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Clinical Case Scenario

A 54 year old man suffering from CKD (eGFR 58 ml/
min) was treated with the maximum dose of an ACE
inhibitor. He had no primary glomerular disorder
necessitating specific immunosuppressive treatment.
However, proteinuria (4.8 g/day, target <1.0 g/day) and
ambulatory blood pressure (155/96 mmHg) were insuf-
ficiently controlled. He was sent to a dietician and
instructed to adhere to a moderate sodium restriction.
He successfully changed his habits, reflected by a
decrease in urinary sodium excretion from 245 mmol/
day to 150 mmol/day, and a concomitant improvement
of proteinuria (2.6 g/day) and blood pressure
(145/88 mmHg), both typical for the amount of sodium
restriction. As proteinuria and blood pressure were
still above target, the decision was then made to add
the MRA inhibitor spironolactone 25 mg once daily.
The patient was extensively instructed to stop the drug
in any circumstance of excessive water/sodium loss.
The proteinuria (1.1 mmol/day) and blood pressure
(132/81 mmHg) further decreased. There was an
acceptable decrease in eGFR from 58 to 51 ml/min
(reflecting the reversible effect of treatment on glomer-
ular pressure) and renal function remained stable in
three subsequent years. Based on the 24 h urine collec-
tions, he was reinforced to keep his sodium restriction
of a few occasions. In the next summer he suffered from
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a severe gastroenteritis after having a barbecue.
He immediately stopped spironolactone and promptly
contacted the outpatient clinic for blood collection.
The potassium concentration remained within accept-
able limits. After recovery of his illness, spironolac-
tone was started again.

Introduction

Chronic kidney disease (CKD) is characterized by prolonged
(=3 months) structural and functional abnormalities of the
kidneys. CKD is defined by a decreased renal function, that
is glomerular filtration rate (GFR) <60 mL/min/1.73 m?, and/
or urinary loss of protein. The latter, proteinuria, may also be
measured as albuminuria.

CKD is one of the major causes of morbidity and mortal-
ity worldwide and it is closely related to cardiovascular dis-
ease. CKD prevalence has been steadily increasing over the
last decades, leading to a large global disease burden. The
most important causes of CKD in developed countries are
diabetic nephropathy and renovascular disease/hypertension.
Deterioration of renal function into end stage renal disease
(ESRD) leads to a requirement for renal replacement ther-
apy, i.e. dialysis or kidney transplantation. Unfortunately, the
possibility for transplantation is limited by donor shortage,
and dialysis is associated with a poor quality of life, partly
caused by an extremely increased risk of cardiovascular
complications. Prevention of renal function loss in the earlier
stages of CKD is therefore of utmost importance.

The so-called renoprotective treatment aims to halt kidney
damage and thus progressive renal function loss with blood
pressure and proteinuria as important intermediate outcome
measures. Therapy of choice is blockade of the renin-angio-
tensin-aldosterone system (RAAS), with either angiotensin
converting enzyme inhibitors (ACEi), or angiotensin II
receptor blockers (ARB). Despite a proven favorable effect
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of RAAS blockade on short-term parameters (blood pres-
sure, proteinuria) as well as long term outcome (slower
decline of GFR), progression of CKD to ESRD still occurs in
many patients. In the search for additional treatment options,
combination therapy by ACEi and ARB, or combination of
either ACEi or ARB with direct renin-inhibitor, unfortu-
nately do not improve long term renal outcome, and may
even worsen it.

Mineralocorticoid receptor activation (MRA) inhibition is
currently being studied as a new therapeutic approach to
CKD. Although this therapy is not new, there is new atten-
tion, fuelled by striking new insights that have been obtained
in the understanding of aldosterone and its (patho) physio-
logical effects. Next to the classic anti-diuretic and potas-
sium wasting effects, aldosterone has been shown to directly
impact the heart, central nervous system, vasculature and
kidneys, promoting inflammation, fibrosis and tissue remod-
eling, independently of its effect on sodium status and blood
pressure. Furthermore, it has been shown that during pro-
longed RAAS blockade treatment, aldosterone levels return
to normal only in 10-50 % of cases, suggesting a window of
opportunity for intervention. Here we will review the role of
MRA inhibition as an added treatment option in the manage-
ment of chronic kidney disease.

