1.6 x 107
1517479566 LINCO01506 Long intergenic non-protein 0.031 (0.005) 2.0 x 107
coding RNA 1506
19925837 LINC01229 Long intergenic non-protein 0.035 (0.006) 5.1 x 107
coding RNA 1229
Trait: serum 25-hydroxyvitamin D (N = 443 734)
1511723621 GC Vitamin D binding protein -0.187 (0.002) 2.9 x 1071689
15117913124 CYP2R1 Cytochrome P450 2R1, vitamin D -0.354 (0.006) 1.7 x 1077°
25-hydroxylase
15200454003 DHCR7/NADSYN1 7-dehydrocholesterol -0.087 (0.003) 2.2 x 10723
reductase/nicotinamide adenine
dinucleotide synthetase 1
rs112285002 SULT2A1 Sulfotransferase 2A1 0.060 (0.003) 1.8 x 107110
156127099 CYP24A1 Cytochrome P450, family 24, -0.037 (0.002) 9.3 x 10762

subfamily A, polypeptide 1
(24-hydroxylase)

2Beta estimates are interpreted as the relative difference in FGF-23 concentration per minor allele; e.g. 0.07 is a 7% higher FGF-23 concentration per additional allele.

SE, standard error.

the same time, this analysis also identified small study sizes
and heterogeneity across supplements (cholecalciferol, ergo-
calciferol or calcifediol), dosages and duration of follow-up as
important limitations [68]. Whether correction of vitamin D de-
ficiency using nutritional vitamin D improves bone or cardiovas-
cular outcomes in CKD remains a subject of debate. At present,
there is no evidence for a benefit of vitamin D supplementa-
tion on the risk of bone loss, fractures or cardiovascular events
in adults with CKD. A recently published European consensus
statement advised on calcium intake in CKD. The main conclu-
sions included a suggested total calcium intake from diet and
medications together of 800-1000 mg per day, but without ex-
ceeding 1500 mg per day, to maintain a neutral calcium balance
in adults with CKD [69]. Finally, dietary phosphate intake influ-
ences parameters of mineral metabolism [70]. As CKD stage 4-
5D is considered a state of positive phosphate balance, thera-
peutic strategies aim at correcting this among others by limiting
dietary phosphate intake and the use of phosphate binders. At
the same time, too aggressive dietary phosphate restriction has
the potential to compromise adequate intake of other nutrients,
especially proteins. Avoiding dietary supplements, medications
and ultra-processed foods that contain large amounts of inor-
ganic phosphate [71] could be a feasible strategy. Moreover, plant
phosphate is less absorbable in the gastro-intestinal tract than
animal phosphate, and a vegetarian diet had a favorable effect
on phosphate homeostasis in CKD patients, compared with a
meat diet [72].

INFLUENCE OF COMORBIDITIES
Diabetes

Diabetes is considered a risk factor for osteoporosis, but whether
diabetes is also an independent predictor of adverse bone out-
comes in CKD remains controversial. Several cohort studies
could not demonstrate that co-existing diabetes independently
predicts fracture risk in dialysis patients [73, 74], whereas other
studies in either prevalent hemodialysis patients [75] or wait-
listed hemodialysis patients and transplant recipients [76] did
identify diabetes as a risk factor for fractures.

Interestingly, similar mechanisms seem to drive VC in
patients with CKD as in those with diabetes. Phosphate induces
a phenotypic change in vascular smooth muscle cells (VSMCs)
towards a bone phenotype, a phenomenon also known as osteo-
chondrogenic differentiation, through phosphate transporter-1
(PiT-1) [77, 78]. Interestingly, exposure of VSMCs to high glucose
concentrations led to upregulation of PiT-1 expression [79, 80].
Moreover, combined high doses of phosphate and glucose led
to more pronounced calcification of VSMCs, compared with
normoglycemic conditions [79, 80]. Together, these findings
seem to suggest that high-glucose conditions render VSMCs
more susceptible to phosphate-induced VC. In line with these
in vitro observations, a recent cohort study demonstrated in-
teraction by the presence of type 2 diabetes for the association
between plasma phosphate and all-cause mortality. In individ-
uals with type 2 diabetes, individuals within the highest plasma
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phosphate tertile had a higher mortality risk than those in the
intermediate tertile, while no such association was observed in
individuals without type 2 diabetes.

Serum Tso, reflecting an individual’s propensity to develop
VC based upon the conversion of primary to secondary CPPs,
has been associated with an increased risk of (cardiovascular)
morbidity and mortality across stages of CKD [81-83]. Interest-
ingly, Tso has also been (weakly) associated with cardiovascular
mortality in the general population, but this risk was stronger
in individuals with co-existing CKD, diabetes or both [84]. A
subsequent study in a cohort of patients with type 2 diabetes
confirmed that Tsy is associated with cardiovascular mortal-
ity in this population and improved risk prediction, compared
with a model containing only traditional cardiovascular risk fac-
tors [85]. Taken together, while diabetes and CKD seem to have
shared pathophysiological pathways that promote cardiovascu-
lar risk, the co-existence of both amplifies the risk of cardiovas-
cular disease and premature mortality.

Hypertension

Hypertension is among the traditional cardiovascular risk fac-
tors and abundantly prevalent in the CKD population. While
deregulated mineral metabolism is considered to play a major
role in vascular stiffening, leading to an increased blood pres-
sure, little is known about the interaction between CKD-MBD
and hypertension in relation to cardiovascular outcomes. Min-
eral parameters such as PTH, FGF-23 and osteoprotegerin have
been associated with both hypertension and cardiovascular out-
comes in CKD patients [86-89]. Interestingly, FGF-23 seems to
have off-target effects on the sodium-chloride co-transporter

NCC, promoting sodium retention, which could provide an ad-
ditional mechanistic explanation for the link between FGF-23
and hypertension [90]. CKD patients with a higher plasma FGF-
23 level showed a less pronounced antiproteinuric response
to dietary sodium restriction than those with a lower FGF-
23 level [91]. Though plausible, it has not been clearly estab-
lished whether elevated blood pressure is on the causal pathway
between mineral abnormalities and cardiovascular outcomes.
Both hypertension and mineral metabolism are considered in-
dependent modifiable risk factors for cardiovascular disease in
CKD.

CLINICAL MANIFESTATIONS OF CKD-MBD

Although other clinical manifestations may be described, the
main clinical manifestations associated with CKD-MBD include
bone disease and VC. Prevalence and severity of clinical mani-
festations may vary depending on the degree of renal function
and the time since CKD inception, and they may persist even
after a successful kidney transplantation (RTx). In a recent ob-
servational study, as much as 75%-80% of the observed subjects
exhibited elevated PTH 1 year after RTx. Notably, high PTH levels
during the first year of RTx seem to be associated with long-term
graft loss [92].

