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Abstract Aldosterone is traditionally viewed as a hor-

mone regulating electrolyte and blood pressure homeostasis

by acting on the distal nephron. Accumulating evidence

suggests that aldosterone also plays pathogenetic roles in

cardiovascular and renal injury. For example, aldosterone is

a potent inducer of proteinuria. We demonstrated that

podocyte injury underlies the pathogenesis of proteinuria in

aldosterone-infused rats on a high salt diet. Mineralocorti-

coid receptor was detected in the podocytes in vivo and in

vitro, and aldosterone caused induction of its effector kinase

Sgk1, activation of NADPH oxidase and generation of

reactive oxygen species. Selective aldosterone blocker

eplerenone, as well as antioxidant tempol, ameliorated

aldosterone-induced podocyte injury and proteinuria.

Aldosterone was also involved in the podocyte damage and

proteinuria of metabolic syndrome model SHR/NDmcr-cp.

Adipocyte-derived aldosterone releasing factors were sug-

gested to contribute to the aldosterone excess of this model.

Furthermore, high salt diet markedly worsened the renal

injury of SHR/NDmcr-cp. Although salt lowered serum

aldosterone levels, it caused MR activation in the kidney.

Accordingly, eplerenone dramatically improved the salt-

evoked nephropathy. Taken together, aldosterone blockers

can be an excellent therapeutic strategy for the treatment of

podocyte injury, proteinuria, and cardiovascular and renal

complications, not only in high aldosterone states but also in

patients with activated MR signaling in the target tissue,

whose circulating aldosterone level is not necessarily high.

Addition of aldosterone blockers in patients treated with

ACEIs or ARBs are also promising, because of ‘‘aldoste-

rone breakthrough’’ phenomenon. Careful monitoring of

hyperkalemia is necessary, especially in patients with

impaired renal function.
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Introduction

Since its isolation in 1953 [1], aldosterone (formerly called

‘‘electrocortin’’) has been recognized as a hormone

regulating electrolyte, volume, and blood pressure (BP)

homeostasis [2]. This classic role of aldosterone was sub-

stantiated by many genetic disorders of aldosterone cascade

in the distal nephron manifesting combinations of electro-

lyte, BP, and acid/base perturbations [3, 4]. Recently,

however, growing evidence suggests that aldosterone plays

a pathogenetic role in mediating cardiovascular injury

[5–7]. Aldosterone has been shown to act on nonepithelial

cells in the heart, vasculature, and brain to cause tissue

remodeling, fibrosis, and endothelial dysfunction. This

nonclassic mode of action was highlighted by the Ran-

domized Aldactone Evaluation Study (RALES) and the

Eplerenone Post-Acute Myocardial Infarction Heart Failure

Efficacy and Survival Study (EPHESUS), in which patients

with congestive heart failure benefited from aldosterone
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blockers [8, 9]. Accumulating lines of evidence also indi-

cate the role of aldosterone in progressive kidney disease

[5, 10].

In this review, we summarize the recent advances in

aldosterone research and introduce our data regarding

aldosterone-induced podocyte damage and proteinuria and

its underlying mechanisms [11, 12]. We also show the role

of aldosterone in the nephropathy associated with meta-

bolic syndrome, and the possible contribution of adipocyte-

derived aldosterone-releasing factors [13, 14].

Classic actions of aldosterone

Aldosterone is traditionally viewed as a hormone con-

trolling sodium reabsorption and potassium excretion in

the distal nephron. The direct targets for aldosterone

(aldosterone-sensitive distal nephron: ASDN) are the late

distal convoluted tubules (DCT2), the connecting tubules

(CNT), and the principal cells of the cortical and

medullary collecting ducts (Table 1). In these cells,

aldosterone activates the amiloride-sensitive epithelial

sodium channel (ENaC), thiazide-sensitive sodium chlo-

ride cotransporter (NCC), and Na, K-ATPase [15–17].

These segments express not only mineralocorticoid

receptor (MR) but also 11b hydroxysteroid dehydrogenase

type 2, which catabolizes glucocorticoids into inactive

metabolites, exposing these cells to mineralocorticoids.