Aldosterone

Classic Effects and Regulation
of Aldosterone Release

Aldosterone, primarily synthesized in the zona glomerulosa
of the adrenal cortex, is a steroid hormone with mineral cor-
ticoid activity. In addition, aldosterone is also locally synthe-
sized in the blood vessels, brain, heart and adipocytes.
Adrenal release of aldosterone is stimulated by an increase in
angiotensin II, by hyperkalemia and by the adrenocortico-
tropic hormone (ACTH). Circulating aldosterone levels are
higher in men than in women, but the clinical significance of
this difference is so far unknown.

The classic role of aldosterone is homeostatic volume
control by promoting sodium and fluid reabsorption in the
kidneys, thus providing a main contribution to the body’s
defense against sodium/volume depletion. Furthermore in
hyperkalemia aldosterone promotes potassium excretion in
the kidneys and colon. These classical effects are achieved
by binding to the mineralocorticoid receptor (MR), which is
located in the cortical collecting ducts in the distal nephron.
The MR is a cytosolic receptor which migrates to the cell
nucleus when ligand-activated. Here it attaches to the hor-
mone regulatory part of target genes, enhancing transcription
and translation of these genes, and thus stimulating the syn-
thesis of aldosterone-induced proteins. The subsequent
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molecular pathway leads to an increased expression of the
Na+/K+ pump in the apical epithelial membrane of the cell,
increasing sodium reabsorption and potassium wasting.
Furthermore, it increases expression of the basolateral Na+/
K+ ATPase, stimulating sodium extrusion out of the cell and
potassium entry into the cell. Lastly it increases the expres-
sion of apical renal outer medullary potassium channels
which are involved in passive excretion of potassium. The
MR has equal affinity to both mineral corticosteroids and
glucocorticosteroids. While glucocorticoid plasma levels
greatly exceed aldosterone plasma levels, the enzyme
11-beta-hydroxysteroid dehydrogenase-2 metabolizes intra-
cellular glucocorticosteroid levels from 100 to 10-fold that
of aldosterone, rendering aldosterone the major activator of
the MR.

Non-classic Effects of Aldosterone
In the last decades new renal and extra-renal effects of aldoste-
rone have been found, which can be reversed by MRA inhibi-
tion (Fig. 5.1). It has become known that aldosterone not only
leads to genomic effects through activation of the MR, but can
also lead to rapid non-genomic effects which do not require the
transcriptional pathway described earlier [1, 2]. These non-
genomic effects consist primarily of pro-fibrotic and pro-
inflammatory changes and are mediated through (an interplay
of) the cytosolic MR and aldosterone receptors in the cell
membrane (Fig. 5.2). Aldosterone exerts these effects on not
only renal targets, such as podocytes, mesangial cells and renal
vasculature, but also on extra-renal targets where the MR has
been found, primarily cardiomyocytes, endothelial cells, vas-
cular smooth muscle cells, adipocytes, and macrophages [3].
Aldosterone is pathophysiologically involved in kidney
damage through multiple mechanisms in addition to the effects
of elevated systemic blood pressure [4, 5] (Fig. 5.2). Firstly,
glomerular damage is induced by the increased production of
reactive oxygen species (ROS) by mitochondria [6, 7].
Furthermore, aldosterone increases expression of the pro-
inflammatory serine/threonine-protein kinase and activates
NFkB, which ultimately lead to mesangial inflammation,
fibrosis, and glomerular injury [8]. Also macrophage infiltra-
tion into the renal cortex is stimulated by aldosterone, which
promotes inflammation [9]. Lastly increased local renal aldo-
sterone production has been shown to induce apoptosis in
podocytes, through mechanisms which are not completely
elucidated [10]. These local effects were larger in rats with
diabetes mellitus, which was associated with increased MR
and aldosterone levels. All the mechanisms listed above may
contribute to renal damage and consequent deterioration of
kidney function. Indeed, an increased proteinuria has been
found in patients with excess aldosteronemia, independent of
blood pressure [4, 5]. As proteinuria is a bad prognostic sign
for CKD, this adds to the rationale for aldosterone inhibition
as a new promising approach in halting disease progression.
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Fig.5.2 Stimulation of cytosolic and membrane MRs by aldosterone
in combination with stimulation of aldosterone receptors in the cell
membrane lead to pro-inflammatory and pro-fibrotic effects [2]. In the
mitochondria NADPH oxidase activity is increased, while G6DP activ-
ity is reduced, stimulating ROS generation [3]. Furthermore aldoste-
rone upregulates pro-inflammatory and pro-fibrotic cytokines, and
induces macrophage infiltration [4]. Ultimately these changes lead to

