
Chapter 15
Role of Aldosterone in Renal Fibrosis

Aanchal Shrestha, Ruo-Chen Che and Ai-Hua Zhang

Abstract Aldosterone is a mineralocorticoid hormone, as its main renal effect has
been considered as electrolyte and water homeostasis in the distal tubule, thus main-
taining blood pressure and extracellular fluid homeostasis through the activation of
mineralocorticoid receptor (MR) in epithelial cells. However, over the past decade,
numerous studies have documented the significant role of aldosterone in the pro-
gression of chronic kidney disease (CKD) which has become a subject of inter-
est. It is being studied that aldosterone can affect cardiovascular and renal system,
thereby contributing to tissue inflammation, injury, glomerulosclerosis, and inter-
stitial fibrosis. Aldosterone acts on renal vessels, renal cells (glomerular mesangial
cells, podocytes, vascular smooth muscle cells, tubular epithelial cells, and intersti-
tial fibroblasts), and infiltrating inflammatory cells, inducing reactive oxygen species
(ROS) production, upregulated epithelial growth factor receptor (EGFR), and type 1
angiotensin (AT1) receptor expressions, and activating nuclear factor kappa B (NF-
κB), activator protein-1 (AP-1), and EGFR to further promote cell proliferation,
apoptosis, and proliferation. Phenotypic transformation of epithelial cells stimulates
the expression of transforming growth factor-β (TGF-β), connective tissue growth
factor (CTGF), osteopontin (OPN), and plasminogen activator inhibitor-1 (PAI-1),
eventually leading to renal fibrosis. MR antagonisms are related to inhibition of
aldosterone-mediated pro-inflammatory and pro-fibrotic effect. In this review, we
will summarize the important role of aldosterone in the pathogenesis of renal injury
and fibrosis, emphasizing on its multiple underlying mechanisms and advances in
aldosterone research along with the potential therapeutics for targetingMR in a renal
fibrosis.
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15.1 Introduction

In 1953, Simpson and Tait were the first to isolate a mineralocorticoid hormone,
aldosterone (Simpson 1953). Aldosterone was initially found to have a physiological
effect in regulating the electrolyte and water balance in the distal tubule, thus main-
taining blood pressure and extracellular fluid homeostasis (Simpson 1953; Williams
and Williams 2003) that is acted principally via cytosolic MR in epithelial cells
(Rogerson and Fuller 2000). However, over the past two decades, aldosterone has
also shown to act on the blood vessels, heart, and kidney. MRs are found in different
tissues, such as vascular smooth muscle cells and endothelial cells, cardiomyocytes
in the heart, mesangial cells and podocytes in the kidney, fibroblasts, adipocytes,
hypothalamus in the brain, and macrophages expanding the distribution of aldos-
terone actions among non-epithelial tissues (Jaisser and Farman 2016; Funder 2010;
Shibata et al. 2007; Brown 2013). Thus, there has been a shift of paradigm in our
understanding of the more complex role of aldosterone, apart from the physiological
role in renal sodium reabsorption. There are numerous studies which demonstrated
aldosterone as a major deleterious hormone in the cardiovascular and renal system,
thereby contributing to tissue inflammation, injury, glomerulosclerosis, and intersti-
tial fibrosis (Epstein 2006; Hostetter and Ibrahim 2003). A study done by Greene
et al. in 1996 first showed the role of aldosterone as an independent mediator in
the progression of CKD, where aldosterone is infused intravenously in unilateral
nephrectomized ratmodelwhich diminished the renoprotective effect of angiotensin-
converting enzyme (ACE) inhibitor and angiotensin receptor blocker (ARB) (Greene
et al. 1996). In the pathogenesis of CKD, the activation of renin–angiotensin–al-
dosterone system (RAAS) is an important event (Gonzalez et al. 2004). In RAAS,
angiotensin II (Ang II) is one of the key elements which augments adrenal pro-
duction of aldosterone and has appeared as a helper for renal injury by increasing
the intraglomerular capillary pressure and ultrafiltration of plasma proteins and by
promoting pro-inflammatory effects, pro-fibrogenic and growth stimulatory action
(Rüster andWolf 2006). CKD has become amassive public health concern which has
increased the overall mortality by 31.7% over the last 10 years (Wang et al. 2016).
Renal fibrosis, as the hallmark feature of CKD, is characterized by pathomorpho-
logic changes comprising of glomerulosclerosis and tubulointerstitial fibrosis along
with the process of excessive production and progressive extracellular matrix (ECM)
protein accumulation such as collagen I and fibronectin leading to scar formation.

Herein, we will summarize the pivotal role of aldosterone in the pathogenesis of
renal injury and fibrosis, emphasizing on its multiple underlying mechanisms and
advances in aldosterone research along with the potential therapeutics for targeting
MR in a renal fibrosis.
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15.2 Aldosterone: Its Synthesis, Secretion, and Action

Aldosterone is synthesized in the body fromcholesterolmainly in the cells of the zona
glomerulosa layer of the adrenal cortex. However, extra-adrenal sites of aldosterone
synthesis have also been identified in the heart, blood vessels, and brain (Bonvalet
et al. 1995; Coirini et al. 1985; Kornel 1994). The enzyme aldosterone synthase,
encoded by CYP11B2 gene, can convert deoxycorticosterone to aldosterone in a
series of steps, including molecular arrangement and enzymatic reactions. Likewise,
similar enzyme β-hydroxylase, encoded by the CYP11B1 gene, catalyzes the conver-
sion of deoxycortisol to cortisol (Lenzini et al. 2007). There are many hormonal and
paracrine factors that modify the regulation of aldosterone secretion. However, under
physiological conditions, the important ones are Ang II, extracellular potassium, and
adrenocorticotropic hormone (ACTH). Ang II, an octapeptide, is the main precur-
sor of RAAS which is generated by the action of ACE on the inactive precursor
Ang I. Ang II acts on aldosterone secretion mainly by binding to the G-protein-
coupled receptor type 1 angiotensin (AT1), whereas type 2 angiotensin (AT2) recep-
tor counteracts many of the AT1 receptor-mediated processes (Unger et al. 2011). An
increased extracellular potassium concentration also augments aldosterone secretion
leading to potassium excretion in the kidney. Both aldosterone and Ang II stimulate
aldosterone secretion independently and equipotently (Williams 2005). The action
of ACTH in the zona glomerulosa cells is mediated by cAMP which induces aldos-
terone secretion. In severe sodium or fluid loss, ACTH is also secreted and synergizes
with Ang II or potassium in order to stimulate glomerulosa cells (Spat and Hunyady
2004). In the alteration of aldosterone synthesis, inhibitory factors such as atrial
natriuretic peptides (ANP), dopamine, somatostatin, and extracellular calcium also
participate. ANP is an effective inhibitor of aldosterone secretion. ANP secretion is
increased in response to sodium and/or water load, thereby inhibiting the aldosterone
secretion (Spat and Hunyady 2004).