Bone manifestations

ROD refers to specific morphological bone abnormalities directly
linked to CKD. The term “renal osteodystrophy” should be re-
served to describe the bone pathology directly associated with
CKD [1, 2, 93, 94]. Accurate evaluation typically requires a bone



biopsy, which allows for a detailed assessment using the ex-
panded Turnover, Mineralization and Volume (TMV) classifica-
tion system established during the 2006 Kidney Disease: Improv-
ing Global Outcomes (KDIGO) consensus conference [1]. Accord-
ing to the TMV classification system, several types of bone ab-
normalities are identified through bone biopsy:

e Osteitis fibrosa (high bone turnover) is characterized by high
bone turnover and is typically caused by increased PTH, as
seen in SHPT in CKD patients. Histologically, it is marked
by excessive osteoclastic and osteoblastic activity, leading to
woven bone and marrow fibrosis formation [1, 95, 96].

e Adynamic bone disease (low bone turnover) is character-
ized by markedly reduced bone turnover, often due to
over-suppression of PTH, either from excessive use of
calcium-based phosphate binders, vitamin D analogs or cal-
cimimetics. Histologically, it is characterized by minimal os-
teoblastic activity and reduced osteoid and bone formation
rates, leading to a fragile bone structure [1, 97].

e Osteomalacia (defective mineralization) is primarily a defect
in bone mineralization, often due to low vitamin D levels,
aluminum toxicity or certain medications. Histologically, this
results in an accumulation of unmineralized bone matrix
(osteoid) with insufficient deposition of calcium and phos-
phate, leading to the softening of the bone [1, 98].

e Mixed uremic osteodystrophy is a condition that combines
features of both high bone turnover (osteitis fibrosa) and de-
fective mineralization (osteomalacia). Histologically, this re-
sults in a complex bone pathology where both excessive bone
resorption and impaired mineralization are present simulta-
neously [1].

Clinically, ROD manifests as bone pain, skeletal deformities and
an increased risk of fractures. In particular, high turnover dis-
eases are characterized by bone pain, especially in long bones,
and deformities due to excessive bone resorption, mainly occur-
ring in the cortical bone. Prolonged exposure to increased lev-
els of PTH may also lead to brown tumors, a bone lesion that
arises in settings of excess osteoclast activity [26]. In contrast,
low turnover diseases such as adynamic bone disease (ABD)
present with subtler pain but a higher risk of fractures, especially
in the hip and spine, due to reduced bone remodeling [95, 97].
Osteomalacia, characterized by poor bone mineralization, leads
to diffuse pain, muscle weakness and fractures, particularly in
weight-bearing bones [98]. Finally, mixed uremic osteodystrophy
combines these features, complicating diagnosis and manage-
ment [98].

The gold standard for diagnosing ROD remains bone biopsy
with histomorphometric analysis. This allows direct assess-
ment of bone turnover, mineralization and volume [1, 2, 93, 99,
100]. Despite its accuracy, the invasive nature of bone biopsy
limits its routine use in clinical practice. In this regard, in
the KDIGO clinical guidelines on CKD-MBD management, bone
biopsy is not routinely recommended but should be considered
in patients with CKD stages G3a through G5D, if the specific
type of renal osteodystrophy is likely to influence treatment
decisions [2].

Surrogate markers and imaging studies to assess bone health
in CKD have been extensively studied. Noninvasive imaging
techniques like dual-energy X-ray absorptiometry (DXA) and
high-resolution peripheral quantitative computed tomography
(HR-pQCT) offer valuable insights into bone mineral density and
microarchitecture, respectively [101].

Biomarkers such as (intact) PTH, bone-specific alkaline phos-
phatase (bALP) and the amino-terminal propeptide of type 1
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procollagen (PINP) can be used to evaluate bone turnover [97,
102]. However, while these markers are commonly used in the
general population, their use in CKD patients to assess bone
turnover as a single or combination of biomarkers warrants fur-
ther validation. Consistently, current KDIGO guidelines do not
advocate their introduction in clinical practice and recommend
using trends in PTH levels, rather than absolute values, to guide
treatment decisions for bone disease [2].

Vascular calcification

VC is a common and severe complication of CKD, significantly
contributing to high cardiovascular morbidity and mortality. The
prevalence and severity of VC increase progressively as renal
function declines. It is estimated that about 40% of patients with
stage 4 CKD, 60% of incident dialysis patients and 80% of preva-
lent dialysis patients have VC [103, 104].

VC is a degenerative process characterized by the deposition
of calcium and phosphate in the context of the intimal or me-
dial layer of the arterial wall (Fig. 3). Intimal calcification typ-
ically occurs because of atherosclerosis and is caused by lipid
and cholesterol accumulation underneath the injured endothe-
lium. It is usually linked to traditional cardiovascular risk fac-
tors [105, 106] and leads to ischemic events such as coronary,
cerebrovascular and limb events [106]. In contrast, medial calci-
fication involves mineral deposition within the medial layer of
the arterial wall where vascular smooth muscle cells (VSMCs)
are located. This type of calcification is more specific to CKD pa-
tients [107] and results in arterial stiffness, reduced compliance,
and increased pulse pressure, all of which contribute to left ven-
tricular hypertrophy, heart failure and increased cardiovascular
mortality.

VCs are often detected incidentally on imaging [9, 108-110].
Non-invasive techniques like plain X-rays, two-dimensional ul-
trasound or computed tomography (CT) can assess VC but can-
not distinguish intimal from medial calcification [9, 108-110].
Plain radiography is an easy and widely available tool for de-
termining the presence and, in a semi-quantitative way, the ex-
tension of vessel calcification [9, 108-110]. The commonly used
Kauppila index scores abdominal aortic calcification (AAC) using
lateral lumbar spine radiographs, while the Adragao score evalu-
ates calcification in the pelvis and hands. Ultrasound detects cal-
cifications in superficial arteries and measures pulse wave veloc-
ity, an arterial stiffness index [9, 108-110]. Finally, multi-detector
CT (MDCT) is highly sensitive for assessing and quantitatively
estimating VC in districts, such as coronary arteries inaccessible
by plain X-ray or ultrasound [9, 108-110]. Higher coronary artery
calcification (CAC) correlates with atherosclerotic plaque burden
and CV outcomes and, as suggested by the Chronic Renal Insuf-
ficiency Cohort (CRIC) study results, is a valid tool for the risk of
myocardial infarction or heart failure stratification in CKD sub-
jects [111]. However, CT CAC scoring is limited by high radiation
exposure and cost, and low accessibility. Consistently, the cur-
rent KDIGO guidelines do not advocate VC screening in all CKD
subjects but suggest the use of the information of VC derived by
imaging studies to guide the management of patients [9, 108-
110].