The heart was the first extra-renal organ where mineralo-
corticoid receptors were found. Here aldosterone has been
shown to promote electrophysiological remodeling, leading
to atrial fibrillation and ventricular arrhythmias [3].
Remodeling takes place through modulation of T-type,

NADPH oxidase T
G6PD

* [ Macrophage infiltration]

Inflammation
fibrosis

tissue inflammation and fibrosis. MR mineralocorticoid receptor, Ald
aldosterone, AR aldosterone receptor, G6PD glucose-6-phosphate
dehydrogenase, ROS reactive oxygen species; /L-6 interleukin; TNF-a
tumor necrosis factor, MCP-I monocyte chemoattractant protein,
ICAM-1 intercellular adhesion molecule, CTGF connective tissue
growth factor, PAI-1 plasminogen activator inhibitor, TGF-b transform-
ing growth factor

potassium L-type and ryanodine receptor calcium channel
activity [11-14]. Furthermore through pro-inflammatory
processes cardiac hypertrophy and cardiac fibrosis are prop-
agated, resulting in a reduced cardiac function. The blood
vessels are a target for aldosterone through MRs in the
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vascular smooth muscle cells and endothelial cells. Here too
hyperaldosteronism can lead to tissue inflammation, remod-
eling and fibrosis. MRA leads to endothelial swelling and
stiffness by promoting the insertion of the epithelial sodium
channel (ENaC) into the cell membrane [15]. Due to a
simultaneous decreased ability to form nitric oxide, vasodi-
latation is limited. There is evidence that this is a main
pathophysiological event leading to hypertension caused by
hyperaldosteronism, rather than excess fluid retention.

Excess aldosterone levels are associated with the cardio-
metabolic syndrome, which is characterized by insulin resis-
tance, central obesity, dyslipidemia and hypertension [3, 16].
Aldosterone impairs pancreatic beta cell function by promot-
ing inflammation and oxidative stress in the islets of
Langerhans [17, 18]. Also aldosterone degrades insulin recep-
tor substrate proteins, reducing insulin sensitivity and glucose-
uptake [19]. Furthermore, aldosterone promotes the release of
inflammatory cytokines from adipose tissues resulting in sys-
temic inflammation and impaired glucose tolerance [18]. The
MR is found in adipocytes and perivascular adipose tissue
(PVAT). Adipocytes and PVAT can produce local levels of
aldosterone which exert paracrine and autocrine effects, influ-
encing not only adipose tissues but also the vasculature and
thus promoting vascular remodeling. In line, aldosterone
blockade has been shown to be particularly effective to reduce
blood pressure in obesity—related hypertension [20].

