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Aldosterone and its receptor the mineralocorticoid receptor (MR) are best known for their regu-
lation of fluid and electrolyte homeostasis in epithelial cells. However, it is now clear that MR are
also expressed in a broad range of nonepithelial tissues including the cardiovascular system. In the
heart and vascular tissues, pathological activation of MR promotes cardiovascular inflammation
and remodeling for which there is increasing evidence that macrophages and other immune cells
(e.g. T cells and dendritic cells) play a significant role. While the glucocorticoids and their receptors
have well-described antiinflammatory actions in immune cells, a role for aldosterone and/or the MR
in these cells is largely undefined. Emerging evidence, however, suggests that MR signaling may
directly or indirectly promote proinflammatory responses in these immune cells. This review will
discuss the current understanding of the role of corticosteroid receptors in macrophages and their
effect on cardiovascular diseases involving inflammation. (Endocrinology 153: 5692–5700, 2012)

More people die from cardiovascular disease world-
wide than any other cause with an estimated 17.3

million deaths per year (1). The prognosis of symptom-
atic heart failure remains dismal with average 1-yr and
5-yr mortality rates of 35% to 50%, respectively, de-
spite major therapeutic advances (2– 4). Moreover, the
economic burden of heart failure is increasing globally
in terms of healthcare requirements, disability, and pre-
mature deaths (5, 6).

Vascular and target organ inflammation from tissue
injury has long been recognized to underlie the complex
pathophysiology of cardiovascular disease regardless of
the initiating event such as ischemia, autoimmunity, or
activation of the renin-angiotensin-aldosterone system.
The immune system and endogenous corticosteroids are
important modulators of this inflammatory process with
recent studies describing a novel role for the macrophage
mineralocorticoid receptor (MR) in modulating cardiac
remodeling and systolic blood pressure (7–9). The aim of
this review is to highlight the growing role of the immune
system in modulating the outcome of MR signaling in

cardiovascular tissues and of MR signaling in modulating
the immune response.

Corticosteroids and Their Receptors

The corticosteroid receptors, glucocorticoid and min-
eralocorticoid receptors (GR and MR) are members of the
steroid hormone receptor subgroup of the nuclear recep-
tor superfamily of ligand-activated transcription factors
(10, 11). A range of nongenomic responses have also been
described for steroid hormone receptor and involve rapid
intracellular signaling responses (12, 13). MR bind both
endogenous glucocorticoids (cortisol in human, cortico-
sterone in rodent) and mineralocorticoids (aldosterone)
with high affinity (14). However, the epithelial MR selec-
tivity for the physiological mineralocorticoids (e.g. aldo-
sterone) is conferred by the enzyme 11�-hydroxysteroid
dehydrogenase type 2 (11�HSD2) conversion of cortisol
to cortisone, which is inactive at the MR (15, 16). In con-
trast, the absence of 11�HSD2 in nonepithelial tissues
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(e.g. cardiomyocytes, monocytes/macrophages) allows
physiological glucocorticoids to modulate MR signaling
in these tissues. The specific role of MR signaling in these
nonepithelial tissues is now recognized as an important
mediator of cardiac pathology and a role for the nonepi-
thelial MR as a second receptor for cortisol in normal
physiology is increasingly being appreciated.

The corticosteroid hormones, via their effects on MR
and GR, play an important role in cardiovascular inflam-
mation. GR signaling is predominantly antiinflammatory
in many systemic and local disease models, mainly due to
its potent immunosuppressive effects. Despite the postu-
lated antiinflammatory benefits in cardiovascular tissues,
adverse cardiovascular effects are seen in glucocorticoid
excess states such as Cushing’s syndrome and patients on
therapeutic exogenous glucocorticoids. The effect of glu-
cocorticoid excess on cardiovascular disease is complex
and multifactorial, and the independent effects of GR sig-
naling remain difficult to interrogate (reviewed in Ref. 17).
Whereas genomic and nongenomic MR regulation of pro-
inflammatory and profibrotic pathways have been de-
scribed in vascular endothelial and smooth muscle cells
(18–20) and cardiomyocytes (21, 22), the exact role of the
MR in immune cells such as macrophages has not been
completely elucidated. Recent studies, however, suggest
that MR signaling in macrophages also mediates proin-
flammatory and profibrotic gene expression (7, 9). This
review will focus on MR-mediated cardiovascular pathol-
ogy and the modulating role of the immune system on the
underlying inflammation.