Aldosterone binds to MR, a member of the nuclear

receptor superfamily, and translocates into the nucleus.

The ligand-receptor complex then forms a homodimer,

binds to the specific DNA sequences and stimulates the

transcription of target genes, such as serum- and gluco-

corticoid-inducible kinase 1 (Sgk1), ENaC a subunit, and

the glucocorticoid-induced leucine zipper (GILZ) protein.

Sgk1, a serine-threonine kinase, is an important mediator

of aldosterone action [18, 19]. Sgk1 is activated by

phosphatidylinositol 3-kinase which then phosphorylates a

ubiquitin protein ligase Nedd4-2 and reduces Nedd4-2-

mediated proteasomal degradation of ENaC [7]. Sgk1 also

stimulates various renal transport proteins including the

renal outer medullary K channel ROMK (Kir1.1) and

voltage gated potassium channel Kv1.3. In addition,

recent evidence clarified that aldosterone modulates the

functions of ENaC, NCC, and ROMK via With-No-

Lysine [K] (WNK) 1 and 4, another family of serine-

threonine kinases [20].

Gene targeting of ENaC, Skg1, as well as MR, resulted

in salt-wasting in mice, especially when the animals were

fed a low-sodium diet [21–25]. The findings confirm the

physiological significance of these aldosterone effectors in

sodium homeostasis.

Aldosterone as a mediator of target organ damage

Recently, there has been a paradigm shift regarding the role

of aldosterone [26]. Growing evidence suggests that aldo-

sterone plays important pathogenetic roles in cardiovascular

and renal injury, and is postulated as a ‘‘cardiovascular risk

hormone’’. Aldosterone together with increased salt intake

produces perivascular inflammation and fibrosis in the heart

[27]. Aldosterone causes endothelial dysfunction and vas-

cular remodeling. Some of these effects of aldosterone are

reported to be mediated by rapid non-genomic actions [28].

In the kidney, aldosterone promotes proteinuria, glomeru-

losclerosis, arteriopathy, and renal fibrosis [29, 30]. MR is

reported to be detected not only in the distal nephron but

also in the glomerular mesangial cells, renal fibroblasts, and

vascular smooth muscle cells [31–34]. Multiple factors are

proposed to be involved: plasminogen activator inhibitor

(PAI)-1, transforming growth factor (TGF)-b1, collagens I,

III, IV, fibronectin, connective tissue growth factor, reactive

oxygen species (ROS), proinflammatory cytokines such as

osteopontin and monocyte chemoattractant protein (MCP)-

1, and upregulation of angiotensin (Ang) II type 1 receptor

[5, 10]. ROS are considered as important mediators, [30, 31,

35–37] which activate extracellular signal-regulated kinase

1/2, c-Jun N-terminal kinase, and big mitogen-activated

protein kinase (BMK1) but not p38 mitogen-activated

protein kinase in rat renal cortex and cultured mesangial

cells [30, 38]. The small GTP-binding protein RhoA is

another factor mediating aldosterone-induced renal injury.

Sun et al. [39] demonstrated that fasudil, a specific Rho-

kinase inhibitor, protected from proteinuria, glomerular cell

proliferation, and tubulointerstitial fibrosis in uninephrec-

tomized aldosterone/salt-loaded rats, although it did not

change BP.

Aldosterone and proteinuria

Proteinuria is an important component in the definition of

chronic kidney disease (CKD) by the Kidney Disease

Outcome Quality Initiative (K/DOQI) [40]. Accumulating

evidence suggests that aldosterone is a potent inducer of

proteinuria [5, 10, 41, 42]. Clinical trials have proven the

anti-proteinuric effects of angiotensin I-converting enzyme

inhibitors (ACEIs) and angiotensin II (Ang II) type 1

receptor blockers (ARBs) in patients with diabetic and non-

diabetic nephropathy, and Ang II is thought to be the pri-

mary responsible factor [43]. However, several lines of

evidence implicate the role for aldosterone as well. For

example, Greene et al. [44] demonstrated that proteinuria

and renal injury in the real ablation rats were associated

with elevated plasma aldosterone, and that anti-proteinuric

effects of ACEI and ARB were abrogated by exogenous
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aldosterone infusion. Rocha et al. [45] reported similar