The Interaction Between Salt Status
and Aldosterone Effects

The activity of the RAAS depends on what is denoted to as
the “salt status”, the RAAS being suppressed in state of
sodium/fluid excess and being activated in a state of sodium
depletion. Interestingly, an interaction between salt status
and the pro-fibrotic, pro-inflammatory effects of aldosterone
has been described, which is independent of blood pressure
[21]. While in rats on a high or normal salt diet, high levels
of aldosterone are associated with development of substan-
tial end organ damage, high levels of aldosterone do not have
such target organ effects during a low salt diet. Furthermore,
the hypertrophic effects observed in high-salt, high-
aldosterone rats can be completely reversed by the addition
of MRA inhibitors, underlining the causal role of the miner-
alocorticoid receptor in the pathophysiological process. Salt
excess has a role in sensitizing cardiovascular tissue for
damage caused by an excess in aldosterone through mecha-
nisms currently unknown. Interestingly new research shows
that in CKD patients urinary salt excess is a significant pre-
dictor of urinary excretion of the mineralcorticoid metabo-
lites tetrahydroaldosterone and tetrahydrocorticosterone,
suggesting an alternative regulatory mechanism for aldoste-
rone [22]. Whereas this novel insight may provide a missing
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link between CKD, high salt-status, and increased target
organ damage, further research regarding this topic is
warranted.

MRA Inhibition
MRA Inhibition in Heart Failure

After publication of the results from the large randomized
controlled trials RALES and EPHESUS, MRA inhibition
has been adopted as part of the standard treatment of chronic
heart failure [23, 24]. These studies showed that MRA inhi-
bition with spironolactone or eplerenone reduces morbidity
and mortality in patients with severe chronic heart failure
(NYHA functional class III and IV; Table 5.1). The
EMPHASIS-HF study showed that eplerenone was also
effective in patients with mild symptoms of heart failure
(NYHA functional class II) [25]. This is supported by a
meta-review published in 2009 which showed a reduction in
all-cause mortality and an increase in ejection fraction in
patients with left ventricular failure on spironolactone ther-
apy [30]. However, in a recent observational study spirono-
lactone was shown not to have a significant effect on risk of
hospitalization and death, suggesting that the benefits of
MRA inhibition that has been found in randomized trials
may not be true in clinical practice [26]. However, in this
study outcome was not adjusted for baseline disease severity
and spironolactone use may have been more often applied in
patients with a worse clinical condition. Currently the ACCF/
AHA recommends MRA inhibition therapy in patients with
NYHA class II to IV heart failure and a left ventricular ejec-
tion fraction of <35 %, unless contraindicated [31].

The Role of MRA Inhibition in CKD Treatment

Current treatment of CKD aims to prevent progressive renal
function loss and its associated cardiovascular complica-
tions. Treatment of hypertension and proteinuria is the cor-
nerstone of renoprotection. Inhibition of the RAAS by either
ACEi or ARB has been proven to be an effective treatment
option in CKD, reducing proteinuria as well as the rate of
renal function loss. However, additional treatment options
are necessary as progression of kidney disease still occurs in
many patients. Combined blockade of the RAAS at different
levels has been tested in several combinations, mostly ACEi
combined with ARB [32]. Whereas dual blockade, with
either ACEi plus ARB, or ACEI plus a renin-inhibitor is
associated with a better efficacy on short term (i.e. protein-
uria), hard outcome studies show that dual RAAS blockade
does not confer better reno- and cardio-protection, but to the
contrary, is associated with worse outcome [33].



wn
<

(panunuoo)

V' L=9CTID % S6
‘90°¢ WY :syuened
9¢p “Sarpnys

8 ‘erwoeyIodAH

100°0>d ‘esnuou
m s1eak-uosrad
001 1od 9°T sa s1eak
-uosiad T Jod

{'{ erwaespadAy
210A9§

100°0>d

dnoi13 oqaoerd

QY UL 9% T'L SA
{11 ‘erwaretodAy
SNOLIS

(200'0=d)

dnoi13 oqaoerd

QY UL 9% 6°¢ SA

GG ‘erwreyIadAy
SNOLIdS

eruareyrodAy
SNOLISS JO
QOUAPIOUT [BWITUTIA

erworeyIodAH

650~
0166710 % S6
‘SHWW 6. 1- AN
:sjuened 9¢¢ ‘sarpnys
9 ‘dd doselq
89 =01 16— 1D
% S6 ‘SHWW (¢~
dAIN ”wucoﬁmm TLE
SLOY L dd o1oshg
YEEOEL 1D

