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Activation of Aldosterone/Mineralocorticoid
Receptor in Chronic Kidney Disease and
Metabolic Syndrome

By TOSHIRO FUJITA, MD, and MIKI NAGASE, MD

Beyond regulation of electrolyte, volume, and blood pressure (BP) homeostasis,
aldosterone has recently emerged as a deleterious hormone in the cardiovascular (CV)
and renal systems. This issue of Nephrology Rounds examines research findings from our
laboratory indicating that the glomerular podocyte is a novel target for aldosterone in the
kidney. In fact, activation of the mineralocorticoid receptor (MR) in the podocyte causes a
disruption of the glomerular filtration barrier, proteinuria, and glomerulosclerosis.
Spontaneously hypertensive rat (SHR)/NDmcr-cp, a metabolic syndrome (MetS) rat, is
susceptible to renal and cardiac injuries, especially when the animal is fed a high-salt diet.
Inappropriate activation of the aldosterone/MR system underlies the target organ damage.
Furthermore, the small guanosine 5'-triphosphate (GTP)ase, Racl, is identified as a novel
activator of MR. Research suggests that this ligand-independent MR activation contributes
to the progression of chronic kidney disease (CKD). This issue summarizes recent advances
in aldosterone research and introduces results on the role of aldosterone-dependent and
aldosterone-independent MR activation in CKD and the MetS.

Introduction

Since its isolation in 1953, aldosterone (formerly called “electrocortin”) has been recognized
as a hormone that regulates electrolyte, volume, and BP homeostasis. Aldosterone acts on its
receptor, MR, in the distal nephron, thereby controlling sodium reabsorption and potassium excre-
tion. This classic mode of action has been substantiated by many studies of genetic disorders as
well as in knockout mice.

Recently, aldosterone emerged as a deleterious hormone in the CV and renal systems.!
Historically, in the 1940s, before the isolation of aldosterone and MR, it was already known that
MR activation causes target-organ damage. Hans Selye; an advocate of “stress theory” (nonspecific
adaptation response to stressors by glucocorticoids), reported that administering desoxycortico-
sterone acetate (DOCA), the first synthetic steroid, to rats induces inflammatory and fibrotic
changes in the heart and kidney. Uninephrectomy and salt loading were performed as conditioning
factors. Selye considered that these phenotypes are due to mineralocorticoid actions of DOCA.
Furthermore, he postulated that glucocorticoids have anti-inflammatory actions in adaptation to
stress, whereas mineralocorticoids have pro-inflammatory effects.

Half a century later, aldosterone, the physiological mineralocorticoid in the body, was shown
to cause myocardial fibrosis.® Based on these experimental findings, together with aldosterone
breakthrough phenomenon (discussed below), Pitt et al** conducted 2 milestone randomized
clinical trials (RCTs): the Randomized AL.dactone Evaluation Study (RALES) and the Eplerenone
Post-acute myocardial infarction Heart failure Efficacy and SUrvival Study (EPHESUS). These
investigations found that the addition of a low-dose MR antagonist, spironolactone or eplerenone,
dramatically improved the outcomes of heart failure patients already prescribed standard medica-
tions, including angiotensin converting enzyme (ACE) inhibitors and angiotensin II (Ang II)
type 1 receptor blockers (ARBs). The organ-protective efficacy of MR antagonists was further
confirmed by subsequent clinical studies.””

Aldosterone and proteinuria

Cumulative evidence suggests that aldosterone is a potent inducer of proteinuria. Large-scale
RCTs demonstrated the efficacy of blocking the renin-angiotensin-aldosterone system (RAAS) with
ACE inhibitors or ARBs to reduce proteinuria and retard the progression of CKD. Conventionally,
Ang IT was regarded as the primary factor responsible for injurious actions of the RAAS. Recent
evidence, however, indicates aldosterone is an additional pathogenic factor. According to a study by
Greene et al,* Ang IT blockade by losartan and enalapril attenuated proteinuria in remnant rat
kidney, a model with enhanced RAAS activity. However, these drugs not only inhibited the action
of Ang II, but also blocked aldosterone synthesis, and a reversal of plasma aldosterone levels by
exogenous aldosterone infusion recapitulated the nephropathy. Conversely, adrenalectomized rats
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Figure 1: A schematic representation of the
proposed pathophysiological mechanisms of
target-organ disease in the metabolic syndrome
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Mineralocorticoid (MR) activation plays a pivotal role in the progression of
chronic kidney disease (CKD) and cardiovascular disease (CVD). MR can be
activated by both ligand-dependent pathway (via aldosterone-releasing fac-
tors [ARFs]), and ligand-independent pathway (via the guanosine triphos-
phate Racl).

