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ABSTRACT
CKD frequently leads to chronic cardiac dysfunction. This complex relationship has
been termed as cardiorenal syndrome type 4 or cardio-renal link. Despite numerous
studies and reviews focused on the pathophysiology and therapy of this syndrome,
the role of arterial stiffness has been frequently overlooked. In this regard, several
pathogenic factors, including uremic toxins (i.e., uric acid, phosphates, endothelin-1,
advanced glycation end-products, and asymmetric dimethylarginine), can be in-
volved. Their effect on the arterial wall, direct or mediated by chronic inflammation
and oxidative stress, results in arterial stiffening and decreased vascular compliance.
The increase in aortic stiffness results in increased cardiac workload and reduced
coronary artery perfusion pressure that, in turn, may lead to microvascular cardiac
ischemia. Conversely, reduced arterial stiffness has been associated with increased
survival. Several approaches can be considered to reduce vascular stiffness and im-
prove vascular function in patients with CKD. This review primarily discusses current
understanding of the mechanisms concerning uremic toxins, arterial stiffening, and
impaired cardiac function, and the therapeutic options to reduce arterial stiffness in
patients with CKD.
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The link between CKD and cardiovascu-
lar (CV) events is well recognized.1–3 CV
risk increases in a graded fashion with
progressive decrease in kidney function
and reaches a zenith in ESRD, but can be
reduced by renal transplantation. It is
widely accepted that only part of this ex-
cessive CV risk is explained by tradi-
tional risk factors. The relationship
between CKD and chronic cardiac dys-
function is complex and has been
named cardiorenal syndrome type 4
or cardio-renal link.1,2

Arterial stiffness is a vascular bio-
marker4 that is increased in patients
with CKD,5–8 even in those with a mildly
impaired renal function,5 and is associ-
ated with an independent increase in CV
risk.7,8 Conversely, at least in patients
with advanced CKD, the reduction
in aortic stiffness is associated with an
improved survival independent of
BP changes.7 The increase of arterial
stiffness in CKD is mostly caused by re-
duced renal excretion of vascular toxins,
maladaptive metabolic and hormonal

processes, and as a result, premature
vascular aging. Also, in ESRD, RRT
(dialysis) plays a role in the stiffening
process and its consequences. Several
therapeutic options have been proposed
to reduce arterial stiffness, but most of
them have been tested primarily in
other settings (i.e., hypertension and
diabetes).

Herein, we review the role of arterial
stiffening as an independent mediator of
myocardial dysfunction in CKD and the
strategies to reduce arterial stiffness and,
possibly, CV risk.

FROM CKD TO VASCULAR RISK

The Role of Chronic Inflammation
Several mechanisms are involved in de-
termining arterial stiffening in patients
with CKD (Figure 1). Most of them
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are shared with other physiologic (i.e.,
age-related changes) and pathologic
conditions (i.e., chronic inflammatory
disorders, hypertension, and diabetes).
Patients with CKD have elevated levels
of proinflammatory cytokines, such as
TNF9 and IL-6.10 In patients with
ESRD, chronic inflammation can be de-
tected. In this context, dialysis can stim-
ulate the immune system and lead to
chronic inflammation. Moreover, short
fragments of bacterial DNA, endotoxins,
and small muramyl dipeptides can

potentially be found in the dialysate
and, after crossing through high-flux
membranes, can induce the production
of IL-6. Furthermore, the catheters used
for either hemodialysis or peritoneal
dialysis, as well as synthetic grafts, are
potential sources of inflammation. In
peritoneal dialysis, the high glucose con-
tent and glucose degradation products in
conventional dialysis solutions can lead
to the formation of advanced glycation
end-products, oxidative stress, and
chronic inflammation.11