% S6 ‘U TW 0L 0
AN :syuanyed

90¢ ‘SIS G YAD
8E'0— 0 €T T 1D
% $6 3 08°0— AN
‘syuanyed 7/ ¢ ‘so1pms
£ ‘eunurajoxd y 47

80 1-LL0
1D % $6 °16°0
uonezieydsoy jo YH
paisnlpe 4 [-09°0
1D % S6 €6°0 ‘yreap
Jo YH pasnlpy

100°0>d ‘YL 0-¥S0
ID % $6:€9°0 IH
Ioj uonezireyrdsoy
JSIJ 1O 9SNEBD AD
woly yieap jo YH

800'0=d

‘96'0-SL'0 1D % S6
68°0 ‘peap Jo ¥J
1000>d
‘LLOPS01D % S6
£69°( ‘uonezieydsoy
Jo Y ‘1000>d
280090 1D % S6
0L°0 ‘yreap Jo ¥q

SYUEEN

dd
44D ‘eLNUINOI]

uonezieydsoy
‘asned
Aue woij yrea

dH

Joj uonezieydsoy
JSI1 B JO SOSNEd
AD wolj yresaq

asned
Kue woiy yrea(

osned
Aue woij yreaq

sjutodpug

syuow 717

syjuouwr 9¢

syuowt [

syuow 9|

syuoul ¢

dn mofjoq

a4V

Juojoejouorrdg 10 19DV
1900[q

[euuEyd

wniofed

lo/pue

onamip dooj

I9Y00[q-B1aq

quojoejouorids  ‘gyV ‘1HIV
I9YO0[q-®}oq

Aqrep Sw G & pue ‘ypoq 10

0} dn ououareidg  ‘gyVv 1DV
Aqrep 3w 0G-Gg juswiean)
suouara(dyg rewndo
Aqrep Sw ¢z onamip
quoyoeouoaidg doo| ‘igOV
VIN uonedrpawt

aurfeseq

S8

8¢S°T

LEL'T

7€9°9

£99°1

syuaned
JOON

syuaned (@3[D

% 0v>
JHAT “oanyre Jresy
pasou3erp A[maN

aInjrey
Heay [T VHAN
aIn[rej 1eay

pue uonounysAp
AT Aq payeorjdwod
uonoIeJul
[e1pIeOOAW ANOY

aInyrej reay
Al PUe JII VHAN

uonendod parpmig

MITAI
onewoIsAs
QuUBIYO0D)

[L2] Te3e
UB(JOUBARN

JSBISIP AJUpDY dIuoay))

Apm3s 110700
aAnoadsorg
em
dnoi3-orered
‘pPa[[oNu0od
-oqaoerd
purq-a[qnop
‘pazruropuey

[BLI} PI[[OIIUOD
-oqaoerd
‘puUIQ-d[qnop
‘pazruropuey

[e11) PI[[ONU0D
paznuopuey

ad£y Apmg

[92] ‘e 10997

[c2] 'Te 10 peuuez

[v] Tewmd

[¢2] Terenid
aanjrej yIedy

loyny

9SBASIP JO sadA) [B19A3S UT UONIQIYUT VYA JO S109JJ0 WId) Suo] L°S djqeL



46

1000>d
‘TOT0:1D
‘Tey31y I/bgu 170
wnissejoq

erwaeIodAy
QOUIPIOU] PASLIOU]
erwaeyIodAH

00=d
70 1D “omo[

SHww g 4g d1joiserp

200°0=d ‘9‘C

1D ‘oMol SHWW 4
dd o1101sAs ueawr
:600°0=d ‘8¢ 1D
IOMO] 9, G QOUBIBI[O
QUIUNEAID (100 0>d
BTV 1D “Tomo|