CONCLUSIONS

CKD-MBD results from a complex disruption of mineral home-
ostasis due to declining kidney function. As CKD progresses, the
compensatory mechanisms involving FGF-23, PTH, klotho, CPPs,
MPs and other factors become insufficient to maintain mineral
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Medial layer calcification:

L * Associated with mineral metabolism abnormalities;

* Associated with increased arterial stiffness

Intimal layer calcification:

. = Associated with atherosclerosis;

= Associated with ischemic events

Figure 3: At least two types of VCs have been identified in renal insufficiency. One is located in the intima layer of the arterial wall and is likely associated with
atherosclerosis; the other is located in the media layer of the arterial wall and is associated with CKD-MBD.

homeostasis, leading to CKD-MBD complications such as VC and
bone disorders. Although clinical CKD-MBD manifestations are
more prevalent as renal function declines, there is a significant
variability in clinical manifestations among CKD patients. Ge-
netic studies suggest that these abnormalities only explain part
of the clinical variability, and numerous questions regarding the
interaction with different medical conditions, such as diabetes
or hypertension, are still unresolved. A deeper understanding
of the pathophysiology of CKD-MBD is needed to understand
the phenotype variability and the relative contribution to organ
damage of factors involved in CKD-MBD to develop more effec-
tive interventions to improve outcomes in patients with CKD.

FUTURE PERSPECTIVES

Therapeutic strategies targeting CKD-MBD factors hold promise
for improving patient outcomes. One potential approach is
klotho restoration; enhancing klotho expression or function
may improve FGF-23 sensitivity and restore mineral homeosta-
sis. Experimental therapies using klotho supplementation or
gene therapy are being explored [25]. Another strategy focuses
on CPP inhibition—developing agents that prevent CPP forma-
tion (or transition to secondary forms) or promote their clear-
ance could reduce the risk of VC [34]. All these approaches could
complement available therapeutic strategies to retard CKD pro-
gression and organ damage. Similarly, a better understanding of
miRNA could provide potential therapeutic targets to manipu-
late bone metabolism and perhaps VC deposition [49].

Indeed, a multifaceted approach is likely required to tune
bone mineral metabolism and avoid adaptive mechanisms turn-
ing into maladaptive ones. Addressing the interconnected dis-
turbances of CKD-MBD in different medical conditions might
lead to early intervention and individualized treatment plans
to prevent the progression of CKD-MBD and improve patient
outcomes.

FUNDING

This paper was published as part of a supplement financially
supported by an educational grant from CSL Vifor.

DATA AVAILABILITY STATEMENT

No new data were generated or analysed in support of this
research.

CONFLICT OF INTEREST STATEMENT

A.B. attended advisory boards and received speaking honoraria
from Amgen, Sanofi and Sanifit. Other authors do not have any
conflict to disclose concerning this publication.

REFERENCES

1.  Moe S, Driieke T, Cunningham ] et al. Definition, evalua-
tion, and classification of renal osteodystrophy: a position
statement from Kidney Disease: Improving Global Out-
comes (KDIGO). Kidney Int 2006;69:1945-53. https://doi.org/
10.1038/sj.ki.5000414

2. Ketteler M, Block GA, Evenepoel P et al. Executive sum-
mary of the 2017 KDIGO Chronic Kidney Disease-Mineral
and Bone Disorder (CKD-MBD) Guideline Update: what’s
changed and why it matters. Kidney Int 2017;92:26-36.
https://doi.org/10.1016/j.kint.2017.04.006

3. Magagnoli L, Ciceri P, Cozzolino M. Secondary hyper-
parathyroidism in chronic kidney disease: pathophysiol-
ogy, current treatments and investigational drugs. Expert
Opin Investig Drugs 2024;33:775-89. https://doi.org/10.1080/
13543784.2024.2369307

4. Alfieri C, Molinari P, Vettoretti S et al. Native vitamin D in
CKD and renal transplantation: meaning and rationale for
its supplementation. ] Nephrol 2024;37:1477-85. https://doi.
org/10.1007/s40620-024-02055-x

5. Barbuto S, Perrone V, Veronesi C et al. Real-world anal-
ysis of outcomes and economic burden in patients with
chronic kidney disease with and without secondary
hyperparathyroidism among a sample of the Italian
population. Nutrients 2023;15:336. https://doi.org/10.3390/
nul5020336

6.  Fernandez-Martin JL, Martinez-Camblor P, Dionisi MP et al.
Improvement of mineral and bone metabolism markers is
associated with better survival in haemodialysis patients:


https://doi.org/10.1038/sj.ki.5000414
https://doi.org/10.1016/j.kint.2017.04.006
https://doi.org/10.1080/13543784.2024.2369307
https://doi.org/10.1007/s40620-024-02055-x
https://doi.org/10.3390/nu15020336

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

the COSMOS study. Nephrol Dial Transplant 2015;30:1542-51.
https://doi.org/10.1093/ndt/gfv099

Bellasi A, Mandreoli M, Baldrati L et al. Chronic kidney dis-
ease progression and outcome according to serum phos-
phorus in mild-to-moderate kidney dysfunction. Clin J
Am Soc Nephrol 2011;6:883-91. https://doi.org/10.2215/CJN.
07810910

Fernandez-Martin JL, Dusso A, Martinez-Camblor P et al.
Serum phosphate optimal timing and range associated
with patients survival in haemodialysis: the COSMOS
study. Nephrol Dial Transplant 2019;34:673-81. https://doi.
0rg/10.1093/ndt/gfy093

Bellasi A, Di Lullo L, Russo D et al. Vascular calcification
progression modulates the risk associated with Vascular
calcification burden in incident to dialysis patients. Cells
2021;10:1091. https://doi.org/10.3390/cells10051091

Bellasi A, Di Lullo L, Russo D et al. Predictive value of mea-
sures of vascular calcification burden and progression for
risk of death in incident to dialysis patients. J Clin Med
2021;10:376. https://doi.org/10.3390/jcm 10030376

Moe SM. Renal osteodystrophy or kidney-induced osteo-
porosis? Curr Osteoporos Rep 2017;15:194-7. https://doi.org/
10.1007/s11914-017-0364-1

Isakova T, Wahl P, Vargas GS. Fibroblast growth factor 23
is elevated before parathyroid hormone and phosphate
in chronic kidney disease. Kidney Int 2011;79:1370-8. [Pub-
lished correction appears in Kidney Int]. https://doi.org/10.
1038/ki.2011.47

Hénaut L, Chillon JM, Kamel S et al. Updates on the
mechanisms and the care of cardiovascular calcification
in chronic kidney disease. Semin Nephrol 2018;38:233-50.
https://doi.org/10.1016/j.semnephrol.2018.02.004

Bellasi A. Pro: should phosphate binders be used in
chronic kidney disease stage 3-4? Nephrol Dial Transplant
2016;31:184-8.