MR Activation and Cardiovascular Disease

Sustained activation of the MR by elevated aldosterone
levels leads to cardiovascular dysfunction and pathology.
Primary aldosteronism (PA) is characterized by autono-
mous mineralocorticoid excess and is a common cause of
secondary hypertension (23, 24). Patients with primary
aldosteronism experience disproportionately more car-
diovascular events than those with essential hypertension
matched for blood pressure levels (25). Under normal cir-
cumstances, MR signaling in renal tubules leads to sodium
and water retention and thus maintains extracellular vol-
ume and blood pressure. Aldosterone excess mediates hy-
pertension not only via potentiating renal effects but also
via MR in the central nervous system (26, 27) and in the
vascular wall. Activation of vascular MR directly regu-
lates vascular tone and thus total peripheral resistance
(28); in the longer term, elevated aldosterone contributes
to remodeling of the vessel wall which, in turn, contributes
to the maintenance of a higher blood pressure (19, 29, 30).

Vascular smooth muscle cell (VSMC) MR can also inde-
pendently regulate blood pressure in aged animals in
which changes in renal sodium handling and vascular
structure are unaffected (30).

The detrimental effects of MR activation in the heart
are also clearly illustrated by clinical studies using MR
antagonists. Large randomized controlled trials (RALES,
EPHESUS, and EMPHASIS) have demonstrated the un-
equivocal mortality and morbidity benefits of MR antag-
onist treatment in both mild and moderately severe symp-
tomatic heart failure, implicating MR signaling as a key
mediator of heart disease (32–34). However, the ligand
responsible for MR activation had been the subject of de-
bate given that circulating levels of aldosterone in these
patients were barely elevated (35). This raises the possi-
bility that the cardiovascular benefits conferred by aldo-
sterone antagonists were at least partly independent of
aldosterone itself and lend support to a role for cortisol in
pathological states such as heart failure (36). Cardiac MR
expression has also been found to be increased in failing
hearts in humans and experimental animals (37, 38). The
clinical benefits of MR antagonists are further supported
by extensive animal studies which illustrate the effects of
an MR activated state on cardiac inflammation and re-
modeling after aldosterone or deoxycorticosterone
(DOC) plus salt (aldosterone/salt, DOC/salt) (39–41) or
angiotensin II administration and/or L-nitro-arginine
methyl ester (angiotensin II/L-NAME) (9, 42, 43). These
studies again show that mineralocorticoid-dependent and
-independent MR activation promote tissue inflamma-
tion, remodeling, and left ventricular dysfunction. The
current review aims to highlight the interactions between
the immune system and cardiovascular tissue in both the
clinical setting and these experimental models.

MR Signaling in Cardiac Inflammation and
Remodeling

Progressive heart failure is determined by pathological
cardiac remodeling that occurs after tissue injury from myo-
cardial infarct, acute or chronic inflammation, pressure and
volume overload, and activation of the renin-angiotensin-
aldosterone system (44). MR activation promotes tissue ox-
idative stress and inflammation, which is characterized by a
perivascular mononuclear infiltrate and increased adhesion
markers with chemokine and cytokine expression (39, 45,
46) (Fig. 1). This is a continuous process with subsequent
remodeling and interstitial fibrosis.

