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Abstract. Aldosterone, a steroid hormone, has traditionally been viewed as a key regulator of 
fluid and electrolyte homeostasis, as well as blood pressure, through the activation of mineralocor-
ticoid receptor (MR). However, a number of studies performed in the last decade have revealed an 
important role of aldosterone/MR in the pathogenesis of renal injury. Aldosterone/MR-induced 
renal tissue injury is associated with increased renal inflammation and oxidative stress, fibrosis, 
mesangial cell proliferation, and podocyte injury, probably through genomic and non-genomic 
pathways. However, our preliminary data have indicated that acute administration of aldosterone 
or a selective MR antagonist, eplerenone, does not change blood pressure, heart rate, or renal 
blood flow. These data suggest that aldosterone/MR induces renal injury through mechanisms that 
are independent of acute changes in systemic and renal hemodynamics. In this review, we will 
briefly summarize the roles of aldosterone/MR in the pathogenesis of renal injury, focusing on the 
underlying mechanisms that are independent of systemic and renal hemodynamic changes.
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Critical Review

1. Introduction

Aldosterone, a circulating mineralocorticoid hormone, 
plays a central role in controlling epithelial sodium chan-
nel activity in the distal nephron in the kidney, thereby 
regulating sodium balance, body fluid, and blood pres-
sure (BP) (1, 2). Aldosterone is predominantly produced 
in the adrenal cortex, which is stimulated by corticotropic 
releasing hormone, adrenocorticotropic hormone, potas-
sium, and angiotensin II. However, several studies have 
also revealed extra-adrenal production of aldosterone. 
The enzyme aldosterone synthase, CYP11B2, has been 
identified in the heart, blood vessels, and brain (3 – 5). 
Recently, Nishikawa et al. (6) reported that human glom-
erular mesangial cells produced aldosterone via steroido-
genic enzymes such as p450scc, 3β-hydroxysteroid de-
hydrogenase, 21-hydroxylsase, and CYP11B2, suggesting 

the local production of aldosterone in the kidney. Aldos-
terone is classically known to bind to the cytosolic min-
eralocorticoid receptor (MR) in epithelial cells and al-
dosterone-bound MR translocates to the nucleus to 
promote protein synthesis. It has also been suggested that 
aldosterone, via rapid non-genomic pathways, regulates 
vasoconstriction (7) and c-Src activation in vascular 
smooth muscle cells (8). Although intrinsic glucocorti-
coids (cortisol in human and corticosterone in rodents) 
also show high affinity to the MR, aldosterone specially 
induces physiological responses through the MR by 
11β-hydroxysteroid dehydrogenase type 2 (11β-HSD2)-
dependent regulation. 11β-HSD2 transforms glucocorti-
coids into inactive metabolites (cortisone in human and 
11-dehydrocorticosterone in rodents) and thereby inhibits 
glucocorticoids from binding to the MR (9, 10).

Beyond its physiological role in renal sodium reab-
sorption, aldosterone elicits renal tissue injury, indepen-
dently of BP changes. In rats, chronic aldosterone/salt 
treatment induces proteinuria, glomerular mesangial in-
jury, and tubulointerstitial fibrosis (9, 11). These aldos-
terone-induced renal injuries were prevented by MR an-
tagonists, suggesting the involvement of locally expressed Invited article
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MR. The potential contribution of aldosterone/MR to the 
progression of renal injury is also supported by the sub-
stantial expression of the MR in renal mesangial cells 
(12), renal fibroblasts (13), and podocytes (14, 15). 
Clinical studies have shown that the incidence of pro-
teinuria or albuminuria is higher among patients with 
primary aldosteronism than among patients with essential 
hypertension (16 – 18). Among patients with primary 
aldosteronism (19), chronic kidney disease (CKD) (20), 
or diabetic nephropathy (21), plasma aldosterone levels 
are positively correlated with urinary protein excretion 
levels and negatively correlated with glomerular filtra-
tion rate. Furthermore, the addition of MR antagonists to 
either angiotensin-converting enzyme inhibitors or an-
giotensin II–receptor blockers reduces albuminuria in 
patients with type 2 diabetic nephropathy (22) or CKD 
(20). Aldosterone has been reported to be involved in 
renal injuries, including renal inflammation, oxidative 
stress, fibrosis, mesangial cell proliferation, and podocyte 
injury in various animal models (15, 23 – 26). In this 
review, we will briefly summarize the role of aldoster-
one/MR in the pathogenesis of renal injury, focusing on 
the underlying mechanisms that are independent of sys-
temic and renal hemodynamic changes.

