Mineralocorticoid Receptor-Associated Hypertension

In the Framingham Offspring Study, higher baseline plasma
aldosterone levels within the physiologic range were associ-
ated with an increased risk of BP elevation or development of
hypertension after 4 years in 1,688 normotensive individuals. 13
The clinical observation suggests that MR overactivation plays
acrucial role in not only cardiovascular complications but also
arisk of developing hypertension.

AIDOSTERONEACTION AND MRACTIVITY

The MR is a member of the nuclear receptor superfamily and
is essential for controlling sodium and potassium transport
in epithelial cells most notably in the kidney and colon.1415
Aldosterone induces activation of serum- and glucocorticoid-
inducible kinase 1 and epithelial sodium channel which is
followed by downstream actions that promote both ion trans
port and inflammation. In the kidney, the upregulation of inter-
cellular adhesion molecule- 1, monoceyte chemotactic protein- 1,
interleukin-6, plasminogen activatorinhibitor 1, and transform-
ing growth factor-f contributes to vascular injury, tubulointer-
stitial inflammation and subsequent fibrosis, and glomerular
injury. Aldosterone also plays an important role in nonepithelial
cells, such as cardiac myocytes and vascular walls.

Nuclear receptor coregulators are composed of both cosac-
tivators and corepressors and are defined as nonreceptor
proteins which interact with nuclear receptors to potenti-
ate or attenuate transactivation. Among over 300 coregula-
tors, the number of MR-interacting coregulators identified
to date is very limited such as p160 family, RHA, ELI, Ubed,
and NI*YC.16-2 Most, of the canonical mechanisms of aldos
terone are considered to be mediated by cytosolic/nuclear
MR with multiple coregulators which are defined as genomic
action. However, it is now generally accepted that aldosterone
has acute eflects, through rapid, so-called nongenomic sign-
aling pathways 232 Though aldosterone mediates rapid non-
genomic effects via both MR-dependent and -independent
pathways, the mechanism(s) of this MR-independent effect
of aldosterone have remained a focus of controversy. Recent
studies implicated that rapid vascular response to aldosterone
is dependent on the availability of GPR30, which is originally
an orphan G protein-coupled receptor. Functional significance
of GPR30 and MR remains to be elucidated 227

There is one clinical observation that patients with auto-
somal dominant pseudohypoaldosteronism type 1, in whom
plasma renin and aldosterone levels ave elevated due to the
MR gene mutations, present with no significant cardiovascu-
lar diseases or hypertension.” ‘These findings suggest that the
MR-independent aldosterone action alone may not lead to
cardiovascular complications. Since the clinical significance
of MR-independent aldosterone action has not been proved
vet, the role of aldosterone in cardiovascular function may be
mainly mediated by classical MR.
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MRACTHVITY AND HYPERTENSION

Previous reports have demonstrated the antihypertensive
efficacy of high doses of spironolactone in subjects with PA
and, to a lesser degree, subjects with RHTN.!%-12 Nishizaka
et al® showed that low-dose spironolactone provides signifi-
cant additive BP reduction in African American and white
subjects with RHTN with and without PA, indicating that MR
is likely to be overactivated in patients with RHTN. Since the
MR is activated by its agonistic ligands, elevation of plasma
aldosterone levels obvioudy activate the MR activity in target
tissues. In addition, the MR aclivity can be activated without
elevation of plasma aldosterone levels in several diseased states
through multiple mechanisms including increased MR expres-
sion levels, increased MR sensitivity, or MR overstimulation
by other factors. In fact, RHTN frequently includes hyperten-
sion whose BP level is eflectively controlled by MR antago-
nists. We therefore designate such MR antagonist-responsive
RHTN in a broad sense as MR-associated hypertension, The
MR-associated hypertension can be divided into two subtypes,
that with high aldosterone and that with normal aldoster
one levels (Igure 1, Tables 1 and 2). In the former subtype,
plasma aldosterone levels are relatively higher (usually 2150
pg/m in proportion to plasma renin activity. It is reason-
able that RHTN with elevated plasma aldosterone levels can
be effectively treated with MR antagonists. However, it should
be noted that several subsets of patients with RITTN with
normal plasma aldosterone levels can also be effectively con-
trolled by add-on therapy with MR antagonist, which we define
as MR-associated hypertension in a narrow sense (Table 2).