At present, the varied actions of aldosterone seem to be related to two differ-
ent pathways, such as genomic pathway and non-genomic pathway. In genomic
pathway, aldosterone shows its physiological effects by binding to classical MR,
a ligand-activated transcription factor which belongs to the nuclear receptor fam-
ily with equal affinity for both mineralocorticoids and glucocorticoids (Arriza et al.
1987). It then results in a series of intracellular events beginning with the translo-
cation of receptor ligand into the nucleus to promote protein synthesis and finally
mediates the insertion of sodium channels into the epithelial cells of the collecting
duct [epithelial sodium channel (ENaC)] to allow sodium reabsorption and potas-
sium and hydrogen ions secretion (Porter and Edelman 1964; Porter et al. 1964). This
process takes hours to produce the epithelial effect which can be blocked by protein
synthesis inhibitor. The presence of isoenzymes 11β-hydroxysteroid dehydrogenase
(11β-HSD) types 1 and 2, along with other factors independent of steroid receptor
binding, seems to account for much of the mineralocorticoid selectivity seen biolog-
ically (Funder et al. 1988; Funder and Myles 1996). The specificity of the action of
aldosterone in the cells containingMR (distal tubules and collecting ducts) is ensured
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by the expression and activity of 11β-HSD type 2 enzyme, which induces physio-
logical responses by metabolizing circulating glucocorticoid hormones (cortisol in
humans, corticosterone in rodents) into inactive 11-dehydro-derivatives (cortisone,
11-dehydrocorticosterone) with very low affinity for the MR (Farman and Rafestin-
Oblin 2001). During the hypovolemic and hypoperfusion state of the kidney, RAAS
activation leads to vasoconstriction and volume expansion.

Over the ensuing years, the non-genomic aldosterone effects have been demon-
strated. In this, a non-classical type of MR is expressed mostly in nonelectrolyte
transporting cells and the effects can be observed within minutes as nuclear binding
or protein synthesis does not appear to take place (Christ andWehling 1999;Boldyreff
andWehling2003;Mihailidou andFunder 2005).The cell signalingpathway involves
activation of protein kinase C along with release of intracellular calcium (Mihailidou
and Funder 2005). Studies have shown that an alternativeG-protein-coupled estrogen
receptor, GPR30, may promote rapid, non-genomic effects in vascular endothelial
cells (Gros et al. 2013) and vascular smooth cells (Gros et al. 2011).

15.3 Mechanism of Aldosterone-Mediated Renal Fibrosis

There has been a curious history regarding the relationship between aldosterone
and renal disease which led to much researches conducted in the past. In 1964, Conn
described the first 125 proven cases of primary hyperaldosteronismwith hypertension
in patients, among which 85% had gross proteinuria (Conn et al. 1964). The protein-
uria was considered as a result of hypertension that accompanies the Conn syndrome,
until 1996 when the experiment done by Greene et al. on a rat kidney model showed
that mineralocorticoid hormones, particularly aldosterone, can induce proteinuria in
the absence of hypertension (Greene et al. 1996). They showed that the treatment
with ARB (losartan) and ACE inhibitor (enalapril) in remnant rat kidneys reduced
proteinuria, hypertension, and glomerulosclerosis. They also demonstrated that rats
injected with exogenous aldosterone in order to maintain very high aldosterone lev-
els were subjected to losartan and enalapril, experienced proteinuria, hypertension,
and glomerulosclerosis to the same level as the untreated rats with remnant kidneys
did. Another study done on rats with complete unilateral ureteral obstruction (UUO)
showed that the renal fibrosis was significantly reduced after the treatment with MR
antagonist spironolactonewith no changes in serumpotassium, aldosterone, andurine
sodium (Trachtman et al. 2004). In response to deoxycorticosterone acetate (DOCA)
salt treatment, p47phox−/− and gp91phox−/Y mice were found to reduce blood pressure
only within the first 2–3 days of treatment and later no significant difference was
observed between these mice and wild-type (WT) control group (Zhang et al. 2011).
On the contrary, four different kinds ofmitochondrialROS inhibitors (rotenone:mito-
chondrial respiratory chain complex I inhibitor, 5-hydroxydecanoate: specific mito-
chondrial ATP-sensitive potassium channel blocker, benzylguanidine: mitochondrial
complexes I and III, and the cell-permeable manganese tetrakis (4-benzoic acid), and
porphyrin: mitochondrial superoxide dismutase analogues) are found to lower the
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blood pressure and ROS production in renal tissue, indicating that mitochondria
mediates aldosterone-induced ROS production (Zhang et al. 2011). This provides
direct evidence that mitochondrial dysfunction contributes to aldosterone-dependent
or MR-dependent ROS formation. Juknevicius and colleagues demonstrated that
aldosterone infusion for 3 days in normal rats causes a more than twofold increase
in the urinary excretion of TGF-β without changes in blood pressure or evidence
of kidney damage through an MR-dependent posttranscriptional effect (Juknevicius
et al. 2004).

Taken together, these data clearly indicate that aldosterone was involved in the
pathogenesis of renal damage and has a direct histological mechanism besides medi-
ating renal damage through hemodynamic pathways. In the following section, we
will illustrate the cells, principal molecules, and other mediators involved in the
contribution of aldosterone to the pathogenesis of renal fibrosis.