2. Aldosterone/MR and inflammation in the kidney

Accumulating evidence has suggested that renal in-
flammation plays a pivotal role in the progression of al-
dosterone/MR-induced glomerulosclerosis and tubulo-
interstitial fibrosis (27 – 29). Aldosterone/MR induces 
phosphorylation of serum and glucocorticoid regulated 
kinase 1 (SGK1), which in turn phosphorylates and inac-
tivates the nuclear factor of κ light polypeptide B, result-
ing in the activation of nuclear factor κB (NFκB) (27, 
30). The activated NFκB then enhances the transcription 
of inflammatory cytokine genes such as intercellular 
adhesion molecule 1 and connective tissue growth factor 
(CTGF) (30). In addition, increased expression of the 
proinflammatory cytokines osteopontin, monocyte 
chemoattractant protein-1, interleukin-1b, and interleu-
kin-6 was observed in the kidneys of aldosterone-infused 
rats, and this was markedly attenuated by eplerenone, a 
selective MR blocker (27).

3. Aldosterone/MR and reactive oxygen species (ROS) 
in the kidney

Several studies have shown that ROS are important 
mediators of aldosterone/MR-induced renal injury (15, 
25). Chronic infusion of aldosterone increased renal ROS 
formation via NADPH oxidase activation (25, 31, 32). 
Nishiyama et al. (25) showed that aldosterone/salt-in-

duced renal injury was associated with increased thiobar-
bituric acid–reactive substance (TBARS) content, a 
marker of ROS production, and mRNA levels of NADPH 
oxidase components, p22phox, Nox-4, and gp91phox, in 
renal cortical tissues. Treatment with eplerenone blocked 
the aldosterone-induced increases in TBARS levels and 
NADPH oxidase subunit expression in the kidney. Inter-
estingly, tempol, a superoxide dismutase mimetic, nor-
malized renal ROS expression and prevented the progres-
sion of proteinuria and renal tissue injury in these animals 
(11, 25). These data suggest that ROS are essential fac-
tors in mediating aldosterone/MR-induced renal injury.

In rat mesangial cells (RMCs), aldosterone directly 
stimulates superoxide anion generation, which is accom-
panied by an increase in NADPH oxidase activity and 
translocation of p47phox and p67phox, cytosol compo-
nents of NADPH oxidase, to the cell membrane (33). 
These in vitro findings are consistent with the hypothesis 
derived from animal studies (11, 34, 35) that aldosterone 
stimulates ROS generation through NADPH oxidase–
dependent mechanisms. Recent studies have shown that 
aldosterone induces mesangial cell apoptosis and that the 
administration of an antioxidant or a MR antagonist at-
tenuates the proapoptotic effects of aldosterone (36). In 
addition, Huang et al. (32) showed that aldosterone dose-
dependently increased ROS formation in mesangial cells, 
which was blocked by an MR antagonist, an inhibitor of 
complex I of the mitochondrial respiratory chain, or an 
inhibitor of NADPH oxidase. These findings suggest that 
mitochondria and NADPH oxidase are the major sources 
of aldosterone-dependent renal ROS production.

4. Aldosterone/MR and renal fibrosis

In vitro studies have shown that aldosterone stimulates 
collagen synthesis via MR-mediated extracellular signal-
regulated kinases (ERK)1/2 activation in renal fibroblasts 
(13). Chronic treatment with aldosterone/salt resulted in 
severe tubulointerstitial fibrosis with increases in renal 
collagen content and ERK1/2 activity in rats. Further-
more, these effects of aldosterone were prevented by 
concurrent treatment with eplerenone (25). These data 
are consistent with those obtained in vitro (13) that al-
dosterone/MR contributes to the pathogenesis of tubu-
lointerstitial fibrosis through ERK1/2-dependent collagen 
accumulation.

Rho-kinase is an important molecule that mediates 
various cellular functions such as contraction, adhesion, 
proliferation, motility or migration, cellular morphology, 
growth control, and cytokinesis (37, 38). Several studies 
have demonstrated the potential involvement of Rho- 
kinase in the pathogenesis of renal injury (39, 40). In 
RMCs, aldosterone induces myofibroblastic transdiffer-
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entiation and collagen gene expression via Rho-kinase 
dependent pathways (41). In uninephrectomized rats 
treated with aldosterone/salt, severe tubulointerstitial fi-
brosis, and inflammation are associated with increases in 
renal expression of transforming growth factor-β (TGF-β) 
and CTGF, as well as increased activities of smad2/3 and 
Rho-kinase (42). Furthermore, the administration of a 
Rho-kinase inhibitor, fasudil, attenuated aldosterone-in-
duced tubulointerstitial fibrosis, inflammation, the ex-
pression of TGF-β and CTGF, and the activity of smad2/3 
without affecting BP. These data support a role of the 
Rho-kinase–dependent signaling pathway in aldosterone-
induced kidney injury.