MR-ASSOCIATED HYPERTENSIONWITH ELEVATED PLASMA
ALDOSTERONELEVEL

PA is a typical MR-associated hypertension with elevated
plasma aldosterone level. The recommendation of PA clinical
practice guideline consists of three consecutive steps case
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delection, confirmatory, and lateralization tests.3%%! The case
detection of PA should be performed with combination of an
increased plasma aldosterone concentration (pg/ml)/plasma
renin activity (ng/ml/h) ratio of greater than 200 and a plasma
aldosterone concentration of greater than 150 pg/ml.

Among several confirmatory tests, the Keio University
Hospital (Tokyo, «apan) mostly relies on oral salt loading
test. When 24-h wrine aldosterone excretion is greater than
8ug with a urinary Na excretion greater than 170 mmol, PA
can be definitively diagnosed. Inadequately suppressed aldos-
terone levels under excessive salt intake have been shown to
overstimulate the MR transactivation particularly in non-
epithelial tissues such as myocardium and vasculatwe, thus
resulting in the development and progression of several car
diovascular diseases.5? Two most common subtypes of PA
are aldosterone-producing adenomas (APAs) and idiopathic
hyperaldosteronism (THA) due to bilateral adrenal hyperpla-
sia. The subtype diagnosis of PA is crucial because treatment
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option is dependent on its subtype; unilateral adrenalectomy
for APAs and medical therapy including MR antagonist for
IHA. The pathogenesis of APAs is due to autonomous over-
expression of CYP11B2 in the tumors® or the KCNJ5 potas-
sium channel gene mutation, whereas that of THA is totally
unknown at present.®

Dot et al. have recently reported that mice lacking crypto-
chrome 1 {CryD) and cryptochrome-2 (Cry2), which ave clock
genes that produce the circadian rhythm, show salt-sensitive
hypertension with high plasma aldosterone and suppressed
plasma renin activity levels™ Further research revealed that
a newly identified steroidogenic enzyme, 3p-hydroxysteroid
dehydrogenase type 6 (Hsd3b6) is exclusively overexpressed
in the adrenal zona glomerulosa cells of Cryl/Cry2 double-
knockout mice, thus resulting in enhanced aldosterone secre-
tion. They also showed that HSD3B1, a human ortholog of
mouse Had3b6, is enriched in human adrenal zona glomeru-
losa cells, suggesting a role of this enzyme in aldosterone syn-
thesis. Tt remains to be elucidated a possible role of HSD3B1 in
the pathogenesis of THA.

Several reports showed that a higher prevalence of meta-
bolic syndrome in a large population of patients with PA
compared with patients with essential hypertension.35% Of
interest. a recent rettospective study of 100 patients with PA
showed that the prevalence of the metabolic syndrome and
the body mass index (BMI) value were significantly higher in
THA compared with APA patients.3” Similarly, in our institute,
the BMI and homeostasis model assessment of insulin resist-
ance were significantly correlated with urinary aldosterone
excretion in patients with TIA (n = 54), but not. with APA
(n=31) (Tables 3 and 4). Tt is tempting to speculate that the
pathogenesis of aldosterone excess in THA may be related with
obesity and insulin vesistance. Previous reports showed that
secretory products from isolated human adipocytes strongly
stimulated aldosterone secretion in human adrenocortical
NCI-H295R cells, indicating that human adipocytes secrete
aldosterone-releasing factors.38%° Several reports showed that
plasma aldosterone levels are correlated with BMI and waist
circumference in hypertensive subjects, 04! suggesting that
the adipocyte-derived [actors may play an important role in
MIR-associated hypertension with elevated plasma aldosterone
levels particularly including IHA.

Second, high aldosterone level is also involved in RHTN other
than PA. Sartoli et al. 2 demonstrated that high levels of plasma
aldosterone in hypertensive patients increase the risk of poor BP
contol, despite the use of combination therapy with multiple
antihypertensive agents. even when they do not meet the diag-
nostic criteria for PA. They designated such RHTN as “aldosterone-
associated hypertension”, which was defined as hypertension
with an elevated aldosterone-to-renin ratio and plasma aldoster-
one levels but no PA based on captopril suppression test. In this
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type of hypertension, adequate BP control was reached in alower
fraction of patients after a longer treatment period as compared
with essential hypertensive patients.