15.3.1 Induced Mesangial Injury

Mesangial cells are active intrinsic kidney cells which play a crucial role in main-
taining the glomerular structural integrity of the microvascular bed which provides
mesangial matrix homeostasis and modifies glomerular filtration (Abboud 2012;
Brunskill and Potter 2012). Chronic aldosterone infusion increases ROS production
through the activation of nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase (Nishiyama et al. 2004; Huang et al. 2009). Superoxide anion and hydro-
gen peroxide are ROS that implicates as important mediators in the mechanisms of
aldosterone-mediated renal damage. There are a number of oxidant-generating sys-
tems that participate in ROS production such as NADPH oxidase, xanthine oxidase,
mitochondrial respiratory chain, cyclooxygenase, lipoxygenase, cytochrome P-450,
and nitric oxide synthase.

In rat mesangial cells, aldosterone could directly promote superoxide anion (O2-)
generation through the activation of NADPH oxidase and translocation of the cytoso-
lic components of NADPH enzyme p47phox and p67phox to the cell membrane
(Miyata et al. 2005). Experiment done in cultured human mesangial cells shows
that aldosterone stimulates mesangial cell apoptosis in a dose- and time-dependent
manner. The administration of MR antagonist or antioxidant attenuates the proapop-
totic effects of aldosterone. Aldosterone also induces dephosphorylation of Bcl-
2-associated death promoter (BAD), a protein, which after dephosphorylation is
linked to mitochondrial dysfunction leading to accumulation of cytochrome c into
the cytosol and mesangial cell apoptosis (Mathew et al. 2008). Aldosterone-infused
mesangial cells exhibited increased ROS production, which was blocked by MR
antagonist, mitochondrial respiratory chain complex I inhibitor, or an NADPH oxi-
dase inhibitor. These results indicate that mitochondria and NADPH oxidase medi-
ate aldosterone-induced renal ROS production (Huang et al. 2009). Evidence points
to aldosterone has a role in mesangial cell proliferation, which involved in MR
expression and extracellular signal-regulated kinase 1 and 2 (ERK1/2) activation.
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Similarly, we have shown that aldosterone-induced mesangial cell proliferation was
mediated by Ki-RasA:GTP/c-Raf/MEK/ERK and PI3 K/Akt/mTOR/p70S6K1, an
EGF-activated signaling pathway downstream from the EGFR (Huang et al. 2009).
Recently, Zhang et al. revealed that Connexin 43 (Cx43), an important regulator of
cell growth, showed decreased expression in mesangial cell proliferation and treat-
ment with MR antagonist spironolactone, ERK1/2 inhibitor PD98059, and PKC
inhibitor GF109203X attenuated the downregulation of Cx43 expression which sug-
gests that this process might be mediated through (ERK1/2) and PKC pathways
(Zhang et al. 2015). TGF-β is a pro-fibrogenic cytokine that has been extensively
studied as a responsible factor for renal fibrosis. Aldosterone induces TGF-β1 expres-
sion via ERK1/2, c-Jun N-terminal kinase (JNK) and AP-1 pathways (Han et al.
2009).

Aldosterone also exhibited a pro-fibrotic effect by rapidly inducing mRNA and
protein expression of CTGF in a time- and concentration-dependent manner (Gauer
et al. 2007). The use of MR antagonist spironolactone, canrenoate, or eplerenone
could not inhibit the rapid CTGF induction which suggests an MR-independent
mechanism for this effect. However, selective inhibitor of glucocorticoid receptor
(GR), RU-486, inhibited aldosterone-induced CTGF expression, which indicates
that GR is important in aldosterone-induced regulation of CTGF (Gauer et al. 2007).
CTGF can promote migration, hypertrophy, fibronectin production, and actin disas-
sembly inmesangial cells and also increases type I, type III, and type IV collagen pro-
duction bymesangial cells (Phanish et al. 2010). Aldosterone could upregulateCTGF
expression in two ways: TGF-β dependent and TGF-β independent. In vivo study
done by Terada et al. (2012) showed that in cultured rat mesangial cells, aldosterone
promoted the expression of CTGF in TGF-β-dependent manner. In this study, aldos-
terone stimulates serum- and glucocorticoid-regulated kinase-1 (SGK1) expression
and promotes expressions of CTGF and intercellular adhesionmolecule-1 (ICAM-1)
via NF-κB. However, in a mouse model of diabetic nephropathy, aldosterone signif-
icantly increases CTGF gene expression and protein synthesis even in the presence
of TGF-β1 neutralizing antibody, which shows the TGF-β-independent pathway for
aldosterone-induced CTGF production in cultured mesangial cells (Han et al. 2006).
Moreover, treatment with spironolactone markedly decreases renal CTGF and colla-
gen synthesis. Another possible mechanism through which aldosterone may involve
in the development of fibrosis is by activating PAI-1 (Huang et al. 2008; Yuan et al.
2007). Huang et al. (2008) observed the increment in aldosterone-induced PAI-1 is
partially facilitated byTGF-β1. TGF-β1 and aldosterone acts synergistically to stimu-
late the PAI-1 expression and decrease extracellular matrix degradation (Huang et al.
2008). Another study done by Yuan et al. (2007) also demonstrated upregulation of
PAI-1 mRNA and protein expression by aldosterone, however, was independent of
aldosterone-induced increases in TGF-β1 expression and intracellular ROS produc-
tion. In a high glucose media, aldosterone produced an inflammatory response by
upregulating NF-κB andmonocyte chemoattractant protein-1 (MCP-1) via AT1a and
AT2 pathways (Hao et al. 2015).

Evidences point to show that EGFRmay take part in aldosterone-induced mesan-
gial cell proliferation (Huang et al. 2009; Sheng et al. 2016). EGFR is a trans-
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membrane protein with intrinsic tyrosine kinase activity. Upon ligand binding to
the receptor induces dimerization and phosphorylation of tyrosine residues in its
cytosolic domains. These phosphorylated residues act as docking sites for adaptor
proteins and activate downstream signaling cascades (Forrester et al. 2016). Themost
widely studied signaling pathways are phosphatidylinositol-3 kinase (PI3 K)/AKT
and Ras/mitogen-activated protein kinase (MAPK). Aldosterone, after binding to
their receptor, can transactivate EGFR, via “a disintegrin and metalloproteases”
(ADAMs), thereby regulating several processes including cellular functions, prolif-
eration, hypertrophy, and migration. We have shown that aldosterone transactivates
EGFR in cultured mesangial cells, because pretreatment with the EGFR antagonist
AG1478 blocked mesangial cell proliferation as well as the activation of Ras/MAPK
and PI3 K/Akt (Huang et al. 2009).

