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The patient with chronic kidney disease (CKD) represents an extreme model for arteriosclerosis, vascular calcification,
and bone disorders, all of which are also associated with ageing in the general population. These pathological features
are also relevant to other common chronic health disorders such as diabetes, and chronic inflammatory and
cardiovascular diseases. Although management and interventions for these major risk factors are now incorporated
into most public health guidelines (eg, smoking cessation and control of bodyweight and blood pressure, as well as
glucose and cholesterol concentrations), some residual cardiovascular risk is not reduced by implementation of these
interventions. CKD should be regarded as an atypical disease in which both traditional and novel cardiovascular risk
factors have effects on outcomes. But CKD can also be viewed conceptually as an accelerator of traditional
cardiovascular risk factors. Findings from research into mineral bone disorder associated with CKD (CKD-MBD)
could help the medical community to better understand the vascular actions of certain molecules, such as phosphates,
fibroblast growth factor 23, parathyroid hormone, sclerostin, or vitamin D and their relevance to the management of
different pathologies in the general population. Importantly, these components, which are recognised in nephrology,
could help to explain residual risk of cardiovascular events in the general population. Thus, achieving a better
understanding of CKD-MBDs could provide substantial insight into future treatments for arteriosclerosis and
osteoporosis, which are strongly associated with ageing and morbidity in the general population.

Introduction

Chronic kidney disease (CKD) is a systemic condition
affecting about 10% of the general population, although
estimates of CKD prevalence vary widely, both within and
between countries.! Mineral and bone disorders are
common in patients with CKD and contribute to the large
burden of cardiovascular and bone diseases characteristic
of CKD. Although end-stage renal disease requiring
dialysis is well recognised, it is also rare and unique in
terms of its physiological disturbances. Much more
common are the less severe forms of CKD (eg, stages 3b—4)’
that already show distinct features and characteristics such
as hyperphosphataemia, hyperparathyroidism, increased
fibroblast growth factor 23 (FGF23) concentration, klotho
deficiency, or vitamin D concentration abnormalities.

The kidneys are the major source of the anti-ageing
protein klotho, and CKD is a state of klotho deficiency.” In
fact, patients with renal disease show decreased klotho
expression as early as CKD stage 1*—klotho deficiency
being one of the first mineral and bone disorders that
occur in the setting of CKD. As CKD progresses, klotho
concentrations continue to decline, causing FGF23
resistance and therefore leading to large increases in
serum concentrations of FGF23 and parathyroid hormone,
as well as decreases in serum vitamin D concentration.’
Many of these changes predispose patients to develop
vascular calcifications and their sequelae. Increasing
evidence is indicating that klotho deficiency could
contribute to salt-sensitive hypertension,* aberrant cardiac
remodelling,’ vascular calcification,” bone loss,® neuro-
degenerative diseases,” and renal fibrosis.’ Thus, CKD can
be considered a state of premature ageing and a model for

similar processes associated with ageing in the general
population.

Collectively, these alterations have been termed
CKD-mineral and bone disorders (CKD-MBDs). The
additional health risks imposed by CKD-MBDs on CKD
risk factors such as systemic hypertension, hypercholes-
terolaemia, left ventricular hypertrophy, coronary heart
disease, and diabetes, could provide an opportunity for
improved risk management beyond controlling traditional
factors. In this Review we will discuss how several
components considered to be CKD-specific risk factors
could also contribute to the cardiovascular and ageing risk
profiles in the general population.® We will also summarise
key elements of the CKD-derived pro-ageing process that
could be of relevance for clinical practice in general
internal medicine; discuss phosphate exposure, FGF23
elevation and klotho deficiency, and bone disease; and
review their potential contribution to all-cause or cardio-
vascular mortality in patients with CKD and the general
population.

CKD-MBDs and vascular, skeletal, and renal
ageing

In the general population, age-related arteriosclerosis
and bone-mineral loss are both regarded as inevitable
consequences of ageing. The temporal association of
these two processes was initially regarded as coincidental;
only much later was a causal relationship considered.’
Since CT and dual-energy X-ray absorptiometry (DXA)
scans in postmenopausal women showed” that the
annual percent gain in aortic calcification was pro-
portional to the annual loss in bone-mineral density,
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it was suggested that these processes could be connected
features of ageing. Of note, individuals with progeria—a
disease characterised by premature ageing—have osteo-
porotic lesions as well as atherosclerosis,"” reinforcing the
idea of common pathophysiological pathways between
diseases associated with ageing, such as osteoporosis,
cardiovascular disease, and CKD."”"

Vascular ageing

Regarded as a structural and functional remodelling of the
vessel wall, vascular ageing involves endothelial and
vascular smooth muscle cells that are stimulated by
low-grade inflammation®* and ultimately results in calcifi-
cation of the intimal layer or media layer, or both.
Major pathogenic factors include, but are not limited
to, angiotensin II signalling, activation of matrix
metalloproteinase, and production of advanced glycation
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Figure: Main steps of vascular ageing and CKD

A low-grade proinflammatory profile driven by, among others, angiotensin Il signalling, MMP activation, and
AGE production, results in structural and functional remodelling of endothelial cells and vascular smooth muscle
cells. Endothelial cells undergo apoptosis and senescence. Vascular smooth muscle cells proliferate and migrate
into the subendothelial space, enhancing collagen and extracellular matrix production. The subsequent metabolic
stress also leads to premature senescence, apoptosis, and fracturing of elastin fibres. Vascular smooth muscle cells
undergo phenotypic transdifferentiation into osteoblast-like cells that are involved in the eventual vascular
calcification process. These abnormalities are present in the cells of patients who have CKD, but at an earlier stage
of the cell’s lifespan, indicating that CKD is a model of accelerated ageing. AGEs=advanced glycation end-products.
CKD=chronic kidney disease. FGF23=fibroblast growth factor 23. MCP-1=monocyte chemoattractant protein-1.
MMPs=matrix metalloproteinases. ROS=reactive oxygen species. TNFa=tumour necrosis factor alpha.