HTN = hypertfension; IGT = impaired glucose tolerance; LV = left-ventricular

with glucocorticoid replacement were protected from renal
ablation-induced proteinuria. Indeed, Ang II excess models,
such as Ang II/salt rats and double transgenic rats carrying both
human renin and angiotensinogen genes, develop severe albu-
minuria and kidney injury that can be abrogated by aldosterone
synthase inhibitor FAD286, adrenalectomy, or MR antago-
nists.”" The pivotal role for aldosterone was directly confirmed
by creating uninephrectomized aldosterone/salt rats that were
prone to proteinuria and glomerulosclerosis, despite suppressed
plasma renin activity and Ang II concentrations."" Serum- and
glucocorticoid-inducible kinase 1 (Sgkl), an aldosterone-
effector kinase, is suggested to mediate the proteinuric effect of
aldosterone because mice lacking Sgk1 were protected against
DOCA/salt-induced albuminuria.”?

Clinically, proteinuria is commonly seen in high-aldo-
sterone conditions such as primary aldosteronism;" as well,
elevated plasma aldosterone concentrations are noted in
patients with renal insufficiency.* Quinkler et al"’ analyzed
kidney biopsy samples from proteinuric patients with diverse
etiologies, and reported the correlation of renal MR and Sgkl
expressions with renal inflammation and proteinuria. The
involvement of aldosterone is also suggested by “aldosterone
breakthrough” phenomenon. Administration of ACE inhibitors
or ARBs results in an acute decline in plasma aldosterone con-
centrations; however, with longer use, the initial suppression is
not sustained and plasma aldosterone levels rise in a subset of
patients.'® Sato et al'” found that aldosterone breakthrough
was observed in 40% of type 2 diabetic patients with early
nephropathy during 40 weeks of trandolapril therapy.
Trandolapril reduced albuminuria in patients without aldo-
sterone breakthrough, whereas the antialbuminuric effect of
trandolapril was lost in patients with aldosterone breakthrough.
Furthermore, the addition of low-dose spironolactone on top
of trandolapril significantly reduced albuminuria without a
change in BP for patients with aldosterone breakthrough.

More than 10 RCTs have demonstrated the antiprotein-
uric effects of MR antagonists. A recent systematic review and
meta-analysis'® revealed that adding MR antagonists could
significantly reduce proteinuria in CKD patients receiving
ACE inhibitors and/or ARBs.

Podocyte injury as a major cause of proteinuria

The glomerular filtration barrier comprises 3 layers: the
glomerular endothelium, the glomerular basement
membrane, and the podocytes. Podocytes serve as the final
filtration barrier restricting the passage of macromolecules
from plasma in the process of primary urine formation.'”*’

Podocytes extend numerous major processes and secon-
dary foot processes; neighboring podocytes interdigitate their
foot processes, which are bridged by the “slit diaphragm.”
Typically, with an injury to the podocytes, the foot processes
are retracted; this is a dynamic and reversible process known
as “foot process effacement.” Actin cytoskeletal organization
is thought to play a role in the regulation of the “spectacular”
morphological architecture and functional integrity.

In 1998, nephrin was identified by positional cloning as a
causative gene for congenital nephrotic syndrome of the
Finnish type. Nephrin is localized to the slit diaphragm, and
is thought to constitute the major size-selective permeability
barrier. Subsequently, a number of podocyte-specific mole-
cules have been identified, including cluster of differentiation
(CD)2AP, podocin, a-actinin 4, transient receptor potential
channel 6 (TRPC6), and phospholipase C (PLC)e1.”” Reports
on genetic mutations or gene targeting of many of these mole-
cules indicate manifestations of proteinuria and glomerulo-
sclerosis, establishing the pivotal roles of podocytes and their
slit diaphragm as a filtration barrier.”’ Recent studies unveiled
the role for nephrin and slit diaphragm as a signaling plat-
form.?! Podocytes are actually injured in many types of
proteinuric renal diseases, including nephrotic syndrome,
lupus nephritis, diabetic and hypertensive nephropathy, and
obesity-related glomerulopathy;*** therefore, podocytes are
an important therapeutic target.

