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Background: Primary aldosteronism (PA) causes a cardiomyopathy (CM) which substrate and evolution after
aldosterone normalization are unreported.
Methods: Four male patients with aldosterone-secreting adrenal adenoma and cardiomyopathy (PACM, group
A) were evaluated with 2D-echo, Magnetic Resonance (CMR), coronary angiography and left ventricular
endomyocardial biopsy. Biopsy samples were processed for histology, electron microscopy, immunohistochemis-
try, and Western Blot analysis of myocardial aldosterone receptors and aquaporin 1 and 4.
Resultswere comparedwith endomyocardial samples from5patientswith hypertensive cardiomyopathy of equiv-
alent severity and normal plasma aldosterone (group B) and surgical samples from5 controls (group C). One PACM
patient was re-examined with CMR and endomyocardial biopsy 12 months after adrenalectomy with aldosterone
and cardiac normalization.
Results: Coronary arterieswere normal in all. GroupA showed prominentmyocardial hypertrophy and fibrosis,with
water accumulation in the cytosol and organelles of cardiomyocytes and microvascular smooth muscle cells, asso-
ciated to reducedmyofibril concentration and 2.8-fold increase in myocardial aldosterone receptors and aquaporin
1. At CMR, LGE areaswere diffusely present. After aldosterone normalization, cardiomyocyte diameter reducedwith
disappearance of intracellular vacuoles, recovery of electron-density of cytosol and cell organelles, and myofibrillar
content, persisting fibrosis and down-regulation of aldosterone receptors and aquaporin 1 channels. At CMR, myo-
cardial mass reduced with recovery of cardiac contractility. LGE signal remained unchanged.
Conclusion: PACM is a reversible entity characterized by over-expressionof aldosterone receptors and aquaporin 1. It
induces a reversible intracellular water overloading causing impaired cardiomyocyte relaxation, contraction and
ultrastructural integrity.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Aldosterone hypersecretion has been shown to adversely affect
human cardiovascular system through the homologous receptor localized
in the heart and vessels [1].

Specifically, hyper-stimulation of cardiovascular aldosterone recep-
tors has been associated with hypokalemic hypertension, myocardial
eliability and freedom from bias
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ersity, Viale del Policlinico 155,
hypertrophy with sarcomere gene overexpression, myocardial fibrosis,
left ventricular diastolic and systolic dysfunction [2,3]. Interestingly,
cardiac hypertrophy and diastolic dysfunction manifest earlier than
arterial hypertension suggesting a direct cardiac hormonal action [4]. In
clinical practice, recognition of a hyperaldosteronism has therapeutic
implications as the administration of aldosterone inhibitors may improve
patients' outcome.

To this regard, a convincing evidence comes from Rales [5],
Emphasis-HF [6,7] and Ephesus trial [8] where inhibition of myocardial
aldosterone receptors has been followed by reduction of left ventricular
hypertrophy and decrease in mortality and cardiovascular-related
hospitalizations compared with placebo. As a consequence, aldosterone
inhibitors are recommended by the current guidelines in the pharmaco-
logic treatment of heart failure [9,10].
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Nevertheless, pathologic changes induced by abnormal aldosterone
secretion in human myocardium are unavailable, while the molecular
mechanisms involved are so far poorly understood.

In the present study, histological and ultrastructural myocardial
changes observed in 4 patients with primary aldosteronism-associated
cardiomyopathy are reported. In one subject a control biopsy has been
obtained 12 months after surgical removal of an aldosterone-secreting
adrenal adenoma with aldosterone normalization and recovery of
cardiac function. Morphological analysis of endomyocardial samples
has been implemented with assessment of myocardial aldosterone
receptors and aquaporin 1 and 4 channels.