end-product.® Until recently, the final change from
vascular ageing into vascular calcification was thought to
be due to passive precipitation of calcium salts. However,
the observation® that hyperphosphataemia was associated
with increased cardiovascular mortality in patients with
end-stage renal disease receiving dialysis, prompted
experimental efforts that unravelled the mechanism at
work (figure; table 1). Importantly, these same mechanisms,
which are reported in the general population during
ageing, seem to operate at a much younger age in patients
with CKD. Although vascular calcification could be
regarded as protection for atherosclerotic lesions,”
evidence*” indicates that coronary artery calcification is
significantly prevalent in young adults at low risk for
cardiovascular disease and is indicative of higher cardio-
vascular mortality. Furthermore, vascular calcification is
closely associated with calcification of the heart valves,
which is in turn associated with high mortality in
individuals of advanced age, or with congestive heart
failure or CKD. Calcification of the heart valves is promoted
by the systemic inflammatory conditions characteristic of
metabolic syndrome, type 2 diabetes, and CKD; these
active processes are mediated by WNT signalling, similar
to that seen in the vascular calcification associated with
atherosclerosis.® On the basis of observational (ie, asso-
ciative) data,” vascular calcification is thought to be a
strong predictor of cardiovascular mortality and morbidity
in patients with CKD and in the general population;
therefore, prevention and treatment of vascular calci-
fication is important. Unfortunately, to date, no treatments
have been proven to prevent or completely reverse vascular
calcification; once established, a vascular calcification will
tend to progress, and cannot be completely arrested or
reversed. Interventional trials are warranted to show
whether a reduction in vascular calcification is associated
with longer life.

Bone ageing
Typically synonymous with osteoporosis, bone ageing
results from inadequate refilling of the resorptive
osteoclastic lacunae by osteoblasts, leading to progressive
reduction in bone mass during life and thus increased
risk of bone fracturing. Until recently, the characteristic
determinants of osteoporosis have been the highest
bone mass reached in adolescence and the rate of its
subsequent loss with ageing; however, in the past
decade, bone quality has also been considered relevant
for future fracture risk.”” Bone turnover, mineralisation,
and volume, together with microarchitecture and
collagen composition, are relevant components of bone
quality.®

Similarly to osteoporosis, the bone pathologies of CKD
(typically identified as renal osteodystrophy) negatively
affect bone quality, promote bone fractures, and are
associated with increased morbidity and mortality.?”
CKD-specific abnormalities in bone turnover, mineral-
isation, and volume could be regarded as additional
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MBD=mineral and bone disorder.

Hyperphosphataemia  Experimental evidence: phosphate loading indicated by ossification of
vascular smooth muscle cells and decreased ossification resorption in

Clinical correlates: high mortality; vascular calcification; endothelial
dysfunction; progression of left ventricular hypertrophy; premature
ageing; and anaemia, independent of other mineral and bone parameters

Experimental evidence: direct induction of myocardial hypertrophy in  FGF23 concentrations are generally much lower than in

Clinical correlates: strong positive association with cardiovascularand  associated with all-cause mortality and heart failure, but not

Kidneys are the major source of the anti-ageing protein klotho; CKD is ~ Klotho deficiency can result in salt-sensitive hypertension,
a state of klotho deficiency, which is associated with vascular

Appears early in the disease progression of CKD; a result of the bone’s  Associated with ageing, diabetes, excessive calcium loads,
disease resistance to PTH actions or dysregulation of vitamin D metabolites,
or both, and elevated concentrations of FGF23, sclerostin, and DKK-1;  of adynamic bone disease is very important when starting
promotes vascular calcification; associated with increased risk of bone  treatment with bisphosphonates; consider bone biopsy to

CKD=chronic kidney disease. FGF23=fibroblast growth factor 23. eGFR=estimated glomerular filtration rate. PTH=parathyroid hormone. DDK-1= dickkopf-related protein-1.

Inverse correlation with longevity, environmental phosphate
burden leading to accelerated vascular calcification and
mortality, phosphate levels >3-5 mg/dL associated with an
increased risk of anaemia

patients with CKD; increased FGF23 concentrations are

with myocardial infarction or other atherosclerotic events;
high concentrations of FGF23 identify patients at the highest
cardiovascular risk; slightly increased FGF23 concentrations
indicate kidney dysfunction that cannot be detected by

eGFR measurement

aberrant cardiac remodelling, vascular calcification, bone loss,
and neurodegenerative diseases

malnutrition, inflammation, and PTH resistance; assessment

determine diagnosis

Table 1: Key findings in CKD-MBDs and their implications for the general population

components that impinge on bone quality and quantity—
in addition to the better known and recognised osteo-
porotic lesions—since these abnormalities appear as
early as stage 2 of CKD.¢

The ageing kidney

The ageing kidney is characterised by structural and
functional changes, and frequently by reduction of
glomerular filtration rate (GFR). The wide implemen-
tation of estimated GFR (eGFR) and reporting calculations
has substantially increased the recognition of CKD and
highlighted the increased morbidity and mortality
associated with the disease.”” A large proportion of this
increased mortality is related to cardiovascular diseases
that are pathogenically linked to diffuse or extensive
vascular calcifications, or both.” Derangements in
mineral metabolism occur early in the progression of
CKD, and involve the disturbance of bone endocrine
functions, leading to changes in bone remodelling. The
existence of a link between divalent ion derangements
(eg, calcium, phosphate, and magnesium), bone disease,
and vascular calcification in CKD is now recognised.
A recent perspective in the medical community™ suggests
that the first bone histological pattern in patients who
have CKD stage 2-3 (ie, patients who are usually seen by
general practitioners) could be adynamic bone disease,
supported by the very early occurrence of bone resistance
to actions of parathyroid hormone (PTH) or dysregulation
of other modulators of bone remodelling such as
vitamin D metabolites, FGF23, sclerostin, and dickkopf-
related protein 1 (DKK-1). Adynamic bone disease is
considered to represent, especially in patients with CKD,

a metabolic condition of bone which promotes the
development of vascular calcifications. The exchange of
reciprocal signals between the cardiovascular, skeletal,
and renal systems seems to—in the case of ageing—
modulate the behaviour of calcium to direct it from bone
to blood vessels and myocardium. Taken together, these
abnormalities, first recognised in CKD, have now been
shown* to contribute to ageing in the general population.

