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ABSTRACT

Valvular heart calcification is common in patients with chronic kidney
disease (CKD), especially in those receiving hemodialysis therapy, and
it is associated with poor prognosis. Furthermore, progression of
valvular heart disease (VHD) and structural valve deterioration of bio-
prosthetic valves are faster in these patients. Mechanisms involved in
the pathophysiology of VHD are similar between patients with and
without impaired kidney function, but CKD is associated with a bone
metabolism dysregulation, which might lead to a procalcifying
phenotype within vessels and heart valves. CKD is also associated with
left ventricular remodelling and dysfunction, which might contribute to
increase the risk of heart failure and death in patients with VHD. Even
if promising pharmacotherapeutic avenues are in development, no
medical treatment can prevent or reduce the valvular calcific process.
Patients with advanced CKD should undergo transthoracic echocardi-
ography for detection of VHD, and if present, follow-up should be more

Degenerative valvular heart disease (VHD) and left ven-
tricular (LV) remodelling and dysfunction are common
findings in patients with chronic kidney disease (CKD) who
are hemodialysis (HD)-dependent. Valvular and annular
thickening and calcification are observed in any of the heart
valves but more frequently in the aortic and mitral valves,
and especially in end-stage renal disease (ESRD) patients (ie,
glomerular fileration rate < 15 mL/min/1.73 m? and/or
patients receiving HD therapy). Subsequent valvular regur-
gitation and/or stenosis will develop in these patients. Thus,
prevalence, progression, and severity of VHD increase with
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RESUME

Les calcifications valvulaires sont fréquentes chez les atteints d’ isu-
fisance rénale chronique, surtout en cas d’hémodialyse, et leur
présence est associée a un mauvais pronostic. De plus, la progression
des valvulopathies et la détérioration des bioprothéses sont accélérées
dans cette population. Les mécanismes physiopathologiques
impliqués dans le développement des valvulopathies sont similaires
entre les patients avec et sans insuffisance rénale, cependant la
dérégulation du métabolisme osseux est plus prononcée en cas de
néphropathie, d’ou un phénotype pro-calcifiant. L'insuffisance rénale
entraine également un remodelage et une altération de la fonction du
ventricule gauche, ce qui contribue a augmenter le risque d’insuffi-
sance cardiaque et de décés en cas de valvulopathie. Méme si des
pistes thérapeutiques sont en développement, il n’existe aucun
traitement médical permettant de prévenir ou de faire régresser les
calcifications valvulaires. Chez les patients atteints d’ insuffisance

more advanced stages of CKD.! In addition, LV adverse
remodelling and dysfunction become worse with CKD and
VHD progression. In patients with ESRD treated with long-
term HD, hemodynamically signicant aortic stenosis (AS)
occurs 10 to 20 years earlier than in the general population.”
A faster structural valve deterioration (SVD) of bioprostheses
is also observed in patients with renal insufficiency.” Valve
calcification and LV hypertrophy is a powerful risk marker
for all-cause mortality with approximately 50% of patients
with CKD dying from cardiovascular disease.”®

AS has long been considered a passive and age-related
disease. Albeit, aortic valve disease is not seen universally
among the elderly population. According to recent patho-
physiological studies, AS is not a single pathologic process
but a combination of different processes that ultimately lead
to severe valvular calcification and many pathways involved
could be amplified in CKD patients.” Among these pro-
cesses, inflammation and bone metabolism dysregulation
have been shown to be impaired among patients with
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frequent than what is recommended in the guidelines. Transcatheter
valve replacement might be preferred over surgical replacement in
patients with CKD and severe aortic valve stenosis.

decreased renal function.®” In particular, systemic calcium/
phosphate imbalances, reduced expression of calcification
inhibitors, elastic remodelling and osteogenic trans-
differentiation of valvular fibroblasts could play a role during
vascular/valvular calcification in these patients. The scope of
this review is to expose and compare the pathophysiological
processes involved in VHD and SVD in the general and in
the CKD population. Perspectives of medical therapy are
also discussed.

Valvular Calcification in Patients With CKD

CKD is common in the general population and is associated
with an increased risk of cardiovascular complications, such as
coronary artery disease, stroke, heart failure, and valvular
calcification, ' as well as cardiovascular and all-cause mortality.
Strikingly, CKD patients are more likely to die of cardiovas-
cular cause than of kidney failure. Aortic and mitral calcification
(Fig. 1), including mostly mitral annulus calcification (MAC)
and AS, are common in CKD, especially in ESRD patients who
receive HD.'" The prevalence of aortic and mitral valve calci-
fication in CKD patients according to the main studies is
presented in Table 1. At least mild AS or mitral regurgitation
are more frequent in CKD patients and are associated with
worse prognosis vs patients without renal insufficiency. In
dialyzed patients, aortic valve calcification (AVC) and MAC are
observed in 55% and 59% of patients, respectively, > and
significant AS is observed in 6%-13% of patients." " Inter-
estingly, Matsuo et al. reported severe AS in 4% of HD pa-
tients, including paradoxical low-flow low-gradient severe AS in
60% of these cases.'' In addition, AS progression is accelerated
(Table 2) and risk of major adverse cardiac events is higher in
ESRD patients compared with those with normal kidney
function. ' >*** However, the presence of valvular calcification,
especially at the mitral level, is independently associated with a
higher risk of cardiovascular and all-cause mortality in CKD
patients.””” Hence, the severity of CKD and duration of HD
are strongly correlated with the progression of valvular calcific
burden, and in turn, the magnitude of valvular calcification is
strongly associated with the risk of cardiac events.” As for the
clinical outcomes, recent results from the Contemporary Out-
comes After Surgery and Medical Treatment in Patients With
Severe Aortic Stenosis (CURRENT AS) registry showed that
aortic valve replacement compared with a conservative medical
strategy is associated with lower long-term mortality risk in
patients with HD.”” However, in this same study, the surgery-
related mortality was substantially higher in HD patients than
in non-HD patients.”” Importantly, a large proportion of the
studies on VHD performed in the context of CKD involved
HD-dependent patients, who are more exposed to the valvular
calcific process than patients with moderate kidney
dysfunction.
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rénale avancée, il est important d’effectuer une échocardiographie
pour le dépistage des maladies valvulaires et d’effectuer un suivi plus
rapproché que ce qui est recommandé dans les lignes directrices. Le
remplacement valvulaire par cathéter semble étre préférable au
remplacement chirurgical chez les patients atteints d’ insuffisance
rénale et de sténose aortique grave.