findings in salt-loaded stroke-prone spontaneously hyper-

tensive rats (SHR). Indeed, proteinuria is enhanced in

aldosterone excess states, such as primary aldosteronism

and rats infused with aldosterone [29, 30, 46, 47]. Con-

versely, aldosterone blockers effectively ameliorate

proteinuria in patients or animal models of hypertension,

diabetes, and renal disease [10, 12, 48–53]. Moreover,

enhanced aldosterone signaling is found in the kidney

biopsies from patients with heavy proteinuria [54]. The

pivotal role for Sgk1 in the pathogenesis of proteinuria is

also suggested by the report that gene targeting of Sgk1

protects against deoxycorticosterone-acetate/salt-induced

albuminuria [55, 56]. However, the molecular mechanisms

by which aldosterone enhances proteinuria had not been

clearly elucidated until recently.

Glomerular podocyte injury as a major cause of

proteinuria

The glomerular filtration barrier to plasma macromolecules

comprises three layers: the fenestrated capillary endothe-

lium, the glomerular basement membrane, and the

podocytes. Podocytes line the outer aspect of the glomer-

ular basement membrane, and serve as the final defense

against urinary protein loss in the process of primary urine

formation [57–59]. In 1998, Kestila et al. [60] identified

nephrin as a causative gene for congenital nephrotic syn-

drome of the Finnish type using positional cloning.

Nephrin is localized to the slit diaphragm, a unique appa-

ratus formed at the junction of the interdigitating foot

processes of podocytes, and thought to constitute the major

size-selective permeability barrier. Since then, a number of

podocyte-specific and slit diaphragm-specific molecules

have been identified, including CD2AP, podocin, and a-

actinin 4 [61–63]. Genetic mutations or gene targeting of

many of these molecules are reported to manifest protein-

uria and glomerulosclerosis, suggesting the pivotal roles of

podocytes and their slit diaphragm as a filtration barrier

[57]. Podocytes are actually injured in many types of

proteinuric renal diseases, including nephrotic syndrome,

lupus nephritis, diabetic and hypertensive nephropathy, and

obesity-related glomerulopathy [12, 64–67]. It is also

noteworthy that podocytes are terminally-differentiated

cells and do not typically proliferate in response to injury.

Once damaged, podocytopenia follows, ultimately culmi-

nating in glomerulosclerosis. It is podocyte damage, not

mesangial abnormality, that triggers subsequent glomerular

sclerosis [66]. Thus, podocytes can be an important ther-

apeutic target.

Podocytes express a variety of vasoactive substances

and their receptors, including components of the renin-

angiotensin system, catecholamines, endothelins, natri-

uretic peptides, adrenomedullin, and nitric oxide [68–73].

From the anatomical aspect, podocytes, whose foot pro-

cesses overlay on the glomerular capillary tufts, are quite

sensitive to mechanical stress. For example, cyclic

mechanical strain was shown to increase Ang II and its

receptors in the podocytes [74]. Thus, podocyte functions

may be modulated by the direct actions of vasoactive

factors. However, the role of aldosterone had not been

examined.

Aldosterone evokes podocyte injury: role of oxidative

stress

The intimate relationship between aldosterone and pro-

teinuria prompted us to investigate the effects of

aldosterone on glomerular podocytes. We first analyzed

proteinuria and podocyte injury in uninephrectomized rats

continuously infused with aldosterone (0.75 lg/h via an

osmotic minipump) and fed a high salt diet [11]. After

Table 1 Aldosterone-sensitive distal nephron

ASDN MR 11b-HSD2 Na Transporter/channel K Transporter/channel Modulators

PT (+) NHE3 Angiotensin II, insulin, SNA

TAL NKCC2 Furosemide

DCT1 + - NCC ROMK, Kv1.2, Kir, KCC Thiazide

DCT2 Yes + + NCC, ENaC ROMK, Kv1.2, Kir Thiazide, amiloride, AB

CNT Yes + + ENaC ROMK, Kv1.2, Kir Amiloride, AB

CD (PC) Yes + + ENaC ROMK, Maxi-K, Kv1.3, Kir Amiloride, AB

CD (IC) H+/K+ ATPase, Maxi-K

ASDN Aldosterone-sensitive distal nephron, MR mineralocorticoid receptor, PT proximal tubule, TAL thick ascending limb of the loop of Henle,