9% TT Sem UONAIIXD
urwnqre Areurrn)
dd

ur doip jueoyrusig
"pasearddp Apysiys
YdD "% L9—€C

Aq ermnurwngqre

JO uononpay
sjnsoy

dd “ooueres|o
uruneard
‘ernurunqg[y

dd 44D
‘BLINUTSI0I]

sjutodpug

Aqrep Sw 05—6¢

syuout g suouarodyg
Arep 3w 001-0§

suouars[da

J0 Aqrep 3w Gg

syjuowt Z1—¢ quojoejouoaidg
dn mofjoq VIN

g4V
10 IOV

qaqv

10 IHDV
UorIBIIpaU
Jurjeseg

ov

1014
sjuaned
JOON

IsBISIp
AQupry oruoIyd
OTJQRIP-UON

Ayyedorydou
onaqeld
uonendod parpms

[BLI} JOAO-SSOIO

paziwopuel
uadQ [67] ‘T8 1° Agseog
a1 (82
ONRWRISAS  ‘Te 10 SeuBRIARIA
aod£y Apmg loyiny

(ponunuoo) |°g ajqey



5 MRA Inhibition in CKD: More Than Salt and Water

Another strategy to improve the efficacy of RAAS-
blockade, is in manipulating the salt status: correction of the
volume overload in patients on monotherapy RAAS-
blockade, by either diuretics, a low sodium diet or their
combination, considerably potentiates the efficacy of mono-
therapy RAAS-blockade [34, 35, 36]. Post-hoc analyses sug-
gest that moderate dietary sodium restriction is also
associated with better long-term outcome of RAAS-blockade
[37], but prospective studies, so far, are unfortunately lack-
ing. Observational data have shown a worse long term out-
come in subjects that consume very low (<5 g/day) amounts
of salt [38]. Whereas this might be related to underlying con-
ditions associated with poor intake and malnutrition, it has
also been pointed out that reactive hyperreninemic hyperal-
dosteronism might exert an adverse effect in such subjects
[39] (Fig. 5.3). Of note, despite interference with the renin-
angiotensin axis, a low sodium diet during ACEi or ARB is
associated with secondary hyperreninemic aldosteronism
that is particularly marked during the combination of diuret-
ics and low sodium, demonstrating that the feedback loop
between volume status and aldosterone is not disrupted
by the current modes of inhibition of the RAAS by ACEi
or ARB.

It has long been known that while under RAAS inhibition
treatment with ACEi or ARB, aldosterone levels initially
decrease, but can thereafter gradually increase to pretreat-
ment, or even exceed pretreatment levels, a phenomenon that
has been called “aldosterone breakthrough” or “aldosterone
escape” [40] (Fig. 5.3). Whereas this so-called escape is usu-
ally associated with long term treatment, detailed assessment
of the early effects of RAAS-blockade on aldosterone levels
demonstrate that, actually, aldosterone displays an early par-
tial return towards its baseline values even during the first
week of treatment, possibly in response to the negative
sodium balance induced by the RAAS-blockade, again dem-
onstrating the preservation of aldosterone’s role in volume
homeostasis, despite ACE-inhibition [41].