Risk Factors for Valvular Calcification in
Patients With CKD

A limited number of studies reported risk factors for
valvular calcification in patients with CKD. In a recent small
Chinese study, the association of advanced age, higher blood
cholesterol level, low-density lipoprotein (LDL) levels, and
increased interventricular septum thickness with the presence
of valvular calcification in patients with reduced renal function
was reported.”® Another study mentioned elevated serum
phosphorus, albumin, and C-reactive protein (CRP) levels as
well as dialysis duration as independent risk factors for valvular
calcification.™

Mechanisms of Valvular Calcification in
Patients With CKD

Endothelial dysfunction

In AS, early lesions are characterized by endothelial
dysfunction associated with a subendothelial thickening and
disruption of the overlying basement membrane in regions
with low shear stress of the leaflets (Fig. 2).%” These lesions
are responsible for an alteration of the endothelial barrier
function, which facilitates lipid infiltration and deposition as
well as inflammatory cell infiltration processes (Table 3).
The key inidating factor in the development of the early
valvular lesions appears to be disturbance of flow patterns,
which result in alteration of local endothelial shear stress,
especially on the aortic side of the valve. These blood-flow
perturbations can activate endothelial cells, tipping the bal-
ance of endothelial-derived factor and microparticles to alter
the barrier function and enhance coagulation, leukocbyte
adhesion, and smooth muscular cell proliferation.”***"
These activations are protective mechanisms, but an exces-
sive response might induce abnormal fibroproliferation
within valvular tissues.

The shear stress-related endothelial damage induced by
the repeated turbulent blood flow crossing the valve is
further exacerbated in HD-dependent ESRD patients.
Indeed, fluid overload, anemia, and shunts across arterio-
venous fistulae induce a state of high cardiac output, which
leads to increased flow velocity and turbulence across the
aortic valve and thereby predispose to valvular calcific pro-
cess. In addition, CKD patients are more often exposed to
cardiovascular comorbidities, especially hypertension, and to
arteriosclerosis, which is responsible for vascular thickening,
stiffening, and calcification. These 2 conditions increase the
LV afterload, which further increases valvular endothelium
damage and LV remodelling. To a lesser extent, LV dilata-
tion and dysfunction related to afterload excess can result in
the occurrence of mitral regurgitation.
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Figure 1. lllustrative example of aortic valve calcification and mitral annular calcification (MAC) in a patient with end-stage renal disease. (A-C)
Transthoracic and (D, E) transesophageal echocardiographic views, and (F) cardiac computed tomography. (A) Aortic valve calcification (green star)
and MAC (red star) from the parasternal long-axis view. (B) Extensive posterior MAC (red stars) from the parasternal short-axis view. (C) Calcification
of the 3 aortic valve leaflets (green stars) from the parasternal short-axis view. (D) and (E) Extensive posterior MAC (red stars) from the left atrial en
face view using 3-dimensional volume-rendering mode (D) and multiplanar reconstruction (E). (F) Extensive posterior (red stars) and anterior (red
arrows) MAC from the left ventricular view using multiplanar reconstruction. L, lateral side; S, septal side.

Lipid infiltration lipoproteins, especially oxidized dense LDL, which is not pre-
sent in normal aged valves (Fig. 2).%7 Several studies have
shown a strong association between increased circulating levels
of LDL*! or lipoprotein (a) (Lp[a]) and aortic valve disease

Lipid metabolism abnormalities are a central mechanism in
the pathophysiology of atherosclerosis and AVC. Early lesions
of calcific AS are characterized by the presence of intravalvular

Table 1. Prevalence of aortic or mitral valve calcification in patients with and without CKD

Aortic/mitral valve Aortic/mitral valve
Patients Patients calcification in patients calcification in patients

Reference with CKD, n without CKD, n CKD stage with CKD, % without CKD, %
Maher et al."” 87 NA Hemodialysis 28/36 NA
Straumann et al.' 62 NA Hemodialysis 55/40 NA
Braun et al."” 49 102 Hemodialysis 55/59 NM
Ribeiro et al.'” 92 92 Hemodialysis 52/44.5 4.3/10
Ventura et al."® 135 NA Hemodialysis 78126 NA

Raggi et al.”” 205 NA Hemodialysis 34/45 NA
Wang et al.”’ 192 NA Peritoneal dialysis 17.2/22.4 NA
Schénenberger et al.”! 55 15 Hemodialysis 60/NM 12/NM
Varma et al.”? 137 NA Hemodialysis 36/39 NA
Kume et al."? 55 NA Hemodialysis 47/NM NA
Tarrass et al.”> 90 NA Hemodialysis 36/30 NA
Holden et al."* 108 NA Hemodialysis 84/NM NA