‘Third, blocking the renin-angiotensin-aldosterone system
with angiotensin-converting enzyme inhibitors (ACET9 or
angiotensin 1II receptor blockers (ARBs) is often associated
with an initial decrease in plasma aldosterone followed by a
subsequent increase in aldosterone above pretreatment levels
during prolonged treatment. ‘This phenomenon is named as
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“aldosterone escape” or “aldosterone breakthrough” and it may
contribute to drug resistance counteracting the antihypertensive
actions of the drugs. Bomback and Klemmer showed that an
incidence of aldosterone breakthrough is 10-53% in patients
with chronic heart or kidney disease on ACETor ARBtherapy.
However, the detailed molecular mechanisms for aldosterone
breakthrough have not been elucidated. The add-on therapy of
an MR antagonist in this context could result in an improved
prognosis through a further and sustained BP reduction.

Obstructive sleep apnea (OSA) is characterized by recur
rent episodes of partial or complete upper airway obstruc-
tion during sleep. OSA is particularly common in patients
with RHTN:#-45 Stimulation of sympathetic activity by OSA
is likely representing the most important effect by which OSA
increases BP through elevation of vascular resistance, greater
cardiac output, and possibly stimulation of the renin-angiotensin-
aldosterone system. Several adipocytokines, such as angi-
otensinogen, 12, 13-epoxy-9-keto-10(trans)-octadecenoic
acid, and adipocyte-derived factors, would also stimulate
aldosterone secretion.¥164849 Teatment of OSA with use
of continuous positive airway pressure has generally shown
a consistent but modest antihypertensive benefit due to sup-
pression of the sympathetic activation. A positive correlation
between OSA severity and aldosterone levels suggests two
opposite possibilities648; either untreated OSA is stimu-
lating aldosterone release or aldosterone excess is worsening
OSA. Human studies, however, have not shown that treatment.
of OSA with continuous positive airway pressure to have a
substantive effect on aldosterone levels. A preliminary study
showed that treatment with a MR antagonist substantially
reduces the severity of OSA,* suggesting that aldosterone
mediated chronic fluid retention as an important mediator of
OSA severity in patients with RHTN.

Besides OSA, dleep disorders such as insomnia, sleep dep-
rivation, and shift working have become common problems
in many people. A sleep-inducing hormone, melatonin, rap-
idly suppresses the neural activity of suprachiasmatic nucleus
through the melatonin type 1 receptor to induce sleep. Most
sleep disorders are associated with disrupted cireadian rhythm
by which reduction of melatonin secretion leads to biological
clock dysfunction. Based on a report that Cry knockout, mice
reveal a human-type IHA and salt-sensitive hypertension, a
possible link among sleep disorders, melatonin, and elevated
plasma aldosterone levels is suggested. ™

MR-ASSOCIATED HYPERTENSION WITH NORMALPLASMA
ALDOSTERONELEVEL

'The prevalence of obesity is increasing and weight gain is asso-
ciated with increases in BR Mechanisms of obesity-related
hypertension include insulin resistance, sodium retention,
increased sympathetic nervous system activity, activation of the
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renin-angiotensin-aldosterone, and altered vascular func-
tion. The clinical implications of the role of aldosterone in the
metabolic syndrome and RHTN have been strongly suggested
(Table 2, Figure 1).5-%Ttis therefore possible to hypothesize that
the MR activity is overstimulated in the context of metabolic syn-
drome even in the absence of elevated plasma aldosterone levels.