To date, a variety of factors have been identified that
promote or ameliorate podocyte injury.”” Podocytes, whose
foot processes overlay the glomerular capillary tufts, are sensi-
tive to mechanical stress; therefore, glomerular hypertension
or hyperfiltration may contribute to podocyte impairment.
Alternatively, podocytes express a number of vasoactive
substances and their receptors, as well as nuclear receptors,
and podocyte function is reported to be modulated by their
ligands (eg, Ang 11, glucocorticoids, vitamin D).?****

Aldosterone evokes podocyte injury —
role of oxidative stress

The intimate relationship between aldosterone and
proteinuria prompted an investigation of the effects of aldo-
sterone on podocytes. The first step was an analysis of
proteinuria and podocyte injury in uninephrectomized, high
salt-fed rats infused with aldosterone (0.75 pg/hr via an
osmotic minipump)?® This is an established chronic miner-
alocorticoid excess model in which plasma aldosterone levels
rise to comparative levels seen in human congestive heart
failure. After 4 weeks, aldosterone-infused rats developed
hypertension and massive proteinuria. Glomerular expressions
of slit diaphragm-associated molecules, nephrin and podocin,
were markedly decreased, whereas expression of a damaged
podocyte marker, desmin, was upregulated in aldosterone-
infused rats. Electron microscopic analysis revealed podocyte
foot-process effacement. Podocytes were already impaired at



2 weeks of aldosterone infusion, when proteinuria was
modestly increased. Proteinuria and podocyte damage were
completely reversed by eplerenone. These findings suggest
that podocyte injury underlies the pathogenesis of proteinuria
caused by aldosterone administration.

To determine how aldosterone evokes podocyte injury,
the contribution of BP elevation per se was first tested.
Although hydralazine normalized BP, it failed to improve
proteinuria and podocyte damage, suggesting the presence of
BP-independent, aldosterone-mediated mechanisms. Next, the
role of oxidative stress was examined because reactive oxygen
species (ROS) have been proposed as important mediators of
aldosterone-induced target-organ injury.”” Aldosterone-
infused rats exhibited enhanced oxidative stress markers such
as increased urinary excretion of thiobarbituric acid-reactive
substances, elevated renal nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase activity determined by a luci-
genin chemiluminescence assay, and stimulation of membrane
translocation of NADPH oxidase cytosolic components
p67phox and Racl. Indeed, an antioxidant, 4-hydroxy-2,2,6,6-
tetramethylpiperidine-loxyl (TEMPOL), significantly
reduced oxidative stress markers and corrected podocyte
damage and proteinuria. Oxidative stress markers were also
suppressed by eplerenone. These results suggest that aldo-
sterone causes podocyte injury and proteinuria, possibly
through the induction of oxidant stress.

Aldosterone may modulate podocyte function directly by
acting on MR within podocytes, or indirectly by affecting
glomerular hemodynamics; therefore, it is important to
examine whether aldosterone exerts direct cellular effects
using cultured podocytes. MR transcripts and proteins were
actually detected in in vitro cultured podocytes as well as
in vivo glomerular podocytes. Exposure of cultured podocytes
to aldosterone resulted in nuclear translocation of MR, acti-
vation of NADPH oxidase, and ROS increments. In addition,
aldosterone upregulated the expression of Sgkl, in cultured
podocytes as well as in the kidney of aldosterone-infused rats,
which could be prevented by eplerenone. Taken together,
these results suggest that at least some of the proteinuric
effects of aldosterone are attributable to direct nonhemo-
dynamic actions on podocytes.