Chronic inflammation can lead to
arterial stiffening through several mech-
anisms. Increased levels of TNF can in-
terfere with the activity of endothelial
nitric oxide synthase (eNOS) and induce
the production of reactive oxidative spe-
cies.12 Moreover, nitric oxide (NO) de-
ficiency may itself cause oxidative
stress.13 Oxidative stress can lead to en-
dothelial dysfunction through the re-
duction of the endothelial production
of NO, and to structural arterial stiffen-
ing through the phenotypic switching of
vascular smooth muscle cells (VSMCs),
the production of matrix metalloprotei-
nases, and the inhibition of the tissue
inhibitors of matrix metalloproteinases.14

In addition, TNF activates LDL recep-
tor gene transcription, increases alka-
line phosphatase protein expression,
and reduces a-smooth muscle actin pro-
tein expression.15 All of these processes,
together with the infiltration of white
blood cells into blood vessels and the di-
rect toxic action of several uremic toxins
(such as inorganic phosphate, advanced
glycation end-products, and indoxyl sul-
fate [IS]), lead to the proliferation
and changes in phenotype of VSMCs
and the consequent release of matrix
metalloproteinases, elastin fragmenta-
tion, collagen degradation, vascular
calcification, and structural arterial
stiffening.15–17 The effect of TNF on the
arterial wall is partially mediated by the
release of IL-6 from VSMCs and endo-
thelial cells. In other models of chronic
severe inflammation (i.e., inflammatory
bowel disease and rheumatoid arthritis),
chronic inflammation is associated with
increased arterial stiffness and early re-
turn of reflected waves.18–20 In these in-
dividuals, the inflammation-dependent
aortic stiffening is at least in part revers-
ible by anti-TNF therapy.21,22 Despite
these promising results in other models
of chronic inflammation, baseline low-
grade inflammation did not predict
changes in arterial stiffness over time in
CKD,23 suggesting that, in parallel with
chronic inflammation, other pathways
can be involved in arterial stiffening in
CKD. In this regard, the progressive ac-
cumulation of uremic toxins during
CKD can also lead to arterial stiffening

Figure 1. The vascular pathway in CKD. AGEs, advanced glycation end-products;
BRS, baroreflex sensitivity; DBP, diastolic BP; LV, left ventricular; MMPs, matrix
metalloproteinases; PP, pulse pressure; SBP, systolic BP; SMC, smooth muscle cell; TIMP,
tissue inhibitor of matrix metalloproteinases. Modified from reference 14, with permission.
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via a direct toxicity on the arterial wall
(see above).

Uremic Toxins Are Also Vascular
Toxins
Under normal conditions, several calci-
fication inhibitors, including pyrophos-
phate, adenosine, matrix Gla protein,
osteopontin, fetuin-A, osteoprotegerin,
and bonemorphogenetic protein-7, pro-
tect against abnormalmineral deposition
in the vesselwall,whereashypercalcemia,
increased levels of parathyroid hormone,
inflammatory cytokines, oxidative stress,
uremic toxins, advanced glycation end-
products, and, most importantly, phos-
phates induce vascular calcification.
During CKD there is an imbalance be-
tween inhibitors and inducers of vascular
calcification.24 Phosphates increase dur-
ing CKD because of progressively re-
duced renal excretion. High phosphate
levels may directly induce vascular calci-
fication via the activation of Toll-like re-
ceptor 4/NF-k light-chain enhancer of
activated B cells (NF-kB) signaling in
VSMCs.25 Moreover, in the presence of
high phosphate levels, VSMCs can
change their phenotype into osteoblast-
like cells via the loss of smooth muscle
markers (e.g., a-smooth muscle actin,
SM22) and the expression of bone-
forming genes (e.g., core-binding factor
a-1 Runx2/Cbfa1, Osterix, and alkaline
phosphatase).26 Phosphates could also
directly modify mitochondrial function
with high production of reactive oxygen
species in parallel with activation of
proinflammatory molecules and upre-
gulation of TNF. These processes lead
to vascular calcification and structural
arterial stiffening. In this regard, calcium-
phosphate mineral deposits are found in
the subintimal and medial layer and re-
present the predominant vascular calcifi-
cation in patients on dialysis. During
CKD, several hormones that regulate se-
rum phosphate levels by modulating in-
testinal phosphate absorption, renal
phosphate reabsorption, and bone me-
tabolism (i.e., vitamin D, fetuin, klotho,
and fibroblast growth factor 23), can
have a role in arterial stiffening. These
hormones can affect the arterial wall by
the increase of phosphates levels and/or

the development of vascular inflamma-
tion, endothelial dysfunction, and prolif-
eration of VSMCs.