Second, patients with diabetes often present with RHTN.
ACE Is or ARBs have become the cornerstone of the man-
agement, of patients with hypertension plus diabetes and both
drugs have been shown to have a beneficial effect on surrogate
endpoints such as decreasing microalbuminuria, slowing pro-
gression from microalbuminuria to macroalbuminuria, and
slowing the decline in renal function.?®3” MR antagonists
can be exceedingly helpful in selected diabetic patients. These
drugs have been shown to reduce target organ disease and sw-
rogate endpoints such as microproteinuria and left ventricular
hypertrophy. The addition of spironolactone to a regimen that
includes maximal ACE-I affords greater renoprotection than
the addition of the ARBlosartan in diabetic nephropathy, indi-
cating that MR is overactivated in selected diabetic patients
even in the absence of high plasma aldosterone levels 5758

Plasma aldosterone levels have been correlated with alterar
tions in kidney function in CKD, suggesting an association
between kidney dystunction and MR activation. ACE Is or
ARBs have become a first-line therapy for the management of
patients with proteinuric CKD in a similar manner to diabetes.
‘The use of MR antagonists as an add-on agent in CKD is recom*
mended because of the possible direct MR activation as well as
aldosterone breakthrough by ACE Ts or ARBs™® Beneficial
effects of MR antagonists in CKD have been reported in
diabetic nephopathy as well as nondiabetic proteinurias 61-6
It is therefore suggested that direct activation of the MR that
can occur in pathological states associated with CKD, even in
the absence of increased circulating levels of aldosterone.

PCOS which is characterized by chronic anovulation,
hyperandrogenism, and insulin resistance, is considered meta-
bolic disease associated with long-term health risks including
cardiovascular disease and type 2 diabetes mellitus. Women
with PCOS appear to have higher aldosterone levels than age-
and BMI-matched controls.® A putative cause of the increased
aldosterone levels, even i’ within normal limits, observed in
PCOS could be the insulin resistance.

Under high serum or tissue cortisol levels such as Cushing’s
syndrome or inhibition of 11p-hydroxysteroid dehydroge-
nase type 2 by glycyrrhizin, clinical benefit of MR antagonists
depends on displacement: of cortisol from the cardiac as well
asrenal MR.67®

PATHOGENESIS OF MR-ASSOCIATED HYPERTENSION
‘The MR action is principally activated by elevation of aldos-

terone levels and by alterations of MR status. The pathogenesis
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of MR-associated hypertension in a narrow sense is recog
nized to be overstimulation of MR independent of elevated
plasma aldosterone levels (Figures 1 and 2). At present, puta-
tive molecular mechanisms of MR-associated hypertension
are considered to include five mechanisms: increased MR gene
transcription, increased MR sensitivity, MR stabilization, MR
overstimulation by other factors, and activating mutation of
the MR gene ('Table 5).

Increased MRgene transcription

There are several pathological states in which MR gene tran-
scription is increased. First, we have previously shown that
MR expression and superoxide production was concomitantly
increased in astrocytes of the striatum in the mouse 20-min
middle cerebral artery occlusion model.5? Treatment. with
spironolactone markedly stimulated the expression of neuro-
proteclive or angiogenic faclors, such as basic fibroblast growth
factor and vascular endothelial growth factor, thus resulting
in reduction of infarct size. These data indicate that increased
MR transcripts play a pathological 1ole in cerebral infarction
in vivo and that MR antagonist therapy may thus provide a
new therapeutic neuroprotective effects in the ischemic brain
after stroke.

Second, rodent models of types 1 (streptozotocin-treated
rat) and 2 (db/db mouse) diabetes mellitus developed albu-
minuria and histopathological evidence of renal injury as well
as increased renal cortical levels of MR protein, MR messen-
ger RNA (mRNA), transforming growth factor-p mRNA, and
osteopontin mRNA. All of these changes were significantly
reduced by treatment with eplerenone except for the elevated
MR levels.™ The beneficial effects of eplerenone were not

Idosteronism
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attributable to changes in BP or glycemia. It is possible that
increased intrarenal expression of MR may be one mechanism
contributing to increased MR activity in diabetic kidneys.

Third, another study also showed increased MR mRNA lev-
els in kidney biopsies from patients with chronic renal failure
and heavy albuminuria, most of whom did not have diabetes.™
Taken together with the above studies, increased expression
of MR may be attributable to several pathological conditions,
such as cerebral infarction, disbetes mellitus, and CKD.