5. Aldosterone/MR and glomerular mesangial injury

Severe glomerular proliferation was found to be as-
sociated with the activation of renal tissue ERK1/2 in 
rats chronically treated with aldosterone and salt (25). 
Furthermore, aldosterone-induced mesangial injury and 
ERK1/2 activation were prevented by eplerenone, sug-
gesting that the glomerular mesangium is a potential 
target for injuries induced by aldosterone via activation 
of locally expressed MR. Indeed, MR is abundant in the 
cytoplasm of cultured RMCs (12). In RMCs, application 
of aldosterone caused cell proliferation and deformabil-
ity, which were prevented by pretreatment with epler-
enone or an ERK inhibitor (12). These results indicate 
that aldosterone directly induces RMC proliferation and 
deformability through MR- and ERK1/2-dependent 
pathways. In mesangial cells, aldosterone increased ROS 
production, thus activating the epithelial growth factor 
receptor (EGFR), which activates the Ras/MAPK and 
PI3K/Akt pathways and cell proliferation (32). Aldoster-
one induced EGFR phosphorylation in a dose-dependent 
manner, and these effects of aldosterone were blocked by 
eplerenone (32).

During the development of CKD, the epithelial–mes-
enchymal transition (EMT) plays an essential role in 
extracellular matrix expansion and myofibroblastic 
changes in the glomerular mesangium (43). We recently 
showed that aldosterone induces hypertrophy and in-
creases α-smooth muscle actin expression in RMCs (41), 
both of which are involved in the progression of EMT 
(44). These data are consistent with the hypothesis that 
aldosterone induces mesangial cell EMT, leading to 
glomerular matrix expansion and sclerosis.

6. Podocyte injury and aldosterone

Glomerular podocytes (glomerular visceral epithelial 
cells) have interdigitating foot processes that are con-
nected to each other by slit diaphragms composed of 

nephrin, podocin, and other molecules (45). Podocytes 
thus serve as the final filtration barrier to prevent leakage 
of plasma proteins (45 – 47). Several studies have shown 
that podocytes are a target of aldosterone and the MR 
(11, 15, 48). Shibata et al. (15) showed that chronic infu-
sion of aldosterone induced hypertension with massive 
proteinuria and glomerular podocyte injury in unineph-
rectomized rats. They also showed that podocyte injury 
was associated with reduced glomerular expression of 
nephrin and podocin in uninephrectomized aldosterone-
infused rats (49). Treatment with tempol or eplerenone 
significantly reduced intrarenal ROS and attenuated 
podocyte injury and proteinuria in aldosterone-infused 
rats (15). Moreover, treatment with tempol or eplerenone 
markedly attenuated podocyte injury and proteinuria in 
other rodent models of hypertensive glomerulosclerosis 
(14, 48, 50). We also showed that eplerenone attenuated 
podocyte injury and proteinuria in type 2 diabetic rats 
(51). Preliminary experiments have shown that aldoster-
one significantly protracts wound healing in cultured 
mouse podocytes (52), although the precise molecular 
mechanisms are not yet clear.

7. Effects of aldosterone/MR on renal hemodynamic 
parameters in vivo

As described above, in addition to the MR-mediated 
genomic effects of aldosterone, non-genomic effects of 
aldosterone have also been described (7, 8, 53, 54). Al-
though it has been suggested that the non-genomic effects 
of aldosterone are mediated via MR (12, 55), MR-inde-
pendent mechanisms have also been reported to mediate 
the non-genomic effects of aldosterone (53, 56). It has 
also been reported that aldosterone induces rapid effects 
within minutes at its target organs, including the kidney, 
heart, and vasculature (57). Arima et al. (56) performed 
studies in isolated afferent and efferent arterioles and 
showed that aldosterone caused vasoconstriction of af-
ferent and efferent arterioles through MR-independent 
mechanisms. They also showed that endothelium-derived 
nitric oxide (NO) modulates the vasoconstrictor response 
to aldosterone in afferent arterioles (58). In contrast, 
Uhrenholt et al. (55) performed similar experiments and 
reported that aldosterone rapidly caused afferent arterio-
lar vasodilation. Furthermore, aldosterone-induced vaso-
dilation of afferent arterioles was blocked by an MR an-
tagonist, suggesting the involvement of MR in the rapid 
aldosterone-dependent vasodilation of glomerular affer-
ent arterioles. Clinical studies have shown that intrave-
nous injection of aldosterone increases systemic vascular 
resistance within 5 min in healthy volunteers without 
changes in systolic BP (SBP) or heart rate (HR) (59, 60). 
In addition, non-genomic cardiovascular effects of aldos-
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terone on the adrenergic system have also been reported 
(61). In contrast, Gunaruwan et al. (62) reported that 
acute aldosterone infusion caused no detectable changes 
in forearm vascular tone. Thus, the findings from studies 
of the rapid and non-genomic effects of aldosterone on 
systemic and renal hemodynamics are still contradic-
tory.