Another vascular toxin increased
in patients with CKD is uric acid. This
molecule attenuates NO production by
decreasing the activity of the eNOS,27

leads to the proliferation of VSMCs,28

increases the expression of cyclooxygenase
2, stimulates the production of angiotensin
II, and increases angiotensin-1 receptor
expression in cultured VSMCs. Taken
together, these effects suggest that uric
acid may contribute to arterial stiffening
in CKD.

Advanced glycation end-products are
partially responsible for uremic vasculop-
athy. Advanced glycation end-products
can progressively accumulate during
CKD even in the absence of diabetes,
as a consequence of reduced renal clear-
ance and increased production. Advanced
glycation end-products affect the phos-
phorylation status and expression of
eNOS,29 leading to endothelial dysfunc-
tion and functional arterial stiffening,
and cause crosslinking of collagen mole-
cules30 and changes of the VSMCs pheno-
type,17 leading to structural arterial
stiffening. Moreover, as already men-
tioned for phosphates, advanced glycation
end-products also activate NF-kB, which
contributes to the development of vas-
cular inflammation.

Asymmetr ic dimethylarg inine
(ADMA), an endogenous eNOS inhibi-
tor, is another vascular toxin in CKD
linked to arterial stiffening. Elevated
levels of ADMA are reported during
CKD likely related to reduced renal ex-
cretion and increased production caused
by dysfunction of the endothelial L-
arginine/NO pathway. ADMA is related
to inflammation31 and associated with
left ventricular hypertrophy,32 high sym-
pathetic activity,33 and increased CV
risk.31,33,34 ADMA can cause endothelial
dysfunction through eNOS inhibition,
and vascular remodeling through the am-
plification of oxidative stress. The inhibi-
tion of the NO production is enhanced in
presence of eNOS polymorphisms.35 Cur-
rent data suggest that the blood flow in the
forearm is reduced after the infusion
of ADMA,36 whereas systemic vascular

resistance,37 intima-media thickness,38

and augmentation index are increased.39

Endothelin-1, a peptide with power-
ful vascular properties, increases dur-
ing CKD, probably because of increased
production and reduced clearance.
The increased synthesis and release of
endothelin-1 during CKD is regulated by
angiotensin II, vasopressin, IL-1, oxidized
LDL, cyclosporine, and a reduced extra-
cellular pH.40 Two receptor subtypes,
ETA and ETB, with opposing actions,
mediate the actions of endothelin.40

ETA receptors promote endothelial
dysfunction, vascular inflammation,
and vascular calcification v ia the
induction of VSMCs differentiation
into osteoblast-like cells, whereas ETB

receptors contribute to vasodilation,
sodium excretion, and inhibition of in-
flammation.40

Cholesterol metabolism is altered in
patients with CKD. Elevated triglycer-
ides levels, frequently detected in pa-
tients with CKD, can lead to vascular
inflammation, oxidative stress, oxidized
LDL, foam cell production, VSMC
proliferation, and endothelial dysfunc-
tion.41 Recent evidence suggests that
HDLs, frequently reduced in patients
with CKD, may lose their CV protective
properties and promote endothelial
dysfunction and an abnormal vascular
phenotype in patients with CKD.42,43

Recent experimental studies sugges-
ted that protein-bound uremic toxins,
especially IS and p-cresyl sulfate, also
contribute to the arterial phenotype ob-
served in CKD. Acute in vitro exposure
to IS increases VSMCs proliferation
through a mechanism involving reactive
oxygen species production and activa-
tion of mitogen-activated protein kinase
P44/44 and P38, and aryl hydrocarbon
receptor/NF-kB signaling pathways. In
addition, IS has been shown to increase
VSMC migration and senescence.
p-Cresyl sulfate has pro-oxidative prop-
erties, but its effect on VSMC prolifera-
tion is still debated.17