Increased MR sensitivity

The MR activity is shown to be enhanced by post-translational
modification, such as sumoylation, ubiquitylation, phosphor-
ylation, and glycosylation. 1318727 Fiyst, treatment with [0,
leads to global protein desumoylation including MR, thus
resulting in enhancement of aldosterone- mediated MR trans
activation by several fold in vitro.'® Tuuther analyses revealed
that reduction of the MR sumoylation levels by overexpression
of sumoylation-defective MR mutant, KSR/ K399R/ K494R/
K953R significantly enhances MR transactivation by several
fold in vitro (Kigure 3). It is therefore speculated that oxidative
stress enhances MR sensitivity through desumoylation of MR
protein.

Second, cyclin-dependent kinase 5 (CDKB5), a member of
the CDK family of serine/threonine kinases, is essential for
neuronal morphogenesis, function, and survival. Recent evi-
dence suggests that aberrant CDK5 activation plays a wle in
the pathogenesis of newvodegenerative disorders, such as
Alzheimenr’s disease. CDK5 phosphorylates MR, thus resulting
in enhanced expression of brain-derived neurotrophic factor
in rat cortical newronal cells ™ Therefore, increased MR sensi-

tivity by CDK5-mediated phosphorylation of MR may reflect
newronal viability, synaptic plasticity, consolidation of mem-
ory, and emotional changesin vivo.

MRstabilization

There are several pathological states in which MR transcripts
or proteins are stebilized. Frst, the MR expression is tightly
regulated by osmotic stress through alteration of MR transcript
stabilization.”™ Hypertonic conditions leads to a severe reduc-
tion in MR transcript and protein levels through induction of
tonicity-induced expression of Tisl1b, a mRNA-destabilizing
protein, which may favor hypertonicity- dependent. degrada-
tion of labile MR transcripts. Osmotic stress-regulated MR
expression may explain an important molecular determinant
for physiological abundant localization of MR at renal cortical
collecting duct cells.

Second, the MR activation seems to involve the epider
mal growth factor receptor (AGIR) for the development of
fibrosis and vascular dysfunction.”™ The activated MR can
rapidly transectivate the HGER probably via the cytosolic tyro-
sine kinase, cSe, resulting in extracellular signal-regulated
kinase U2 (ERKV/2) activation. Furthermore, activated MR
can enhance HGFR expression by a genomic mechanism.
Increasing the number of BGFR males a cell more sensitive for
transactivating activity of other pathophysiological relevant
stimuli, like angiotensin 11, endothelin-1, or reactive oxygen
species. Besides, our preliminary data showed that, RGTFR acti-
vation enhanced aldosterone-mediated MR transactivation via
increased MR protein levels. The EGFR activation, coupling
with activation of BGTR-ty1osine kinase and ERK, resulted in
deubiquitylation and MR protein stabilization (Y. Mitsuishi,
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H. Shibata, I. Kuriharva, H. Ttoh, unpublished data). Activation
of HGFR either activated by its peptide ligand or transactivated
by factors such as reactive oxygen species, angiotensin I, or
leptin may elicit vasconstriction and renal sodium retention.®

Third, it is believed that hyperglycemia is one of the most
important metabolic factorsin the developmentof both micro-
and macrovaseular complications in diabetic patients. One of
the adverse effects of hyperglycemia is the chronic activation
of protein kinase C (PKC).81-8 Clinical trials using a PKCB
isoform inhibitor, ruboxistaurin, in diabetic patients showed
40% risk reduction in vision loss and decrease in urinary albu-
min excretion for diabetic nephropathy. %% Our preliminary
data showed that high glucose condition activate several PKC
isoforms including PKCB, thus resulting in enhancement of
aldosterone-mediated MR transactivation via MR protein sta-
bilization in vitro (T. Hayashi, 1. Shibata, T. Kurihara, I1. Ttoh.
unpublished data). These data suggest that some of the benefi-
cial effects of PKCP inhibitor are attributable to destabilization
of MR proteins.