Phosphate: a vascular toxin in CKD and beyond

Serum phosphate concentrations are determined by a
balance between absorption from the intestine, exchange
with bone, and excretion by the kidneys. Several endocrine
factors coordinate these processes, including vitamin D,
PTH, FGF23, and klotho. Unlike PTH and FGF23,
serum phosphate concentrations only rise late in the
progression of CKD (ie, once the eGFR drops below
30 mL/min per 1-73 m2)° but this rise in phosphate
concentration does not preclude disturbed phosphate
metabolism being of relevance for early CKD-associated
morbidity. If CKD is considered a state of premature
ageing, disordered phosphate metabolism could be a
major driver.** Disordered phosphate metabolism in CKD
has also been associated with vascular calcification,
endothelial dysfunction, left ventricular hypertrophy,
progression of kidney disease, and bone disease.”**
However, to what extent phosphate concentration per se,
or the compensatory endocrine homoeostatic response
associated with changes in phosphate concentration,
drives these adverse outcomes is not clear. Controlling
hyperphosphataemia is a major therapeutic goal in
patients with advanced CKD. Treatment focuses on
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limiting net gastrointestinal phosphate absorption by
restriction of dietary phosphate, and administration of
orally active phosphate binders or blockers of intestinal
phosphate transport.”® To date, clinical intervention
studies** testing one or a combination of these approa-
ches have yielded promising results with regard to bio-
chemical or intermediate endpoints, but have not shown a
survival benefit.****

High circulating phosphate concentrations, even
within the normal range, in the general population are
also associated with increased risk of cardiovascular
morbidity and mortality, and development of CKD.*”
This epidemiological evidence highlights that individuals
with relatively preserved kidney function might also
benefit from active phosphate management.® Limiting
dietary phosphate intake would be the most logical first
approach in individuals with hyperphosphataemia.
Studies exploring the association between dietary
phosphate intake and hard outcomes (eg, cardiovascular
or all-cause mortality) have not yielded clear results, with
some observational studies reporting a positive asso-
ciation, and other studies showing no or even a negative
association.”* No interventional study has proven that
reducing phosphates has any beneficial effect, either in
patients with CKD or the general population. Therefore,
alternative possibilities must be considered, for instance,
that hyperphosphataemia indicates the presence of
another detrimental biological process, or that strategies
to control hyperphosphataemia have additional,
unnoticed side-effects, as has been suggested for protein
malnutrition as a consequence of dietary intervention* or
calcium loading due to use of some phosphate binders.”

Inadequate statistical power and residual confounding
could have contributed to these discrepant findings.
Awaiting additional evidence from prospective studies,
we advocate dietary counselling to focus on limiting
consumption of inorganic phosphate, rather than organic
phosphate, which is predominantly found in high-protein
foods. This approach will prevent side-effects such as
protein energy malnutrition. The intake of inorganic
phosphate has substantially increased in the past decade
because of its non-restrictive use as a food additive to add
flavour and as a preservative. In high-income countries,
these food additives might lead to a daily surplus intake of
300-1000 mg of inorganic phosphate.” Individuals with a
low socioeconomic status are particularly at risk of
excessive phosphate loading, probably owing to a high
intake of inexpensive fast foods, highly processed foods,
soft drinks, and food items heavily enriched with
phosphate additives.” Although high dietary phosphate
intake will not necessarily result in high fasting serum
phosphate concentrations, it will definitely translate into
a larger area under the curve for serum phosphate con-
centration versus time and increased phosphate burden
for each nephron. Moreover, the consumption of in-
organic phosphate might induce transient postprandial
hyperphosphataemia due to its high bioavailability. Like

individuals with hypervolaemia or hypertension who
benefit most from dietary salt reduction, individuals with
even slightly reduced renal reserves (eg, elderly people,
patients with diabetes, patients with early-stage renal
disease, and kidney donors) will probably benefit most
from restriction of dietary phosphate. At least for end-
stage renal disease, it was shown“* that educating
patients to avoid phosphorus-containing food additives
resulted in modestimprovements in hyperphosphataemia.
Although definitive proof does not exist, restricting
consumption of phosphate additives could also be hypo-
thesised to confer health benefits to the general population
since a high-to-normal serum phosphate concentration
has also been found to be an independent predictor of
hard endpoints (eg, cardiovascular and all-cause mortail-
ity) in this population.”

FGF23 and klotho: from nephrology to the
general population

Insights into FGF23, a bone-derived phosphatonin, and
its coreceptor klotho, represent an important step towards
the understanding of molecular and cellular mechanisms
of vascular senescence in CKD-MBDs.** These insights
implicate the FGF23-klotho system as a causal contributor
to cardiovascular disease—ie, the direct induction of left
ventricular hypertrophy by FGF23.%

FGF23 is a 32 kDa protein that is synthesised primarily
by osteocytes. In adverse health conditions, FGF23 syn-
thesis is stimulated by the constitutive phosphate pool and
plays a pivotal role as a regulator of phosphate
homoeostasis through inhibition of tubular phosphate
reabsorption and vitamin D activation, and down-
regulation of PTH secretion.” Thus, the kidney and
parathyroid glands represent major targets for the effects
of FGF23.

Plasma concentrations of FGF23 increase as CKD
progresses, reaching concentrations 1000 times above
the normal range in patients with end-stage renal
disease.” In part, this high concentration is driven by a
progressive positive phosphate balance during the pro-
gression of CKD, even in patients whose serum
phosphate levels remain within the normal range. FGF23
resistance, resulting from reduced klotho expression
during the early stages of CKD, further promotes FGF23
synthesis.*® Additionally, FGF23 itself could perpetuate
its own receptor resistance through a feed-forward loop
since it downregulates its coreceptor klotho.