Therefore, we examined the acute effects of aldoster-
one/MR on systemic and renal hemodynamic parameters 
in rats. We intravenously infused aldosterone at doses of 
0.1, 1, 10, and 100 μg/kg for 1 min through the femoral 
vein in anesthetized Dahl salt-sensitive rats, Dahl salt-
resistant rats, and Sprague-Dawley (SD) rats treated with 
nitro-L-arginine methyl ester (L-NAME). Rats were 
anesthetized with Inactin (100 mg/kg, i.p.) and body fluid 
volume was maintained by intravenous infusion of iso-
tonic saline at a dose rate of 2 mL/h. SBP and HR were 
monitored through a femoral artery. A Doppler flow 
probe (HDP 10.20R; Crystal Biotech, Northborough, 
MA, USA) was placed around the renal artery and renal 
blood flow (RBF) was continuously monitored, as previ-
ously described (63). After completing the surgical pro-
cedures, the rats were left alone for 60 min to stabilize 
SBP, HR, and RBF. After intravenous infusion of aldos-
terone, SBP, HR, and RBF were monitored for 10 min at 
each dose (n = 6 for each). As shown in Fig. 1, intrave-
nous infusion of aldosterone did not affect SBP, HR, or 
RBF, even at high doses in Dahl salt-sensitive rats fed a 
high-salt or normal-salt diet. Similar results were ob-
tained in Dahl salt-resistant rats fed a high-salt diet. An 
earlier clinical study showed that aldosterone did not 
cause rapid renal vasoconstriction in humans, but during 

infusion of an NO synthase inhibitor, NG-monomethyl-L-
arginine, aldosterone did act as a potent renal vasocon-
strictor (64). Therefore, studies were also performed in 
L-NAME (50 mg/L in drinking water for 1 week)-pre-
treated SD rats. However, we found no significant 
changes in SBP, HR, or RBF in response to intravenous 
aldosterone infusion (Fig. 1).

Next, we examined the rapid effects of MR blockade 
in hypertensive rats. Experiments were performed in 
anesthetized spontaneously hypertensive rats (SHR) and 
in Dahl salt-sensitive rats fed a high-salt diet (n = 6 rats 
per group). All surgical and experimental procedures 
were similar to those described above. SBP, HR, and 
RBF were measured 3 min before and after the intrave-
nous infusion of vehicle (Na2Ca3 and DMSO mixture) 
and eplerenone. In these experiments, intravenous infu-
sion of eplerenone did not elicit any rapid changes in 
SBP, HR, or RBF, even at high doses (Fig. 2). These data 
suggest that the rapid actions of aldosterone/MR do not 
play a role in the regulation of systemic and renal hemo-
dynamic parameters in rats.

8. Conclusions

Here, we have discussed the role of aldosterone/MR as 
a mediator of renal injury. In some pathophysiological 
conditions, aldosterone/MR exerts direct deleterious ef-
fects on the kidney. As shown in Fig. 3, aldosterone/MR 
directly contributes to the progression of tubulointerstitial 
fibroblasts, glomerular mesangial cells, and podocyte 
injury. However, our preliminary data indicate that the 
rapid actions of aldosterone/MR may not be involved in 
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Fig. 1. Effects of intravenous infusion of aldosterone on systolic blood pressure (SBP) (A), heart rate (HR) (B), and  renal blood 
flow (RBF) (C) in anesthetized rats. Intravenous infusion of aldosterone does not change SBP, HR, or RBF in Dahl salt-sensitive 
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treated Sprague-Dawley rats. All data are expressed as means ± S.E.M. (n = 6 per group).
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the regulation of systemic or renal hemodynamic param-
eters. Clearly, further studies are needed to determine the 
precise mechanisms underlying aldosterone/MR-mediat-
ed renal injury.