Ix et al.** 653 6132 Stage 3a or worse* 25/20 12/8
Adeney et al.”’ 439 NA Stage 3a or worse™ 25/20 NA

Tkee et al.”® 112 NA Hemodialysis 75/51.7 NA
Avila-Dfaz et al.”’ 124 NA Peritoneal dialysis 57.8/26.3 NA
Matsuo et al.'’ 315 NA Hemodialysis 76.5/58.4 NA

Rong et al.”® 288 NA All stages 22.9/4.9 NA

CKD, chronic kidney disease; NA, not appropriate; NM, not mentioned.
* Glomerular filtration rate <60 mL/min/1.73 m>.
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Table 2. Summary of studies that identified an association between CKD and aortic stenosis progression or structural valve deterioration of

bioprostheses

Patients Patients without
Reference with CKD, n CKD, n CKD stage Valvular negative effect
Malergue et al.** 112 NA Hemodialysis ~ AS progressmn AVA reduction
Wongpraparut et al.” 58 NA Hemodialysis ~ AS progression: AVA reduction > 0.25 cm®ly
Perkovic et al.” 28 56 Hemodialysis ~ AS progression: faster AVA reduction (—0.19 vs —0.07 cm?*/y) and faster peak
gradient increase (6.5 vs 3.9 mm Hg/y) in CKD patlents
Ohara et al.”! 16 82 Hemodialysis ~ AS progression: faster AVA reduction (—0.14 vs —0.06 cm?/y) in CKD patients
Kume et al.'”? 55 NA Hemodialysis ~ AS progression: AVA reduction
Kim et al.”’ 74 79 Hemodialysis ~ AS progression: faster progression (change in severity stage) in CKD patients
Lamberti et al.”’ 2 NA NM Accelerated SVD: calcific deposition
Brinkman et al.”” 72 NA Hemodialysis ~ Accelerated SVD: prosthesis dysfunction requiring surgery
Briand et al.’ 217* NM Accelerated SVD: regurgitation worsening and/or > 3 mm Hg/y increase in
radient
Okada et al.”’ 89 317 Hemodialysis Ac%elerated SVD in CKD patients: 18% vs 0%, at 5 years
Salaun et al.*’ 1387* NM Accelerated SVD: > 10 mm Hg increase in mean gradient or worsening of

regurgitation > 1/3 class

AS, aortic stenosis; AVA, aortic valve area; CKD, chronic kidney disease; NA, not appropriate; NM, not mentioned; SVD, structural valve deterioration;
*When CKD was found as an independent factor associated with SVD in the global study population.

inidation and progression (Table 3). s Dyshpldemla was also
identified as a risk factor for MAC.”” Interestingly, patients
with CKD, especially those who are HD-dependent, have
higher level of Lp(a), Wthh might increase the risk of coronary
and heart valve diseases.”® It is believed that dysfunction of the
endothelial barrier facilitates the entry of circulating lipids into
the aortic leaflets, which can thereafter trigger local modifica-
tions such as inflammatdon and cellular differendation pro-
cesses. Upregulation of the LDL receptor related protein-5 is
involved in the activation of skeletal bone development and in
the differentiation process of valvular myoﬁbroblasts into os-
teoblasts.”” In addition, angiotensin-converting enzyme is

found in stenotic aortic valves, where it colocalizes with apoli-
poprotein B and anglotensm IL*® This observation suggests a
substantial role of the renin-angiotensin-aldosterone system
(RAAS) in disease progression through the extracellular matrix
remodelling and fibrosis process. These findings provide sup-
port to the concept that AVC is a lipid- drlven process, which
might be exacerbated in the setting of CKD."

Reactive oxygen species

Increased oxidative stress in calcified and pericalcific lesions
. . 49
of the aortic valve has been documented in humans.

1. Shear stress

inflammation

3. Uremic toxins: increased

Bisphosphonates
RANKL inhibitor
Vitamin K

4

o
@ —7 Endothelial >

oxLDL Lp(a)

o®

4. Lipid and inflammatory
cells infiltration and retention

Mast cell Macroihage lemihocte

6. Bone metabolism
dysregulation

Increase in:
Calcium/Phosphate
PTH
RANKL

Decrease in:
Fetuin-A
Osteoprotegerin
Klotho

5. Inflammatory cytokines release

TGF-B1, IL-6, TNF-a, NF-«B

PCSK9 and
Fibroblast

RAAS inhibitors

ucMGP
FGF-23

Myofibroblast Osteoblast-like cell

7. Fibroblast _ﬁ
transdifferentiation

— Fibrosis and calcification
‘—W‘§$7 w

Figure 2. Pathways involved invalvular heart diseases and potential targets of medical therapy in patients with chronic kidney disease. FGF-23, fibroblast
growth factor-23; GLA, gamma-carboxyglutamic-acid; IL-6, interleukin 6; LP(a), lipoprotein a; MGP, matrix GLA protein; NF-kB, nuclear factor kappa-B;
oxLDL, oxidized low-density lipoprotein; PTH, parathyroid hormone; RAAS, renin-angiotensin-aldosterone system; RANKL, receptor activator of nuclear
factor kappa-B ligand; TGF-B1, transforming growth factor-p1; TNF-a,, tumour necrosis factor-o.; ucMGP, uncarboxylated matrix-GLA-protein.
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Table 3. Summary of the pathophysiology of valvular calcification process: involved mechanisms, valvular consequences, and effect of CKD