The Arterial Phenotype of Patients
with CKD
Several alterations of the arterial
wall have been reported during CKD
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(Figure 2).5–7,44,45 Endothelial dysfunc-
tion can be detected starting from the
early stages of CKD,36 and can cause
functional arterial stiffening,46 whereas
the structural alterations of the arterial
wall, such as lipid deposition and athero-
sclerosis, result in an increased intima-
media thickness and atherosclerotic
plaque.47 Changes of the intrinsic char-
acteristics of the biomaterial, including
vascular calcification, are evident from
moderate CKD and are associated
with structural changes and arterial
stiffening.5,14 In more advanced CKD,
an enlargement of the carotid artery
wall and outward remodeling are also
reported.6

Interestingly, arterial remodeling
during CKD seems to be different in elas-
tic arteries (i.e., aorta and carotid artery)
and muscular arteries (i.e., brachial,
femoral, and renal artery), because aor-
tic and carotid stiffness increases in pa-
tients with CKD whereas brachial and
femoral stiffness does not increase and
can be even reduced during CKD.48,49

Loss of elastic fibers in the wall of the
aorta has been reported in forms of aor-
tic disease and can account for the cir-
cumstance of having aortic dilation yet
reduced compliance in the same pa-
tient.50 Finally, an inward remodeling
(reduction of diameter) of the renal ar-
teries has been reported in patients with
CKD with a low prevalence of renal ar-
tery stenosis and a high CVrisk.51,52 The
inward remodeling was associated with
an increased risk of CV events.53

From Vascular Impairment to
Cardiac Dysfunction
A well functioning arterial system is es-
sential to receive pulsatile blood from the
left ventricle and distribute it as a steady
flow through the peripheral capillaries.
Physiologically, during systole, approxi-
mately 50% of the stroke volume is
momentarily stored within the aorta be-
cause of the elastic deformation of the
arterial wall (cushioning function),
whereas the remaining 50% is directly
forwarded into the peripheral tissues
(conduit function). During diastole, de-
spite the blood flow from the left ventri-
cle to the aorta being interrupted, a
continuous blood flow from the aorta
to the periphery is ensured by the dis-
charge of the energy stored in the aortic
wall. In individuals with elastic arteries,
the forward wave originated by the con-
traction of the left ventricle propagates
slowly from the aorta to the periphery;
accordingly, the backward wave, origi-
nated by the reflection of the forward
wave into the bifurcations and into the
progressive reductions in the diameters
of the arterial tree, propagates slowly
from the periphery to the aorta. As a re-
sult of the slow propagation of the waves
within the arterial tree, the backward
wave meets the forward wave during di-
astole, thus contributing to the mainte-
nance of a diastolic BP that is sufficient
for tissue perfusion (Figure 3).

In the presence of increased arterial
stiffness, the cushioning function of
the aorta is altered and a larger part of

the stroke volume is directly forwarded
into theperipheral tissuesduring systole.
Moreover, because the forward and
backward waves propagate faster within
the arterial tree, the reflected wave will
meet the forward wave earlier (during
systole), at the level of the aortic notch.
The hemodynamic consequences of in-
creased arterial stiffness and early re-
turn of reflected waves (i.e., in patients
with CKD) are a rise in central systolic
BP, a drop in diastolic BP, and an in-
crease in pulse pressure (Figure 1).
The increased central systolic BP leads
in turn to an augmented left ventricular
work, oxygen requirement, and left
ventricular hypertrophy; the decreased
central diastolic BP is responsible for
the decreased coronary artery perfu-
sion pressure observed during diastole,
with a consequent increased risk of
myocardial ischemia; and the increased
central pulse pressure leads to an in-
creased risk of stroke. Because elastic
arteries are specifically altered in
CKD, and not muscular arteries, the
physiologic gradient of stiffness (from
low to high) is reversed in CKD.54

The consequences of the reduced stiff-
ness gradient is more transmission of
pulsatility to the microcirculation.55

In this regard, increased aortic stiffness
is associated with white matter hyper-
intensity and lower cognitive func-
tion,56 as well as CKD progression,8

for the penetration of the energy of
the pulse wave into low-resistance
tissues like brain and kidneys. There-
fore, increased arterial stiffness not
only mediates at least some of the ef-
fects of CKD on cardiac function, but
also affects the worsening of cardiore-
nal syndrome type 4.