References

1 Simpson SA, Tait JF, Wettstein A, Neher R, Von Euw J,  Reichstein 
T. [Isolation from the adrenals of a new crystalline hormone with 
especially high effectiveness on mineral metabolism]. Experien-

Before treatment 3 min after treatment

80
100
120
140
160
180

vehicle
infusion

1.5 15

S
B

P
 (m

m
H

g)

Eplerenone (mg/kg)

80
100
120
140
160
180

S
B

P
 (m

m
H

g)

0
1
2
3
4
5
6
7

R
B

F 
(m

L/
m

in
)

vehicle
infusion

1.5 15

Eplerenone (mg/kg)

0
1
2
3
4
5
6
7

R
B

F 
(m

L/
m

in
)

100
150
200
250
300
350
400

H
R

 (b
ea

ts
/m

in
)

100
150
200
250
300
350
400

H
R

 (b
ea

ts
/m

in
)

vehicle
infusion

1.5 15

Eplerenone (mg/kg)

vehicle
infusion

1.5 15

Eplerenone (mg/kg)

vehicle
infusion

1.5 15

Eplerenone (mg/kg)

vehicle
infusion

1.5 15

Eplerenone (mg/kg)

A. SBP, HR and RBF in SHR

B. SBP, HR and RBF in Dahl salt-sensitive rats with high salt

Fig. 2. Effects of intravenous infusion of eplerenone on SBP, HR, and RBF in anesthetized spontaneous hypertensive rats (SHR) 
(A) and Dahl salt-sensitive hypertensive rats fed a high-salt diet (B). Intravenous infusion of eplerenone does not change SBP, 
HR, or RBF. All data are expressed as means ± S.E.M. (n = 6 per group).

Aldosterone/MR

Fibroblasts
collagen synthesis

(ref. 13, 25, 41, 42)

Glomeruli

  Mesangium
Proliferation (ref. 12, 25, 32)

Deformation (ref. 11, 12)

Differentiation (ref. 41, 43, 44)

  Podocyte
Injury (ref. 11, 15, 48, 51)

Healing (ref. 52)

Proximal Tubules

Senescence

Neutrophil
accumulation

Renal Vasculature

Vasoconstriction
(ref. 56, 58)

Remodeling
  (ref. 59, 60, 64)

Ischemia

(A. Nishiyama et al., unpublished)

(A. Nishiyama et al.,
unpublished)

Interstitium

Fig. 3. Possible mechanisms involved in renal injury induced by aldosterone/MR.



6 K Rafiq et al

tia. 1953;9:333–335. (article in undetermined language)
2 Williams JS, Williams GH. 50th anniversary of aldosterone. J 

Clin Endocrinol Metab. 2003;88:2364–2372.
3 Bonvalet JP, Alfaidy N, Farman N, Lombes M. Aldosterone: In-

tracellular receptors in human heart. Eur Heart J. 1995;16 Suppl 
N:92–97.

4 Coirini H, Magarinos AM, De Nicola AF, Rainbow TC, McEwen 
BS. Further studies of brain aldosterone binding sites employing 
new mineralocorticoid and glucocorticoid receptor markers in 
vitro. Brain Res. 1985;361:212–216.

5 Kornel L. Colocalization of 11 beta-hydroxysteroid dehydroge-
nase and mineralocorticoid receptors in cultured vascular smooth 
muscle cells. Am J Hypertens. 1994;7:100–103

6 Nishikawa T, Suematsu S, Saito J, Soyama A, Ito H, Kino T, 
et al. Human renal mesangial cells produce aldosterone in re-
sponse to low-density lipoprotein (LDL). J Steroid Biochem Mol 
Biol. 2005;96:309–316.

7 Mihailidou AS. Nongenomic actions of aldosterone: Physiologi-
cal or pathophysiological role? Steroids. 2006;71:277–280.

8 Callera GE, Montezano AC, Yogi A, Tostes RC, He Y, Schiffrin 
EL, et al. C-src-dependent nongenomic signaling responses to 
aldosterone are increased in vascular myocytes from spontane-
ously hypertensive rats. Hypertension. 2005;46:1032–1038.

9 Nagase M, Fujita T. Aldosterone and glomerular podocyte injury. 
Clin Exp Nephrol. 2008;12:233–242.

10 Nishiyama A, Hitomi H, Rahman A, Kiyomoto H. Drug discov-
ery for overcoming chronic kidney disease (CKD): pharmaco-
logical effects of mineralocorticoid-receptor blockers. J Pharma-
col Sci. 2009;109:1–6.