Epidemiological studies™*® that have addressed the
association between FGF23 and several clinical outcomes,
including cardiovascular and all-cause mortality, are
remarkable because of the consistency of findings across
all cohorts studied, the magnitude of relative risk shown
to be driven by FGF23, and that correcting for potential
confounding factors did not negate the effect of FGF23 on
these outcomes.”* A post-hoc analysis® of the EVOLVE
trial supported the hypothesis of a causal role for FGF23
in cardiovascular disease and mortality. In this analysis,”
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the calcimemetic cinacalcet was shown to reduce not only
PTH concentrations, but also FGF23 concentrations.
Another intriguing finding was a strong association
between the attained reduction in FGF23 concentration
and the reduction in the risk of death or major cardio-
vascular event.” In the general population, an association
has been shown®* between high FGF23 concentrations
and poor clinical outcomes—including heart failure,
incident coronary events, and cardiovascular and all-cause
mortality—even though FGF23 concentrations are
generally much lower in the general population than
in patients with CKD. An explanation for this somewhat
puzzling observation could be that the background risk in
CKD is so huge that any effect of small increases in FGF23
concentration are masked. Alternately, patients with CKD
could have resistance to the biological effects of FGF23,
exemplified by uraemia-induced loss of tissue klotho® or
by the earlier mentioned induction of klotho down-
regulation by FGF23 itself.* The increased risks of all-
cause mortality and heart failure associated with increased
concentrations of FGF23 in the general population were
consistent with increased risks in patients with CKD, but
were not consistent for myocardial infarction or other
atherosclerotic events,** with the exception of two large
studies®® that also found increased risks for these
morbidities (ARIC study, n=11638; MESA cohort, n=6547).
In the Framingham Heart Study a community-based,
longitudinal, epidemiological cohort study, FGF23 was
associated with all-cause mortality but not with arterial
stiffness or endothelial function. Overall, these epi-
demiological data show that increased serum FGF23
concentrations are associated with an increased risk for a
wide range of clinical events, including mortality, in the
general population as is the case in patients with CKD.
The implications of this novel insight for clinicians
treating patients without renal disease could be at least
twofold. First, high concentrations of FGF23 could be
used to identify patients at the highest cardiovascular
risk, and management and monitoring of their
FGF23 concentrations could be considered in future
risk management strategies. A post-hoc analysis” of
3627 participants in the PEACE trial, which compared
treatment with the angiotensin-converting-enzyme
inhibitor trandolapril with placebo in patients without
CKD and with stable ischaemic heart disease, showed
that treatment with an angiotensin-converting-enzyme
inhibitor prevented cardiovascular death and incident
heart failure in those with high concentrations of FGF23.
Second, FGF23 should be considered not just as a marker
for cardiovascular disease, but also as a causal contri-
butory factor. Indeed, biological plausibility exists for this
assumption, with evidence showing the direct induction
of myocardial hypertrophy due to elevated FGF23
concentrations.”® Additionally, increased FGF23 concen-
trations are associated with arterial endothelial
dysfunction.®” Thus, targeting the causes of increasing
FGF23 concentrations might translate into risk reduction

in the general population. Restriction of dietary phos-
phate absorption in individuals with high concentrations
of FGF23 within the normal range is an attractive option.
Another possibility might be that slightly increased
FGF23 concentrations indicate kidney dysfunction
associated with renal klotho deficiency that is not
detected by eGFR measurement.” An important feature
of FGF23 is that it requires klotho as an obligate
coreceptor for several of its key functions. The FGF23-
klotho system has emerged as an endocrine axis that is
essential for maintaining phosphate and vitamin D
homoeostasis. Notably, in addition to being expressed in
the kidneys, klotho is also localised in the choroid plexus
and, to a lesser extent, in the hippocampal neurons of
rats and rhesus monkeys. Gene profile analysis™ has
shown that brain ageing in rhesus monkeys is associated
with a substantial downregulation of klotho expression.
This downregulation was caused by increased methyl-
ation of CpG-rich segments in the klotho gene promoter,
which limits its transcription.” A study” using both a
murine model and in-vitro studies of human renal
tubular cells showed that hypermethylation of the klotho
gene promotor could be caused by uraemic toxins, such
as indoxyl sulphate. Uraemic toxins accumulate in
patients with CKD, including patients with end-stage
renal disease, and the retention of these solutes is
attributable to deficient renal clearance. Whether a re-
duction in uraemic toxin concentrations could lead to
enhanced expression of klotho in the brain and therefore
reduced age-related neurodegeneration could be ex-
plored. Uncovering the details of this crosstalk and its
derangements could have substantial therapeutic
implications for people with CKD and the general popu-
lation with regards to age-related changes in the brain.

Bone disease in patients with CKD and possible
links with the general population

As discussed, bone disease starts very early in disease
progression in patients with CKD with mild histological
features, and therefore many years can pass before
patients with CKD-associated bone disease come to the
attention of nephrologists. Consequently, better under-
standing of the nature of renal osteodystrophy and
development is important for physicians treating
patients with mild CKD. The most clinically relevant
features of renal bone disease are low bone-mineral
density and reduced mechanical strength, which
increases risk of hip fracture.”?”” Hence, patients with
CKD have a similar skeletal risk as other well accepted
at-risk populations who are prone to fractures (eg,
postmenopausal women, people receiving glucocorticoid
therapy). Fracture risk is four times higher in patients
with end-stage renal disease than in the general
population, and it affects patients with CKD at a younger
age than does age-associated osteoporosis in the general
population.*”* Importantly, on the basis of epidem-
iological and experimental data obtained from patients
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with CKD, nephrologists know that bone disease is not
an isolated entity but is associated with increased
morbidity and mortality.*¥ It is conceivable that this
association is also true for the general population.** The
high mortality associated with osteoporosis is usually
attributed to fractures, advanced age, and comorbidities.
However, since osteoporosis and vascular calcification
are now known to progress in parallel, the presence of
osteoporosis also suggests an increased risk of
atherosclerosis and cardiovascular disease.®