Arterial Stiffening and Baroreflex
Dysfunction
Arterial stiffening and baroreflex dys-
function, two conditions associated
with an increased CV risk, seem to be
strictly linked. Interestingly, both of
them are detectable during CKD and
are reverted after renal transplanta-
tion.57,58 Given that baroreceptors are
located in the carotid bulb and are sen-
sitive to deformations of the arterial

Figure 2. Carotid lesions in patients with CKD. CWS, circumferential wall stress; Einc,
Young elastic modulus; IMT, intima-media thickness. Modified from reference 5, with
permission.
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wall, two components of the baroreflex
arc can be identified: the vascular
component (which is arterial stiffness–
dependent) and the neural compo-
nent.59 Baroreflex function can be
impaired in individuals with increased
arterial stiffness as consequence of the
alteration of the vascular component.60

Interestingly, in the presence of a stiff
artery, the neural component of the
baroreflex arc can also be hyperfunc-
tioning to tentatively compensate for
the reduced stimulation of the barore-
ceptors.59 However, this counter-
regulation phenomenon is limited and
cannot fully compensate for the increase
in stiffness. In this case, the baroreflex
function can be impaired when the hy-
perfunction of the neural component is
not sufficient in counterbalancing
the reduced stimulation of the barore-
ceptors.59 It is possible, but not yet
demonstrated, that the compensatory
hyperfunction of the neural component
is active at the early stages of CKD, in
which an increased arterial stiffness is
detectable and uremic toxins may not
have affected the neural component.
Further studies are needed to confirm
this hypothesis and to evaluate the po-
tential clinical consequences. On the
other hand, sympathetic tone is raised
in patients with CKD, particularly in

the presence of ESRD.61 In these pa-
tients, plasma norepinephrine corre-
lates with concentric hypertrophy of
the left ventricle and predicts survival
in this clinical setting.61,62 Moreover,
high sympathetic overactivity and
alterations in NO synthesis attributable
to accumulation of the endogenous
NO synthase inhibitor ADMA have
been identified as potential causal mecha-
nisms for the high CV mortality rates
among patients with ESRD.33 Finally, the
sympathetic hyperactivity could be also
considered a maladaptive mechanism to
respond to the reduced stimulation of the
baroreceptors, and an important part of a
vicious circle: peripheral sympathetic hy-
peractivity leading to increased arterial
stiffness,63 leading to baroreflex dysfunc-
tion,60 leading to peripheral sympathetic
hyperactivity.

THERAPEUTIC OPTIONS TO
REDUCE ARTERIAL STIFFNESS

The therapeutic options available to
reduce arterial stiffness are reported in
Table 1.

Antihypertensive Drugs
Arterial stiffness can be passively re-
duced by all antihypertensive drugs

through a BP-dependent mechanism in-
volving reduced stretching of the arterial
wall. Few classes of antihypertensive
drugs, such as angiotensin-converting
enzyme inhibitors,64 angiotensin recep-
tor blockers, and direct renin inhibi-
tors,65 could reduce arterial stiffness
even independently from BP changes,
whereas b-blockers seem to be inferior
to other classes of antihyperten-
sive drugs in reducing central BP66

and arterial stiffness.67 In this regard, a
profibrotic effect of celiprolol, a b1-
andrenoceptor antagonist with partial
b2 agonist activity, on the arterial wall has
been recently reported in patients with
Ehlers–Danlos syndrome.68 In patients
with ESRD, the insensitivity of aortic
stiffness to decreased BP is an indepen-
dent predictor of mortality, and the
use of angiotensin-converting enzyme
inhibitors has a favorable effect on sur-
vival that is independent of BP changes.7