Wilkinson R. Calcium and related nutrients: overview and
methods. In: Nordin BEC (ed.), Absorption of Calcium, Phos-
phorus and Magnesium. London: Churchill Livingstone, 1976,
37-53.

Vervloet MG, Sezer S, Massy ZA. The role of phosphate in
kidney disease. Nat Rev Nephrol 2017;13:27-38. https://doi.
0rg/10.1038/nrneph.2016.164

Heaney RP. Vitamin D. In: Erdman JW, Macdonald IA, Zeisel
SH (eds), Phosphorus. 10th edn. Washington, DC: Wiley-
Blackwell, 2012, 199.

Bellasi A, Di Micco L, Russo D et al. Fractional excretion
of phosphate (FeP) is associated with end-stage renal dis-
ease patients with CKD 3b and 5. ] Clin Med 2019;8:1026.
https://doi.org/10.3390/jcm8071026

Bikle DD. Vitamin D metabolism, mechanism of action, and
clinical applications. Chem Biol 2014;21:319-29. https://doi.
0rg/10.1016/j.chembiol.2013.12.016

Kumar R, Tebben PJ, Thompson J. Vitamin D and the kid-
ney. Arch Biochem Biophys 2012;523:77-86. https://doi.org/10.
1016/j.abb.2012.03.003

Saito H, Maeda A, Ohtomo S. Circulating FGF-23 is regu-
lated by 1lalpha,25-dihydroxyvitamin D3 and phosphorus
in vivo. ] Biol Chem 2005;280:2543-9. https://doi.org/10.1074/
jbc.M408903200

Kuro-O M. Klotho and calciprotein particles as therapeu-
tic targets against accelerated ageing. Clin Sci 2021;135:
1915-27. https://doi.org/10.1042/CS20201453

Isakova T, Gutierrez O, Shah A. Postprandial mineral
metabolism and secondary hyperparathyroidism in early

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Current and emerging paradigms on CKD-MBD | i11

CKD. ] Am Soc Nephrol 2008;19:615-23. https://doi.org/10.
1681/ASN.2007060673

Vervloet M. Renal and extrarenal effects of fibrob-
last growth factor 23. Nat Rev Nephrol 2019;15:109-20.
https://doi.org/10.1038/s41581-018-0087-2

Kuro-o M. Klotho in chronic kidney disease: what’s new?
Nephrol Dial Transplant 2009;24:1705-8. https://doi.org/10.
1093/ndt/gfp069

Koh N, Fujimori T, Nishiguchi S. Severely reduced pro-
duction of klotho in human chronic renal failure kidney.
Biochem Biophys Res Commun 2001;280:1015-20. https://doi.
0rg/10.1006/bbrc.2000.4226

Larsson T, Nisbeth U, Ljunggren O. Circulating concentra-
tion of FGF-23 increases as renal function declines in pa-
tients with chronic kidney disease, but does not change in
response to variation in phosphate intake in healthy vol-
unteers. Kidney Int 2003;64:2272-9. https://doi.org/10.1046/
j.1523-1755.2003.00328.x

Shigematsu T, Kazama JJ, Yamashita T. Possible involve-
ment of circulating fibro- blast growth factor 23 in the de-
velopment of secondary hyperparathyroidism associated
with renal insufficiency. Am J Kidney Dis 2004;44:250-6.
https://doi.org/10.1053/j.ajkd.2004.04.029

Gutierrez O, Isakova T, Rhee E. Fibroblast growth factor-
23 mitigates hyperphosphatemia but accentuates calcitriol
deficiency in chronic kidney disease. ] Am Soc Nephrol
2005;16:2205-15. https://doi.org/10.1681/ASN.2005010052
Kuro-O M. A phosphate-centric paradigm for pathophysiol-
ogy and therapy of chronic kidney disease. Kidney Int Suppl
2013;3:420-6. https://doi.org/10.1038/kisup.2013.88
Mackay EM, Oliver J. Renal damage following the ingestion
of a diet containing an excess of inorganic phosphate. ] Exp
Med 1935;61:319-34. https://doi.org/10.1084/jem.61.3.319
Haut LL, Alfrey AC, S G. Renal toxicity of phosphate in
rats. Kidney Int 1980;17:722-31. https://doi.org/10.1038/ki.
1980.85

Thomas SM, Li Q, Faul C. Fibroblast growth factor 23, klotho
and heparin. Curr Opin Nephrol Hypertens 2023;32:313-23.
Kutikhin AG, Feenstra L, Kostyunin AE. Calciprotein parti-
cles: balancing mineral homeostasis and vascular pathol-
ogy. Arterioscler Thromb Vasc Biol 2021;41:1607-24. https://
doi.org/10.1161/ATVBAHA.120.315697

Hamano T, Matsui I, Mikami S. Fetuin-mineral complex
reflects extraosseous calcification stress in CKD. ] Am
Soc Nephrol 2010;21:1998-2007. https://doi.org/10.1681/ASN.
2009090944

Rossaint J, Oehmichen ], Aken H. FGF23 signaling impairs
neutrophil recruitment and host defense during CKD. ] Clin
Invest 2016;126:962-74. https://doi.org/10.1172/JCI83470
Singh S, Grabner A, Yanucil C. Fibroblast growth fac-
tor 23 directly targets hepatocytes to promote inflamma-
tion in chronic kidney disease. Kidney Int 2016;90:985-96.
https://doi.org/10.1016/j.kint.2016.05.019

Coe LM, Madathil SV, Casu C. FGF-23 is a negative reg-
ulator of prenatal and postnatal erythropoiesis. ] Biol
Chem 2014;289:9795-810. https://doi.org/10.1074/jbc.M113.
527150

Wallquist C, Mansouri L, Norrback M et al. Associations
of Fibroblast Growth Factor 23 with markers of inflam-
mation and leukocyte transmigration in chronic kidney
disease. Nephron 2018;138:287-95. https://doi.org/10.1159/
000485472