Myocardial reduced nicotinamide adenine dinucle-
otide phosphate oxidase is a source of reactive oxygen
species mediating oxidative stress that plays a significant
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role in cardiac pathology. Increased reduced nicotinamide
adenine dinucleotide phosphate oxidase expression and
activity are localized to cardiomyocytes and endothelium
in heart failure (47, 48), and these are thought to activate
redox-sensitive signaling pathways such as Src kinases and
MAPK (ERK1/2) in pressure overload hypertrophy and
failure (49). Inflammatory and fibrotic responses to aldo-
sterone were blunted in Nox2-null mice, which were also
shown to have reduced nuclear transcription factor-�B
(NF-�B) activation (50). It has also been proposed that
cardiomyocyte MR activation potentially leads to dys-
regulation of cellular handling of calcium, magnesium,
and other ions, which induces high mitochondrial calcium
and reactive oxygen species, resulting in necrosis and re-
placement fibrosis (51). Consistent with these studies, car-
diomyocyte MR-null mice showed blunted oxidative
stress and tissue injury responses to ischemia, suggesting
that MR activation in these cells drives key oxidative re-
sponses (52, 53).

Activation and proliferation of fibroblasts in response
to inflammatory cytokines and growth factors in high

mineralocorticoid states promotes col-
lagen deposition (fibrosis) leading to
structural and functional remodeling in
the myocardium (45, 46, 54). Repeated
injury occurs with persistent inflamma-
tion and also leads to extensive inter-
stitial scarring (55), which is reversible
by MR antagonists (40, 56). These
models have also established that the
remodeling benefits of MR blockade
are independent of their blood pres-
sure-lowering effects as well as plasma
aldosterone level (57, 58). MR signal-
ing in cardiomyocytes has also been
shown to up-regulate genes involved in
extracellular matrix remodeling (59,
60). Recent studies with cardiomyocyte
MR-null mice demonstrate protection
from cardiac failure after pressure over-
load from transaortic constriction or
coronary artery ligation (52, 61).
Whereas the first study shows no pro-
tective effect on cardiac inflammation
or fibrosis, the latter demonstrates im-
provement in cardiac contractility, re-
duction in oxidative stress (see below),
and protection from adverse remodel-
ing with loss of cardiomyocyte MR.
Similarly, cardiomyocyte MR-null
mice are also protected from DOC/
salt cardiac remodeling (53). To-

gether, these studies suggest that cardiomyocyte MR
has a role in the regulation of structural and functional
remodeling. In contrast, the lack of cardiac protection
in fibroblast MR-null mice is consistent with the lack of
functional MR in these cells (61).

Immune cells have now been shown to play a critical
role in mediating proinflammatory and profibrotic effects
in the setting of MR activation in cardiac tissues. MR are
expressed in immune cells of the myeloid lineage including
monocytes/macrophages (62), a subset of dendritic cells
(63), and potentially neutrophils (64), making them non-
classical targets of aldosterone and potentially cortisol due
to the absence of 11�HSD2 (65). A significant inflamma-
tory component with marked macrophage recruitment
had been characterized in cardiovascular remodeling in
MR-mediated and other cardiac pathophysiology (66–
68). MR signaling induces oxidative stress in macro-
phages (69) via activation of NF-�B, which generates a
proinflammatory macrophage phenotype (M1), respon-
sible for amplifying tissue inflammation with consequent
injury (39, 45). Although the dynamic nature of the mac-

FIG. 1. Proposed schema of the role of immune cells in MR-mediated cardiac remodeling.
Activation of MR by aldosterone and salt leads to expression of vascular adhesion markers
(e.g. ICAM) and chemokines (e.g. MCP-1). Recruitment and activation of M1 pro-
inflammatory macrophage follows which further generate cytokines to amplify and
perpetuate tissue inflammation and damage in early phase. An as yet undefined regulatory
signal promotes M2 pro-fibrotic (wound healing) macrophage recruitment and proliferation in
the continuous presence of aldosterone and salt. Activation and differentiation of cardiac
fibroblasts into myofibroblasts in response to growth factors [e.g. TGF-�, connective tissue
growth factor (CTGF)] facilitates exuberant collagen deposition leading to interstitial fibrosis.
Although there is an increase in T cell infiltration, their exact modulating role in the MR
activation model remains uncharacterised.