In addition, the mitogenic effect of aldosterone was shown to be mediated by Ki-
RasA/c-Raf/MEK/ERKandPI3K/Akt/mTOR/p70S6K1 signaling pathways (Huang
et al. 2009). Similarly, Sheng et al. highlighted a role of EGFR in aldosterone-
mediated renal fibrosis which relies on ROS-induced EGFR/ERK activation (Sheng
et al. 2016).

15.3.2 Induced Podocyte Injury

The glomerular filtration barrier is composed of three layers: the capillary endothe-
lium, the glomerular basement membrane (GBM), and the podocytes (specialized
epithelial cells). Podocytes extend long primary processes from its cell body, the
end of which contains foot processes (Wolf et al. 2005). The foot processes of adja-
cent podocytes are connected by a continuous membrane-like structure called the
slit diaphragm and form an interdigitating pattern adhering to the glomerular base-
ment membrane (Wolf et al. 2005; Pavenstadt et al. 2003). The proteins of the slit
diaphragm such as nephrin, podocin, and CD2-associated protein (CD2AP) are not
only structural, but also serve as a survival function for podocytes by interacting with
each other within the body of the podocytes (Wolf et al. 2005). Podocytes thus act
as a final filtration barrier against urinary protein loss (Wolf et al. 2005; Shankland
2006). Podocyte injury is the basic pathogenic mechanism that leads to the devel-
opment of proteinuria and progression of glomerular sclerosis. Several studies have
shown that podocytes express MR, which is the target site of aldosterone (Shibata
et al. 2007; Kiyomoto et al. 2008; Nagase et al. 2006).

Our study provided direct evidence supporting the role of ROS in contributing
to aldosterone-induced podocyte injury (Zhu et al. 2011). Aldosterone-infused mice
showedpodocyte injurywith reduced glomerular expression of nephrin and increased
ROS production in renal glomeruli. We examined the important role of mitochon-
dria dysfunction in aldosterone-induced podocyte injury as pronounced by decreased
mitochondrial membrane potential, ATP levels, and mitochondrial DNA copy num-
ber seen in podocytes and glomeruli. The study done by Nishiyama et al. (2004)
showed that aldosterone/salt treatment induced hypertension and renal injury, as
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characterized by proteinuria, glomerular changes, and collagen accumulation. The
renal injury was also associated with increase in renal cortical thiobarbituric acid
reactive substance (TBARS) contents, a marker of ROS production, and mRNA
expression of NADPH oxidase components, p22phox, Nox-4, and gp91phox. The use
of MR antagonist eplerenone prevented the increases in TBARS levels and NADPH
oxidase expression in the kidney, and tempol also reduced ROS levels and amelio-
rated renal injury (Nishiyama et al. 2004). Shibata et al. (2007) showed that contin-
uous infusion of aldosterone in uninephrectomized rats induced massive proteinuria
with hypertension and glomerular podocyte injury and decreased gene expressions
of nephrin and podocin were closely related to podocyte injury. In the same study,
NADPH oxidase activity and TBARS contents were enhanced and podocyte dam-
age was ameliorated by tempol further supporting an important role for ROS in
this rat model. It is found that aldosterone can induce the activation of SGK1 sig-
naling pathway through oxidative stress and damage the podocyte (Shibata et al.
2007). Previously conducted studies have found that aldosterone promotes apop-
tosis of podocytes by inducing mitochondrial dysfunction (Su et al. 2013; Yuan,
et al. 2012a). We showed that under normal conditions, endogenous peroxisome
proliferator-activated receptor-g coactivator-1α (PGC-1α), a transcriptional coacti-
vator of peroxisome proliferator-activated receptor-γ, and other nuclear hormone
receptors are important for podocyte maintenance of mitochondrial function (Yuan,
et al. 2012a). SIRT1/PGC-1α axis activation protects against aldosterone-induced
podocyte injury likely by preventing mitochondrial dysfunction and SIRT1 agonist,
resveratrol-blocked mitochondrial dysfunction, and podocyte injury by activating
SIRT1/PGC-1 alpha (Yuan et al. 2012a). Aldosterone-induced podocyte apopto-
sis seems to be mediated through the activation of p38 MAPK signaling pathway
because pretreatment with inhibitor of p38 MAPK suppressed apoptosis (Chen et al.
2009). We recently demonstrated the possible signaling pathways involved in mito-
chondrial dynamics (Yuan et al. 2017). In this study, aldosterone induced podocyte
injury and increased the expression of p53, leading to mitochondrial dysfunction
through activation of dynamin-related GTPase dynamin-related protein 1 (Drp1)-
mediated mitochondrial fission. Pathogenic role of NOD-like receptor family, pyrin
domain containing 3 (NLRP3) inflammasome in podocyte injury, has been identified
in our another study (Bai et al. 2017). Herein, exposure of podocytes to aldosterone
enhanced NLRP3, indicating an activation of NLRP3 inflammasome. NLRP3 dele-
tion abolished aldosterone-induced NLRP3 inflammasome activation and also ame-
liorated aldosterone-induced podocyte injury evidenced by the improved proteinuria
and silt diaphragm protein loss. In the ARHGDIA gene (encoding RhoGDI 1 alpha)
knockout mice, the damage of foot processes is positively correlated with the inten-
sity of Rac1 activation, and the Rac1 inhibitor NSC23766 can inhibit the activation
of the SGK1 signaling pathway and reduce the proteinuria and the foot processes
damage (Shibata et al. 2008).
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15.3.3 Regulation of Vessels and Vascular Smooth Muscle
Cells (VSMCs)