Sikaneta T, Ho N, Bellasi A et al. QTc interval prolonga-
tion independently associates with FGF23 and predicts


https://doi.org/10.1093/ndt/gfv099
https://doi.org/10.2215/CJN.07810910
https://doi.org/10.1093/ndt/gfy093
https://doi.org/10.3390/cells10051091
https://doi.org/10.3390/jcm10030376
https://doi.org/10.1007/s11914-017-0364-1
https://doi.org/10.1038/ki.2011.47
https://doi.org/10.1016/j.semnephrol.2018.02.004
https://doi.org/10.1038/nrneph.2016.164
https://doi.org/10.3390/jcm8071026
https://doi.org/10.1016/j.chembiol.2013.12.016
https://doi.org/10.1016/j.abb.2012.03.003
https://doi.org/10.1074/jbc.M408903200
https://doi.org/10.1042/CS20201453
https://doi.org/10.1681/ASN.2007060673
https://doi.org/10.1038/s41581-018-0087-2
https://doi.org/10.1093/ndt/gfp069
https://doi.org/10.1006/bbrc.2000.4226
https://doi.org/10.1046/j.1523-1755.2003.00328.x
https://doi.org/10.1053/j.ajkd.2004.04.029
https://doi.org/10.1681/ASN.2005010052
https://doi.org/10.1038/kisup.2013.88
https://doi.org/10.1084/jem.61.3.319
https://doi.org/10.1038/ki.1980.85
https://doi.org/10.1161/ATVBAHA.120.315697
https://doi.org/10.1681/ASN.2009090944
https://doi.org/10.1172/JCI83470
https://doi.org/10.1016/j.kint.2016.05.019
https://doi.org/10.1074/jbc.M113.527150
https://doi.org/10.1159/000485472

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

i12 |

D. Salera et al.

mortality in predialysis CKD. Cardiorenal Med 2024;14:45-57.
https://doi.org/10.1159/000535133

Abinti M, Vettoretti S, Caldiroli L et al. Associations of
intact and C-terminal FGF23 with inflammatory markers
in older patients affected by advanced chronic kidney
disease. ] Clin Med 2024;13:3967. https://doi.org/10.3390/
jecm13133967

Edmonston D, Fuchs MAA, Burke EJ et al. Chronic re-
nal insufficiency cohort (CRIC) study investigators. Klotho
and clinical outcomes in CKD: findings from the Chronic
renal insufficiency cohort (CRIC) study. Am ] Kidney
Dis 2024;84:349-360.e1. https://doi.org/10.1053/j.ajkd.2024.
02.008

Mehta R, Cai X, Lee J et al. Serial fibroblast growth factor
23 measurements and risk of requirement for Kidney Re-
placement therapy: the CRIC (Chronic Renal Insufficiency
Cohort) study. Am J Kidney Dis 2020;75:908-18. https://doi.
org/10.1053/j.ajkd.2019.09.009

Tentori F, Blayney MJ, Albert JM. Mortality risk for dialy-
sis patients with different levels of serum calcium, phos-
phorus, and PTH: the Dialysis Outcomes and Practice
Patterns study (DOPPS). Am ] Kidney Dis 2008;52:519-30.
https://doi.org/10.1053/j.ajkd.2008.03.020

Cozzolino M, Galassi A, Conte F et al. Treatment of sec-
ondary hyperparathyroidism: the clinical utility of etelcal-
cetide. Ther Clin Risk Manag 2017;13:679-89. https://doi.org/
10.2147/TCRM.S108490

Lotinun S, Sibonga JD, Turner RT. Differential effects of in-
termittent and continuous administration of parathyroid
hormone on bone histomorphometry and gene expression.
Endocrine 2002;17:29-36. https://doi.org/10.1385/ENDO:17:1:
29

Smith ER, Ford ML, Tomlinson LA. Phosphorylated fetuin-
A-containing calciprotein particles are associated with
aortic stiffness and a procalcific milieu in patients with
pre-dialysis CKD. Nephrol Dial Transpl 2012;27:1957-66.
https://doi.org/10.1093/ndt/gfr609

Matsui I, Hamano T, Mikami S. Fully phosphorylated
fetuin-A forms a mineral complex in the serum of rats
with adenine-induced renal failure. Kidney Int 2009;75:
915-28. https://doi.org/10.1038/ki.2008.700

Smout D, Van Craenenbroeck AH, Jgrgensen HS et al. Mi-
croRNAs: emerging biomarkers and therapeutic targets
of bone fragility in chronic kidney disease. Clin Kidney ]
2023;16:408-21. https://doi.org/10.1093/ckj/sfac219

Yang W, Zou B, Hou Y et al. Extracellular vesicles in
vascular calcification. Clin Chim Acta 2019;499:118-22.
https://doi.org/10.1016/j.cca.2019.09.002

Marx SJ, Simonds WF, Agarwal SK et al. Hyperparathy-
roidism in hereditary syndromes: special expressions and
special managements. ] Bone Miner Res 2002;17:N37-43.
Mitnick PD, Goldfarb S, Slatopolsky E et al. Calcium and
phosphate metabolism in tumoral calcinosis. Ann Intern
Med 1980;92:482-7. https://doi.org/10.7326/0003-4819-92-
4-482

Frishberg Y, Ito N, Rinat C et al. Hyperostosis-
hyperphosphatemia syndrome: a congenital disorder
of O-glycosylation associated with augmented processing
of fibroblast growth factor 23. ] Bone Miner Res 2007;22:
235-42. https://doi.org/10.1359/jbmr.061105

Daw SCM, Taylor C, Kraman M et al. A common re-
gion of 10p deleted in DiGeorge and velocardiofacial syn-
dromes. Nat Genet 1996;13:458-60. https://doi.org/10.1038/
ng0896-458

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

White KE, Evans WE, O’Riordan JLH et al. Autosomal domi-
nant hypophosphataemic rickets is associated with muta-
tions in FGF23. Nat Genet 2000;26:345-8. https://doi.org/10.
1038/81664

Hunter D, De Lange M, Snieder H et al. Genetic contribu-
tion to bone metabolism, calcium excretion, and vitamin
D and parathyroid hormone regulation. ] Bone Miner Res
2001;16:371-8. https://doi.org/10.1359/jbmr.2001.16.2.371
Robinson-Cohen C, Lutsey PL, Kleber ME et al. Genetic
variants associated with circulating parathyroid hormone.
J Am Soc Nephrol 2017;28:1553-65. https://doi.org/10.1681/
ASN.2016010069

Robinson-Cohen C, Bartz TM, Lai D et al. Genetic vari-
ants associated with circulating fibroblast growth factor 23.
J Am Soc Nephrol 2018;29:2583-92. https://doi.org/10.1681/
ASN.2018020192