11 Kiyomoto H, Rafiq K, Mostofa M, Nishiyama A. Possible under-
lying mechanisms responsible for aldosterone and mineralocorti-
coid receptor-dependent renal injury. J Pharmacol Sci. 2008;108:
399–405.

12 Nishiyama A, Yao L, Fan Y, Kyaw M, Kataoka N, Hashimoto K, 
et al. Involvement of aldosterone and mineralocorticoid receptors 
in rat mesangial cell proliferation and deformability. Hyperten-
sion. 2005;45:710–716.

13 Nagai Y, Miyata K, Sun GP, Rahman M, Kimura S, Miyatake A, 
et al. Aldosterone stimulates collagen gene expression and syn-
thesis via activation of ERK1/2 in rat renal fibroblasts. Hyperten-
sion. 2005;46:1039–1045.

14 Nagase M, Yoshida S, Shibata S, Nagase T, Gotoda T, Ando K, 
et al. Enhanced aldosterone signaling in the early nephropathy of 
rats with metabolic syndrome: Possible contribution of fat- 
derived factors. J Am Soc Nephrol. 2006;17:3438–3446.

15 Shibata S, Nagase M, Yoshida S, Kawachi H, Fujita T. Podocyte 
as the target for aldosterone: Roles of oxidative stress and Sgk1. 
Hypertension. 2007;49:355–364.

16 Nishimura M, Uzu T, Fujii T, Kuroda S, Nakamura S, Inenaga T, 
et al. Cardiovascular complications in patients with primary al-
dosteronism. Am J Kidney Dis. 1999;33:261–266.

17 Rossi GP, Bernini G, Desideri G, Fabris B, Ferri C, Giacchetti G, 
et al. Renal damage in primary aldosteronism: Results of the 
papy study. Hypertension. 2006;48:232–238.

18 Sechi LA, Novello M, Lapenna R, Baroselli S, Nadalini E, 
Colussi GL, et al. Long-term renal outcomes in patients with 
primary aldosteronism. Jama. 2006;295:2638–2645

19 Catena C, Colussi G, Nadalini E, Chiuch A, Baroselli S, Lapenna 
R, et al. Relationships of plasma renin levels with renal function 
in patients with primary aldosteronism. Clin J Am Soc Nephrol. 

2007;2:722–731.
20 Bomback AS, Kshirsagar AV, Amamoo MA, Klemmer PJ. 

Change in proteinuria after adding aldosterone blockers to ACE 
inhibitors or angiotensin receptor blockers in CKD: A systematic 
review. Am J Kidney Dis. 2008;51:199–211.

21 Schjoedt KJ, Andersen S, Rossing P, Tarnow L, Parving HH. Al-
dosterone escape during blockade of the renin-angiotensin-aldos-
terone system in diabetic nephropathy is associated with enhanced 
decline in glomerular filtration rate. Diabetologia. 2004;47:1936–
1939.

22 Sato A, Hayashi K, Naruse M, Saruta T. Effectiveness of aldos-
terone blockade in patients with diabetic nephropathy. Hyperten-
sion. 2003;41:64–68.

23 Briet M, Schiffrin EL. Aldosterone: Effects on the kidney and 
cardiovascular system. Nat Rev Nephrol. 2010;6:261–273

24 Greene EL, Kren S, Hostetter TH. Role of aldosterone in the 
remnant kidney model in the rat. J Clin Invest. 1996;98:1063–
1068.

25 Nishiyama A, Yao L, Nagai Y, Miyata K, Yoshizumi M, Kagami 
S, et al. Possible contributions of reactive oxygen species and 
mitogen-activated protein kinase to renal injury in aldosterone/
salt-induced hypertensive rats. Hypertension. 2004;43:841–848.

26 Ma J, Weisberg A, Griffin JP, Vaughan DE, Fogo AB, Brown NJ. 
Plasminogen activator inhibitor-1 deficiency protects against al-
dosterone-induced glomerular injury. Kidney Int. 2006;69:1064–
1072.

27 Blasi ER, Rocha R, Rudolph AE, Blomme EA, Polly ML, 
 McMahon EG. Aldosterone/salt induces renal inflammation and 
fibrosis in hypertensive rats. Kidney Int. 2003;63:1791–1800.

28 Ikeda H, Tsuruya K, Toyonaga J, Masutani K, Hayashida H, 
 Hirakata H, et al. Spironolactone suppresses inflammation and 
prevents L-NAME-induced renal injury in rats. Kidney Int. 2009;
75:147–155.