5694 Shen and Young Corticosteroids, Heart Failure, and Hypertension Endocrinology, December 2012, 153(12):5692–5700

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/153/12/5692/2424299 by guest on 23 April 2024



rophage phenotype in tissue injury and healing is not fully
understood in the DOC/salt model, tissue repair and re-
modeling processes in other experimental disease models
suggest M1 is subsequently replaced by profibrotic mac-
rophage phenotype (M2) likely in response to tissue sig-
nals or T cell cytokines (70–72). M2 releases profibrotic
factors involved in cardiac remodeling such as TGF-�,
which promotes fibroblast activation and collagen depo-
sition (73–75) (Fig. 1). We and others have demonstrated
an independent and central role for MR in macrophages
(7–9). Selective deletion of MR in these cells protects
against adverse cardiac remodeling in the DOC/salt and
angiotensin II or angiotensin II/L-NAME models of hy-
pertension and, interestingly, also reduces infarct volume
in the cerebral ischemia model (76). These highlight a cen-
tral role for macrophage MR in the pathogenesis of tissue
remodeling.

An important modulator of these macrophage func-
tions is the T cell-macrophage interaction (71, 73, 74).
However, the exact role of T cells in DOC/salt model of
cardiac remodeling is uncertain. Potential mechanisms in-
clude direct regulation of dendritic cell MR by aldosterone
to influence the differentiation of the CD4� T helper cell
(a subset of T cells) (63). CXCR4 antagonism was recently
demonstrated to protect mice treated with DOC/salt from
cardiac fibrosis and hypertension. Because CXCR4, a
chemokine receptor, is widely expressed on T cells, this
study suggests an important mechanistic role for T cells in
MR-mediated disease (77). Studies from various disease
models indicate that CD4� T helper cells perform a key
role in modulating the immune cell response in tissue in-
flammation and remodeling, e.g. T helper 1 (TH1) and T
helper 2 cells (TH2) driving M1 and M2, respectively (78–
81). Adoptive transfer of regulatory T helper cell (Treg) has
also been shown to be cardiac protective in hypertensive
mice treated with transaortic constriction by down-regu-
lating immune response (82). The nature of the interaction
between the various members of the immune system in
MR-mediated pathology is an exciting and emerging area
of research.

Therefore, MR signaling, in the setting of inappropri-
ately high salt, mediates oxidative stress in various cell
types in the myocardium, resulting in activation of the
immune system and chronic inflammation, which initiates
concurrent tissue repair and remodeling.

Immune Cells in MR-Mediated Cardiac
Pathology: Insights from Transgenic Mice
Models

Recently, Rickard et al. (7) and others (8, 9) demon-
strated a role for macrophage MR and provided insights

into macrophage phenotypes in cardiovascular remodel-
ing by analyzing the effects of DOC/salt or angiotensin
II/L-NAME treatment on transgenic mice with selective
deletion in myeloid MR [myeloid MR knockout
(MRKO)]. Given that cre recombinase is driven by the
Lysozyme M promoter, this deletion affects cells of my-
eloid lineage, in particular monocytes, macrophages, and
a subset of dendritic cells (83)