Manousaki D, Mitchell R, Dudding T et al. Genome-wide
association study for vitamin D levels reveals 69 indepen-
dent loci. Am Hum Genet 2020;106:327-37. https://doi.org/
10.1016/j.ajhg.2020.01.017

Friedman PA, Sneddon WB, Mamonova T et al. RGS14 reg-
ulates PTH- and FGF23-sensitive NPT2A-mediated renal
phosphate uptake via binding to the NHERF1 scaffold-
ing protein. J Biol Chem 2022;298:101836. https://doi.org/10.
1016/j.jbc.2022.101836

Akwo E, Pike MM, Ertuglu LA et al. Association of geneti-
cally predicted fibroblast growth factor-23 with heart fail-
ure: a mendelian randomization study. ClinJ] Am Soc Nephrol
2022;17:1183-93. https://doi.org/10.2215/CJN.00960122
Henry A, Gordillo-Maraiién M, Finan C et al. Therapeu-
tic targets for heart failure identified using proteomics
and mendelian randomization. Circulation 2022;145:1205-
17. https://doi.org/10.1161/CIRCULATIONAHA.121.056663
Vimaleswaran KS, Cavadino A, Berry DJ et al. Association
of vitamin D status with arterial blood pressure and hy-
pertension risk: a mendelian randomisation study. Lancet
Diabetes Endocrinol 2014;2:719-29. https://doi.org/10.1016/
$2213-8587(14)70113-5

Chen X, Xu J, Wan Z et al. Vitamin D and heart fail-
ure risk among individuals with type 2 diabetes: obser-
vational and mendelian randomization studies. Am J Clin
Nutr 2024;120:491-8. https://doi.org/10.1016/j.ajcnut.2024.
07.019

Meng X, Li X, Timofeeva MN et al. Phenome-wide
mendelian-randomization study of genetically determined
vitamin D on multiple health outcomes using the UK
Biobank study. Int ] Epidemiol 2019;48:1425-34. https://doi.
org/10.1093/ije/dyz182

Kavousi M, Bos MM, Barnes Hj et al. Multi-ancestry
genome-wide study identifies effector genes and drug-
gable pathways for coronary artery calcification. Nat
Genet 2023;55:1651-64. https://doi.org/10.1038/s41588-023-
01518-4

Krall EA, Dawson-Hughes B. Heritable and life-style deter-
minants of bone mineral density. ] Bone Miner Res 1993;8:
1-9. https://doi.org/10.1002/jbmr.5650080102
Christodoulou M, Aspray TJ, Schoenmakers I. Vitamin D
supplementation for patients with chronic kidney disease:
a systematic review and meta-analyses of trials investigat-
ing the response to supplementation and an overview of
guidelines. Calcif Tissue Int 2021;109:157-78. https://doi.org/
10.1007/s00223-021-00844-1

Evenepoel P, Jgrgensen HS, Bover ] et al. Recommended
calcium intake in adults and children with chronic


https://doi.org/10.1159/000535133
https://doi.org/10.3390/jcm13133967
https://doi.org/10.1053/j.ajkd.2024.02.008
https://doi.org/10.1053/j.ajkd.2019.09.009
https://doi.org/10.1053/j.ajkd.2008.03.020
https://doi.org/10.2147/TCRM.S108490
https://doi.org/10.1385/ENDO:17:1:29
https://doi.org/10.1093/ndt/gfr609
https://doi.org/10.1038/ki.2008.700
https://doi.org/10.1093/ckj/sfac219
https://doi.org/10.1016/j.cca.2019.09.002
https://doi.org/10.7326/0003-4819-92-4-482
https://doi.org/10.1359/jbmr.061105
https://doi.org/10.1038/ng0896-458
https://doi.org/10.1038/81664
https://doi.org/10.1359/jbmr.2001.16.2.371
https://doi.org/10.1681/ASN.2016010069
https://doi.org/10.1681/ASN.2018020192
https://doi.org/10.1016/j.ajhg.2020.01.017
https://doi.org/10.1016/j.jbc.2022.101836
https://doi.org/10.2215/CJN.00960122
https://doi.org/10.1161/CIRCULATIONAHA.121.056663
https://doi.org/10.1016/S2213-8587(14)70113-5
https://doi.org/10.1016/j.ajcnut.2024.07.019
https://doi.org/10.1093/ije/dyz182
https://doi.org/10.1038/s41588-023-01518-4
https://doi.org/10.1002/jbmr.5650080102
https://doi.org/10.1007/s00223-021-00844-1

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

kidney disease-a European consensus statement. Nephrol
Dial Transplant 2024;39:341-66.

Sigrist M, Tang M, Beaulieu M et al. Responsiveness of FGF-
23 and mineral metabolism to altered dietary phosphate
intake in chronic kidney disease (CKD): results of a ran-
domized trial. Nephrol Dial Transplant 2013;28:161-9.

Benini O, D’Alessandro C, Gianfaldoni D et al. Extra-
phosphate load from food additives in commonly eaten
foods: a real and insidious danger for renal patients.
J Ren Nutr 2011;21:303-8. https://doi.org/10.1053/j.jrn.2010.
06.021

Moe SM, Zidehsarai MP, Chambers MA et al. Vegetarian
compared with meat dietary protein source and phos-
phorus homeostasis in chronic kidney disease. Clin ]
Am Soc Nephrol 2011;6:257-64. https://doi.org/10.2215/CJN.
05040610

Stehman-Breen CO, Sherrard DJ, Alem AM et al. Risk fac-
tors for hip fracture among patients with end-stage renal
disease. Kidney Int 2000;58:2200-5. https://doi.org/10.1111/j.
1523-1755.2000.00394.x

Jadoul M, Albert JM, Akiba T et al. Incidence and risk fac-
tors for hip or other bone fractures among hemodialysis
patients in the Dialysis Outcomes and Practice Patterns
Study. Kidney Int 2006;70:1358-66. https://doi.org/10.1038/
sj.ki.5001754

Maravic M, Ostertag A, Torres PU et al. Incidence and risk
factors for hip fractures in dialysis patients. Available from:
http://www.atih.sante.fr (October 2024, date last accessed).
Ball AM, Gillen DL, Sherrard D et al. Risk of hip frac-
ture among dialysis and renal transplant recipients.
JAMA 2002;288:3014-8. https://doi.org/10.1001/jama.288.
23.3014

Aghagolzadeh P, Bachtler M, Bijarnia R et al. Calcification of
vascular smooth muscle cells is induced by secondary cal-
ciprotein particles and enhanced by tumor necrosis factor-
. Atherosclerosis 2016;251:404-14. https://doi.org/10.1016/j.
atherosclerosis.2016.05.044

Li X, Yang HY, Giachelli CM. Role of the sodium-dependent
phosphate cotransporter, Pit-1, in vascular smooth muscle
cell calcification. Circ Res 2006;98:905-12. https://doi.org/10.
1161/01.RES.0000216409.20863.e7

Wang P, Zhou P, Chen W et al. Combined effects of hyper-
phosphatemia and hyperglycemia on the calcification of
cultured human aortic smooth muscle cells. Exp Ther Med
2019;17:863-8. https://doi.org/10.3892/etm.2018.7024
Wang P, Quan Z, Luo D et al. Spironolactone dose-
dependently alleviates the calcification of aortic rings
cultured in hyperphosphatemic medium with or with-
out hyperglycemia by suppressing phenotypic transition
of VSMCs through downregulation of pit-1. Mol Med Rep
2019;19:3622-32.