Fourth, another adverse effect of hyperglycemia is a O-linked
N-acetylglucosamine (O-GlcNAc) glycosylation. The O-GleNAc
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modification now appears to play a major role in glucotoxicity and
participates in diabetic complications in various tissues, 725788
Ow preliminary data showed that high glucose condition
enhances aldosterone-mediated MR transactivation by sev-
eral fold via increased O-GlcNAc modification of MR and MR
protein stabilization in vitro (R &b, H. Shibata, I Kurihara, H.
Itoh, unpublished data). The in vitro data may partially explain
that add-on therapy with MR antagonist to maximum dose
ACET further reduce albuminuria in diabetic nephropathy in a
BPindependent manner57

MRoverstimulation by other factors

xcessive salt intake induced renal injury, such as heavy pro-
teinuria, mesangial proliferation, and tubulointerstitial inflam-
mation and fibrosis. Salt-induced renal injury was shown to be
ameliorated by administration of MR antagonist, suggesting
that the renal MR is pathologically activated even when plasma
aldosterone level is suppressed. Recent reports showed a novel
signaling crosstalk between MR and the small GTPase Racl that
modulates MR function.® Salt. excess increased expression lev-
els of Rac1 in Dahl salt-sensitive, but not salt-insensitive rats %
Racl is shown to increase nuclear translocation of MR, thus
resulting in enhanced MR activity. Klevation of Racl levels may
therefore explain one mechanisim of salt- sensitive hypertension.
As shown before, alterations of abundance and/or MR affinity
of coactivators and corepressors, 1622 such as Ubc9, TI1, RHA,
PGC-la, PIAS], and NF-YC play crucial roles in MR activation.

Activating mutationofthe MRgene

The MR S810L mutation has been shown to be an activating
mutation and it plays a crucial role in pregnancy-induced
hypertension, since high progesterone levels during pregnancy
act as an agonist for the mutant MR.%1

CLINICALMANAGEMENT OF MR-ASSOCIATED
HYPERTENSION

Since MR-associated hypertension is a salt-sensitive RHTN,
reduction of dietary salt intake is very effective to control BP. As
atherapeutic approach for RHTN with high plasma aldosterone
levels MR antagonists, such as spironolactone and eplerenone,
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should be used as a first-line drug (Table 6). In contiast, ARBs
or ACE-Is is frequently used as a first-line drug to control hyper-
tension in patients with MR- associated hypertension, including
obesity, digbetes mellitus, CKD, and POCS® Based on the
pathogenesis of MR-associated hypertension, low dose of MR
antagonists should be given as an add-on agent for the treatment
of RHTN with normal plasma aldosterone levels. However,
given that patients with diabetes plus hypertension are prone to
hyperkalemia due to hyporeninemic hypoaldosteronism, renal
impairment, and/or ACIEVARB treatment, these drugs should
be used cautioudly and in low doses only. Serum potassium and
creatinine levels will have to be monitored frequently.

Recently, dihydropyridine-type calcium channel blockers,
such as nifedipine and amlodipine, are shown to have inhibi-
tory effects on the MR transcriptional activity when they are
given at higher doses™>™ Owr preliminary data in patients
with PA showed that switching from a nondihydropyridine:
type calcium channel blocker, diltiazem to either amlodipine
or nifedipine significantly reduced a transtubular potassium
gradient, indicating that dihydopyridine-type caleium channel
blockers have MR antagonistic activity in humans (1. Kuvihara,
H. Shibata, H. ltoh, unpublished data). Since clinical evidence
of efficacy of MR antagonist in MR-associated hypertension
is lacking, randomized and controlled clinical trial should be
expected.

SUMMARY

In conclusion, we propose a clinical subtype of RIITN or
organ damage which is effectively controlled by MR antago-
nists as “MR-associated hypertension” in a broad sense. The
MR-associated hypertension is classified into two subtypes,
one with elevated plasma aldosterone levels and the other
with normal plasma aldosterone levels. This clinical entity
includes a variety of pathological states, such as PA, obesity,
O8A, diabetes mellitus, and CKD, in which plasma aldoster
one levels are elevated in some but normal in others. The MR
action is overactivated by elevated plasma aldosterone levels
due to activation of sympathetic nerve activity, the renin-
angiotensin-aldosterone system. and putative adipocyte derived
aldosterone releasing factors, and also by several pathways
other than elevated aldosterone levels, such as increased MR
levels, increased MR sensitivity, and MR-interacting factors.
Since the MR antagonist therapy as a first-line or add-on agent
is effective, it is important to recognize this type of RHTN.
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