29 Siragy HM, Xue C. Local renal aldosterone production induces 
inflammation and matrix formation in kidneys of diabetic rats. 
Exp Physiol. 2008;93:817–824

30 Terada Y, Kuwana H, Kobayashi T, Okado T, Suzuki N, 
 Yoshimoto T, et al. Aldosterone-stimulated SGK1 activity medi-
ates profibrotic signaling in the mesangium. J Am Soc Nephrol. 
2008;19:298–309.

31 Beswick RA, Dorrance AM, Leite R, Webb RC. NADH/NADPH 
oxidase and enhanced superoxide production in the mineralocor-
ticoid hypertensive rat. Hypertension. 2001;38:1107–1111.

32 Huang S, Zhang A, Ding G, Chen R. Aldosterone-induced me-
sangial cell proliferation is mediated by EGF receptor transacti-
vation. Am J Physiol Renal Physiol. 2009;296:F1323–F1333.

33 Miyata K, Rahman M, Shokoji T, Nagai Y, Zhang GX, Sun GP, 
et al. Aldosterone stimulates reactive oxygen species production 
through activation of NADPH oxidase in rat mesangial cells. J 
Am Soc Nephrol. 2005;16:2906–2912.

34 Fan YY, Kohno M, Nakano D, Hitomi H, Nagai Y, Fujisawa Y, 
et al. Inhibitory effects of a dihydropyridine calcium channel 
blocker on renal injury in aldosterone-infused rats. J Hypertens. 
2009;27:1855–1862.

35 Nishiyama A, Abe Y. Molecular mechanisms and therapeutic 
strategies of chronic renal injury: Renoprotective effects of al-
dosterone blockade. J Pharmacol Sci. 2006;100:9–16.

36 Mathew JT, Patni H, Chaudhary AN, Liang W, Gupta A, Chander 
PN, et al. Aldosterone induces mesangial cell apoptosis both in 
vivo and in vitro. Am J Physiol Renal Physiol. 2008;295:F73–



 7Aldosterone and Kidney

F81.
37 Wettschureck N, Offermanns S. Rho/Rho-kinase mediated sig-

naling in physiology and pathophysiology. J Mol Med. 2002;80:
629–638.

38 Nishikimi T, Matsuoka H. Molecular mechanisms and therapeu-
tic strategies of chronic renal injury: Renoprotective effect of 
Rho-kinase inhibitor in hypertensive glomerulosclerosis. J Phar-
macol Sci. 2006;100:22–28.

39 Kobayashi N, Hara K, Tojo A, Onozato ML, Honda T, Yoshida 
K, et al. Eplerenone shows renoprotective effect by reducing 
LOX-1-mediated adhesion molecule, PKCepsilon-MAPK-
p90RSK, and Rho-kinase pathway. Hypertension. 2005;45:538–
544.

40 Moriyama T, Nagatoya K. The Rho-ROCK system as a new 
therapeutic target for preventing interstitial fibrosis. Drug News 
Perspect. 2004;17:29–34.

41 Diah S, Zhang GX, Nagai Y, Zhang W, Gang L, Kimura S, et al. 
Aldosterone induces myofibroblastic transdifferentiation and 
collagen gene expression through the Rho-kinase dependent sig-
naling pathway in rat mesangial cells. Exp Cell Res. 2008;314:
3654–3662.

42 Sun GP, Kohno M, Guo P, Nagai Y, Miyata K, Fan YY, et al. In-
volvements of Rho-kinase and TGF-beta pathways in aldoster-
one-induced renal injury. J Am Soc Nephrol. 2006;17:2193–
2201.

43 Liu Y. Epithelial to mesenchymal transition in renal fibrogenesis: 
Pathologic significance, molecular mechanism, and therapeutic 
intervention. J Am Soc Nephrol. 2004;15:1–12.

44 Simonson MS. Phenotypic transitions and fibrosis in diabetic 
nephropathy. Kidney Int. 2007;71:846–854.

45 Wolf G, Chen S, Ziyadeh FN. From the periphery of the glomeru-
lar capillary wall toward the center of disease: Podocyte injury 
comes of age in diabetic nephropathy. Diabetes. 2005;54:1626–
1634.

46 Jefferson JA, Shankland SJ, Pichler RH. Proteinuria in diabetic 
kidney disease: A mechanistic viewpoint. Kidney Int. 2008;74:
22–36.