Pathophysiological mechanisms of AS

Valvular consequences

Effect of CKD

Endothelial dysfunction
e Endothelial shear stress

Lipid infiltration

e Oxidized LDL

o Small circulating LDL particles

e LP(®a)

o LDL receptor-related protein-5

ROS

o Increase in ROS production (superoxide and
hydrogen peroxide)

e Decrease in antioxidant defenses (NO,
superoxide dismutase)

Systemic and local inflammation

e T lymphocytes, mast cells, and macrophages
infiltration

e Proinflammatory cytokines release (TGF-B1,
IL-6, TNF-a, and NF-KB)

Bone metabolism dysregulation

o Calcium/phosphate imbalance

o Increase in osteoblastic factors: osteopontin,
osteocalcin, BMP-2, and Cbfal/ Runt-related

Barrier dysfunction with lipid and inflammatory
cell infiltration

Valvular interstitial cells transdifferentiation and
proliferation into smooth muscle-like cells

Local inflammation

RAAS activation

Valvular interstitial cells transdifferentiation and
proliferation into osteoblastic like-cells

Myofibroblast activation
Valvular interstitial cells transdifferentiation and
proliferation into osteoblastic like-cells

Extracellular matrix remodelling with fibrosis
Inactivation of ROS production

Valvular interstitial cells transdifferentiation and
proliferation into osteoblastic like-cells

Hyperphosphatemia
Apoptotic pathways activation
Osteoblastic cell differentiation
Soft tissue calcification

Shear stress increase by fluid overload

Increase LP(a)

NOS uncoupling
NO reduction
Increased ROS production

Increase in systemic inflammation related to
production of uremic toxins (indoxyl sulfate)
and malnutrition

PTH level increase with hyperphosphatemia
Decrease in fetuin-A
Decrease in osteoprotegerin and increase in

RANKL

transcription factor 2

o RANKIL/RANK/osteoprotegerin, and
FGF-23/Klotho imbalance

o Decrease in anticalcifying factors: fetuin-A and

activated MGP (cMGP)

e Decrease in Klotho and increase in FGF-23
e Increase in inactivated MGP (ucMGP) related
to vitamin K deficiency

AS, aortic stenosis; BMP-2, bone morphogenetic protein 2; Cbfal/Runt-related transcription factor 2, core binding factor 1/Runt-related transcription factor 2;
CKD, chronic kidney disease; cMGP, carboxylated matrix-GLA-protein; FGF-23, fibroblast growth factor-23; GLA, gamma-carboxyglutamic-acid; IL-6, inter-
leukin 6; LDL, low-density lipoprotein; LP(a), lipoprotein a; MGP, matrix-GLA-protein; NF-kB, nuclear factor KB; NO, nitric oxide; NOS, nitric oxide synthetase;
PTH, parathyroid hormone; RAAS, renin-angiotensin-aldosterone system; RANK, receptor of nuclear factor kB; RANKL, receptor activator of nuclear factor KB

ligand; ROS, reactive oxygen species; TGE-B1, transforming growth factor-B1; TNF-a, tumour necrosis factor-0i; ucMGP, uncarboxylated matrix-GLA-protein.

Superoxide and hydrogen peroxide levels are markedly
elevated in the calcified regions of the aortic valve, whereas
antioxidant mechanisms are dysregulated as shown by the low
expression and activity levels of superoxide dismutase enzymes
(Table 3). Oxidative stress might also play a role in the early
stage of AVC by driving activation of myofibroblasts, Wthh
are capable of transdifferentiation into osteoblast-like cells.”
Asymmetric dimethylarginine (ADMA) and L-arginine are 2
molecules that compete for the activation of the endothelium-
derived relaxing factor: nitric oxide. ADMA levels, which are
abnormally elevated in CKD patlents, is strongly associated
with cardiovascular mortality.”” Nitric oxide synthetase
uncoupling, reduction of nitric oxide, and increase in reactive
oxygen species production are related to increased ADMA
generation and decreased antioxidant defense. In vitro studies
showed that calcified valvular intersticial cells present a
reduced expression of dimethylarginine dimethylaminohy-
drolase 1 and 2, the enzymes responsible for the control of
ADMA levels. 1 ADMA circulating levels have also been
associated with the presence of AVC, 5253 however, this rela-
tionship has never been studied in patients with declined
kidney function.

Systemic and local inflammation

Local inflammation related to lipid deposit, oxidative
stress, and endothelial dysfunction is responsible for the
release of proinflammatory cytokines, which enhance the