At least two classes of diuretics could
have a beneficial effect on the arterial
wall. Spironolactone reduces vascular
and soft tissue calcification in Klotho-
hypomorphic mice.69 In this regard, al-
dosterone is associated with high levels
of inactive matrix Gla protein, a vitamin
K–dependent protein that inhibits arte-
rial calcification.70 Spironolactone
could also reduce aortic stiffness in stage
3 CKD through the reduction of vascu-
lar fibrosis.71 However, its use in
more advanced stages of CKD should
be carefully evaluated because of the
risk of hyperkalaemia.72 Sodium-glucose
cotransporter-2 inhibitors, a new class
of oral hypoglycemic/diuretic for the
treatment of diabetes, have shown addi-
tional diuretic properties that could
be potentially helpful in the early stages
of CKD.73 Moreover, sodium-glucose
cotransporter-2 inhibitors can have a
beneficial effect on the arterial wall
through the reduction of circulatory
levels of oxidants TNF and IL-6.74

Their use in more advanced CKD is
questionable.

Destiffening Strategies
Advanced glycation end-product brea-
kers can improve endothelial function
in several populations, includingpatients

Figure 3. Arterial stiffness and pulse-wave propagation. DBP, diastolic BP; SBP, systolic
BP. Modified from reference 14, with permission.
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with CKD.75 Moreover, the use of
alagebrium, an advanced glycation
end-product breaker, is inversely correlated
with plasma matrix metalloproteinase-9
and type 1 collagen,75 suggesting that this
drug could also reduce the structural arte-
rial stiffness. However, phase 2 trials have
reported no changes in BP and aortic dis-
tensibility in the alagebrium group.76

Therefore,more clinical trials are necessary
to further evaluate the potential beneficial
effect of advanced glycation end-product
breakers in patients with CKD.

Anti-inflammatory drugs reduce
chronic inflammation,whichhas a favor-
able effect on arterial stiffness in several
populations. Only the most recent targe-
ted drugs have proven efficacy. In other

models of chronic inflammation and
increased arterial stiffness, it has been
reported that the long-term use of anti-
TNF therapy can revert aortic stiffening
to a level comparable with matched con-
trols,21,22 whereas a high dose of salicylic
acid had the opposite effect.77 In patients
with CKD, although reducing chronic
inflammation could be attempted with
anti-inflammatory drugs and through
the reduction of uremic toxins, the use
of anti-inflammatory drugs cannot be
recommended because of their detri-
mental effects on renal function78 and
the lack of data on the effect of anti-
inflammatory drugs on arterial stiffness
in these patients. Promising results on
endothelial function and CV events has

been recently reported in patients treated
with anti–IL-1 inhibitors.79 Antioxidant
drugs are good candidates for destiffening
arteries. The administration of ascorbic
acid, a potent antioxidant, can be attemp-
ted to improve flow-mediated dilation and
reduce central BP and ADMA in patients
with CKD.80,81

There is evidence that endothelin
receptor antagonists reduce arterial
stiffness in nondiabetic patients with
CKD.82 Whether this reduction is inde-
pendent of BP remains unknown. Mag-
nesium is a natural calcium antagonist
with a vasodilator effect. It increases
the production of NO, alters the vascular
response to endothelin-1, angiotensin II,
and catecholamines and inhibits the

Table 1. Qualitative summary of the available evidence on the effect of drugs used in nephrology on arterial wall properties

Drug(s) Effect on Arterial Wall Properties Best Level of Evidence
Level of Evidence
in CKD or Kidney