Early CKD as a causal factor for bone disease and
fractures is underestimated, since experts responsible for
patients with assumed primary bone disease could
overlook high serum creatinine concentrations within the
normal range—which would in fact be indicative of a low
GFR—and misdiagnose the symptoms as a simple
concomitant condition of old age. Conversely, although the
high incidence of fractures in patients with CKD might be
due to kidney-related specific bone pathology (eg, renal
osteodystrophy)—encompassing abnormalities in bone
turnover, mineralisation, and volume®*—age-related or sex-
related osteoporosis is increasingly being recognised as
potentially having a concomitant and important role in
influencing outcomes for these patients.” The term renal
osteodystrophy should be exclusively used to define the
distinct histological bone-biopsy lesion changes observed
in CKD.** These changes occur in mainly high-turnover
bone diseases (eg, osteitis fibrosa, which is associated with
secondary hyperparathyroidism), low-turnover bone dis-
eases (eg, osteomalacia or adynamic bone disease), and
mixed forms. With high-turnover renal osteodystrophy,
bone resorption occurs faster than bone formation, and so
osteopenia can progress to osteoporosis. In low-turnover
renal osteodystrophy, although rates of both bone for-
mation and resorption might be reduced, resorption is still
relatively faster than formation, and bone mass is lost as a
result.” Therefore, in CKD a low bone-mass density
measured by DXA—which is indicative of osteoporosis in
the general population—might be observed with either
high-turnover or low-turnover renal osteodystrophy and
suggests an increased fracture risk irrespective of
histological type.®

Notably, the spectrum of renal osteodystrophy has evolved
during the past four decades from high-turnover secondary
hyperparathyroidism-related bone disease to multifactorial
adynamic bone disease.”® Nowadays, adynamic bone
disease, characterised by low bone turnover with normal
mineralisation, is a common finding in patients with CKD.
Adynamic bone disease can be secondary to ageing, diabetes,
excessive calcium loads, malnutrition, inflammation, PTH
resistance, and the use of bisphosphonates, among many
other factors.** Adynamic bone disease has also been
associated with an increased risk of fractures, reduced bone
strength (by affecting mineral and matrix), an inability to
handle excess calcium loads, and increased vascular
calcification.”® Nephrologists recognise adynamic bone
disease as a true clinical challenge owing to the presence of

specific iatrogenic risk factors, systemic consequences, and
resistance to established therapies. Knowledge from the area
of nephrology regarding the diagnosis and management of
adynamic bone disease could affect patient care in other
settings of presumed suppressed bone turnover in the
general population, such as diabetes and ageing—eg, avoid-
ing undesirable calcium loading or additional permanent
bone oversupression by molecules such as bisphosphonates.

The potential presence of CKD should be considered in
the differential diagnosis of patients with osteoporosis
because several diagnostic and therapeutic implications
accompany CKD. Increasing attention should probably be
given to low-turnover bone disease in patients in the
general population who have diabetes, inflammation, or
malnutrition, those who are of advanced age, or people
with a combination of these conditions.

Diagnosis of bone disease in individuals with CKD

and in the general population

Clinicians should weigh an individual patient’s risk of
fractures against untoward consequences of treatment
because, to date, if an intervention has proven to be
effective in the general population it has generally been
denied to patients with CKD because of the potential
side-effects (panel). Several diagnostic methods are
available to ascertain a patients’ stage of CKD and risk of
fracture, each with their advantages and disadvantages
for use in patients with CKD and the general population
(table 2).

Diagnosing osteoporosis in patients with CKD
(particularly those with eGFR <30 mL/min per 1-73 m2)
can be challenging, especially in patients with diabetes
and in older patients who present with many fragility
fractures, reduced GFR, and low bone mineral density.
The ageing population with CKD and low bone mineral
density or fragility fractures, or both, might have
osteoporosis or another bone and mineral disorder related
to early CKD. The recognition in nephrology that bone
disease—diagnosed by presence of low-impact fractures,
DXA, or bone biopsy—might indicate increased risk of
not only additional fractures, but also cardiovascular
morbidity. This association probably applies to both indi-
viduals with CKD and the general population. The best
alternative to DXA for assessing the risk of fractures is the
fracture risk assessment tool (FRAX). Even if FRAX does
not include any adjustment of risk according to GFR, we
believe that clinicians could use FRAX in patients with
stage 2 (mild) to 3 (moderate) CKD with signs of mineral
bone disorders. Then the absolute risk of fracture, and
hence possibly other complications as mentioned earlier,
should be adjusted to take into account that the presence
of CKD further increases the risk of fractures, as do falls
or the frequency of falls (which are also not captured in
FRAX). Thus, algorithms that incorporate GFR and other
factors that are not validated by the original FRAX score
into the calculation of potential fracture and clinical risk
are needed.
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Therapeutic challenges for bone disease in early
stage CKD and implications for the general
population

CKD-MBD has a central role in cardiovascular disease,
renal ageing, and bone disease. Scarce data are available to
suggest valid therapeutic options for cardiovascular disease
and renal ageing that could be safely extrapolated to the
general population. By contrast, CKD and age-related or
sex-related bone disease (ie, osteoporosis) are highly
prevalent diseases in the general population, and their
concomitant diagnosis and specific treatment are likely to
increase in the future.™* The 2017 Kidney Disease:
Improving Global Outcomes (KDIGO) guidelines™
suggest that testing of bone mineral density should be
done to assess the risk of fracture in patients with CKD
stages 3a—5D who have risk factors for osteoporosis or
evidence of CKD-MBD, or both, if the results of those tests
could affect treatment decisions (panel).” These patients
need an integral and holistic approach to their management

including general modifications in lifestyle and dietary
habits, and prevention of falls. Fall prevention is often
neglected in patients with CKD.