2. Methods

2.1. Patient population

Four male patients aged 32, 36, 56 and 69 years respectively (group A) were admitted
because of dyspnea on effort (NYHA class 2/3) and a cardiomyopathy (left ventricular (LV)
ejection fraction (EF) 40, 30, 25 and 38% respectively) associated to systemic arterial hyper-
tension secondary to aldosterone secreting adrenal adenoma. Adenomawas located by nu-
clearmagnetic resonance in the right adrenal gland in patient 1 and3whilewas detected in
the left one in the patient 2 and 4. Diagnosis of primary aldosteronismwas realized in the 4
affected patients for the presence of plasma aldosterone concentration ≫15 ng/dL and an
Table 1
Comparison of clinical and endomyocardial biopsy data among human primary aldosteronism

Group A
n = 4

Age 47.5 ± 16.7
Sex 4M
BMI (kg/m2) 37.25 ± 1.7

SBP (mmHg) 165 ± 12.9
DBP (mmHg) 102.5 ± 6.5

HR (bpm) 71 ± 25
Blood values

Creatinine (mg/dl) 0.81 ± 0.1
Na (mmEq/L) 140.25 ± 2.1
K (mmEq/L) 3.3 ± 0.7
PAC (ng/dl) 20 ± 1.6
PRA (ng/ml/h) 0.25 ± 0.1
PAC/PRA ratio (ng/dl:ng/ml/h) 103.3 ± 66.6
AUR (μg/24 h) 33.5 ± 1.3
ACTH (pg/ml) 12.05 ± 3.2
PC (nmol(l) 406 ± 55.2
UFC (nmol/24 h) 149.3 ± 12.6
Ur Metanephrine (μg/24 h) 31.7 ± 12.4

Echocardiography
MWT (mm)* 14.7 ± 1
LVEDV† 63.7 ± 3.5
EF% ‡ 41.25 ± 7.9

CMR data
Myocardial mass (g) 225.3 ± 52.2

LV mass index (g/m2) 108.9 ± 24.9

Endomyocardial biopsy studies
Cardiomyocyte diameter (μm) 31 ± 0.8
Fibrosis (%) 14.9 ± 3.8

Aldosterone receptor grade (0/4) 1.0 ± 0.2

AQP1 grade (0/4) 3.7 ± 0.4
Aldosterone receptor Western blot (arbitrary units) 26,881 ± 3247
AQP1 Western blot (arbitrary units) 24,243 ± 6423

Ultrastructural findings
Myofibrillar area (% of total cell area ± SD) 23 ± 7.3
Mitochondrial area (% of total cell area ± SD) 15.3 ± 2.5
SR cisternae area (% of total cell area ± SD) 16.5 ± 4.7

*p values referred to comparison between three groups. p value ≪0.05 was considered statist
Pressure, DBP= Diastolic Blood Pressure, HR = Heart rate, PAC = plasma aldosterone concent
plasma renin activity, AUR = aldosterone urinary levels, PC = plasma cortisol, UFC = urinary
wall thickness, ‡EF = ejection fraction.
Bold values indicates significance at pb0,05 A vs C, B vs C.
upright plasma aldosterone concentration/plasma renin activity ratio≫ 30 (ARR). Further-
more, our patients underwent a saline infusion (0.9% NaCl at 500 ml/h) that failed to
decrease plasma aldosterone concentration to ≪7 ng/dL. For comparison 5 patients (3M,
mean age 53.7 ± 12.5 ys) with essential arterial hypertension and reduced LV function
(group B) and 5 controls (group C, 4M, mean age 55± 11.3 ys) were studied. For morpho-
logical studies, controls were represented by papillary muscle fragments coming from pa-
tients with mitral stenosis and normal left ventricular dimension and function
undergoingmitral valve replacement. (Table 1) The 69-year old patient underwent surgical
removal of adrenal adenoma. It followed a normalization of plasma aldosterone levels
(6 ng/dL) that was paralleled by decrease of left ventricular mass and recovery of contrac-
tility. A follow-up left ventricular endomyocardial biopsy was obtained after 12 months for
histological and molecular evaluation (Table 2 supplementary material).

2.2. Cardiac studies

All patients underwent ECG, 2D-echocardiogram, cardiac magnetic resonance and in-
vasive cardiac studies including cardiac catheterization, coronary angiography and left
ventricular endomyocardial biopsy, after written informed consent and approval by
local ethical committee, to clarify the cause and mechanism of cardiomyopathy.

2.2.1. Cardiac magnetic resonance
In all patients a standard cardiac magnetic resonance (CMR) examination was per-

formed using a 1.5-T system (Magnetom Avanto; Siemens Medical Systems, Germany)
equipped with multi-element phased array surface coil.
(Group A), hypertensive cardiomyopathy (Group B), and normal controls (Group C).