Dahle DO, Asberg A, Hartmann A et al. Serum calcifica-
tion propensity is a strong and independent determinant
of cardiac and all-cause mortality in kidney transplant re-
cipients. Am J Transplant 2016;16:204-12. https://doi.org/10.
1111/ajt.13443

Keyzer CA, De Borst MH, Van Den Berg E et al. Calcifica-
tion propensity and survival among renal transplant re-
cipients.] Am Soc Nephrol 2016;27:239-48. https://doi.org/10.
1681/ASN.2014070670

Smith ER, Ford ML, Tomlinson LA et al. Serum calcifica-
tion propensity predicts all-cause mortality in predialy-
sis CKD.J Am Soc Nephrol 2014;25:339-48. https://doi.org/10.
1681/ASN.2013060635

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Current and emerging paradigms on CKD-MBD | i13

Eelderink C, Te Velde-Keyzer CA, Frenay ARS et al. Serum
calcification propensity and the risk of cardiovascular and
all-cause mortality in the general population: the PRE-
VEND study. Arterioscler Thromb Vasc Biol 2020;40:1942-51.
https://doi.org/10.1161/ATVBAHA.120.314187

van der Vaart A, Eelderink C, van Goor H et al. Serum
T50 predicts cardiovascular mortality in individuals with
type 2 diabetes: a prospective cohort study. J Intern Med
2024;295:748-58. https://doi.org/10.1111/joim.13781

Drew DA, Katz R, Kritchevsky S et al. Fibroblast growth fac-
tor 23 and blood pressure in older adults: the health, aging,
and body composition study. Hypertension 2020;76:236-43.
Reimer KC, Nadal J, Meiselbach H et al. Association of min-
eral and bone biomarkers with adverse cardiovascular out-
comes and mortality in the German Chronic Kidney Dis-
ease (GCKD) cohort. Bone Res 2023;11:52. https://doi.org/10.
1038/s41413-023-00291-8

Simeoni M, Perna AF, Fuiano G. Secondary hyperparathy-
roidism and hypertension: an intriguing couple. J Clin Med
2020;9:629. https://doi.org/10.3390/jcm9030629

Pfaff M, Denburg MR, Meyers KE et al. Association of fi-
broblast growth factor 23 with blood pressure in primary
proteinuric glomerulopathies. Am ] Nephrol 2024;55:187-95.
https://doi.org/10.1159/000535092

Andrukhova O, Slavic S, Smorodchenko A et al. FGF 23
regulates renal sodium handling and blood pressure.
EMBO Mol Med 2014;6:744-59. https://doi.org/10.1002/
emmm.201303716

Humalda JK, Lambers Heerspink HJ, Kwakernaak AJ et al. Fi-
broblast growth factor 23 and the antiproteinuric response
to dietary sodium restriction during renin-angiotensin-
aldosterone system blockade. Am ] Kidney Dis 2015;65:259—
66. https://doi.org/10.1053/j.ajkd.2014.07.022

Molinari P, Regalia A, Leoni A et al. Impact of hyper-
parathyroidism and its different subtypes on long term
graft outcome: a single Transplant Center cohort study.
Front Med 2023;10:1221086. https://doi.org/10.3389/fmed.
2023.1221086

Kidney Disease: Improving Global Outcomes (KDIGO) CKD-
MBD Work Group. KDIGO clinical practice guideline for the
diagnosis, evaluation, prevention, and treatment of chronic
kidney disease-mineral and bone disorder (CKD-MBD).
Kidney Int Suppl 2009:51-130. https://doi.org/10.1038/ki.
2009.188

Ott SM. Renal osteodystrophy—time for common nomen-
clature. Curr Osteoporos Rep 2017;15:187-93. https://doi.org/
10.1007/s11914-017-0367-y

Aguilar A, Gifre L, Urenia-Torres P et al. Pathophysiology
of bone disease in chronic kidney disease: from basics
to renal osteodystrophy and osteoporosis. Front Phys-
iol 2023;14:1177829. https://doi.org/10.3389/fphys.2023.
1177829

Hruska KA, Sugatani T, Agapova O et al. The chronic kid-
ney disease-mineral bone disorder (CKD-MBD): advances
in pathophysiology. Bone 2017;100:80-6. https://doi.org/10.
1016/j.bone.2017.01.023

Bover ], Urena P, Brandenburg V et al. Adynamic bone
disease: from bone to vessels in chronic kidney dis-
ease. Semin Nephrol 2014;34:626—-40. https://doi.org/10.1016/
j.semnephrol.2014.09.008

Modest JM, Sheth H, Gohh R et al. Osteomalacia and renal
osteodystrophy. R I Med ] (2013) 2022;105:22-7.

Evenepoel P, D’'Haese P, Bacchetta ] et al. Bone biopsy
practice patterns across Europe: the European renal


https://doi.org/10.1053/j.jrn.2010.06.021
https://doi.org/10.2215/CJN.05040610
https://doi.org/10.1111/j.1523-1755.2000.00394.x
https://doi.org/10.1038/sj.ki.5001754
http://www.atih.sante.fr
https://doi.org/10.1001/jama.288.23.3014
https://doi.org/10.1016/j.atherosclerosis.2016.05.044
https://doi.org/10.1161/01.RES.0000216409.20863.e7
https://doi.org/10.3892/etm.2018.7024
https://doi.org/10.1111/ajt.13443
https://doi.org/10.1681/ASN.2014070670
https://doi.org/10.1681/ASN.2013060635
https://doi.org/10.1161/ATVBAHA.120.314187
https://doi.org/10.1111/joim.13781
https://doi.org/10.1038/s41413-023-00291-8
https://doi.org/10.3390/jcm9030629
https://doi.org/10.1159/000535092
https://doi.org/10.1002/emmm.201303716
https://doi.org/10.1053/j.ajkd.2014.07.022
https://doi.org/10.3389/fmed.2023.1221086
 https://doi.org/10.1038/ki.2009.188
https://doi.org/10.1007/s11914-017-0367-y
https://doi.org/10.3389/fphys.2023.1177829
https://doi.org/10.1016/j.bone.2017.01.023
https://doi.org/10.1016/j.semnephrol.2014.09.008

i14

100.