Peritoneal MR-null macrophages, elicited by thiogly-
colate stimulation, show reduced M1 but elevated M2
marker expression (9). Taken together with the demon-
stration of reduced inducible NOS-positive macrophages
in hearts from L-NAME/salt-treated myeloid MRKO mice
(8) as well as an earlier study by Keidar et al. (69), these
data verify that MR signaling contributes to expression of
proinflammatory M1 cytokines in macrophages. Al-
though there is a good suggestion that macrophages from
myeloid MRKO adopt a typical M2 phenotype (9), other
in vivo studies demonstrate a reduction in M1 markers but
unchanged (rather than increased) M2 markers (7, 8),
highlighting some variation in in vivo and ex vivo re-
sponses of the different macrophage populations. These in
vivo studies raise the possibility that macrophages from
myeloid MRKO mice may be atypical M2 or M2-like (reg-
ulatory macrophages) phenotype because the mice were
protected from cardiac fibrosis. In support, stimulation of
myeloid MRKO macrophages with glucocorticoid, typi-
cally known to polarize macrophages toward M2-like
phenotypes (73, 74), results in synergistic expression of
M2 markers (9). This also illustrates the opposing effects
of MR and GR signaling in macrophages. Therefore, more
in vivo macrophage data are needed to verify the pheno-
type and function in the context of myeloid MRKO or
general MR antagonism. It is likely that the chronic MR
activation due to aldosterone or DOC in wild-type cardiac
tissue yields a dynamic mixture of typical M1 and M2, and
intermediate phenotypes at different phases of the remod-
elingprocess resulting inaberrant remodelingand fibrosis.
Interrupting this process by generating atypical M2 or
M2-like macrophages by MR KO intuitively accounts for
the benefits seen in these studies (7–9).

The effect of myeloid MR deletion on dendritic cells in
these models has not been explored. Studies using mice
deficient in dendritic cells given DOC/salt model would
enable assessment of the role of dendritic cells and may
indirectly provide clues into the role of T cells in modu-
lating immune responses to DOC/salt cardiovascular tis-
sue remodeling.

MR-Mediated Inflammation and Remodeling in the
Vessel Wall

Comprehensive reviews on MR signaling in the vessel
wall have previously been published (29, 84). Vascular
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inflammation as a result of MR activation promotes
recruitment of monocytes and lymphocytes via expres-
sion of vascular adhesion markers, chemokines, and
cytokines (Fig. 2). Activation of the vascular NF-�B and
Rho-kinase signaling pathways by oxidative stress is
thought to play an additional role. There is increasing
evidence for a role for activated T cells in mediating
vascular inflammation and hypertension in the setting
of aldosterone treatment (85, 86).

Remodeling of the vessel wall contributes to the under-
lying pathophysiology of MR-mediated hypertension. Di-
rect role of VSMC MR in blood pressure regulation has
been demonstrated using mice with SMC-specific MR de-
ficiency (30). MR signaling in VSMC stimulates migra-
tion, proliferation, and secretion of extracellular matrix
(reviewed in Ref. 29). Multiple factors such as angiotensin
II, platelet derived growth factor, endothelin-1, and pla-
cental growth factor interact with MR and activate both
genomic and nongenomic MR signaling pathways to re-
sult in remodeling (29, 87, 88). This leads to vascular
fibrosis and stiffness that is characteristic of longstanding
hypertension, particularly in patients with untreated
and/or unrecognized PA.

Role of Macrophages in MR-Mediated
Hypertension

Previous animal models have implicated macrophages
as key players mediating vascular inflammation and hy-
pertension. Mice studies employing techniques to exclude

the presence of macrophages in tissues
demonstrated reduced vascular inflam-
mation, decreased oxidative stress and
remodeling, and protection from hy-
pertension when treated with angioten-
sin II (89, 90). A role for macrophage
MR signaling in blood pressure regula-
tion has also been illustrated in studies
involving macrophage MR deletion.
These mice are clearly protected from
DOC/salt-induced hypertension (7) but
not in angiotensin II and/or L-NAME-
dependent hypertension (8, 9). These
differences may reflect the direct vas-
cular endothelial oxidative stress and
inflammatory effects of L-NAME, inde-
pendent of MR activation. Studies from
this laboratory (7) suggest that macro-
phage MR play a pathogenic role in ox-
idative stress, inflammation, and vas-
cular dysfunction, thus exacerbating
hypertension. Macrophages are a rich
source of TGF-�, which is potentially
up-regulated during MR-mediated vas-

cular inflammation and injury. Recent in vivo studies dem-
onstrate the ability of TGF-� to stimulate VSMC prolif-
eration via downstream Smad3 signaling (91, 92). Thus, in
addition to mediating vascular inflammation, macro-
phages may play a direct role in vascular remodeling and
thus contribute to the persistence of hypertension.