Aldosterone increases the VSMCs proliferation, increases the expression of vascular
collagen components, decreases vascular compliance, and constricts the glomerular
afferent and efferent arterioles. It increases the glomeruli pressure, perfusion, and
filtration which stimulates vasculitis and hence results in renal fibrosis. The main
mechanism of aldosterone in stimulation of VSMCs proliferation is as follows: (1)
The combination of aldosterone/MR complex with the hormone response element
(HRE) ofAT1 receptor gene promoter upregulates theAT1 receptor expressionwhich
can enhance the effect of Ang II-induced vascular smoothmuscle hypertrophy, hence
stimulating the proliferation of VSMCs (Yamada et al. 2008) and (2) Aldosterone
activates ERK1/2 signaling pathway and promotes the proliferation of VSMCs (Min
et al. 2005).A study showed the synergistic signaling interaction between aldosterone
and Ang II on the mitogenic action in VSMCs (Min et al. 2005). Here, aldosterone
and Ang II increased the early activation of ERK1/2 involving the transactivation of
the EGFR, whereas delayed activation involved increased MAPK-1 and Ki-ras2A
expression. Other investigators used small interference RNA for AT1aR, AT1bR,
and MR to explain the cross talk between aldosterone and angiotensin II in mouse
VSMCs. Aldosterone and Ang II induced ERK1/2, JNK, and NF-κB phosphoryla-
tion (Bomback and Klemmer 2007). This study showed ERK1/2 activation through
an AT1-dependent, MR-independent mechanism, and JNK and NF-κB activation
required both AT1- and MR-dependent mechanisms after aldosterone stimulation.

Aldosterone increases expression of PAI-1 in VSMCs and endothelial cells
(Brown et al. 2000a, b). PAI-1 is a member of the serine protease inhibitor (ser-
pin) family, and it can promote fibrosis by preventing matrix metalloproteinases
(MMPs) activation and ECM degradation by plasminogen activators and plasmin.
PAI-1 is the major physiological inhibitor of tissue-type plasminogen activator (tPA)
and urokinase-type plasminogen activator (uPA). It inhibits the activation of plas-
minogen to plasmin by tPA and also can also exert anti-fibrotic effects by retarding
cellular infiltration and interfering with uPA or plasmin-mediated activation and the
release of latent growth factors. By interacting with Ang II, aldosterone increases
PAI-1 expression in a dose-dependent manner both in vitro cultured vascular smooth
muscle cells and in vivo vascular endothelial cells (Brown et al. 2000b). This effect
was blocked by MR antagonist spironolactone, indicating that aldosterone promotes
PAI-1 expression through the classical salt mineralocorticoid receptormechanism. In
this study, plasmaPAI-1 levels in patientswith primary hyperaldosteronism increased
significantly. In a radiation model of renal damage, inhibition of aldosterone also
downregulates PAI-1 expression in vivo, and local PAI-1 expression is closely asso-
ciated with sclerosis (Brown et al. 2000a). These collective evidences support the
hypothesis that aldosterone induces renal fibrosis at least in part through its effects
on PAI-1 expression. Grossmann et al. (2007) showed the aldosterone increases the
expression of EGFR in vascular smooth muscle cells via an interaction with the
EGFR promoter, which is MR specific.
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Nitric oxide (NO) has several functions in the kidney including dilatation of the
renal blood vessels, regulation of renal hemodynamics, blunting of tubuloglomerular
feedback, modulation of renal sympathetic nerve activity, and inhibition of matrix
protein aggregation, smooth muscle cell proliferation, and fibroblast proliferation.
Nω-nitro-L-arginine methyl ester (L-NAME) is a potent inhibitor of NO synthase
which can cause systemic hypertension, vascular injury, and vascular endothelial
cell dysfunction. It thus plays an important role in renal fibrosis. Ikeda et al. (2009)
demonstrated significant increase in blood pressure, proteinuria, renal inflamma-
tion, and fibrosis in L-NAME-treated rats. These effects were prevented significantly
after the use of aldosterone antagonist, spironolactone, which may suggest the role
of aldosterone in contributing to renal inflammation and fibrosis by inhibiting the
formation of NO. Besides, Arima et al. (2003) examined the vascular action of
aldosterone that can cause dose-dependent constriction in both afferent and efferent
glomerular arterioles with more susceptibility in efferent arterioles. These effects are
via non-genomic pathway as the mineralocorticoid receptor antagonist spironolac-
tone was not able to block the vasoconstriction effect of aldosterone. Instead, the
effect of aldosterone on both the arterioles was due to activation of phospholipase
C and thus promoting calcium transport through L- and T-type calcium channels.
In addition, aldosterone-induced vasculitis may also be involved in the process of
renal fibrosis (Blasi et al. 2003). It was demonstrated that aldosterone/salt adminis-
tration induces elevated expression of inflammatory components including MCP-1,
IL-1β, and IL-6 in the blood vessels of rats. It was also accompanied with severe
albuminuria, renal vascular injury, and histopathological changes in the kidney. The
author further observed that eplerenone attenuated these inflammatory components,
improved vasculitis, and reduced renal inflammation and fibrosis (Blasi et al. 2003).

15.3.4 Phenotypic Transition of Renal Tubular Epithelial
Cells

Epithelial–mesenchymal transition (EMT) is defined as phenotypic conversion in
epithelial cells which leads to loss of contacts between epithelial cell-to-cell base-
ment membrane and hence gives rise to matrix-producing fibroblasts and myofi-
broblasts (Acloque et al. 2009; Thiery 2002; Kalluri and Weinberg 2009). EMT is
known to play a pivotal role in themechanism of tubulointerstitial fibrosis (Burns and
Thomas 2011). We have previously demonstrated that the aldosterone induces EMT
in renal epithelial cells through MR-mediated, mitochondria-derived ROS, and acti-
vation of ERK1/2 signaling pathway (Zhang et al. 2007). This effect was significantly
blocked byMR antagonist eplerenone andmitochondrial respiratory chain complex I
inhibitor rotenone. In the DOCA/salt mice model, EMTwas evidenced by exhibiting
the tubular epithelial cells as elongated and fibroblast-like morphology, expression
of alpha-smooth muscle actin (fibroblast markers) was increased, and E-cadherin
(epithelial markers) was decreased. We further extended our investigation demon-
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strating the role of mitochondrial function in aldosterone-induced EMT (Yuan et al.
2012b). PGC-1α and silent mating-type information regulation 2 homolog 1 (SIRT1)
function together to control the mitochondrial biogenesis and function. In this study,
aldosterone-infused human kidney cells showed decreased PGC1 expression and
induced mitochondrial dysfunction leading to promoting EMT, whereas overexpres-
sion of PGC-1α prevented mitochondrial dysfunction and EMT. SIRT1/PGC-1α axis
activation protected against aldosterone-induced EMT by inhibiting mitochondrial
dysfunction (Yuan et al. 2012b). Aldosterone has been reported to contribute to nor-
mal renal tubular epithelial cell differentiation and proliferation from isolated renal
stem cells (Minuth et al. 2005), and in vivo experiment done on juvenile animals
can also cause dysregulation of renal cell growth and promote renal fibrosis (Heber
et al. 2007). Human tubular epithelial cells treated with aldosterone activate EGFR
via TGF-α/ADAM17 (Morgado-Pascual et al. 2015). Blockade of ADAM-17/TGF-
α/EGFR pathway using the specific inhibitors, the ADAM17 inhibitor TAPI-2, an
anti-TGF-α neutralizing antibody, and the EGFR kinase inhibitor AG1478, signif-
icantly diminished aldosterone-induced pro-inflammatory gene upregulation which
supports the involvement of ADAM-17/TGF-α/EGFR axis in the regulation of pro-
inflammatory factors by aldosterone (Morgado-Pascual et al. 2015).