DCT distal convoluted tubule CT connecting tubule, CD collecting duct, PC principal cell, IC intercalated cell, NHE3 type 3 Na-H exchanger,

NKCC2 type 2 Na-K-2Cl cotransporter, NCC Na-Cl cotransporter, ENaC epithelial Na channel, ROMK renal outer medulla potassium channel,

KCC K+/Cl- cotransporter, AB aldosterone blocker
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4 weeks, aldosterone-infused rats developed hypertension

(systolic BP 214 ± 5 mm Hg vs 130 ± 3 mm Hg in

control group, P \ 0.01) and massive proteinuria (335 ±

42 mg/day vs 16 ± 2 mg/day in control group, P \ 0.01).

Glomerular expressions of slit diaphragm-associated mol-

ecules nephrin and podocin were markedly decreased,

whereas expression of a damaged podocyte marker desmin

[75] 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 (37 ± 12 mg/day). Proteinuria and podocyte

damage were completely reversed by selective aldosterone

blocker eplerenone. These findings suggest that podocyte

injury underlies the pathogenesis of proteinuria caused by

aldosterone administration.

Then how does aldosterone evoke podocyte injury? In

order to test the possible contribution of BP elevation per

se, some aldosterone-infused rats were administered with

hydralazine. Although hydralazine treatment normalized

BP, it failed to improve proteinuria and podocyte damage,

suggesting the presence of BP-independent mechanisms.

We next examined the role of oxidative stress, because

ROS are proposed as important mediators of aldosterone-

induced target organ injury, as mentioned above. Aldo-

sterone-infused rats exhibited enhanced oxidative stress

markers, such as increased urinary excretion of thiobarbi-

turic acid reactive substances, elevated renal NADPH

oxidase activity determined using lucigenin chemilumi-

nescence assay, and stimulation of membrane translocation

of NADPH oxidase cytosolic components p67phox and

Rac1. Indeed, an antioxidant tempol significantly reduced

oxidative stress markers and corrected podocyte damage

and proteinuria (53 ± 16 mg/day in tempol-treated group

vs 245 ± 23 mg/day in untreated group, P \ 0.01). Oxi-

dative stress markers were also suppressed by eplerenone.

These results indicate that aldosterone causes podocyte

injury and proteinuria, possibly through induction of oxi-

dant stress.

Aldosterone may modulate podocyte function directly

by acting on MR within podocytes, or indirectly by

affecting glomerular hemodynamics. Therefore, we

examined whether aldosterone exerts direct cellular

effects using culture podocytes established by Mundel

et al. [76]. MR transcripts and proteins were actually

detected in vitro cultured podocytes as well as in vivo

glomerular podocytes, although at lower levels than in the

distal nephron. Exposure of cultured podocytes to aldo-

sterone resulted in nuclear translocation of MR, activation

of NADPH oxidase, and ROS increment. In addition,

aldosterone upregulated the expression of an aldosterone

effector kinase Sgk1 in cultured podocytes as well as in

the kidney of aldosterone-infused rats, which was

prevented by aldosterone blockers. Taken together, our

results suggest that at least some of the proteinuric effects

of aldosterone can be attributed to direct actions on

podocytes, including induction of oxidative stress and

Sgk1 upregulation.

Metabolic syndrome, proteinuria, and aldosterone

The recent epidemic of obesity, especially among adoles-

cents, is a major crisis worldwide [77, 78]. Clinical studies

revealed that obesity is an important independent risk

factor for proteinuria, CKD, and end-stage renal disease

[79–82]. Furthermore, massive obesity is reported to be

complicated with obesity-related glomerulopathy with

nephrotic-range proteinuria, glomerulomegaly, and focal

and segmental glomerulosclerosis [83–86].