recruitment and the infileration of circulating inflammatory
cells such as T lymphocytes, mast cells, and macrophages,
including lipid-laden foam cells (Fig. 2). 57 Among the
different cytokines involved in the early phase of aortic valve
remodelling, tumour necrosis factor-., transforming _/growth
factor-P1, and nuclear factor-kB seem to be essential.
Systemlc uremic inflammation is a common condition in
ESRD patients, a fortiori in case of HD,”* mostly related to
the inflammatory cytokines interleukin 6, tumour necrosis
factor-0, and nuclear factor-kB. However, these cytokines are
also involved in several organ dysfunctions, especially in the
heart. Thus, this chronic microinflammatory state was shown
to be associated with valvular calcification, accelerated
atherogenesis, and adverse clinical outcomes. Several studies
reported an association between the plasma level of CRP and
interleukin 6 and the presence of aortic and mitral valvular
calcification in CKD patients treated or not with dialysis.””
In addition, Schénenberger et al. reported a higher CRP level
in HD patients with 51gn1ﬁcant AS.”" Causes of thIS systemic
inflammation in CKD patients are multifactorial.”” Emerging
evidence suggests that kidney dysfunction results in a serum
accumulation of uremic toxins, such as indoxyl sulfate, which
accelerate the progression of CKD and increases vascular cell
proliferation, inflammatory cytokine release, and reactive ox-
ygen species production. Indoxyl sulfate is produced by the
liver from the proteins absorbed in the intestine, and it is
normally excreted into urine. In a rat model, indoxyl sulfate
induced calcification of the aorta through the activation of
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osteoblastic proteins, such as osteopontin, osteocalcin, and
core binding factor 1. Further studies focused on cardiac
valves are needed to explore this hypothesis. Finally, ESRD
patients are at high risk of malnutrition, which is itself a
trigger for systemic inflammation and valvular calcification

(Table 3).°°

Bone metabolism dysregulation

Bone metabolism is a distinct contributor to AS (Table 3).
Calcium deposit and mature bone formation are actively
regulated in stenotic aortic valves (Fig. 2).% Histological
analysis showed microscopic and macroscopic extracellular
mineralization in advanced calcified leaflets, but also in early
adjacent lesions that contain only inflammatory cells and lipid
deposition.”” The microcalcification formation might be
mediated by cell death and the release of apoptotic bodies,
which are similar to the matrix vesicles found in the bone.
Moreover, explanted stenotic aortic valves express several
osteoblastic markers as such as osteopontin, osteocalcin, LDL
receptor-related protein-5, osteoprotegerin/ receptor activator
of nuclear factor kB ligand (RANKL)/receptor of nuclear
factor kB (RANK), bone morphogenetic protein 2, and core
binding factor 1/Runt-related transcription factor 2.”*7%
In AS, RANKL/RANK to osteoprotegerin ratio is unbal-
anced to the detriment of osteoprotegerin, thus promoting
calcifying processes.”""*”  Finally, fetuin-A, and matrix-
carboxylation/gamma-carboxyglutamic (GLA)-protein (MGP)
are other factors identified as powerful circulating inhibitors of
vascular and soft tissue calcification® through the inhibition
of transforming growth factor-f and bone morphogenetic
protein 2 effects, the reduction of apoptosis-mediated calcifi-
cation, and a direct prevention of calcification by binding to
calcium crystals.

MGP. MGP is an extracellular protein expressed in several
organs, which inhibits soft tissue calcification.”” A recent
in vitro study sug%ggsted that MGP directly acts as a negative
regulator of AVC.”” To be biologically active, MGP requires a
Y-carboxylation, which is a vitamin K-dependent process.
However, ESRD patients often have vitamin K deficiency,
which leads to increased level of uncarboxylated (ie, inactive)
MGP.®® This imbalance between pro- and anticalcific
mechanisms in CKD patients might accelerate the calcifying
processes of the heart valves (Table 3). These findings also
raise the issue of the use of vitamin K antagonist (VKA)
therapy for anticoagulation, which might increase the risk of
valvular calcification. Some retrospective and 1 prospective
study suggested a higher risk of valvular calcification in pa-
tients who receive VKA for nonvalvular atrial fibrillation,®”
including HD-dependent ESRD patients.'**® In a retro-
spective study, Tastet et al. showed that patients with AS
treated with VKA have faster hemodynamic (peak velocity)
and anatomic (calcium score) progression of AS compared
with those with non-VKA oral anticoagulants or with no
anticoagulation.®” The risk vs benefit ratio of VKA in patients
with CKD requires further studies.

Fetuin-A. Fetuin-A is a circulating calcium-binding glyco-
protein involved in the inhibition of tissue calcification.®’
Contradictory findings were reported regarding the relation
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between fetuin-A circulating levels and valvular calcification in
patients with preserved renal function. Koos et al. reported
that nondialyzed AS patients with a lower fetuin-A levels had
faster AVC progression.”” Similar results were observed in
patients with MAC.”" However, several studies showed an
inverse correlation between fetuin-A level and cardiac valve
calcification (ie, higher levels of fetuin-A being associated with
more calcification).”””* In addition, fetuin-A deficiency was
identified as a uremia-related and inflammation-related mor-
tality risk factor in HD patients.”” As for MGP, the imbalance
between pro- and anticalcific mechanisms might explain the
higher prevalence of valvular calcification in CKD patients

(Table 3).

Osteoprotegerin/RANK/RANKL axis. The liaison of
RANKL with RANK induces the osteoclast differentiation
and maturation, and therefore bone resorption. Osteoprote-
gerin is a decoy receptor for RANKL, able to block its
interaction with RANK, thereby inhibiting osteoclast differ-
entiation.”® In AS, RANKL/RANK to osteoprotegerin ratio is
unbalanced to the detriment of osteoprotegerin procalcifying
processes (Table 3).062 Osteoclast activation related to
imbalance in osteoprotegerin/RANKL ratio in CKD patients
is not well known. Shuvy et al. reported an increased level of
RANKL transcription in a rat model of renal failure.” Thus,
further studies are necessary to determine the implication of
RANKL in the setting of CKD.