Group B
n = 5

Group C
n = 5

p value

48.4 ± 8.8 47.2 ± 8.8 NS
3M;2F 4M;1F NS
27.7 ± 4.2 22.16 ± 3.3 p ≪ 0.05 A vs B, B vs C,

p ≪ 0.001 A vs C
162 ± 10.8 121 ± 7.4 NS for A vs B
96.2 ± 8 71 ± 7.4 p ≪ 0.05 A vs C

p ≪ 0.001 B vs C
68.2 ± 15.9 78 ± 10.4 NS

0.9 ± 0.6 0.9 ± 0.2 NS
142.6 ± 27.4 123.6 ± 50.9 NS
4.4 ± 0.6 4.1 ± 1.7 NS
16.3 ± 8.1 7.9 ± 3 p ≪ 0.001 A vs C
3.8 ± 1.6 1.44 ± 0.8 p ≪ 0.05 A vs B, A vs C, B vs C
5.50 ± 5.47 6.6 ± 4 p ≪ 0.001 A vs B, A vs C
27.08 ± 4.6 11.6 ± 8.3 p ≫ 0.05 A vs C, B vs C
15.8 ± 6.8 13.14 ± 4.1 NS
390 ± 128.3 519.6 ± 153.5 NS
178.9 ± 15.5 92.4 ± 62.5 p ≪ 0.05 B vs C
28.7 ± 28.9 29.02 ± 15.6 NS

12.6 ± 0.3 9.3 ± 2 p ≪ 0.01 A vs B, B vs C, A vs C
66 ± 2.9 46.6 ± 6.3 p ≪ 0.05 A vs C, B vs C
42.2 ± 5.5 60.8 ± 5.6 p ≪ 0.01 A vs C

p ≪ 0.001 B vs C

162 ± 21.4 90.6 ± 16.7 p ≪ 0.05 A vs B
p ≪ 0.001 A vs C, B vs C

90.2 ± 10 53.6 ± 5.4 p ≪ 0.01 A vs C,
p ≪ 0.001 B vs C

24 ± 1.4 15 ± 1.6 p ≪ 0.001 A vs B, A vs C, B vs C
6.26 ± 1.6 1.44 ± 0.4 p ≪ 0.01 A vs B,

p ≪ 0.001 A vs C, B vs C
3.3 ± 0.7 3.54 ± 0.5 p ≪ 0.001 A vs B

A vs C
1.24 ± 0.4 1.18 ± 0.2 p ≪ 0.001 A vs B, A vs C
9766 ± 561 8878 ± 562 p ≪ 0.001 A vs B, A vs C
8444 ± 742.4 7934 ± 768 p ≪ 0.001 A vs B, A vs C

53.3 ± 6.8 47 ± 2.8 p ≪ 0.01 A vs B, A vs C
30 ± 5.7 30.8 ± 8.3 p ≪ 0.05 A vs B, A vs C
– –

ically significant. †M = Male, F = Female, BMI = Body Mass Index, SBP = Systolic Blood
rations, PRA = plasma renin activity, PAC/PRA ratio = plasma aldosterone concentration/
free cortisol levels, †LVEDD= Left ventricular end-diastolic diameter, *MWT = maximal
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Scanning protocol consisted with the acquisition of TSE T2w-STIR, cine SSFP (steady-
state free precession) and delayed enhancement (DE) sequences 12–18min after gadolin-
iumadministration; on short-axis images left ventriclewas completely encompassed from
the base to the apex acquiring a total of 10–12 images.

T1 mapping imaging was also performed in all cases before and after contrast using a
modified look-locker (MOLLI) sequence acquired in short axis at basal- mid and apical
segments, before and after contrast.

2.2.2. Histology and electron microscopy
Endomyocardial biopsy samples were processed for routine histological analysis and

for transmission electron microscopy (TEM). In addition, two myocardial fragments each
patient were processed for assessment of aldosterone receptors and aquaporin channels.

For histological analysis the endomyocardial samples were fixed in 10% buffered
formalin and paraffin embedded. Fivemicron thick sectionswere stainedwith hematoxylin
& eosin, Masson trichrome and Miller's Elastic Van Gieson.

For TEM, samples were fixed in 2% glutaraldehyde in a 0.1 M phosphate buffer, at
pH 7.3, post fixed in osmium tetroxide and processed following a standard schedule for
embedding in Epon resin. Ultrathin sectionswere stainedwith uranyl acetate replacement
stain (EMS #22405, from EMS, Hatfield, Pa, USA) and lead hydroxide. A Jeol-1400-plus
TEM was used for observation and photographic analysis.