Metabolic syndrome, a constellation of comorbidities

that include visceral obesity, hypertension, glucose intol-

erance, and dyslipidemia, is also increasing at alarming

rate, and becomes a serious social issue [87, 88]. Metabolic

syndrome is also shown to increase the risk for proteinuria

and CKD, independent of diabetes or hypertension [89–

92].

Aldosterone excess has been implicated in obesity-

related disorders. Tuck et al. [93] first reported the

involvement of aldosterone in the pathogenesis of obesity

hypertension. Several groups indicated that weight reduc-

tion in obese hypertensives decreased plasma aldosterone

and BP [94, 95]. de Paula et al. [96] reported that diet-

induced obesity in dogs was accompanied by elevated

aldosterone, and that eplerenone effectively reduced diet-

induced BP increment. Bochud et al. [97] recently reported

that plasma aldosterone is independently associated with

the metabolic syndrome. Based on these findings, we

postulated a hypothesis that endogenous aldosterone con-

tributes to podocyte injury, proteinuria, and CKD in

metabolic syndrome.

Role of aldosterone in the early nephropathy of rats

with metabolic syndrome

We used SHR/NDmcr-cp (SHR/cp) as a rat model of

metabolic syndrome [13]. This rat is a derivative of SHR

with spontaneous mutation in the leptin receptor gene,

[98] and manifested a clustering of obesity, hypertension,

hyperinsulinemia, hypertriglyceridemia, and elevated free

fatty acids, fulfilling the criteria of metabolic syndrome

(Fig. 1a) [87, 88]. Urinary protein excretion remained

low in non-obese SHR. By contrast, the metabolic syn-

drome model SHR/cp showed exaggerated proteinuria

despite similar BP elevation (Fig. 1b). Proteinuria in
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SHR/cp was accompanied by podocyte injury, as indi-

cated by attenuation of normal podocyte marker nephrin,

induction of injured podocyte marker desmin, and foot

process effacement (Fig. 1c). These findings suggest that

podocyte injury underlies the etiology of proteinuria in

SHR/cp.

Notably, serum aldosterone level was higher in SHR/

cp than in non-obese SHR, and there was a positive

correlation between circulating aldosterone concentration

and proteinuria. Expression of Sgk1, one of the down-

stream targets of aldosterone signaling, was also

significantly upregulated in the whole kidney as well as

the glomerular fraction of SHR/cp. We thus administered

eplerenone to SHR/cp. Eplerenone effectively reduced

proteinuria in SHR/cp (Fig. 1d). In parallel, eplerenone

improved podocyte injury in SHR/cp, as revealed by the

changes in nephrin and desmin expressions. These data

suggest that aldosterone-provoked podocyte injury plays

an important role in the pathogenesis of proteinuria in

SHR/cp.

We further explored the role of oxidative stress. Sim-

ilar to the case of aldosterone-infused rats, oxidative

stress markers were upregulated in SHR/cp. Importantly,

eplerenone reversed the increased oxidative stress, sug-

gesting the participation of endogenous aldosterone.

Treatment with antioxidant tempol significantly alleviated

proteinuria and podocyte injury in SHR/cp. These data

suggest that oxidative stress is an important mediator

of endogenous aldosterone-induced podocyte injury in

SHR/cp.

Mechanisms of elevated serum aldosterone in SHR/cp:

possible contribution of adipocyte-derived aldosterone

releasing factors

We further investigated the mechanisms of high aldoste-

rone state in SHR/cp. Expression of aldosterone synthase

(CYP11B2) was enhanced in the adrenal glands of SHR/cp

but was below the detection level in the kidney, suggesting

that aldosterone production in the adrenals is responsible

for high circulating aldosterone in SHR/cp. Aldosterone is

synthesized and released from the zona glomerulosa cells

of the adrenal cortex [99]. Plasma renin-angiotensin system

is a major regulator of adrenal aldosterone production.