Calcium/phosphate homeostasis. Alteration in calcium/
phosphate homeostasis is a major complication of CKD.
Kidney dysfunction and the associated vitamin D deficiency
result in hypocalcemia and hyperphosphatemia. Hypocalce-
mia induces an increase in parathyroid hormone (PTH)
plasma levels that stimulate bone resorption by osteoclasts and
transform vitamin D in its active metabolite.”” Hyper-
phosphatemia also increases PTH levels to facilitate its cubular
excretion. However, the resulting secondary hyperparathy-
roidism induces osteoporosis and ectopic calcification
(Table 3). This counterintuitive association between reduced
bone mineralization and soft tissue calcification is also
observed during osteoporosis and aging, and is often called the
“calcification paradox.” The mechanisms involved in this
paradoxical process are not fully elucidated, but seem to be
mainly related to the increase in phosphate plasma level and
hydroxyapatite formation. Indeed, several authors showed a
direct relation between valvular calcification and phosphate/
PTH dysregulation.”'"*>’® In vitro studies showed that
phosphate can induce matrix mineralization and is also able to
activate apoptotic pathways in valvular interstitial cells,””
which further increases the mineralization process. Hyper-
phosphatemia could also stimulate endothelial cells and then
release of endothelial microparticles, leading to inflammation
and endothelial cell apoptosis. In addition, elevated extracel-
lular calcium and phosphate levels in CKD patients might
induce the release of microvesicles from macrophages and
vascular smooth muscle cells, which promote extracellular
matrix microcalcification formation. In a rat model of
adenine-induced renal failure with rapid hyperparathyroidism,
rats fed with a high-phosphate diet developed AVC, whereas
those with low-phosphate diet had minimal AVC.” Calcium/



Ternacle et al.
Chronic Kidney Disease and Valvular Heart Diseases

phosphate homeostasis and secondary hyperparathyroidism
are therefore major contributors to valvular calcification in
CKD patients. Finally, the calcium/phosphate level regulation
through the PTH axis is also a crucial contributor to the
valvular calcification process, especially in the context of sec-
ondary hyperparathyroidism related to CKD.”

Fibroblast growth factor-23/Klotho axis. Fibroblast
growth factor (FGF)-23 is a bone-derived hormone that
contributes to maintain the mineral homeostasis by inducing
urine elimination and lowering intestinal absortption of
phosphate, and by reducing active vitamin D level.*” FGF-23
level is regulated by calcium/phosphate modulators such as
vitamin D and PTH. In CKD patients, FGF-23 level eleva-
tion correlates with the decline in kidney function and the
increase in phosphatemia. FGF-23 also exerts a negative
feedback control over PTH secretion. FGF receptors are
ubiquitous, but the specific tissue action of FGF requires the
presence of Klotho, which is a single pass membrane protein.
In case of Klotho deficiency, the affinity of FGF-23 for its
receptor is decreased, and FGF-23 alone cannot properly
regulate phosphate homeostasis. Thus, FGF-23 might not be
able to prevent secondary PTH elevation in patients with
advanced CKD because of a possible Klotho downregulation
in parathyroid glands. In CKD patients, FGF-23 is a powerful
marker of renal disease Erogression, cardiovascular mortality,
and all-cause mortality,”’ and seems to be involved in LV
remodelling,82 vascular damage, and AVC.** Klotho defi-
ciency was also shown to be associated with aortic valve
inflammation, osteogenic activation (ie, Runt-related tran-
scription factor 2), and valvular fibrosis in mice and human
models (Table 3).5°%/ Finally, it remains unclear if FGF-23,
Klotho, or both are directly involved in valvular calcification
in CKD patients.

CKD and SVD of Bioprostheses

According to current guidelines on VHD management,
valve replacement or repair is the recommended therapy in
symptomatic patients with severe VHD. Because “degenera-
tive” VHD:s are associated with calcific deposition, especially
in CKD patients, the best treatment remains the replacement
rather than the repair of the native valve.*® Two types of
prosthesis can be implanted according to patient age, co-
morbidity, life expectancy, surgical risk, personal choice, and
probability of SVD. Bioprostheses are recommended in older
patients (older than 60 years of age), when prolonged oral
anticoagulation is not desirable, or when a percutaneous
approach is used (patients with intermediate/high surgical
risk). Conversely, bioprostheses are at high risk of accelerated
SVD in young patients, patients with diabetes, or HD-
dependent patients with CKDs. Several studies (Table 3)
identified renal dysfunction as a powerful independent pre-
dictor of premature SVD.”*””* The pathophysiology of SVD
is not well understood, but it is assumed that mechanisms of
SVD are similar to those involved in native VHD,” mainly
because the background disease is still active (ie, blood flow-
related shear stress, systemic inflammation, and metabolic
disturbances; Fig. 2). Nevertheless, some studies suggest that
it is reasonable to use bioprostheses in HD patients because
the risk of accelerated SVD is offset by the risk
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thromboembolic events and anticoagulant-related bleeding
events associated with mechanical prostheses.”””* Further-
more, the risk of reintervention because of SVD is relatively
rare in these patients because of their short life expectancy,
and these interventions can, nowadays, be Performed via a
transcatheter (valve-in-valve) procedure.”””® Finally, SVD
could become a major concern in future years because of the
rapid expansion of use of transcatheter valve therapies in high-
risk populations including patients with advanced CKD.