101.

102.

103.

104.

105.

106.

107.

| D.Salera et al.

osteodystrophy initiative—a position paper. Nephrol Dial
Transplant 2017;32:1608-13. https://doi.org/10.1093/ndt/
gfw468

Barreto FDC, Costa C, Reis LMD et al. Bone biopsy in
nephrology practice. ] Bras Nefrol 2018;40:366-74. https://
doi.org/10.1590/2175-8239-jbn-2017-0012

Lloret MJ, Fusaro M, Jgrgensen HS et al. Evaluating osteo-
porosis in chronic kidney disease: both bone quantity and
quality matter. J Clin Med 2024;13:1010. https://doi.org/10.
3390/jcm13041010

Sprague SM, Bellorin-Font E, Jorgetti V et al. Diagnostic
accuracy of bone turnover markers and bone histology
in patients with CKD treated by dialysis. Am ] Kidney Dis
2016;67:559-66. https://doi.org/10.1053/j.ajkd.2015.06.023
Paloian NJ, Giachelli CM. A current understanding of
vascular calcification in CKD. Am ] Physiol Renal Physiol
2014;307:F891-900. https://doi.org/10.1152/ajprenal.00163.
2014

Fang Y, Ginsberg C, Sugatani T et al. Early chronic kidney
disease-mineral bone disorder stimulates vascular calcifi-
cation. Kidney Int 2014;85:142-50. https://doi.org/10.1038/ki.
2013.271

Sage AP, Tintut Y, Demer LL. Regulatory mechanisms
in vascular calcification. Nat Rev Cardiol 2010;7:528-36.
https://doi.org/10.1038/nrcardio.2010.115

Nelson AJ, Raggi P, Wolf M et al. Targeting vascular cal-
cification in chronic kidney disease. JACC Basic Transl Sci
2020;5:398-412. https://doi.org/10.1016/j.jacbts.2020.02.002
Kim JS, Hwang HS. Vascular calcification in chronic kid-
ney disease: distinct features of pathogenesis and clinical

108.

109.

110.

111.

112.

113.

114.

implication. Korean Circ ] 2021;51:961-82. https://doi.org/10.
4070/kcj.2021.0995

Bellasi A, Raggi P. Vascular imaging in chronic kidney dis-
ease. Curr Opin Nephrol Hypertens 2012;21:382-8. https://doi.
org/10.1097/MNH.0b013e328354220c

Bellasi A, Raggi P. Vascular calcification in chronic kid-
ney disease: usefulness of a marker of vascular damage.
J Nephrol 2011;24:511-15. https://doi.org/10.5301/JN.2011.
7744

Bellasi A, Raggi P. Techniques and technologies to assess
vascular calcification. Semin Dial 2007;20:129-33. https://
doi.org/10.1111/7.1525-139X.2007.00259.%

Chen J, Budoff MJ, Reilly MP et al. Coronary artery cal-
cification and risk of cardiovascular disease and death
among patients with chronic kidney disease. JAMA
Cardiol 2017;2:635-43. https://doi.org/10.1001/jamacardio.
2017.0363

Ewence AE, Bootman M, Roderick HL. Calcium phosphate
crystals induce cell death in human vascular smooth mus-
cle cells: a potential mechanism in atherosclerotic plaque
destabilization. Circ Res 2008;103:28-34. https://doi.org/10.
1161/CIRCRESAHA.108.181305

Reiss AB, Miyawaki N, Moon ] et al. CKD, arterial calcifica-
tion, atherosclerosis and bone health: inter-relationships
and controversies. Atherosclerosis 2018;278:49-59. https://
doi.org/10.1016/j.atherosclerosis.2018.08.046

Hwang HS, Cho JS, Hong YA et al. Vascular calcifica-
tion and left ventricular hypertrophy in hemodialysis pa-
tients: interrelationship and clinical impacts. Int ] Med Sci
2018;15:557-63. https://doi.org/10.7150/ijms.23700

Received: 30.9.2024; Editorial decision: 12.12.2024

© The Author(s) 2025. Published by Oxford University Press on behalf of the ERA. This is an Open Access article distributed under the terms of the Creative
Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution,
and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com


https://doi.org/10.1093/ndt/gfw468
https://doi.org/10.1590/2175-8239-jbn-2017-0012
https://doi.org/10.3390/jcm13041010
https://doi.org/10.1053/j.ajkd.2015.06.023
https://doi.org/10.1152/ajprenal.00163.2014
https://doi.org/10.1038/ki.2013.271
https://doi.org/10.1038/nrcardio.2010.115
https://doi.org/10.1016/j.jacbts.2020.02.002
https://doi.org/10.4070/kcj.2021.0995
https://doi.org/10.1097/MNH.0b013e328354220c
https://doi.org/10.5301/JN.2011.7744
https://doi.org/10.1111/j.1525-139X.2007.00259.x
https://doi.org/10.1001/jamacardio.2017.0363
https://doi.org/10.1161/CIRCRESAHA.108.181305
https://doi.org/10.1016/j.atherosclerosis.2018.08.046
https://doi.org/10.7150/ijms.23700
https://creativecommons.org/licenses/by-nc/4.0/
mailto:journals.permissions@oup.com

	INTRODUCTION
	PATHOPHYSIOLOGY OF CKD-MBD: THE PHOSPHOROCENTRIC VIEW
	ROLE OF FGF-23 AND PTH IN CKD-MBD
	ROLE OF KLOTHO IN CKD-MBD
	CCPs AND VASCULAR CALCIFICATION
	MICROPARTICLES
	GENETIC AND ENVIRONMENTAL FACTORS
	Genetic factors
	Environmental factors
	INFLUENCE OF COMORBIDITIES
	Diabetes
	Hypertension
	CLINICAL MANIFESTATIONS OF CKD-MBD
	Bone manifestations
	Vascular calcification
	CONCLUSIONS
	FUTURE PERSPECTIVES
	FUNDING
	DATA AVAILABILITY STATEMENT
	CONFLICT OF INTEREST STATEMENT
	REFERENCES