However, SHR/cp displayed lower plasma renin activity,

suggesting that this is not the responsible factor. Hyper-

kalemia is another well-known aldosterone secretagogue,

but this was not the case in SHR/cp, either. Several reports

showed that plasma aldosterone in obese or metabolic

syndrome patients was not associated with plasma renin

but with the amount of visceral fat [97, 100]. Adipose

tissue is now recognized as a dynamic endocrine organ

secreting a variety of adipokines [101, 102]. To our inter-

est, Ehrhart-Bornstein et al. [103] reported adipocyte-

derived substances that stimulate adrenal aldosterone

production. Scanning electron micrographs showed mark-

edly enlarged adipocytes in SHR/cp, implicating the

pathogenetic role of adipocyte-derived factors.

So, we compared the aldosterone-releasing activity of

adipocytes between SHR/cp and SHR. We cultured iso-

lated adipocytes and collected fat cell conditioned medium

Fig. 1 Metabolic syndrome

model SHR/cp exhibited

enhanced proteinuria and

glomerular podocyte injury,

which were improved by

eplerenone. a External

appearance of 17-week-old

SHR and SHR/cp. b Time

course of proteinuria in SHR

and SHR/cp. c Transmission

electron microscopy of

glomeruli from 17-week-old

SHR and SHR/cp. d Effect of

eplerenone on proteinuria in

SHR/cp
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(FCCM), which contains adipocyte-derived factors. Indeed,

aldosterone production in H295R adrenocortical cells was

markedly increased by FCCM from SHR/cp but not that

from non-obese SHR. The activity was not recapitulated by

known adipocytokines. The aldosterone releasing activity

of FCCM was not inhibited by ARB, excluding the con-

tribution of Ang II. In addition, angiotensinogen mRNA

expression in the adipose tissues was not elevated in SHR/

cp. In parallel, FCCM from SHR/cp but not from SHR

stimulated the expression of aldosterone synthase and ste-

roidogenic acute regulatory protein, another key factor in

aldosterone synthesis that mediates transfer of cholesterol

to mitochondria, [104] in H295R cells. These findings

suggest the involvement of adipocyte-derived substances

other than Ang II in hyperaldosteronism in SHR/cp.

Goodfriend et al. [105] reported that epoxy-keto deriv-

ative of linoleic acid, one of the oxidized products of fatty

acids, stimulates aldosterone secretion in rat adrenal cells.

Although they originally hypothesized that the site of

oxidative modification might be the liver, adipocytes might

also contribute to the epoxy-keto modification of linoleic

acid.

It should be noted that hyperaldosteronism caused by

these adipocyte-derived factors is not inhibitable by ACEIs

or ARBs. Thus, eplerenone should have benefit over Ang II

blockade in situations where such factors are overpro-

duced. We expect that these adipocyte-derived aldosterone

releasing factors, if identified, can be a novel target of

therapy in the metabolic syndrome. These substances might

have a pathogenetic role also in end-stage renal disease, a

condition with renin-independent hyperaldosteronism

[106].

Taken together, our data indicate that adipocytes pro-

duce aldosterone releasing factors in SHR/cp, which might

contribute to elevated circulating aldosterone, podocyte

injury and proteinuria in this model.