Keeping in mind the deleterious effects of aldosterone on
the kidneys, MRA inhibition is a promising new therapeutic
approach in CKD. Studies in experimental animals, in
proteinuric models and in CKD patients support a renopro-
tective effect of MRA inhibition. As monotherapy RAAS-
blockade is therapy of choice for CKD, in particular the
added effects of MRA to ACEi or ARB are of clinical inter-
est. These could be due to interference with classic effects of
aldosterone (i.e. a diuretic effect of MRA) as well as due to
interference with the non-classic effects of aldosterone. A
Cochrane review dating from 2009 has shown that MRA
antagonism in addition to an ACEi or ARB, can in small
doses significantly reduce proteinuria while only slightly
influencing renal function or blood pressure, with the adverse
effect of an increased incidence of hyperkalemia (Table 5.1)
[27]. Long term clinical endpoints such as cardiovascular
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Fig.5.3 Effects of enalapril on PRA and PAC (mean+SEM) on liberal
(broken lines) and low (continuous lines) sodium diet. PRA plasma
renin activity, PAC plasma aldosterone concentration (Reprinted by
permission from Macmillan Publishers Ltd: Navis et al. [39])

events or renal function were not available in the included
studies. A recent systematic review concerning the effect of
MRA inhibition in addition to RAAS inhibition on diabetic
nephropathy confirmed these effects on proteinuria, blood
pressure, glomerular filtration rate and potassium levels,
however data on long term cardiovascular and renal outcome
were still not available [28]. In non-diabetic patients with
CKD, long term effects of MRA inhibition in addition to
RAAS inhibition are also unavailable, while short term
effects are comparable to that in patients with diabetic
nephropathy [29]. In patients with mild CKD, treatment with
MRA inhibitors was shown to have a beneficial effect on left
ventricular mass and arterial stiffness [42]. In summary, the
short-term effects of spironolactone and eplerenone are ben-
eficial for CKD patients and these agents are also safe, pro-
vided that potassium levels are being monitored. However,
there is a lack of data concerning the long term clinical out-
come of dual treatment with an ACE-inhibitor or ARB and a
MRA inhibitor, as well as lack of data on the mechanism of
the added effect of MRA to ACEi or ARB. The treatment can
be considered in individual patients who otherwise have an
unacceptable poor (renal) prognosis, given that these patients
are extremely well instructed with regards to stopping the
MRA inhibitor in circumstances of volume/sodium deple-
tion. It is obvious that more research is needed to determine
the definite role of MRA inhibition in CKD treatment, in par-
ticular whether the risks outweigh te benefits.
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Aldosterone Breakthrough and Sodium Status
Intervention in CKD

The importance of aldosterone breakthrough during RAAS
blockade treatment on clinical endpoints is currently
unknown. While a low salt diet is associated with higher
aldosterone levels, the deleterious effects of aldosterone on
end organs are generally absent during low salt-status. In
contrast, in patients with a high salt intake, however, aldoste-
rone breakthrough may be associated with an increase in tar-
get organ damage. Better elucidation of the interrelationships
between salt status and the renoprotective effects of aldoste-
rone blockade in CKD is therefore needed. This could also
contribute to a better understanding of the mechanisms of
the added effects of MRA to ACE-inhibition or ARB. In a
best-case scenario MRA inhibition could be an add-on ther-
apy that allows to combine ACE-inhibition or ARB with low
sodium diet potentiating its renoprotective effects, without
the possible adverse effects of a reactive rise in aldosterone.
Several studies on the renoprotective effects of MRA inhibi-
tion are currently ongoing, including long term intervention
for prevention of diabetic nephropathy (PRIORITY) [43]
and a short-term intervention analyzing the role of sodium
status, and comparison with conventional diuretic during
RAAS-blockade (http://www.trialregister.nl/trialreg/admin/
rctview.asp?TC=2133). These results may provide insight in
the complex interplay between aldosterone breakthrough,
salt status and MRA inhibition and thus delineate the optimal
use of MRA for renoprotection.