Transplant Recipients

AGEs breakers ↑ EF 1 1

Antihypertensive drugs
ACEi ↓ AS 111 11

ARBs ↓ AS 111 11

DRi ↓ AS 11 1

b-blockers Doubtful
Calcium channel blockers ↓ AS 111 1

Diuretics (spironolactone) ↓ AS 1 1

Antioxidants
Ascorbic acid ↓ AS 11 11

Endothelin-1 antagonists ↓ AS, ↑ EF 1 1

Immunosuppressive drugs
Anti-TNF ↓ AS 111 °
Cyclosporine ↑ AS 11 11

Tacrolimus Doubtful
Everolimus or sirolimus Doubtful
Belatacept Doubtful
Mycophenolate mofetil ↓ AS 1 1

Corticosteroids ↑ AS 1 °
Salicylates (low doses) ↓ AS 11 °
Salicylates (high doses) ↑ AS 1 °

Lipid-lowering drugs
Statins ↑ EF 1 1

Noncalcium-containing phosphate binders ↓ AS 1 1

Parathyroid hormone Doubtful
Xanthine oxidase inhibitors
Allopurinol ↑ EF 111 1

Vitamin D analogs
Vitamin D2 None 111 11

Vitamin D3 None 111 11

Paricalcitol ↑ EF 111 11

Arrows indicate increase or decrease. AGEs, advanced glycation end-products; EF, endothelial function; 1, data derived from few single-center cohorts; ACEi,
angiotensin-converting enzyme inhibitors; AS, arterial stiffness;111, evidence on the basis ofmeta-analysis;11, large number of evidence derived frommultiple
single-center cohorts; ARBs, angiotensin II receptor blockers; DRi, direct renin inhibitors; °, lack of or scarce data.
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proliferation of VSMCs. Magnesium
levels rise during advanced CKD and
ESRD because of the progressive reduc-
tion of renal excretion.83 However, sev-
eral drugs currently used in patients with
CKD, such as proton pump inhibitors,
loop diuretics, and cyclosporine, can
lead to hypomagnesaemia.84 The risk
of hypomagnesaemia increases when
these drugs are used in combination.
Magnesium supplementation and the
shift from proton pump inhibitors to
H2 antagonists is sufficient to restore
magnesium levels in most patients with
CKD. Long-term magnesium supple-
mentation improves arterial stiffness in
overweight and obese adults, whereas in-
creasing dialysate magnesium decreases
the propensity toward ectopic calcifica-
tion in patients undergoing mainte-
nance hemodialysis.85,86 Also, zinc may
play a similar role in the arterial wall.87

It has been reported that decreasing
gastrointestinal phosphate absorption
through the use of phosphate binders not
containing calcium (i.e., sevelamer hydro-
chloride) reduces arterial stiffness in pa-
tientswithESRD.88However, similar results
have not been replicated in early stages
of CKD.89 It is plausible that a long fol-
low-up period (possibly years) is needed
to revert the structural arterial stiffening
caused by vascular calcification.

Statins prevent the development of
endothelial dysfunction caused by acute
inflammation in patients with hypercho-
lesterolemia,90 and slow the rate of an
increase in aortic stiffness in patients
with CKD.91 They may also exert bene-
ficial effects on kidney function and slow
down the rate of decline in kidney func-
tion.92,93 Interestingly, the protective ef-
fect of statins on CV events seems to be
reduced in patients undergoing hemodi-
alysis,94 and improved by the coadmin-
istration of ezetimibe.95

Vitamin D is a regulator of eNOS and
arterial stiffness. The effect of vitamin D
analog supplementation on vascular
function has been evaluated in three
meta-analyses that also included a mi-
nority of patients with CKD.96–98 In
two meta-analyses, vitamin D analog
supplementation was associated with
improved endothelial function.97,98 In

the third meta-analysis,96 paricalcitol,
but not vitamin D2 or vitamin D3, im-
proved endothelial function. However, a
high vitamin D level carries the risk of
aggravating hyperphosphatemia, which
could again be detrimental to endothe-
lial function. All three meta-analyses
were concordant regarding the lack of
an effect on arterial stiffness and reflec-
ted waves.96–98