Calcium and vitamin D

Generally accepted standard treatments for osteoporosis,
such as calcium supplementation, are being challenged
by study data obtained from patients with CKD,"" and
a common misconception is to believe that age-related
or sex-related bone loss can be largely avoided with the
use of these treatments."**® Moreover, studies"*™
have raised concerns about increased cardiovascular
risk with the use of calcium supplements;™ although we
acknowledge that these findings are inconsistent and
inconclusive."™"™ Supplemental calcium intake, but not
increased dietary intake, modestly increases the risk of
nephrolithiasis."" Arrhythmias and increased pro-
gression of vascular calcification have also been linked
to increased calcium intake." Data”" have shown that

Panel: Comparison of KDIGO guidelines from 2009 and 2017 for patients with CKD-MBD

2009 KDIGO guidelines

+ In patients with CKD stages 3-5D, with evidence of CKD-MBD,
testing of bone mineral density should not be performed
routinely, because bone mineral density does not predict
fracture risk in patients with CKD-MBD like it does in the
general population, and bone mineral density does not
predict the type of renal osteodystrophy (evidence 2B)

+ Inpatients with CKD stages 3-5D, bone biopsies should be
performed in various settings including, but not limited to:
unexplained fractures, persistent bone pain, unexplained
hypercalcaemia or hypophosphataemia, possible aluminium
poisoning, and before treatment with bisphosphonates in
patients with CKD-MBD (not graded as a level of evidence)

+ Inpatients with CKD stage 3 with biochemical abnormalities
of CKD-MBD and low bone mineral density or fragility
fractures, or both, treatment choices should account for the
magnitude and reversibility of the biochemical
abnormalities and progression of CKD, with consideration of
a bone biopsy (evidence 2D)

+ In patients with CKD stages 4-5D with biochemical
abnormalities of CKD-MBD and low bone mineral density or
fragility fractures, or both, additional investigation with
bone biopsy should be done before treatment with
antiresorptive drugs

2017 KDIGO

+ In patients with CKD stages 3a-5D with evidence of
CKD-MBD or risk factors for osteoporosis, or both, testing of
bone mineral density should be done to assess fracture risk
if the results will affect treatment decisions (evidence 2B)

+ In patients with CKD stages 3a-5D, a bone biopsy should be
performed if knowledge of the type of renal osteodystrophy
will affect treatment decisions (not graded as a level of
evidence)

+ Inpatients with CKD stage 3a-5D with biochemical
abnormalities of CKD-MBD and low bone mineral density
or fragility fractures, or both, treatment choices should
account for the magnitude and reversibility of the
biochemical abnormalities and the progression of CKD,
with consideration of a bone biopsy

Rationale for updating guidelines
Several prospective studies®* showed that lower bone
mineral density measured by DXA predicted incident
fractures in patients with CKD stages 3a-5D and would
affect the decision to do a bone biopsy

+ Growing knowledge of the effect of drugs for osteoporosis
in patients with CKD, low bone mineral density, and a high
risk of fracture meant that the inability to perform a bone
biopsy in patients at high risk of fractures should not justify
withholding antiresorptive therapy

+ The need to rule out unrecognised CKD and to define the
stage of CKD before initiating antiresorptive treatment were
emphasised on the basis that studies to date in patients
with CKD have not definitively shown that bisphosphonates
cause adynamic bone disease, since the concerns in patients
with CKD are more theoretical than evidence based; this fact
is particularly relevant for the ageing general population,
in whom fragility fractures, reduced GFR, and low bone
mineral density are all highly prevalent

+ Recommendations for bone biopsy before treatment with
antiresorptive and other osteoporosis therapies was
broadened to patients with CKD stage 3a-5D only if it was
known that the type of renal osteodystrophy would affect
treatment decisions

KDIGO guidelines adapted from reference 100. KDIGO=Kidney Disease: Improving Global
Outcomes. CKD=chronic kidney disease. MBD=mineral and bone disorder.
DXA=dual-energy X-ray absorptiometry. GFR=glomerular filtration rate.
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CKD

General population

DXA

FRAX

Bone-turnover

to diagnose low bone turnover

GFR=glomerular filtration rate. PTH=parathyroid hormone.

Not accurate enough to predict the specific type of renal osteodystrophy;
multiple prospective studies®®****** have documented that a lower bone mineral
density reflects bone fragility and predicts incident fractures in patients with
CKD stages 3a-5D******** and after renal transplantation;*

the 2017 KDIGO CKD-MBD guidelines'® suggest that bone mineral density is
valid to assess risk of fractures in patients with CKD stages 3a-5D

Does not include any adjustment of risk according to GFR; predicts risk of
fracture in patients with mild (GFR <90 mL/min) to moderate

(GFR <60 mL/min) CKD stages'™ and transplant recipients, but it is not a
better predictor of risk of fracture than bone mineral density

PTH, despite being known as a prominent renal biomarker for decades,

biomarkers is a suboptimal bone biomarker and does not sufficiently support a reliable
diagnosis of renal osteodystrophy or fracture risk assessment;
sclerostin and tartrate-resistant acid phosphatase-5b have been reported”
as non-invasive predictors of bone loss in patients with CKD on dialysis
Bone biopsy Remains the most accurate diagnostic tool to define alterations in bone

morphology in patients with CKD; bone biomarkers or bone mineral density
measured with DXA have low predictive diagnosis value; patients might have
had an underlying bone disease before developing kidney failure or could have
been treated with drugs such as aluminium hydroxide, calcium-based
phosphate binders, or high doses of vitamin D compounds, that alter the
typical pathological features of bones their interaction with PTH—these
patients could develop adynamic bone disease, and bone biopsy is the only way

CKD=chronic kidney disease. DXA=dual-energy X-ray absorptiometry. KDIGO=Kidney Disease: Improving Global Outcomes. FRAX=fracture risk assessment tool.