15.3.5 Fibroblasts

In rat kidney fibroblast cells, aldosterone induces proliferation via MR-mediated
kinase activity of the growth factor receptors and downstream cell signaling through
P13 K/Akt, ERK, and JNK pathways (Huang et al. 2012). Aldosterone induced
uninephrectomized rats in the presence of AT1 receptor blockade, increased the
expression of TGF-β1 and collagen mRNAs, and diffused renal medullary and cor-
tical fibrosis accompanied by the accumulation of abundant myofibroblasts at the
sites of fibrosis. This suggests the independent role of aldosterone in renal fibrosis
through TGF-β1 signaling pathways, thereby upregulating the collagen synthesis,
downregulating the release of the extracellular matrix metalloproteinase collage-
nase, and hence promoting fibroblast proliferation (Sun et al. 2000). CTGF is rec-
ognized as a pro-fibrotic protein and plays an important role in the pathogenesis of
chronic fibrotic disorders (Phanish et al. 2010). The CTGF gene promoter contains
a TGF-β1-responsive element as well as other regulatory sequences and thus acts as
an early responder during the onset of fibrotic diseases. In addition to its own pro-
fibrotic effect, it is a downstream mediator of at least some of the pro-fibrotic effects
of TGF-β1, in particular proliferation of fibroblasts and secretion of ECM proteins
by fibroblasts (Phanish et al. 2010). OPN is a key mediator of aldosterone-induced
renal fibrosis. It is a glycosylated phosphoprotein that is produced by osteoblasts,
macrophages, endothelial cells, and epithelial cells and acts to facilitate cell adhe-
sion and migration. In the normal kidney, it is mainly expressed in the loop of Henle
and distal nephron and is thought to play a role in renal fibroblast proliferation and
ECM synthesis. Aldosterone significantly increased OPN mRNA expression and
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that OPN-small inference RNA completely blocked aldosterone-induced collagen
synthesis and renal fibroblast proliferation in renal fibroblasts (Irita et al. 2008). This
study also showed the use of MR antagonist spironolactone abolished aldosterone-
inducedOPN expression throughAP-1 andNF-κBbinding activities, which suggests
that OPN may be a downstream factor of aldosterone in renal fibrosis.

15.3.6 Infiltration of Inflammatory Cells

Infiltration of inflammatory cells is one of the major cellular events in renal fibrosis.
In response to injury, inflammation is an essential part of host defense mechanism.
However, inflammation which is non-resolving tends to develop fibrotic diseases
(Liu 2011). Following renal fibrosis, the inflammatory cells become activated, which
producemolecules such as ROS that damage tissues; hence, growth factors and fibro-
genic cytokines are produced.Macrophage, a member of themononuclear phagocyte
family, has a key role in renal injury, inflammation, and fibrosis. They are pleiotropic
inflammatory cells that take part in inflammatory reactions (Han et al. 2019). Blasi
et al. (2003) showed the possible role of aldosterone in mediating renal fibrosis
which is preceded by inflammatory components infiltration including macrophage,
and increased the expression of pro-inflammatory cytokines OPN, interleukin-1 beta
(IL-1β), and interleukin-6 (IL-6), MCP-1, suggesting that inflammation is an essen-
tial contributor of renal fibrosis. The heterogeneity of macrophage polarization has
been recognized as an important feature of renal disease (Li et al. 2015). Aldosterone
plus salt treated in rat kidney model contributes to classical macrophage activation
to the inflammatory M1 phenotype, along with hypertension, renal damage, and
fibrosis. These effects were effectively blocked by MR antagonism spironolactone,
thereby showing the beneficial effect of MR antagonist in hypertensive renal disease
(Martín-Fernández et al. 2016). NF-κB, a eukaryotic transcription factor, is one of
the most important pro-inflammatory signal pathways which has been intensively
investigated over the past 30 years because of its involvement of several biological
programs. NF-κB can be activated by various molecules, such as lipopolysaccha-
ride, cytokines, and ROS, and influence the transcription of several genes involved
in the inflammatory response, cell growth, and adhesion (Baeuerle andHenkel 1994).
Ding et al. conducted an experiment showing the role of NF-κB in the pathogenesis
of aldosterone-induced renal injury (Ding et al. 2012). It was found that the activ-
ity of NF-κB and inflammation in the renal tissue of aldosterone-/salt-treated rats
increased significantly along with the upregulated expression of ICAM-1, TGF-β,
CTGF, and type IV collagen. Treatment with pyrrolidine dithiocarbamate (PDTC), a
NF-κB inhibitor, significantly reduced the pathological damage of kidney tissue and
reduced the expression of factors including CTGF, ICAM-1, TGF-β, and collagen
IV (Ding et al. 2012).
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15.4 Aldosterone Breakthrough