Aldosterone and the MetS

Aldosterone excess has been implicated in obesity-related
disorders. In 1981, Tuck et al*® suggested the involvement of
aldosterone in the pathogenesis of obesity-associated
hypertension. Goodfriend et al”’ demonstrated a correlation
between plasma aldosterone concentrations and the amount of
visceral fat. Accordingly, nontraditional adrenal stimuli for
aldosterone production have been reported, including oxidized
products of linoleic acid,’*® and as-yet unidentified potent
mineralocorticoid-releasing factors secreted by adipocytes.’!

Recent clinical evidence supports the relationship
between aldosterone and the MetS. Two cross-sectional clin-
ical studies in patients of African descent demonstrated that
plasma aldosterone concentration is independently associated
with the MetS.**** Plasma renin activity was somewhat sup-
pressed in the MetS. The C allele of -344C/T variant in the
promoter of the aldosterone synthase (CYP11B2) gene, which
is associated with hyperaldosteronemia, was shown to increase
susceptibility to the MetS in European men.’** Furthermore,
prospective studies of Framingham Offspring Study partici-
pants indicated that subjects with higher circulating aldo-
sterone levels have an increased risk of developing the MetS.”

MR is also expressed in adipocytes, and it mediates the
mineralocorticoid and glucocorticoid effects on adipogenesis
and white adipose tissue functions’® Aldosterone may contri-
bute to adipokine abnormalities in the MetS. One report indi-
cates that an MR antagonist corrects the obesity-related
adipokine changes in db/db mice.””

The MetS as a modifiable risk factor for CKD

CKD, defined as glomerular filtration rate (GFR)
<60 mL/minute and/or the presence of proteinuria, is
becoming an urgent public-health problem worldwide,
since it commonly affects 10%-20% of the adult population in
many countries. CKD patients, if untreated, will progress to
end-stage renal disease (ESRD) requiring renal replacement
therapy. More importantly, even mild kidney dysfunction
increases the risk of premature CV death; therefore, to
prevent such adverse outcomes, campaigns for early detection
and treatment of CKD are promoted.

The MetS, a constellation of comorbidities that include
visceral obesity, hypertension, glucose intolerance, and dys-
lipidemia, is also increasing at an alarming rate, and is a major
public-health concern. The MetS is known as a highly pre-
disposing condition for CV disease (CVD). Recent epidemio-
logical studies demonstrate that the MetS is an important
modifiable risk factor for proteinuria and CKD. For instance,
a cross-sectional study’® reveals that MetS subjects have a
higher incidence of microalbuminuria (12.3% versus 4.7%)
and CKD (6.0% versus 1.2%). A prospective longitudinal
study, based on data in community-living, nondiabetic adults
with normal kidney function, revealed that over 9 years, MetS
patients increased their risk of developing CKD by approxi-
mately 50%, and the risk increased with more syndrome
traits.’”” Nevertheless, the mechanisms linking the MetS to
CKD have not been clearly elucidated; it is not solely attrib-
utable to the additive effects of individual components (eg,
HTN and diabetes mellitus),”” which suggests some unifying
underlying mechanism.

Podocyte injury and proteinuria in MetS rats:
contribution of aldosterone/MR activation

Given the relationships between aldosterone and CKD,
the MetS and CKD, and aldosterone and the MetS, a working
hypothesis was postulated that aldosterone/MR activation
plays a critical role in the progression of CKD in the MetS.
The SHR/NDmer-cp (SHR/cp, obese SHR) is a rat model of
the MetS that is a derivative of the SHR with the introduc-
tion of a leptin-receptor gene mutation. The rat manifests a
clustering of obesity, hypertension, hyperinsulinemia, and
hypertriglyceridemia.

Obese SHR/cps developed marked proteinuria in an age-
dependent manner, while urinary protein excretion remained
low in nonobese SHRs despite similar BP levels* Proteinuria
in SHR/cps was accompanied by podocyte injury, as indicated
by attenuation of nephrin, induction of desmin, and foot
process effacement. Notably, serum aldosterone levels were
higher in obese SHR/cps than in nonobese SHRs, and there
was a positive correlation between circulating aldosterone
concentrations and proteinuria. Expression of Sgkl was
upregulated in the whole kidney, as well as in the glomerular
fraction of SHR/cps, supporting the causative role of aldo-
sterone/MR activation. Indeed, eplerenone effectively reduced
proteinuria and podocyte damage in SHR/cps. These data
suggest that aldosterone-provoked podocyte injury plays a
pivotal role in the pathogenesis of proteinuria in SHR/cps.