The best available clinical tool for the diagnosis of
osteoporosis and monitoring changes in bone mineral
density

Estimates the 10-year probability of hip fracture and
major osteoporotic fracture for those who have and
have not been previously treated for osteoporosis;

to be used for patients aged 40-90 years using easily
obtainable clinical risk factors for fracture and femoral
neck bone mineral density when available

The role of bone biomarkers is limited to the
monitoring of osteoporosis treatments, not for the
diagnosis of osteoporosis; the use of sclerostin and
tartrate-resistant acid phosphatase-5b is not
recommended in regular clinical practice

Mainly restricted to atypical, unclear, and complicated
situations (eg, unexplained primary osteoporosis or
failure to respond to anti-osteoporotic treatments),
and to obtain additional data regarding bone
resorption and remodelling, degree of bone
mineralisation, and bone structure

Table 2: Methods to diagnose bone disease in patients with CKD and in the general population

excess exogenous calcium in adults might be especially
harmful to patients at all stages of CKD, particularly in
the presence of hypercalcaemia, low PTH concen-
trations, and adynamic bone disease or arterial calci-
fication, or both."™ Thus, the use of excessive calcium
supplements could be of particular concern for patients
with undiagnosed, possibly hidden, CKD in the general
population™ and among older patients with osteo-
porosis. Until more data are available, a reasonable
approach for treating these patients is to encourage
increased dietary calcium intake and vitamin D supple-
mentation (in 2010 the Institute of Medicine panel
increased the safe upper limit of daily calcium intake
from 2000 IU to 4000 IU for adults™), and discourage
the routine use of high-dose calcium supplements in
patients with osteoporosis™ with or without CKD."™"

Bisphosphonates

A consensus is growing that in patients with CKD who
have a GFR of more than or equal to 30 mL/min
per 1.73m2, in the absence of abnormalities of mineral
metabolism such as elevated phosphate concentrations or
noteworthy hyperparathyroidism, the use of therapies
that are approved for people in the general population who
have osteoporosis is appropriate for those with
osteoporosis or high risk of fracture, or both.""** Post-hoc
analyses of large randomised clinical trials*** evaluating
antiresorptive medications for the treatment of postmeno-
pausal osteoporosis (eg, risedronate, aleonate, raloxifene)

or anabolic teriparatide, found that these drugs had
similar efficacy in improving bone mineral density and
reducing fracture risk in individuals (mainly women)
with moderate reductions in eGFR (mostly in those who
had stage 3 CKD, and fewer with stage 4). Other small
prospective studies” ' in patients with end-stage renal
disease showed an increase in bone mineral density in
parallel with a decrease in bone resorption markers.
However, most of the results of these studies are not
consistent, have a high risk of bias, and the overall
strength of evidence is low or very low.™

All bisphosphonates carry warnings or contraindi-
cations for patients with low creatinine clearance since
they are largely excreted by the kidney and thus accu-
mulate in bone in patients with advanced CKD (table 3).”
Moreover, treatment with bisphosphonates could induce
kidney injury and proteinuria.® Most importantly,
bisphosphonates could oversuppress bone turnover,
particularly in patients with pre-existing reduced bone
metabolism.”" This knowledge increased clinicians’
understanding of why treatment with bisphosphonates
might lead to atypical fragility fractures or worsen
undiagnosed adynamic bone disease.” In a small 2017
study,” investigators found that bone in patients from
the general population who had fractures and had been
treated with bisphosphonates had more microcracks
(detected by synchrotron X-ray micro-CT) than did bones
from people with fractures who were not treated and
from healthy ageing people who had not had fractures.
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Description

Advantages

Anabolic drugs

(ie, 2 years) considering the risk of osteosarcoma

Antiresorptive drugs

and systemic toxic effects

Denosumab

patients with advanced CKD

Romosozumab ~ Monoclonal antibody against sclerostin; to date, in phase 3 studies in
the general population; cardiovascular effects not known
Teriparatide Recombinant PTH; side-effects include hypercalcaemia and

hypercalciuria; expensive and can only be used over a short period

Bisphosphonates ~ P-C-P structure, similar to the P-O-P structure of native pyrophosphate  Low cost and worldwide availability; increased bone mineral
(pyrophosphate analogue); accumulate in bone tissues independent of ~ density and decreased fractures in predialysis patients with CKD
renal function, but when renal clearance is reduced, have high storage
because of extended half-life; potential risk of adynamic bone disease

Monoclonal antibody which inhibits the osteoprotegerin-RANK-RANKL  No renal clearance; increased bone mineral density and decreased
interaction by blocking RANKL; higher cost than bisphosphates;
potential risk of adynamic bone disease, hypocalcaemia, and rebound
hyperparathyroidism, therefore treatment needs to be monitored in

Data compiled from Goldenstein and colleagues,” a US Food and Drug Association drug safety communication, Amerling and colleagues,** Ma and colleagues,” West and
colleagues,* Jamal and colleagues,” Launay-Vacher and colleagues,™* Block and colleagues, Cejka and colleagues,** and Suminda and colleagues.** CKD=chronic kidney
disease. PTH=parathyroid hormone. RANK=receptor activator of nuclear factor k. RANKL=RANK ligand.

No renal clearance; increases bone mass and turnover, no risk of
adynamic bone disease, potential indication for adynamic bone
disease

No renal clearance; increases bone mass and turnover, no risk of
adynamic bone disease, actually a potential treatment for
adynamic bone disease; increased bone mineral density and
decreased fractures in predialysis patients with CKD in post-hoc
analysis, but high risk of bias

in post-hoc analysis, but with a high risk of bias;***** and
potential attenuation of progression of vascular calcification—
reports of benefits in patients with calciphylaxis

fractures in predialysis patients with CKD in post-hoc analysis,
but high risk of bias; fewer renal side-effects than bisphosphates;
shorter half-life than bisphosphonates

Table 3: Comparison of anabolic and antiresorptive drugs for the treatment of osteoporosis in patients with CKD

Therefore, awareness of the potential presence of
advanced CKD and pre-existing adynamic bone disease
is important, particularly in ageing and diabetic popu-
lations that might be treated with bisphosphonates.""¢