Morphometric analysis of subcellular cytoplasmic components (sarcomeres,mitochon-
dria, vacuoles and dilated sarcoplasmic reticulum cisternae) was carried out on 10 EM
pictures taken from each EMB sample, showing the complete area of at least one cell
(x1500-x3000magnification). The area of the entire cells and that of each subcellular com-
ponent (calculated as percentage of total mean cell area) was measured by a computer-
assisted image analyzer equipped with KS-300 software (Carl Zeiss Co, Germany,
rel.1995). The mean total cell area was calculated on the total area of 16 myocardiocytes.

2.2.3. Assessment of myocardial aldosterone receptors and aquaporin channels

2.2.3.1. Immunohistochemistry. The expression of aldosterone receptors and aquaporins
was evaluated by immunoperoxidase using mineralocorticoid receptor monoclonal anti-
body (1:100, Enzo Life Sciences, Inc. 10 Executive Blvd Farmingdale, NY 11735 U.S.A.)
and Aquaporin 1 and 4 (AQP1, AQP4) mouse monoclonal antibody (1:80 and 1:10 o.n.,
Santa Cruz Biotechnology, Inc. 10410 Finnell Street Dallas, Texas 75220 U.S.A.) as primary
antibodies. Intensity of immunostaining was semi quantitatively evaluated as absent
(grade 0), weak (grade 1), mild (grade 2) moderate (grade 3), strong (grade 4). For
each patient the grading was calculated on 10 different histological section and the
average value was computed.

2.2.3.2. Protein isolation and western blot. Heart tissue samples were treated as described
[11]. The expression of myocardial aldosterone receptors and Aquaporin 1 and 4 was
visualized by using mineralocorticoid receptor monoclonal antibody (1:500), anti-Aqp1
(1:100) and anti-Aqp4 (1: 200). Anti-α-sarcomeric actin (1:500, Sigma-Aldrich), antibody
was used for normalization. Signal was visualized using a secondary horseradish
peroxidase-labeled goat anti-mouse antibody (goat anti-mouse IgG-HRP 1:5000, Santa
Cruz Biotechnology) and enhanced chemiluminescence (ECL Clarity Bio-Rad). The purity as
well as equal loading of the fraction was determined by measuring β-actin protein levels.
Digital images of the resulting bands were quantified by the Image Lab software package
(Bio-Rad Laboratories, Munchen, Germany) and expressed as arbitrary densitometric units.

3. Results

Comparison data among the three groups are reported in Table 1.

3.1. Cardiac studies

Coronary arteries were normal in all. Aldosteronism cardiomyopathy
was characterized by reduced contractility (Fig. 1 panels A, B) and in-
creased myocardial mass (Fig. 2 panel A). Areas of LGE after gadolinium
infusion were detectable in the IV septum and lateral LV free wall sug-
gesting increasedmyocardial fibrosis (Fig. 2 panel D). Myocardial hyper-
trophy and fibrosisweremore pronounced comparedwith hypertensive
cardiomyopathy and normal plasma aldosterone levels (Fig. 1 Supple-
mentary Material). In one patient, images showed a significant increase
in T2 relaxation time calculated with T2 mapping (Fig. 2 panel C: 57 ±
12 ms; normal value: 52 ± 3 ms) which was compatible with a intra
myocardial water-content increase and not depicted with conventional
T2-weighted STIR (Fig. 2 panel B).

3.2. Endomyocardial biopsy studies

In aldosteronism-associated cardiomyopathy (group A) histology
showed a volume increase of cardiomyocytes, containing large intracel-
lular vacuoles (Fig. 1 panel C and D, Fig. 2 panel E).
At ultrastructural examination, vacuoles were filled of an electron-
clear homogeneous content, suggesting ion and water accumulation
(Fig. 1 panel E, Fig. 2 panel F\\H). Vacuoles were diffusely present inside
the cytoplasm and were enclosed by a single membrane, closely asso-
ciated with sarcoplasmic reticulum and Golgi apparatus (Fig. 1 panel
G-H), suggesting that they may originate upon dilatation of cisternae of
sarcoplasmic reticulum and Golgi. Also mitochondria and lysosomes ap-
peared electro-clear likely due to a dilution of their matrix upon ion and
water increase (swelling). The interstitial space was widened because of
both interstitial edema (amorphous electron-clear spaces) and fibrosis
(14.9 ± 3.8% of morphometric endomyocardial samples area, which
was 2.5 times higher in group A vs group B and 10 times vs group C
(Fig. 1 panel F). Taken together, ultrastructural changes indicate that
ion and water homeostasis is impaired causing an abnormal water com-
partmentation (vacuolar degeneration and interstitial edema). Finally,
several areas of myofibrillolysis and numerous autophagosomes were
also sometimes observed, as result of myocardiocyte damage.