CKD and LV Remodelling

Modification in LV geometry is an adaptive mechanism in
response to physiological or pathological homeostasis change.
Several conditions might induce LV structural changes and
remodelling such as CKD and VHD (Fig. 2). Indeed, LV
modifications in CKD patients are similar to those observed in
VHD patients, and might be worsened when both diseases are
concomitant. In addition, heart and kidney homeostatic
functions are essential and inter-related. CKD induces volume
overload, myocardial fibrosis, and increases the risk of coro-
nary artery disease and pulmonary hypertension, which induce
myocardial damage.”” However, cardiac dysfunction impairs
renal perfusion, which worsens kidney injury (cardiorenal
syndrome). In CKD patients, the structural modifications of
the myocardium begins in the early stage of disease and get
worse in ESRD patients,”””” but seem to improve after kid-
ney transplantation.'”’ The early alterations of the myocar-
dium include an increase in myocardial apoptosis and a
change of cardiomyocyte and fibroblasts phenotypes toward a
profibrotic phenotype.'”"  These alterations induce LV
myocardial dysfunction such as abnormal global longitudinal
strain, increased LV filling pressure, and impaired LV relax-
ation even before significant LV dysfunction and hypertrophy
develops.”®” Interestingly, an increase in FGF-23 and
transforming growth factor-P levels, and Klotho deficiency in
CKD patients seem to be related to the RAAS activation and
are involved in the development of LV fibrosis.'*>'** Hence,
there appears to be a cross-talk between mechanisms of
valvular and myocardial dysfunction in CKD patients. These
subclinical alterations evolve toward LV geometry changes
including LV hypertrophy (concentric and eccentric), dilata-
tion, and systolic dysfunction, which are strong predictors of
adverse renal and cardiovascular outcomes.® In addition, his-
tory of cardiovascular disease is positively associated with the
develoPment of LV remodelling, especially in ESRD pa-
tients.'”” Interestingly, HD therapy might improve LV
function and reverse LV remodelling by decreasing blood
pressure level and volume overload, but the increase in fistula-
related flow might also induce pulmonary hypertension and
right ventricular dysfunction, which are associated with
adverse outcomes.'”'"” Finally, LV alteration, remodelling,
and dysfunction related to VHD might be amplified in the
presence of CKD, which certainly contributes to increase the
risk of heart failure and death in this population.

Perspective of Medical Therapies
There is no specific recommendation regarding the medical
management of AS. However, several interesting pathways

involved in the pathophysiology of VHD might be targeted by
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therapies. Among them, the lipid infiltration and the calcium/
phosphate metabolism are the main mechanisms targeted by
therapeutic trials aimed at limiting or even reversing the
process of calcification. Three randomized clinical trials have
tested the benefit of statin treatment in AS progression, but all
were negative despite a significant decrease in LDL plasma
levels." """ No significant interactions have been reported in
these trials between lipid-lowering therapy and CKD with
respect to AS progression rate and outcomes. However, the
effect of Lp(a)-based therapies such as inhibitors of proprotein
convertase subtilisin/kexin type 9 (PCSK9) or hepatic
expression of apolipoprotein (a) (apo(a)) (antisense oligonu-
cleotides or small interfering RNA) is unknown and might
offer unprecedented potential for significant reduction in
progression of AS and ensuing risk of adverse events.'''
Recent studies suggest a possible beneficial effect of
angiotensin-converting enzyme inhibitors and angiotensin
receptor blockers on the aortic valve fibrotic process, calcifi-
cation progression, and valve replacement, but the current
evidence is overall weak.''”""* RAAS inhibitors might also
reduce the risk of adverse events in AS patients through its
beneficial effects on hypertension, LV remodelling, and
myocardial fibrosis, which might be even more important in
patients with CKD."'>'"®

Calcium/phosphate metabolism dysregulation is common
in older and/or CKD patients. Bisphosphonates have an anti-
inflammatory effect and are a major regulator of bone turn-
over by limiting the osteoclastic resorption and calcium
phosphate particles release. Thus, it was postulated that
bisphosphonates could influence the course of AVC progres-
sion. This hypothesis was tested in elderly women with
moderate AS without CKD but considered at higher risk of
AVC progression because of osteoporosis.''” Unfortunately,
results were negative in this selected population. Conversely, a
recent analysis of the Multi-Ethnic Study of Atherosclerosis
(MESA) showed a beneficial effect of bisphosphonates use by
reducin% the vascular and valvular calcification in older
women. '®  Denosumab, a RANKL inhibitor (e,
osteoprotegerin-like), which has a similar action to
bisphosphonates to treat osteoporosis, showed promising
in vitro results b}r inhibiting the calcification of valvular
interstitial cells."'”” Once again, no significant effect was
observed on the degree of abdominal aortic calcification after
3 years 13£ treatment in postmenopausal women with osteo-
porosis. ~ However, AVC progression was not investigated. A
randomized controlled trial (Scottish Aortic Stenosis and
Lipid Lowering Trial: Impact on Regression [SALTIRE] II) is
ongoing to determine the effect of bisphosphonates and
denosumab on AS progression. One explanation of these
negative results could be (1) the presence of confounding
factors such as osteoporosis; (2) the confounding effect of the
concomitant use of procalcifying agents such as calcium and
vitamin D supplements''’; and/or (3) persistent elevation in
plasma PTH level. In this regard, Di Lullo et al. showed
impressive results using non-calcium-containing phosphate
binders in CKD patients.'”" After 1 year of treatment, aortic
and mitral calcification regressed signiﬁcantl?f and the circu-
lating levels of FGF-23 and CRP decreased.'”' Management
of CKD bone mineral disorder is also essential to limit oste-
oporosis and soft tissue calcification, especially in patients
receiving HD. Raggi et al. reported that the combination of
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calcimimetic agent cinacalcet with low-dose vitamin D is
associated with slower progression of valvular calcification in
patients with HD, compared with vitamin D supplementation
alone.'”” Parathyroidectomy was also suggested by some au-
thors to aggressively control calcium/phosphate-related com-
plications in CKD patents, especially in cases of severe
secondary hyperparathyroidism.”’ Another therapeutic way to
limit valvular calcification could be to promote anticalcific
agents such as MGP using vitamin K supplementation or to
limit VKA prescription to patients not eligible for non-VKA
oral anticoagulants (ie, glomerular filtration rate < 30 mL/
min/1.73 m?). Interestingly, recent data suggest that a
reduced dose of apixaban might be used in patients with
advanced CKD,'*’ but this management is off-label and re-
quires further validation. Other attractive therapeutic ap-
proaches could be to directly inhibit the cytokines responsible
for the osteoblastic differentiation. However, because of the
large overlap between factors involved in bone and valvular
calcification, the major challenge is to slow or block the AVC
process without compromising bone health.