Denosumab

Denosumab is a monoclonal antibody that binds to the
receptor activator of nuclear factor k3 (RANKL) to inhibit
osteoclastogenesis and is not cleared by the kidney. It has
been shown to reduce fracture risk in the general
population and, in a post-hoc analysis, in women with
osteoporosis with CKD stages 3 and stage 4."” However,
although denosumab did not increase adverse events in
patients with impaired renal function, renal side-effects
have been described in patients with cancer who were
treated with denosumab.” Importantly, denosumab
could induce hypocalcaemia if patients are not vitamin D
sufficient,” hence this drug should be used with caution,
especially if patients concomitantly receive calcium-
sensing receptor agonists (table 3). Importantly, the
aforementioned trials®** essentially excluded patients
with elevated serum creatinine concentrations (but did
not necessarily exclude patients with low estimated
GFR), and those with hyperparathyroidism or abnormal
alkaline phosphatase concentrations.

Despite these uncertainties about the applicability of
denosumab to patients with CKD, the 2017 KDIGO
guidelines consider that bone biopsy should not be
mandatory before treatment with antiresorptive drugs,
especially when the patient with CKD is at high risk of
fracture or fragility fractures, or both, and subsequent
mortality. Increasing awareness of risk of adynamic

bone disease among general physicians could increase
the long-term net clinical benefit of treatments that
focus on improving bone mineral density in older
patients with or without CKD by avoiding inappropriate
use of antiresorptive drugs.™ From an alternate
perspective, in some case reports*** an increase in bone
turnover has been shown following treatment with
subcutaneous teriparatide (an anabolic drug; table 3) in
patients with adynamic bone disease that has been
confirmed by bone biopsy or with hypoparathyroidism
and low bone mass. Treatment with antiresorptive drugs
for low or declining bone mineral density would need to
be carefully individualised, particularly considering that
further diminishing the speed of bone formation is
undesirable in patients with CKD and adynamic bone
disease that mimics osteopenia or osteoporosis.
Furthermore, antiresorptive therapy cannot restore bone
mass and structure that has been lost because of
increased remodelling; in such a situation, recombinant
PTH analogues like teriparatide could be a valid treat-
ment option, even for patients with end-stage renal
disease.™

Conclusion

The patient with uraemia might be considered a
prototype for several conditions, which include athero-
sclerosis, vascular calcification, and other bone dis-
orders—conditions which are associated with ageing in
the general population. For such conditions, CKD should
be regarded both as an atypical disease, but also as a
precursor or accelerator, or both, of common pathologies
seen in patients without renal disorders. Additionally,
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Search strategy and selection criteria

We searched Embase and MEDLINE for publications in
English, using “bone” and “skeleton” as obligate terms, with
the following MeSH terms (on MEDLINE) or abstract words in
all combinations of a minimum of two: “chronic kidney

"o nou

disease”, “metabolic bone disorders”, “cardiovascular”,
“vascular”, “osteoporosis”, “calcification”, "vitamin D",
"phosphate”, “FGF23", “klotho”, “anemia”, “heart”, “cardiac”,
and “metabolism”. We searched for publications from
inception until Aug 31, 2017, and largely selected publications
from the past 5 years, but did not exclude commonly
referenced and highly regarded older publications. We also
searched the reference lists of articles identified for relevant
publications. Review articles and book chapters are cited to
provide readers with more details and more references than
this Review has room for. Our reference list was modified on
the basis of comments from peer reviewers. Because of the
nature of this Review, the selection of search and selection
criteria inevitably remained arbitrary.

management of conditions associated with ageing is
often hindered by the presence of CKD, in part due to the
substantial scarcity of evidence of efficacy since older
patients with CKD are often excluded from randomised
controlled trials.*

In this Review we have summarised several insights
that point to early CKD-MBD as a phenotype that allows
identification of factors involved in the development of
morbidities that, in the general population, are usually
ascribed to ageing or senescence (panel). Although
traditional approaches to the reduction of cardiovascular
disease in general and disease-specific populations have
successfully focused on control of blood pressure,
cholesterol, and glucose concentrations, along with
smoking cessation, cardiovascular disease is still
widespread. This residual risk in the general population
could include modifiable risk factors that, up until now,
have only been recognised as such in the field of
nephrology. Data from CKD-MBD research could serve
to better explain the toxic effects of certain molecules and
the management of different pathologies in the general
population. For example, FGF23 has been shown to be a
relevant risk predictor in the general population as it is in
patients with kidney disease.””

We have learnt from nephrology that adynamic bone
disease, characterised by low bone turnover, is a sub-
stantial challenge in patients with CKD that is frequently
unconsidered. Management of the disease should initially
focus on patients with osteoporotic fractures, which are
evidence of bone fragility. Although treatment options are
poorly defined in these patients, the benefits of treatment
probably outweigh the risks.”® This weighing of the
benefits and risks is why the 2017 KDIGO CKD-MBD
guideline update is more open-ended than the 2007
guidelines, and recommends that clinicians weigh the
individual’s risk of fractures against the consequences of

treatment.” Additionally, there are a few ongoing clinical
trials that could help to assess some of the issues
surrounding benefit versus risk (NCT02792413;
NCT02440581). However, adynamic bone disease is not
exclusively found in patients who have CKD; it is also
associated with ageing, diabetes, excessive calcium
intake, malnutrition, inflammation, and the use of
bisphosphonates or other antiresorptive drugs (eg, anti-
RANKL), among many other factors. Limiting exogenous
calcium intake, better management of vitamin D, treat-
ment with teriparatide (or other PTH analogues), and use
of monoclonal antibodies against sclerostin could repre-
sent promising treatment options for increasing bone
formation, preserving skeletal structural and functional
integrity, and attenuating cardiovascular risk in people
from the general population who have bone disease.
Although these treatment options could be attractive, the
case is now very strong for properly conducted trials of
patients with normal renal function that address these
hypotheses with clinically relevant endpoints.
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