Immunohistochemistry for aldosterone receptors showed a lower
grading in A vs B and C (Fig. 2 supplementary material panels A–C) be-
cause of aldosterone competitive binding [12]. Aquaporin 1 was highly
expressed in the cytoplasm of cardiomyocytes, smooth muscle cells
and endothelial cells, while it was weak and localized only in endothe-
lial cells in group B and C (Fig. 2 supplementary material panel D–F),

Western blot for mineralocorticoid receptor showed in group A 2.8
fold increase in protein expression compared with group B and 3 fold in-
crease comparedwith C.Western blot for aquaporin 1 showed in group A
2.8 fold increase compared with B and 3 fold compared with C. Myocar-
dial aquaporin 4was undetectable at immunohistochemistry and protein
analysis in all groups. The overexpression and the intracellular localiza-
tion of Aquaporin 1 suggested that this channel might be responsible
for the water movement among the intracellular compartments.

3.3. Myocardial changes induced by hyperaldosteronism are reversible
upon adenomectomy and aldosterone normalization

The 69-year old patient with aldosteronism cardiomyopathy who
underwent removal of adrenal adenoma and aldosterone normalization
showed at 12 months CMR follow-up a reduction of myocardial mass
(avg LV thickness from 13.6 to 11.4 mm) with recovery of contractility
(LVEF from 38 to 55%) while LGE positive areas remained unchanged
(Fig. 3). T1 and T2 mapping were unaffected either at baseline or at
recovery suggesting they were unable to relieve the intracellular
water accumulation.

At control histology cardiomyocytes appeared smaller (cell diameter
at nuclear level of 20±7 μmvs 29.05±7.41 baseline value) and devoid
of intracellular clear vacuoles, that were nomore detectable in the cyto-
plasm at both optical and ultrastructural examination (Fig. 3). In addi-
tion, the other organelles (chiefly mitochondria and lysosomes)
recovered their normal volume and the electron density of their matrix.
Myofibrillolysis as well as autophagocytosis phenomena were no more
visible. Finally, the extracellular spaces appeared reduced, although the
fibrosis was unchanged at comparative morphometric analysis.

4. Discussion

Aldosterone receptors, besides their major role on kidney, where
they regulate electrolyte and water transport in the distal part of the
nephron, have been localized in animal [12] and human heart and
vessels and fibroblasts [1]. Hyper-stimulation of cardiovascular aldoste-
rone receptors in human is associated with hypokalemic arterial hyper-
tension, myocardial hypertrophy with sarcomere gene overexpression,
left ventricular diastolic and systolic dysfunction and fibrosis [2,3]. In
addition, an increased rate of cardiovascular events has been reported
in patients with primary aldosteronism compared with those patients
with essential hypertension of equivalent severity suggesting a direct
myocardial damage from aldosterone overproduction [13]. This is



Fig. 1. Left ventricular angiography, histology, and electron microscopy of aldosterone associated cardiomyopathy. Panels A and B: Left ventricular diastolic (panel A) and systolic (panel
B) frames showing a dilated and hypokinetic ventricle. Panel C: Hematoxylin and eosin (200×) shows enlarged and vacuolated myocardiocytes. Panel D: Hematoxylin and eosin (400×)
shows hypertrophied and vacuolated microvascular smooth muscle cells causing arteriolar narrowing. Panel E: At ultrastructural examination vacuoles consist of cytosolic cisternae
with electron-clear content. The bar represents 1 μm. Panel F: Extensive myocardial fibrosis (Masson Trichrome 200×). Panel G: Dilated sarcoplasmic reticulum containing clear
vacuoles. Panel H: Vacuoles affect diffusely Golgi apparatus. The bar represents 1 μm.
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confirmed by the evidence that normotensive patients with very early
familial hyperaldosteronism present a thicker left ventricular wall and
a reduced diastolic function compared with case-matched normoten-
sive controls [4].