Implications of CKD for the Management of
Patients With VHD

Management of VHD in patients with nonsevere CKD
(stage < 3b: glomerular filtration rate > 30 mL/min/1.73 m?)
should be similar to that in patients with normal kidney
function (Fig. 3). However, because of the high prevalence of
valvular calcification and cardiovascular events in patients with
advanced CKD (sta%e > 4: glomerular filtration rate < 30
mL/min/1.73 m?),"**'*> a transthoracic echocardiography
(TTE) evaluation should be performed during the course of
the CKD, especially in case of symptoms or before HD
initiation and renal transplantation (Fig. 3). Moreover, VHD
progression is faster in ESRD patients who frequently fulfil
the criteria for rapid progressor definition (> 0.3 m/s per year
for AS)."*’" Hence, follow-up in ESRD patients with known
VHD should probably be more frequent than recommended
by current guidelines,”® and should be systematic before high-
risk noncardiac surgery.'”® In addition, patients must be
carefully educated about the importance of follow-up and
rapid reporting of symptoms. Currently, there is a lack of data
on therapeutic management of CKD patients with VHD. To
our knowledge, no prospective study has been conducted in
this population to determine the optimal timing and type of
intervention in this population. Thus, therapeutic decision-
making for intervention should comply with the current
guidelines. The heart team should include an anaesthesiologist
and nephrologist or geriatrician to assess the patient’s frailty,
surgical risk, and potential risk for periprocedural worsening
of renal function. Despite a higher risk of death and com-
plications in patients with advanced CKD,'*”"*" invasive
interventions are associated with better outcomes than med-
ical therapy alone,'”" except when life expectancy is < 1 year.
The oPtimal invasive approach to treat AS is a matter of
debate'*”*'?* but recent retrospective data suggest better car-
diovascular and renal outcomes using a transcatheter aortic
valve replacement vs a surgical aortic valve replacement.' > *
Indeed, transcatheter aortic valve replacement seems to be a
lower risk for CKD worsening than surgery, which is a major
concern in this population at high risk of subsequent cardiac
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Valvular Heart Disease Management
in patients with advanced CKD *

Previous valvular evaluation? = » TTE
Yes [«
v
Presence of VHD? -» No VHD
No
Yes { ‘
Follow-up Indication f New TTE if
— 3-6 month if severe — ndication for — Symptoms occurrence
— 6-12 months if moderate | No intervention? — before high-risk
— 12 months if mild non-cardiac surgery
Yes
y Medical therapy if
Heart Team T —p| — life expectancy <1 year
— advanced comorbidities or frailty
— futility
A\ 4
Calcific Aortic or
Aortic Mitral valve disease? Mitral
A 4 \ 4
TAVR may be o Annual TTE e SMVR may be
preferred to SAVR preferred to TMVR

Figure 3. Proposed algorithm for the management of valvular heart disease in patients with advanced CKD. This algorithm is on the basis of the
current but limited data published in the literature and will need to be further validated. * CKD > stage 4 defined according to glomerular filtration
rate < 30 mL/min/1.73 m2. Including anaesthetist and nephrologist. CKD, chronic kidney disease; SAVR, surgical aortic valve replacement;
SMVR, surgical mitral valve replacement; TAVR, transcatheter aortic valve replacement; TMVR, transcatheter mitral valve replacement; TTE,

transthoracic echocardiography; VHD, valvular heart disease.

and extracardiac interventions. For calcific mitral valve disease,
a transcatheter valve-in-MAC procedure should be considered
only in unoperable patients.'”® Finally, an annual TTE eval-
uation is recommended to assess onset and progession of
SVD after valve replacement with a bioprosthesis. "

Conclusion

The pathophysiology of VHD is an active process, which
involves several pathways such as lipid deposition, inflam-
mation, and especially bone metabolism. The coexistence of
these mechanisms highlight the presence of a temporal con-
tinuum from early aortic valve lesions to final calcified valve.
CKD and HD therapy aggravate the progression of valvular
calcification and promote SVD of bioprostheses, mainly by
inducing hyperphosphatemia-derived lesions and by unbal-
ancing the ratio of pro- and anticalcifying factors. Although
several options are being investigated, no medical therapy has
yet shown efficacy in slowing or preventing the progression of
“degenerative” valvular disease. Patients with advanced CKD
should undergo TTE examination for detection of VHD, and
if present, follow-up should be more frequent than what is

recommended in the guidelines. Transcatheter valve replace-
ment might be preferred over surgical replacement in patients
with CKD and severe aortic valve stenosis.
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