In exploring the role of oxidative stress, with similar-
ities to aldosterone-infused rats, oxidative stress markers
were upregulated in SHR/cps; furthermore, eplerenone
reversed the increased oxidative stress, which suggests the
participation of endogenous aldosterone. Treatment with
the antioxidant, TEMPOL, also significantly alleviated
proteinuria and podocyte injury in SHR/cps. These data
suggest that oxidative stress is an important mediator of
aldosterone-induced podocyte injury in this model.

Mechanisms of aldosterone excess in SHR/cps

In investigating the mechanisms for the high-aldo-
sterone state in SHR/cps, the expression of CYP11B2 was
enhanced in the adrenal glands of SHR/cps compared
with nonobese SHRs, but was below the detection level
in the kidney. This suggests that aldosterone production
in the adrenals is responsible for high-circulating aldo-
sterone, but the excess in this model was not attributable
to conventional aldosterone secretagogues (eg, Ang II or
hyperkalemia). As noted, Ehrhart-Bornstein et al’!
reported that adipocytes from obese subjects secrete
potent aldosterone-releasing factors (ARFs); although
these ARF's are unidentified, a comparison of ARF activity
between SHR/cps and SHRs was carried out according to
the methods of Ehrhart-Bornstein et al. Interestingly,
aldosterone production in H295R adrenocortical cells was
markedly increased by fat cell-conditioned medium from
SHR/cp, but not medium from nonobese SHRs. In
parallel, fat cell-conditioned medium from SHR/cp, but
not from SHRs stimulated the expression of CYP11B2
and steroidogenic acute regulatory protein, key factors in
aldosterone synthesis. The activity was not stimulated by
known adipokines, including angiotensinogen.

ARF-mediated hyperaldosteronemia is not inhibited
by ACE inhibitors or ARBs; thus, eplerenone should
have benefits over Ang II blockade in situations where
such factors are overproduced. Together, these data indi-
cate that adipocytes produce ARFs in SHR/cps, which
may contribute to elevated circulating aldosterone,
podocyte injury, and proteinuria.

Salt accelerates venal and cardiac damage
in SHR/cps via MR activation

Clinical studies reveal increased salt sensitivity in
target-organ injury of obese subjects; however, the
mechanisms have not been clearly elucidated.
Augmentation of the deleterious effects of aldosterone is
found under high salt intake, prompting an examination
of the effects of salt loading in SHR/cps.*!

High salt feeding for 4 weeks markedly enhanced
proteinuria and podocyte injury in SHR/cps; in addition,
eplerenone perfectly inhibited the salt-induced exacerba-
tion, suggesting the involvement of the aldosterone/MR
cascade. Although salt loading suppressed circulating
renin and aldosterone, it paradoxically activated renal MR
signaling, as revealed by increased MR in the nuclear
fraction, induction of Sgkl, and upregulation of putative
mediators of aldosterone-evoked organ damage, such as
plasminogen activator inhibitor (PAI)-1 and macrophage
chemoattractant protein (MCP)-1, in the kidney of salt-
loaded SHR/cps. Eplerenone completely inhibited these
MR-dependent cascades.

The paradoxical MR activation may be partly attrib-
utable to ARFs. While the RAS-regulated aldosterone
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generation is counterbalanced by salt, preliminary data
suggest that aldosterone production by ARFs lacks nega-
tive feedback regulation in response to high salt intake.
As a result, suppression of the circulating aldosterone
levels may be less than expected and cause inappropri-
ately high aldosterone for the amount of salt intake.

Cross-talk between the kidney and the heart has
recently become a major topic; as a result, the rat model
was examined to determine whether the same mecha-
nism for the pathogenesis of cardiac injury can be extra-
polated.” Left-ventricular diastolic function, as revealed
by cardiac catheterization and Doppler echocardio-
graphic analysis, was impaired in salt-loaded SHR/cps,
and was accompanied by increased ROS and perivascular
fibrosis in the heart; again, the cardiac abnormalities fully
recovered with eplerenone. These findings corroborate
the hypothesis that obesity and salt, 2 cardinal features of
modern society, causes MR activation, leading ultimately
to CKD and CVD.