Role of T cells in MR-Mediated
Hypertension

There is mounting evidence for a role for T cells in
hypertension. Guzik et al. (85) demonstrated that RAG-1
�/� mice (lacking T and B cells) are protected from both
angiotensin II and DOC/salt-induced vascular inflamma-
tion and hypertension and that this can be reversed by
adoptive transfer of T cells. However, a role for macro-
phages was not investigated. Madhur et al. (86) subse-
quently illustrated that infiltrating T cells in the vascular
wall may be a TH17 subset by using IL-17 �/� mice and
showing loss of a pressor effect and preserved vascular
function in response to angiotensin II. TH17 is a differen-
tiated effector T helper cell, increasingly recognized for its
role in many chronic inflammatory/autoimmune diseases
(inflammatory bowel disease, rheumatoid arthritis, etc.)
(93). The provision of IL-6 and TGF-� by dendritic cells is
critical for this TH17 differentiation (94). However, IL-17
production is enabled only after further priming by cyto-

FIG. 2. Proposed schema of the role of immune cells in MR mediated hypertension. Initial
vascular inflammation due to MR signaling from aldosterone and salt promotes vascular
dendritic cell activation and migration to the proposed secondary lymphoid organ as well as
recruitment and activation of macrophage into the vessel wall. Antigen presentation to naive
CD4� T cell in the context of costimulatory molecules and TGF-� and IL-6 promotes
differentiation into TH17 which migrate out and into the vessel wall. Further essential priming
of TH17 with IL-23 or IL-1�, produced by the proposed recruited macrophage, enables IL-17
expression and secretion. This amplifies vascular inflammation leading to systolic
hypertension. Vascular remodeling mediated by direct or indirect MR activation on vascular
smooth muscle cells contributes to the maintenance of systemic hypertension.
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kines such as IL-23 or IL-1� (95, 96). Because macro-
phages are known to be a rich source of IL-23 or IL-1�,
whether they interact with TH17 to promote the final func-
tional phenotype in vascular tissues is currently uncertain.
A recent ex vivo study demonstrated bone marrow-de-
rived dendritic cells treated with aldosterone are able to
prime naive CD4� T cells and promote TH17 differenti-
ation (63). This highlights the functional significance of
MR signaling in myeloid dendritic cells (97, 98) and the
ability of aldosterone to indirectly promote TH17 differ-
entiation. Vinh et al. (99) demonstrated the critical role of
costimulatory molecules (CD28/B7) in angiotensin II and
DOC/salt-mediated hypertension, which points to the ex-
istence of T cell priming by dendritic cells. Thus one may
propose the pathway of TH17 induction in Madhur’s
study (Fig. 2), which was not specifically designed to in-
vestigate the nature of the presented antigens or the spec-
ificity for TH17 priming.

Treg are suppressors of TH1, TH2, and TH17 likely via
effects of IL-10 (100). They are primed in an environment
rich in TGF-� and retinoic acid in the absence of IL-6, and
at the expense of effector T cells, particularly TH17 (101).
The importance of the balance or ratio of TH17 to Treg has
been illustrated in many autoimmune/inflammatory dis-
eases such as systemic lupus erythematosus, autoimmune
arthritis, and IgA nephropathy (102–104). From a thera-
peutic perspective, it is worthy to note that mice given
angiotensin II or aldosterone treatment demonstrate a
reduction in Foxp3� Treg and a reciprocal increase in
CD3� T cell infiltration (1 CD3� T to Treg ratio) in the
aorta. Moreover, Treg adoptive transfer ameliorates
vascular adverse effects of both agents (31, 105). Mod-
ulating the shift from proinflammatory T cells to Treg

may therefore be a potential therapeutic approach to
suppress MR-mediated vascular inflammation and in-
jury that promote hypertension.