Nevertheless, no detailed pathologic study is available so far in the
literature analyzing the morphological changes of cardiomyopathy
induced by hyperaldosteronism to be correlated with clinical features.
Indeed, as amorphological damage, onlymyocardial fibrosis is reported
in experimental model of hyperaldosteronism [14], and this, if it may
account for cardiac diastolic dysfunction, seems unlikely to explain the
occurrence of systolic dysfunction as well as the benefits from aldoste-
rone inhibitors reported in patients with heart failure [5–8].
4.1. Myocardial ultrastructural changes associated with hyperaldosteronism

Our study, reporting endomyocardial biopsy findings in four pa-
tients with hyperaldosteronism-associated cardiomyopathy, shows a



Fig. 2.Myocardial edema in hyperaldosteronism cardiomyopathy. Panel A: CMR showing increasedmyocardialmass. Panel B: Normal T2-weighted STIR. Panel C: Significant increase in T2
relaxation time calculated with T2 mapping which is compatible with a intra myocardial water-content. Panel D: CMR showing a pseudo-nodular focus of late enhancement consistent
with focal fibrosis. Panel E: Semithin endomyocardial section showing diffuse accumulation of water vacuoles. Panel F: Electron microscopy showing vacuoles consisting of clear-water
content. Panel G: Ultrastructural examination showing cytosolic water cisternae. Panel H: Ultrastructural evidence of mitochondrial swelling.
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remarkable involvement of cardiomyocytes that appear enlarged
(hypertrophic) with a number of other subcellularmaladaptive changes.

Hypertrophy may result from two concurrent mechanisms:
a) retention of water and ions (swelling the cytosol and vacuoles)
[15]; b) increase in sarcomere and mitochondrial mass. The first is
mediated by nuclear receptor-dependent gene expression (ion chan-
nels, transporters and aquaporins) [16], the second has been shown as
dependent on G protein coupled receptor kinase 5 (GRK5) which
exert its pro-hypertrophic effect through a non-canonical cytosolic
signaling of aldosterone receptors [17].
Disruption of ion andwater homeostasis, as indicated by serumelec-
trolyte changes (increase of Na+ and decrease K+), has been described
in detail in kidney as a consequence of abnormal aldosterone-
dependent expression of ion channels, transporters and aquaporins.
Vacuoles form as a consequence of water and ion movements among
different subcellular compartments and appear likely derived from
dilated cisternae of sarcoplasmic reticulum, Golgi apparatus, lysosomes.
Cytosol and mitochondrial matrix are also diluted.

Aldosterone, beside its key-regulator of ion and water homeostasis
through nuclear receptor-dependent gene expression, shows non-
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canonical activities of G protein-coupled receptor kinases recently
described as responsible, at least in part, for myocardial pathology asso-
ciated to the hyperaldosteronism. In fact, cardiac hypertrophy and ven-
Fig. 3. CMR, histology, electron microscopy, immunostaining andwestern blot quantifica-
tion of aldosterone and aquaporin 1 receptor in PACM before and after adrenalectomy.
Panel A: CMR in diastolic frame showing increase myocardial mass. Panel B: CMR in
systolic frame showing reduced left ventricular function. Panel C: Reduced end-diastolic
diameter and myocardial mass after adrenalectomy. Panel D: Recovery of left ventricular
function but persisting LGE signalwith aldosteronenormalization. Panel E: Cardiomyocyte
hypertrophy and vacuolization reducing (Panel F) after aldosterone normalization.
Hematoxylin and eosin (200×). Panel G: Electron microscopy showing water cisternae
disappearing (Panel H; the bar represents 1 μm) after adrenalectomy. Panel I: Weak
immunostaining for aldosterone receptors that reverts after adrenalectomy (Panel L)
(200×). Panel M: Increased immunostaining for aquaporin 1 in PACM that disappears
(Panel N) with adrenalectomy (200×). Panel O: Western blot of aldosterone receptors
showing 2.8 increase that declines after aldosterone normalization. Panel P: Western blot
of aquaporin 1 receptors showing 2.8 increase that declines after adrenalectomy.
tricular dysfunction may be prevented in an experimental model GRK5
KO mice [17].