There is evidence of a protective effect
of allopurinol, adrug that reducesplasma
uric acid levels, on endothelial func-
tion in patients with and without
CKD.99 Allopurinol administration sig-
nificantly reduced augmentation index,
but not arterial stiffness.100

Specific Therapeutic Options to
Reduce Arterial Stiffness in ESRD
Several immunosuppressive drugs that
are currently used in kidney trans-
plant recipients may influence arterial
function. Everolimus and sirolimus,
twomammalian target of rapamycin in-
hibitors, could have beneficial effects on
atherogenesis and fibrosis.101,102 How-
ever, whether these drugs are useful in
reducing arterial stiffness is still matter
of debate because arterial stiffness was
reduced or remained stable in patients
treated with sirolimus, and increased
in those treated with cyclosporine, a
calcineurin inhibitor.103 Conversely,
in a cross-sectional study, endothelial
dysfunction was more frequent in pa-
tients treated with everolimus plus a
calcineurin inhibitor, compared with
those treated with mycophenolate
mofetil plus a calcineurin inhibitor.104

The immunosuppressant biotherapy
belatacept inhibits costimulatory sig-
nals that are essential for T lymphocyte
activation via the binding to CD80 and
CD86 receptors on antigen-presenting
cells. This drug could reduce vascular
inflammation through the inhibition of
the production of proinflammatory cy-
tokines by activated T lymphocytes, as
suggested by the reduction of antihy-
pertensive medications at 1 year in pa-
tients treated with belatacept compared
with those treated with cyclospor-
ine.105 However, the results of two
small, cross-sectional studies have not

confirmed this hypothesis.106 ,107

Therefore, further longitudinal studies
are needed to better clarify the effect of
belatacept on the arterial wall. Immu-
nosuppressive drugs may also have a
negative effect on the arterial wall. In
particular, cyclosporine reduces NO
production, leads to vasoconstriction
and vascular fibrosis, and accelerates
the stiffening process.108 In this regard,
the switch to tacrolimus could poten-
tially help to improve arterial stiffness.
However, this hypothesis is still mat-
ter of debate. Finally, corticosteroids
have a deleterious effect on the arte-
rial wall, at least in part through the in-
crease of BP (through salt retention and
hyperactivation of the renin-angiotensin-
aldosterone system) and LDL cholesterol
levels.109

Renal transplantation is an effective
approach to reduce arterial stiffness in
patients with ESRD.58 The improvement
in arterial stiffness is better if kidneys
come from young donors (living as
opposed to deceased).110 Similar to
the reduction of arterial stiffness, the
baroreflex sensitivity is also improved
after a renal transplant.57 However, the
mechanism by which renal transplanta-
tion can improve baroreflex function, as
well as the relationship between baroreflex
function and arterial properties, needs to
be clarified.111

Dialysis modalities can influence
the alteration in arterial stiffness. Arterial
stiffness can be reduced through the
use of convective dialysis techniques
(such as a high-efficiency, on-line
hemodiafiltration), rather than conven-
tional hemodialysis, for the increased
removal of middle molecular weight
uremic toxins (i.e., b2-microglobulin,
phosphate, and TNF) and protein kinase
Cb2, which is an eNOS inhibitor.112 The
use of convective dialysis techniques also
reduce chronic inflammation and mor-
tality risk compared with conventional
hemodialysis.113,114

PERSPECTIVES

Reducing arterial stiffness canbe attemp-
ted by several approaches, but few of them
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have been tested in patients with CKD.
Moreover, we are far away from confirm-
ing that the treatment options discussed
in this review independently reduce CV
events or delay the progression of CKD.
At the time of this review, only one trial
has demonstrated that patients who im-
prove their arterial stiffness during inter-
vention have better outcomes.7 Therefore,
large-scale, randomized trials that in-
clude long-term measures of vascular
stiffness and recording cardiac and renal
events are needed in patients with CKD.

In conclusion, vascular dysfunction is
an important mediator between CKD
and chronic impairment of cardiac func-
tion. Several therapeutic approaches can
be attempted to reduce arterial stiffness
in patients with CKD.
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