We have already mentioned studies that showed proteinuria induced by aldosterone
is one of the important signs in the progression of renal disease and renal fibro-
sis. The renin–angiotensin system (RAS) plays a key role in the development of
proteinuria in kidney diseases. Blockade of RAS with the use of ACE inhibitors
decreases the levels of circulating Ang II, and ARBs inhibit the action of AT1R
significantly reducing the urinary protein excretion which further delays the chronic
progression of renal disease. However, with the use of ACE inhibitors or ARBs,
Ang II inhibits release of renin and leads to increased plasma renal activity. Besides,
after the initiation of ACE inhibitors or ARBs therapy for several weeks, plasma
aldosterone concentration is increased to pretreatment level, following a decrease
of aldosterone levels in the initial treatment phase. This phenomenon is known as
aldosterone breakthrough, which also suggests the role of aldosterone in mediating
proteinuria (Bomback and Klemmer 2007). Up to 10–53% CKD patients on ACE
inhibitors or ARBs were found to have aldosterone breakthrough in previous studies
using various definitions (Bomback and Klemmer 2007). It was shown that patients
who experienced aldosterone breakthrough had enhanced decline in GFR compared
with those without breakthrough (Schjoedt et al. 2004). Aldosterone breakthrough
provides a theoretical basis for clinical application of aldosterone receptor antago-
nists. Many observational studies have confirmed that the combination of MR antag-
onist and ACE inhibitors or ARBs can effectively reduce proteinuria and delay renal
fibrosis in patients with CKD (Schjoedt et al. 2004; Furumatsu et al. 2008; Schjoedt
et al. 2006; Chrysostomou et al. 2006; Bianchi et al. 2006). Sato and Fukuda (2013)
reported that aldosterone breakthrough occurred in 55% of hypertensive patients
after the use of direct renin inhibitor (DRI) aliskiren, which acts by directly blocking
the enzymatic action of renin without interfering with its production and interaction
with renin receptors. Adding MR receptor antagonist eplerenone to DRI to those
patients showed decrease in albuminuria and may benefit hypertensive patients by
exerting a cardiovascular and/or renal protective effect.

The mechanism of aldosterone breakthrough is not fully elucidated. It may be
related to the following factors: (1) Ang II is produced by alternative pathway and
non-renin pathway. ACE inhibitor can block the classical Ang II generation pathway,
but it does not play a role in the alternative pathway and non-renin pathway of Ang
II generation (Urata et al. 1994a, b; Cicoira et al. 2001); (2) Long-term blockade of
AT1 receptor leads to increase in Ang II which may mediate aldosterone synthesis
through AT2 receptor (Naruse et al. 2002); (3) Some aldosterone stimulating factors
that do not depend upon Ang II are endothelin, vasopressin, catecholamine, ACTH,
glucocorticoid, hyperkalemia, hyperlipidemia, and reduced high-density lipoprotein.
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15.5 Treatment

15.5.1 Clinical Trials

15.5.1.1 MR Antagonists

The two clinically approved and commonly used MR antagonists are spironolac-
tone and eplerenone, both of which are steroidal compounds. They share similar
molecular structure of aldosterone, natural MR ligands, and cortisol. Searle Labo-
ratories (Skokie, Ill) introduced spironolactone as the first MR antagonist in 1959
(Jaisser and Farman 2016). It was recommended for the treatment of edema, hyper-
tension, primary aldosteronism, and heart failure. It is commonly used as a diuretic.
Spironolactone is a potent MR antagonist; however, due to its poorly selective nature
towardMR, it inhibits the androgen and progesterone receptors (Kolkhof and Borden
2012). Therapeutic use of this drug has led to several side effects such as feminiza-
tion, gynecomastia, impotence, and menstrual irregularities, which reflect its anti-
androgenic and progestogenic activity. In the Randomized Aldactone Evaluation
Study (RALES), 10% of men in the spironolactone-treated group had gynecomas-
tia and breast pain and the incidence rate of hyperkalemia was only slightly higher
than the placebo group (Pitt et al. 1999). Other side effects of spironolactone are
hyperkalemia, hyponatremia, dizziness, abnormal renal function, and high creati-
nine concentration. These side effects limit the patients with spironolactone therapy.
In recent years, spironolactone has shown to prevent renal fibrosis. In 2002, a second-
generation MR antagonist eplerenone was launched for the treatment of hyperten-
sion and congestive heart failure. In comparison with spironolactone, eplerenone
has more selectivity for MR but less potency (40-fold less affinity) and interacts
less with other steroid receptors (Kolkhof and Borden 2012). Therefore, there are
fewer hormonal-related side effects with eplerenone. In the Eplerenone Post-acute
Myocardial InfarctionHeart Failure Efficacy and Survival Study (EPHESUS), 15.6%
of the patients with eplerenone therapy had serum potassium (K+) >5.5 mEq/L in
comparison with 11.2%with the placebo group (Pitt et al. 2008). Essentially, patients
who are taking spironolactone and eplerenone need tomonitor their serum potassium
level and renal function carefully. The ratio of sodium/potassium in the urine is an
accurate indicator of the appropriate dose of spironolactone.

Nonsteroidal compound dihydropyridine, which is also known as L-type calcium
channel antagonists, can also act as MR antagonist (Kolkhof and Borden 2012). A
potent and selective dihydropyridine-based MR antagonist, BR-4628, was gener-
ated due to optimization of antagonists without L-type calcium channel activation.
Finerenone (BAY 94–8862) is a third-generation, novel dihydronaphthyridine class
of MR antagonist formed by the optimization of BR-4628 which has shown better
selectivity nature for MR over spironolactone and eplerenone (Jaisser and Farman
2016). The use of finerenone was investigated in a phase 2 clinical trial of Miner-
alocorticoid Receptor Antagonist Tolerability Study (ARTS), which showed equal
effectiveness as spironolactone in reducing the levels of B-type natriuretic peptide
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(BNP), amino-terminal proBNP, and albuminuria (Pitt et al. 2013). However, the rate
of hyperkalemia and renal dysfunction was lowered in finerenone group demonstrat-
ing its safety profile than spironolactone in patients with chronic heart failure and
kidney impairment. Another clinical trial, the ARTS-diabetic nephropathy (ARTS-
DN), was launched in 823 patients suffering from type II diabetic mellitus or diabetic
nephropathy in order to testify the efficacy of different oral doses of finerenone com-
pared to placebo, who were initially receiving ACE inhibitors or ARBs (Bakris et al.
2015). At day 90 follow-up, finerenone (7.5–20 mg once daily) reduced the albumin-
uria (17.2–40.2%) in a dose-dependent manner as compared with placebo (13.6%).
There was no significant correlation seen between changes in urinary albumin–cre-
atinine ratio and changes in systolic blood pressure which suggests that lowering
of blood pressure does not lower albumin excretion, and intraglomerular pressure is
also independent of urinary albumin–creatinine ratio changes.