Effects on Vascular Fibrosis and Hypertension

Spironolactone and eplerenone are anti-hypertensive agents
used in patients with resistant essential hypertension. The
rationale behind the use of MRA inhibitors for treating
hypertension is derived from the classical genomic effects of
aldosterone. By blocking the MR, slow onset volume and
sodium loss occurs, and thusly blood pressure is lowered.
However, in the absence of activation of the MR in vascular
tissues, also arterial stiffness induced by aldosterone can be
prevented. In 2008 a study has shown that treatment with
eplerenone can reduce the media collagen/elastin ratio,
reducing vascular stiffness [44]. Also, in low-renin hyperten-
sive patients eplerenone was shown to be more effective than
the ARB losartan in lowering blood pressure [45]. Possibly,
in a low-renin state the MRA inhibitor is more efficient in
reducing the non-classical effects of aldosterone than
ARB. However, in diabetic patients spironolactone was
shown not to influence endothelial function, while effec-
tively reducing blood pressure [46]. While MRA inhibitors
are effective in reducing blood pressure, more research is
needed to clear up the physiological mechanisms.

C.Gantetal.

MRA Inhibition and PTH

Primary hyperparathyroidism is a known risk factor for
developing cardiovascular disease. Recent findings have sug-
gested a bilateral interplay between aldosterone and parathy-
roid hormone levels. Aldosterone secretion in the zona
glomerulosa of the adrenal gland is regulated by Ca®* chan-
nels [47]. There is evidence PTH levels can up-regulate aldo-
sterone by increasing plasma calcium [48]. On the other
hand, relative hyperaldosteronism stimulates urinary and
fecal Ca®* excretion in the presence of excess dietary salt
intake, and thusly stimulates PTH secretion [49]. Recently
the MR was also identified in parathyroid cells [50]. It is
unknown, however, whether activation of these MRs also
lead to increased PTH excretion. The combination of relative
hyperaldosteronism and elevated PTH levels can increase tar-
get organ damage, as well as have deleterious skeletal effects.
Research has shown that patients with congestive heart fail-
ure treated with spironolactone have a reduced fracture risk
compared with patients without MRA inhibition treatment
[51]. Recently the relationship between the RAAS and the
PTH level in humans, without primary hyperaldosteronism
has been studied, and it was shown that spironolactone treat-
ment can slightly but statistically significantly reduce plasma
PTH levels [52]. However in this study aldosterone infusion
did not directly increase PTH levels, suggesting a more long
term gradual effect of aldosterone on PTH levels. As second-
ary hyperparathyroidism often occurs in both CKD and con-
gestive heart failure patients, the interplay between PTH and
aldosterone may be relevant [53]. Future research will have
to determine the role of PTH on end organ damage, and the
effect of MRA inhibitors on PTH and calcium metabolism.

Adverse Effects of MRA Inhibition

The most important adverse events associated with MRA
inhibition therapy are hyperkalemia and hemodynamically
mediated renal function loss. Most trials concerning MRA
inhibitor usage show an increase in hyperkalemic events in
patients treated with mineralocorticoid receptor antagonists,
however, this was not associated with an increased risk of
hospitalization or death in patients with heart failure or CKD
[26, 54]. Furthermore, significant or irreversible renal func-
tion loss was not seen. Still, long-term studies on the effect
of MRA inhibition in CKD patients on renal function and
cardiovascular events are currently lacking.

Conclusion

New insights in the non-genomic effects of aldosterone
on multiple target organs render MRA inhibition a prom-
ising approach in CKD treatment. The role of aldosterone
breakthrough during RAAS blockade therapy is under
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investigation. While salt restriction is associated with
higher aldosterone levels during ACEi or ARB, low salt
intake could prevent the non-classical pro-fibrotic pro-
inflammatory effects of aldosterone. Future studies will
have to answer the question whether there is a role for
MRA inhibition in CKD treatment in addition to current
evidence-based renoprotective treatment (RAAS block-
ade with ACEi or ARB, salt restriction). Furthermore,
upcoming data on the efficacy of MRA inhibition as com-
pared to conventional diuretics, and the optimal combina-
tion with dietary salt targeting in CKD will allow the
understanding needed to use MRA inhibition for optimal
therapeutic benefit in CKD patients.
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