Vertebrate evolution and the
aldosterone/MR system

Evolutionary perspectives on the aldosterone/MR
system are interesting to consider. Phylogenetically,
aldosterone first appears in land-living tetrapods, but
aquatic fish lack the hormone, implying that terrestrial
animals acquired the aldosterone/MR allowing the reca-
pitulation of the seawater environment within the body
to sustain life on land with little salt and water. The
probability of acquiring both ligand and receptor at the
same time is speculated as quite low; MR was already
present during aquatic life, where it served as a receptor
for other ligands and conveyed its own function. When
aldosterone evolved, the hormone “exploited” the MR
receptor of other ligands and compelled the assumption
of a new role in electrolyte homeostasis, which eventu-
ally became the main function of MR.*

When humans first appeared, the amount of avail-
able salt was limited, and salt became a precious commo-
dity. During long periods of salt scarcity, people with
stronger “salt retention” genes had a significant survival
advantage. In modern, industrialized societies there is an
abundance of salt, as well as energy imbalances causing
the pandemic of obesity. Cultural changes have outpaced
any possible genetic adaptations, with obesity and salt
synergistically causing inappropriate activation of the
aldosterone/MR system. Individuals with genes for
enhanced aldosterone/MR activity are especially predis-
posed to diseases of civilization, such as salt-
sensitive hypertension, CKD, and CVD, when faced

with the contemporary environment.

Novel mechanism of MR activation by
Racl and its implication in CKD

High-aldosterone models are indicated as causing
MR activation and renal injury; however, some results®”*
demonstrate that MR can be activated even in normal or
low aldosterone states. For example, Dahl salt-hyperten-
sive rats develop podocyte injury, proteinuria, and glo-
merulosclerosis; despite low circulating aldosterone
levels, MR signaling was enhanced in the kidney, and
eplerenone dramatically retarded disease progression.”
Clinical studies reveal that the efficacy of MR antagonists
are not predicted by plasma renin-aldosterone profiles.”




These findings raise the possibility that molecules other
than circulating aldosterone may activate MR.

As for ligands other than circulating aldosterone,
MR may be activated by locally generated aldosterone;
however, neither aldosterone nor CYP11B2 expression
could be detected in the kidney homogenates of rat models.
Alternatively, glucocorticoids may cause MR activation;
clearly, MR has high affinity for both aldosterone and
corticosterone/cortisol, therefore glucocorticoids may
activate MR under suppressed 11p-hydroxysteroid dehy-
drogenase-2 activity.

Currently, little is known about the mechanisms of
ligand-independent MR activation. MR belongs to the
nuclear receptor superfamily acting as a transcription
factor; upon ligand binding, the ligand-receptor complex
translocates into the nucleus, where it interacts with the
mineralocorticoid response element in the promoter
region of the target genes to activate gene transcription.
From this point of view, MR activity should be modu-
lated by multiple factors other than ligand level, such as
the amount of MR, nuclear translocation, chromatin and
histone modification, recruitment of coregulators, and
cross-talk with other intracellular signaling molecules.
Increased MR content may be one mechanism because
MR transgenic mice are reported to develop cardiac and
renal abnormalities.*** MR activity may be modulated
by cross-talk with intracellular signaling, because such
regulations are reported for other steroid receptors.**

The small GTPase protein, Racl, was identified as a
novel activator of MR*® through the enhanced activity
found with i vitro transfection assays in HEK 293 cells.
In luciferase reporter assays, MR-dependent transcrip-
tional activity in response to aldosterone was potentiated
by overexpression of constitutively active (CA)-Racl. CA-
Racl increased the luciferase activity in the absence of
aldosterone as well. Furthermore, CA-Racl promoted the
nuclear translocation of green fluorescence protein (GFP)-
tagged MR, both with and without aldosterone. Similar
potentiation was also observed in cultured podocytes.
These results indicate that CA-Racl causes MR activation.