Salt accelerates nephropathy in SHR/cp: involvement of

MR activation

Next, we investigated the effect of salt loading on renal

damage in SHR/cp, because high sodium intake is known

to exacerbate proteinuria in obese subjects [107]. SHR/cp

fed a high sodium diet for 4 weeks developed massive

proteinuria and advanced renal lesions including glomer-

ular podocyte impairment (proteinuria: 260 ± 64 mg/day

in salt-loaded SHR/cp vs 44 ± 20 mg/day in non-salt-

loaded group, P \ 0.01). Surprisingly, eplerenone dra-

matically ameliorated the salt-induced proteinuria and

renal injury in SHR/cp (proteinuria: 36 ± 3 mg/day in salt-

loaded SHR/cp treated with eplerenone; Fig. 2a) [14]. Salt-

induced nephropathy in SHR/cp was accompanied by renal

overexpression of aldosterone-dependent genes, such as

PAI-1, MCP-1, and TGF-b1, which were all corrected by

eplerenone. Although salt loading reduced circulating

aldosterone possibly due to volume overload, it paradoxi-

cally increased nuclear MR and expression of Sgk1 in the

kidney (Fig. 2b, c). To clarify the discrepancy between

decreased aldosterone and enhanced renal MR signaling by

salt, we further investigated the role of oxidative stress, a

putative key factor mediating salt-induced tissue damage

[108, 109]. Interestingly, antioxidant tempol attenuated the

salt-evoked MR upregulation and Sgk1 induction, and

alleviated proteinuria and renal histologic abnormalities

(Fig. 2d, e). Nuclear MR and expression of Sgk1 were

pronounced in the kidneys of SHR/cp compared with those

of SHR. Taken together, MR activation in the kidney plays

a pivotal role in the pathogenesis of salt-induced

nephropathy in SHR/cp, and oxidative stress, at least par-

tially, contributes to the salt-evoked MR activation [14].

The comparison between SHR and SHR/cp suggests that

some factor(s) related to obesity might be involved in the

increased salt-sensitivity of renal injury in SHR/cp.

Although high salt diet reduced circulating aldosterone in

SHR/cp, this inhibition was blunted in this model as

compared with salt-resistant animals. The above-men-

tioned adipocyte-derived aldosterone releasing factors is

angiotensin II-independent, so should not be suppressed by

salt loading. As a result, suppression of circulating aldo-

sterone was less than expected for the amount of salt

intake, which might be another mechanism of salt-sensitive

renal injury in this model.

Fig. 2 Salt-induced nephropathy in SHR/cp and roles of renal MR

activation and oxidative stress. a High salt diet markedly increased

proteinuria in SHR/cp, which was dramatically normalized by

eplerenone. b High salt lowered serum aldosterone concentration.

c High salt caused MR activation in the kidney, as evidenced by

nuclear MR content and renal Sgk1 expression. d Salt-induced MR

activation in SHR/cp was inhibited by antioxidant Tempol. e Tempol

also improved proteinuria in salt-loaded SHR/cp
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Aldosterone and podocyte injury in salt-hypertensive

model

We further examined the effect of eplerenone on podocytes

in Dahl salt-hypertensive rats that have relatively low cir-

culating aldosterone levels. Podocyte injury was detected as

early as 2 weeks after salt loading, when proteinuria was

only modestly increased. Treatment with eplerenone or

hydralazine reduced BP to the similar extent. However, only

eplerenone normalized podocyte damage and retarded the

progression of proteinuria and glomerulosclerosis in this

model. Renal MR signaling was actually reported to be

enhanced in the kidneys of Dahl salt hypertensive rats [110].

Conclusions and perspectives

We reviewed the novel role of aldosterone as a mediator of

glomerular podocyte injury. Oxidative stress was suggested

to be involved in this process. Aldosterone blockers are

expected to confer renoprotection in high aldosterone states

such as primary aldosteronism, some patients with meta-

bolic syndrome, renal insufficiency, and heavy proteinuria.

Our results implicate that aldosterone blockers can also be

renoprotective in patients with activated MR signaling in

the target tissue, whose circulating aldosterone level is not

necessarily high, as is seen in metabolic syndrome rats fed

a high salt diet. In fact, aldosterone blockers effectively

reduce BP in low renin hypertensive patients and patients

with high salt intake. Addition of aldosterone blockers in

patients treated with ACEIs or ARBs are also successful,

because 45–50% of patients treated with ACEIs and 25%

of those with ARBs have elevated aldosterone concentra-

tions because of ‘‘aldosterone breakthrough’’. In Japan,

eplerenone became available for general practitioners in

autumn 2007. It should be noted that we have to be careful

about hyperkalemia, especially in patients with impaired

renal function. To our regret, administration of eplerenone

is contraindication for diabetic patients with albuminuria at

present, because some studies showed high occurrence of

hyperkalemia, although animal studies indicated potent

renoprotective effects of aldosterone blockers in diabetic

nephropathy. We believe that aldosterone blockers with

anti-proteinuric and podocyte-protective properties are

promising drugs for the prevention and treatment of target

organ injury in life style-related illnesses.
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