Conclusions

The emerging role of immune cells in MR-mediated dis-
ease is one of the many areas that have expanded the role
of MR beyond physiological salt and water regulation.
Moreover, MR and GR signaling in macrophages and
other nonepithelial tissues appear to have opposing ef-
fects. Thus the net effect of MR and GR signaling in mac-
rophages (i.e. the immune response) may be determined, in
part, by the relative intracellular abundance of MR vs. GR
ligands. Whereas the role of immune cells has been firmly
established in other systemic disorders, and to a lesser
extent in other cardiac disease models, our current under-
standing in MR-mediated cardiac models remains defi-

cient. Nevertheless, the discovery of the role of immune
cells in MR-mediated cardiac remodeling and hyperten-
sion in several experimental mice models represents a new
frontier in our research direction and understanding of its
pathophysiology. Whether therapeutic selective immuno-
modulation, already in clinical practice for other autoim-
mune/inflammatory diseases, will be a useful novel ap-
proach in heart failure and hypertension remains to be
seen.

Acknowledgments

Address all correspondence and requests for reprints to: Dr.
Morag J. Young, Prince Henry’s Institute, of Medical Re-
search. P.O. Box 5152, Clayton 3168, Australia. E-mail:
morag.young@princehenrys.org.

This work was supported by National Health and Medical
Research Council of Australia Grant 1010034 and the by the
Victorian Government’s Operational Infrastructure Support
Program. J.Z.S. is supported by an Royal Australian College of
Physicians Clinical Research Award and an Australian Post
Graduate Award.

Disclosure Summary: The authors have nothing to declare.

References

1. Mendis S, Puska P, Norrving B 2011 Global atlas on cardiovascular
disease prevention and control, 2011 edition. Geneva, Switzerland:
World Health Organization

2. Roger VL, Weston SA, Redfield MM, Hellermann-Homan JP, Kil-
lian J, Yawn BP, Jacobsen SJ 2004 Trends in heart failure incidence
and survival in a community-based population. JAMA 292:344–
350

3. Levy D, Kenchaiah S, Larson MG, Benjamin EJ, Kupka MJ, Ho
KK, Murabito JM, Vasan RS 2002 Long-term trends in the inci-
dence of and survival with heart failure. N Engl J Med 347:1397–
1402

4. Curtis LH, Greiner MA, Hammill BG, Kramer JM, Whellan DJ,
Schulman KA, Hernandez AF 2008 Early and long-term outcomes
of heart failure in elderly persons, 2001–2005. Arch Intern Med
168:2481–2488

5. Bundkirchen A, Schwinger RH 2004 Epidemiology and economic
burden of chronic heart failure. Eur Heart J Suppl 6:D57–D60

6. 2005 The shifting burden of cardiovascular disease in Australia,
2005 edition. National Heart Foundation of Australia

7. Rickard AJ, Morgan J, Tesch G, Funder JW, Fuller PJ, Young MJ
2009 Deletion of mineralocorticoid receptors from macrophages
protects against deoxycorticosterone/salt-induced cardiac fibrosis
and increased blood pressure. Hypertension 54:537–543

8. Bienvenu LA, Morgan J, Rickard AJ, Tesch GH, Cranston GA,
Fletcher EK, Delbridge LM, Young MJ 2012 Macrophage miner-
alocorticoid receptor signaling plays a key role in aldosterone-in-
dependent cardiac fibrosis. Endocrinology 153:3416–3425

9. Usher MG, Duan SZ, Ivaschenko CY, Frieler RA, Berger S, Schütz
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