Subsequent investigations examined whether this
“Racl-evoked MR activation” contributes to the patho-
genesis of renal injury in vive, using Rho guanosine
diphosphate (GDP) dissociation inhibitor (RhoGDI)a
knockout (KO) mice,’" a kidney-specific Racl activation
model. At 12 weeks of age, the KO mice exhibited massive
albuminuria, podocyte damage, and glomerulosclerosis.
Rac-specific inhibitor, NSC23766,’* substantially amelio-
rated the renal impairment, concomitantly with repression
of Racl activity. Aldosterone-independent MR activation
was detected in the kidney of this model, as evidenced by
increased nuclear MR and enhanced Sgkl, PAI-1, and
MCP-1 expression, despite normal aldosterone level.
Indeed, eplerenone dramatically abrogated the renal
impairment; furthermore, Rac inhibitor suppressed MR
activation. These results indicate that Racl-mediated MR
activation plays a central role in the renal phenotype of
RhoGDIa KO mice. Traditionally, Racl GTPase is
known to have diverse biological functions, such as actin
cytoskeletal organization, cell migration, and generation
of oxidative stress as component of NADPH oxidase.”
Recently, Racl was demonstrated as indispensable for
the nuclear localization of f-catenin in canonical Wnt
signaling,’* and of signal transducer and activator of
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transcription (STAT)-5 in cytokine signaling.”” These
results, in addition to the findings of nuclear MR translo-
cation, highlight the novel roles for Racl in the nucleocy-
toplasmic shuttling of transcription factors.

This alternative pathway of MR activation actually
plays a significant role in the progression of renal injury
in more common CKD models, which implicates Racl
as a novel therapeutic target for CKD. For example,
Racl was activated in the kidneys of salt-loaded Dahl
salt-sensitive rats, whereas NSC23766 significantly sup-
pressed MR activation, proteinuria, and glomeruloscle-
rosis. These findings suggest that the Racl-MR pathway
may contribute, at least in part, to the nonaldosterone-
mediated MR activation in this model.

Racl is identified as a ligand-independent activator
of MR; this alternative pathway of MR activation plays a
significant role in the progression of renal injury in some
CKD models, which implicates Racl as a novel thera-
peutic target for CKD. Preliminary data suggest that
Racl is activated in response to various stimuli relevant
to the MetS (data not shown); therefore, MR can be
activated in the kidney of the MetS patient by several
different pathways, both aldosterone-dependent and
-independent, and mediates renal injury.

Conclusions and perspectives

Recent clinical and experimental evidence reveal the
pathogenic roles of aldosterone in CKD and the MetS.
Data demonstrate that SHR/cp, a MetS model, is suscep-
tible to renal and cardiac injuries, especially when the
animal is fed a high-salt diet. Inappropriate activation of
the aldosterone/MR system underlies target organ diseases
and MR can be activated by several different pathways,
both aldosterone dependent (via ARFs) and independent
(eg, via Racl). These findings support the hypothesis that
obesity and salt, 2 central features of modern society, cause
MR overactivation, leading to CKD and CVD.

Future studies are necessary to identify the clinical
conditions in which Racl is overactivated and Rac
inhibitor is effective, and to determine the intrarenal
localization of activated Racl. For this purpose, clinical
studies using renal biopsy specimens of CKD patients
are under investigation, with the expectation that ARFs
and Racl can be novel targets of therapy for MetS and
CKD. Further, handy diagnostic tools must be
established to evaluate tissue Racl activation state,
because circulating aldosterone concentration does not
necessarily reflect MR activity in the target organ.

Currently, hyperkalemia remains a concern with the use
of MR antagonists, especially in patients with impaired renal
function. Unfortunately, the administration of eplerenone
is contraindicated in diabetic patients with albuminuria
because of the reported severe hyperkalemia evoked by high
doses of eplerenone. Subsequent studies suggest that lower
doses of eplerenone may be safe and sufficiently beneficial.
Presently, a double-blind, placebo-controlled RCT is
being conducted to evaluate the antialbuminuric effect of
low-dose eplerenone, the Eplerenone combination Versus
conventional Agents to Lower blood pressure on Urinary
Antialbuminuric Treatment Effect (EVALUATE) trial. The
study subjects will be 340 Japanese hypertensive patients
with albuminuria receiving ACE inhibitors or ARBs.
Large-scale RCTs are also awaited to assess the efficacy
and safety of MR antagonism in patients with the MetS.
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