47 Shankland SJ. The podocyte’s response to injury: Role in protein-
uria and glomerulosclerosis. Kidney Int. 2006;69:2131–2147

48 Nagase M, Shibata S, Yoshida S, Nagase T, Gotoda T, Fujita T. 
Podocyte injury underlies the glomerulopathy of Dahl salt- 
hypertensive rats and is reversed by aldosterone blocker. Hyper-
tension. 2006;47:1084–1093.

49 Yaoita E, Kawasaki K, Yamamoto T, Kihara I. Variable expres-
sion of desmin in rat glomerular epithelial cells. Am J Pathol. 
1990;136:899–908.

50 Nagase M, Matsui H, Shibata S, Gotoda T, Fujita T. Salt-induced 
nephropathy in obese spontaneously hypertensive rats via para-
doxical activation of the mineralocorticoid receptor: Role of oxi-
dative stress. Hypertension. 2007;50:877–883.

51 Nishiyama A, Kobori H, Konishi Y, Morikawa T, Maeda I, 
 Okumura M, et al. Mineralocorticoid receptor blockade enhances 

the antiproteinuric effect of an angiotensin II blocker through 
inhibiting podocyte injury in type 2 diabetic rats. J Pharmacol 
Exp Ther. 2010;332:1072–1080.

52 Nishiyama A, Hasegawa K, Diah S, Hitomi H. New approaches 
to blockade of the renin-angiotensin-aldosterone system: Miner-
alocorticoid-receptor blockers exert antihypertensive and reno-
protective effects independently of the renin-angiotensin system. 
J Pharmacol Sci. 2010;113:310–314.

53 Ebata S, Muto S, Okada K, Nemoto J, Amemiya M, Saito T, et al. 
Aldosterone activates Na+/H+ exchange in vascular smooth 
muscle cells by nongenomic and genomic mechanisms. Kidney 
Int. 1999;56:1400–1412.

54 Miyata Y, Muto S, Kusano E. Mechanisms for nongenomic and 
genomic effects of aldosterone on Na+/H+ exchange in vascular 
smooth muscle cells. J Hypertens. 2005;23:2237–2250.

55 Uhrenholt TR, Schjerning J, Hansen PB, Norregaard R, Jensen 
BL, Sorensen GL, et al. Rapid inhibition of vasoconstriction in 
renal afferent arterioles by aldosterone. Circ Res. 2003;93:1258–
1266.

56 Arima S, Kohagura K, Xu HL, Sugawara A, Abe T, Satoh F, et al. 
Nongenomic vascular action of aldosterone in the glomerular 
microcirculation. J Am Soc Nephrol. 2003;14:2255–2263.

57 Chai W, Garrelds IM, de Vries R, Batenburg WW, van Kats JP, 
Danser AH. Nongenomic effects of aldosterone in the human 
heart: Interaction with angiotensin II. Hypertension. 2005;46:
701–706.

58 Arima S, Kohagura K, Xu HL, Sugawara A, Uruno A, Satoh F, 
et al. Endothelium-derived nitric oxide modulates vascular action 
of aldosterone in renal arteriole. Hypertension. 2004;43:352–
357.

59 Schmidt BM, Montealegre A, Janson CP, Martin N, Stein- 
Kemmesies C, Scherhag A, et al. Short term cardiovascular ef-
fects of aldosterone in healthy male volunteers. J Clin Endocrinol 
Metab. 1999;84:3528–3533

60 Romagni P, Rossi F, Guerrini L, Quirini C, Santiemma V. Aldos-
terone induces contraction of the resistance arteries in man. Ath-
erosclerosis. 2003;166:345–349.

61 Schmidt BM, Georgens AC, Martin N, Tillmann HC, Feuring M, 
Christ M, et al. Interaction of rapid nongenomic cardiovascular 
aldosterone effects with the adrenergic system. J Clin Endocrinol 
Metab. 2001;86:761–767.

62 Gunaruwan P, Schmitt M, Taylor J, Lee L, Struthers A,  Frenneaux 
M. Lack of rapid aldosterone effects on forearm resistance vas-
culature in health. J Renin Angiotensin Aldosterone Syst. 2002;
3:123–125.

63 Fujisawa Y, Nagai Y, Miyatake A, Takei Y, Miura K, Shoukouji 
T, et al. Renal effects of a new member of adrenomedullin family, 
adrenomedullin2, in rats. Eur J Pharmacol. 2004;497:75–80.

64 Schmidt BM, Sammer U, Fleischmann I, Schlaich M, Delles C, 
Schmieder RE. Rapid nongenomic effects of aldosterone on the 
renal vasculature in humans. Hypertension. 2006;47:650–655.