This suggests that a crucial consequence of both cell swelling/
vacuolization and maladaptive hypertrophy is a progressive alteration
of myofibrillar architecture (disarray), which causes a progressive
impairment of cardiac contractility and limitation of cardiomyocyte re-
laxation. This also may explain diastolic dysfunction since the early
phase of aldosteronism, when blood pressure is still normal and a reac-
tive (perivascular and interstitial) myocardial fibrosis is still unlikely.

At histological examination, even intramural vessels appear in-
volved showing hypertrophy and hyperplasia of smooth muscle cells
that also, differently from essential hypertension, denotes a clear swell-
ing because of water vacuoles concurring to lumen narrowing.

These findings partly confirm previous in vitro and animal studies
[18–20] on aldosterone-mediated remodeling of small resistance
arteries and suggest the coexistence of myocardial hypoperfusion in
primary aldosteronism cardiomyopathy.

At long term, myocardial fibrosis has been advocated [14–20] as a
major pathologic consequence of aldosterone hypersecretion. Indeed,
cardiacfibroblasts are known to have high affinity receptors for aldoste-
rone and account for the accumulation of collagen within the intersti-
tium of rat myocardium exposed to increased aldosterone levels. The
molecular pathway involved includes a direct aldosterone action as
well as an autocrine release of growth factor endotelin-1 [21]. Morpho-
metric quantification of myocardial fibrosis in our four patients with
aldosteronism cardiomyopathy reported prominent values (around
14%) of fibrosis, 2.5 fold on average higher than those on comparable
essential hypertension (6%).

Intracellular vacuolization and swellingwas not found in themyocar-
dial biopsies of patients with essential hypertension, normal aldosterone
and comparable compromise of left ventricular function, confirming a
specific aldosterone-mediated myocardial toxicity.

Our results, although still incomplete, are in agreementwith proposed
mechanisms for clinical and subcellular damages observed in the
cardiomyopathy of our group of patients. In particular, the increase of al-
dosterone receptors and aquaporin 1, electrolyte alterations, vacuole for-
mation, mitochondrial and cytosol swelling and hypertrophic sarcomeric
disarray all converge in the alteration of contractility/relaxation proper-
ties and, at long term, in myocardiocyte damage and myofibrillolysis
leading to fibrotic repair and progressive functional deterioration.

4.2. Effects of adenomectomy and aldosterone normalization on changes
associated with hyperaldosteronism

Structural changes affecting the myocardium after aldosterone nor-
malization have never been provided before. Comparison between
baseline and control LV endomyocardial biopsies shows a remarkable
myocardial reduction in aldosterone receptors and aquaporin 1. These
biological events have been associatedwith reduction of cardiomyocyte
size, manifesting disappearance of water vacuoles, mitochondrial
and cytosolic swelling and reduction of hypertrophic disarray of
myofibrillolysis and autophagosomes. These findings suggest that
aldosteronism-associated myocardial hypertrophy that may also
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precede the development of systemic hypertension, could be mainly
due to reversible intracellular water overloading causing myocyte stiff-
ness and degradation of contractile elements followed by enhancement
of cell autophagocytosis. Myocardial water accumulation can be appre-
ciated in some PACM patients with pronounced LV wall thickness.

Myocardial fibrosis, appeared more prominent than in primary
hypertension, was unchanged at morphometric as well as CMR (LGE)
evaluation and suggest that is likely an irreversible phenomenon.

If these data will be confirmed and completed by further studies, they
would suggest that even secondary states of aldosteronism as those
documented in heart failure may concur to myocardial and vascular
water overloading and a maladaptive hypertrophy, which on one side
may influence the impairment of cardiovascular system and, on the
other, emphasize the possible therapeutic role of aldosterone inhibitors.

5. Limitation of the study

Although primary aldosteronism-associated cardiomyopathy is an
uncommon disorder and the histological, ultrastructural and molecular
findings are uniform in all 4 patients investigated, the small cohort in-
volved makes the study suggestive but not definitive. A wider report
is needed for confirmation.

In conclusions PA cardiomyopathy is a reversible entity character-
ized by an overexpression of myocardial aldosterone receptors and
AQP 1 channels with cardiomyocyte and microvascular water accumu-
lation, maladaptive hypertrophy, areas of myofibrillolysis and impair-
ment of myocyte relaxation and contraction.
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