15.5.1.2 Aldosterone Synthase Inhibitor

Inhibition of aldosterone synthase is an alternative approach to antagonize the harm-
ful aldosterone actions (both MR dependent and MR independent) by directly atten-
uating its production in cardiac, vascular, and renal target organs (Azizi et al. 2012).
Therefore, enzymatic activity of the aldosterone synthase is inactivated resulting in
decreased aldosterone concentrations in plasma and tissue. Aldosterone synthase
inhibitor has been studied as a new treatment option for management of hyperten-
sion, cardiac failure, and renal diseases. LCI699 is the first orally active aldosterone
synthase inhibitor drug that was discovered for humans. LCI699, when used in 14
patients with primary aldosteronism observed dose-dependent reduction in plasma
and urinary aldosterone concentrations by 70–80%, decreased blood pressure, and
plasma renin activity was increased mildly. Notably, LCI699 was shown to have
limited selectivity to aldosterone synthase CYP11B2 (Azizi et al. 2012).

15.5.2 Experimental Studies

As mentioned earlier, various experiments were carried out in animal models which
have shown a potential role of MR antagonists, along with other pathways inhibitors
in delaying the progression of renal fibrosis through different mechanisms. In this
section, we will briefly mention a few of them. We have examined the role of MR
antagonist, mitochondrial respiratory chain complex I inhibitor, or an NADPH oxi-
dase inhibitor in significantly mitigating the mesangial cell proliferation and ROS
production which is induced by aldosterone (Huang et al. 2009). In this, eplerenone
also inhibited EGFR transactivation which is a downstream effector of PI3 K/Akt
and Ras/MAPK signaling pathway. Aldosterone-induced ERK1/2 phosphorylation
in mesangial cells was significantly attenuated when using eplerenone as pretreat-
ment (Nishiyama et al. 2005). Spironolactone can block the role of NO synthase
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inhibitor L-NAME in renal tissue which showed that reduced expression of TGF-
beta 1, CTGF, OPN, and PAI-1 in renal tissue, proteinuria, and blood pressure was
significantly decreased, hence alleviating renal fibrosis and renal function deteriora-
tion (Ikeda et al. 2009). In another study, we also showed that aldosterone-induced
EMT was significantly blocked with the use of eplerenone and rotenone (Zhang
et al. 2007). Treatment with eplerenone significantly improved aldosterone-induced
renal injury and increased serum- and glucocorticoid-inducible protein kinase-1
(SGK1), ICAM-1, and CTGF expressions in the rat mesangial cells which may
be considered as another therapeutic target in the treatment of renal fibrosis (Terada
et al. 2012). Blockade of ADAM-17/TGF-α/EGFR pathway diminished aldosterone-
induced pro-inflammatory gene upregulation (Morgado-Pascual et al. 2015) which
may be another treatment option for preventing the progression of renal fibrosis.
When treated with eplerenone, podocyte damage and proteinuria were markedly
attenuated in the aldosterone-treated rats (Shibata et al. 2007). Besides, treatment
with eplerenone or tempol also significantly reduced podocyte injury and protein-
uria in other ratmodels of hypertensive glomerulosclerosis (Nagase et al. 2006, 2007)
and type 2 diabetic rats (Nishiyama et al. 2010). Our study has shown activator of
SIRT1, resveratrol-blocked mitochondrial dysfunction, and podocyte injury by acti-
vating SIRT1/PGC-1 alpha which may be therapeutically useful in renal diseases
(Yuan et al. 2012a). Blockade of Drp1 inhibited mitochondrial fission and dysfunc-
tion, and podocyte apoptosis in an animalmodel of aldosterone-induced nephropathy
which may provide another promising therapeutics for podocyte injury (Yuan et al.
2017). In order to discover highly selective aldosterone synthase inhibitor, an exper-
imental study was conducted in cynomolgus monkey-based models which showed
BI 689648 as a highly selective one (Weldon et al. 2016). It revealed an in vitro IC50

of 2 nM against aldosterone synthase and cortisol synthase and 150-fold selectivity.
For in vivo selectivity profiling, an adrenocorticotropin-challenge model was used
which exhibited BI 689648 to bemore than 20-fold selective comparedwith FAD286
and LCI699. This study may highlight an important step forward in the identification
of effective and high potential aldosterone synthase inhibitors for clinical setup in
cardiometabolic diseases, diabetic nephropathy, and CKD.

15.6 Summary

Apart from its physiological action on salt and water homeostasis, herein, we have
discussed aldosterone as a potent factor in the pathogenesis of renal fibrosis. The
prevailing in vivo and in vitro experiments suggest the independent detrimental role
of aldosterone along with its MR, eventually contributing to the development of
renal injury and fibrosis. As shown in Fig. 15.1, aldosterone has multiple mecha-
nisms underlying the pathogenic role in kidney ultimately promoting renal injury
and fibrosis. Some small clinical studies have shown that the use of aldosterone
antagonists in patients with CKD can reduce proteinuria and delay the progression
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Fig. 15.1 Schematic diagram illustrating the possible mechanisms underlying the pathogenic
role of aldosterone in renal fibrosis. Aldosterone stimulates the increase in ROS production
which inducesmitochondrial dysfunction.ROSalso activatesEGFR.EGFR transactivation activates
PI3 K/Akt/mTOR/p70S6K1 and Ki-RasA/c-Raf/MEK/ERK and signaling pathways. Activation of
p38MAPK could trigger the Caspase 3 death pathway. Aldosterone induces SGK1 phosphorylation
and promotes expressions of CTGF and ICAM-1 via NF-κB. In kidney, these changes lead to
activation of pro-inflammatory and pro-fibrotic pathways ultimately promoting glomerulosclerosis
and tubulointerstitial fibrosis

of renal fibrosis. However, large-scale clinical studies are needed to confirm the
safety and effectiveness of aldosterone receptor antagonists in CKD patients.
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