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From aldosteronism to oxidative stress: the role
of excessive intracellular calcium accumulation

Ayhan A Zia1, German Kamalov1, Kevin P Newman1, Jesse E McGee1,2, Syamal K Bhattacharya1,3,
Robert A Ahokas4, Yao Sun1, Ivan C Gerling5 and Karl T Weber1

Inappropriately (relative to dietary Na+) elevated plasma aldosterone concentrations (PAC), or aldosteronism, have been

incriminated in both the appearance of the cardiometabolic syndrome (CMS) and its progressive nature. The deleterious dual

consequences of elevated PAC and dietary Na+ have been linked to several components of the CMS, including salt-sensitive

hypertension. Moreover, their adverse consequences are considered to be synergistic, culminating in a pro-oxidant phenotype

with oxidative injury involving the heart and systemic tissues, including peripheral blood mononuclear cells (PBMC).

Our experimental studies in rats receiving aldosterone/salt treatment have identified a common pathogenic event that links

aldosteronism to the induction of oxidative stress. Herein, we review these findings and the important role of excessive

intracellular Ca2+ accumulation (EICA), or intracellular Ca2+ overloading, which occurs in the heart and PBMC, leading to,

respectively, cardiomyocyte necrosis with a replacement fibrosis and an immunostimulatory state with consequent coronary

vasculopathy. The origin of EICA is based on elevations in plasma parathyroid hormone, which are integral to the genesis

of secondary hyperparathyroidism that accompanies aldosteronism and occurs in response to plasma-ionized hypocalcemia

and hypomagnesemia whose appearance is the consequence of marked urinary and fecal excretory losses of Ca2+ and Mg2+.

In addition, we found intracellular Ca2+ overloading to be intrinsically coupled to a dyshomeostasis of intracellular Zn2+,

which together regulate the redox state of cardiac myocytes and mitochondria via the induction of oxidative stress and

generation of antioxidant defenses, respectively. To validate our hypothesis, a series of site-directed, sequential pharmacological

and/or nutriceutical interventions targeted along cellular–molecular cascades were carried out to either block downstream

events leading to the pro-oxidant phenotype or to enhance antioxidant defenses. In each case, the interventions were found

to be cardioprotective. These cumulative salutary responses raise the prospect that pharmacological agents and nutriceuticals

capable of influencing extra- and intracellular Ca2+ and Zn2+ equilibrium could prevent adverse cardiac remodeling and

thereby enhance the management of aldosteronism.
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INTRODUCTION

The clinical concurrence of diabetes mellitus, dyslipidemia, obesity
and hypertension has been termed a cardiometabolic syndrome
(CMS).1–3 Its pathophysiological expressions and pathogenic origins
are of considerable clinical interest. In this context, inappropriately
(relative to dietary Na+) elevated plasma aldosterone concentrations
(PAC), or aldosteronism, have been incriminated in both the appear-
ance of CMS and its progressive nature. The deleterious dual con-
sequences of elevated PAC and dietary Na+ have been linked to several
components of the CMS.1–5 Moreover, their adverse progressive
consequences are considered synergistic, culminating in oxidative
stress where the rate of reactive oxygen species (ROS) generation

exceeds their rate of detoxification by antioxidant defenses. There
follows oxidative injury involving the heart and systemic tissues.

Our experimental studies in rats receiving aldosterone/salt treat-
ment (ALDOST) have identified a common pathogenic event that
links aldosteronism to the induction of oxidative stress in the heart,
and in such diverse tissues as peripheral blood mononuclear cells
(PBMC). Herein, we review these major findings and our view of the
important role of excessive intracellular Ca2+ accumulation (EICA),
also referred to as intracellular Ca2+ overloading. The origin of
EICA is based on elevations in plasma parathyroid hormone (PTH),
which is integral to the genesis of secondary hyperparathyroidism
(SHPT) that occurs in response to plasma-ionized hypocalcemia and
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hypomagnesemia, whose appearance is the consequence of marked
urinary and fecal excretory losses of Ca2+ and Mg2+ that accompany
chronic aldosteronism.

ALDOSTERONISM DEFINED AND STIMULI THAT REGULATE

ADRENAL ALDO PRODUCTION

Definitions
Elevations in PAC are adaptive and homeostatically appropriate when
dietary Na+ intake is markedly restricted or intravascular volume is
reduced. In the absence of these co-morbidities, elevations in PAC are
maladaptive and inappropriate. This is the scenario when elevated PAC
are associated with normal or enhanced dietary Na+, such as occurs
with congestive heart failure (CHF), where secondary aldosteronism
arises from reduced renal perfusion and elaboration of renin by the
underperfused kidneys. It also epitomizes the scenario in primary
aldosteronism.

Stimuli to ALDO production
Various stimuli provoke zona glomerulosa cells of the adrenal gland to
produce ALDO (see Figure 1). Some are considered major factors,
whereas other agents are short-lived and, therefore, considered minor
stimuli. However, this disparity disappears when minor stimuli are
persistently elevated. Renin-dependent elevations in circulating angio-
tensin II and elevation in extracellular or plasma K+ are major stimuli.
Minor stimuli, which become important when their plasma concen-
trations are chronically elevated during stressor states include:
(a) adrenocorticotropin hormone (ACTH) released by an activated
hypothalamic-pituitary-adrenal axis; (b) catecholamines also seen in
response to hypothalamic-pituitary-adrenal axis activation; and
(c) PTH, which accompanies the SHPT seen in response to ionized
hypocalcemia with chronic aldosteronism.6,7 A lipid-soluble ALDO-
releasing factor elaborated by adipocytes has recently been implicated.8

Circumstances may exist, such as high dietary Na+ intake (see
Figure 2), whereby plasma renin activity and angiotensin II levels are

each suppressed, whereas PAC are inappropriately increased owing to
zona glomerulosa cell provocation by ACTH, catecholamines and/or
PTH. Yet another mechanism for a sustained ALDO-like state has
implicated ROS in targeting and activating mineralocorticoid recep-
tors.9–11 In keeping with the pathophysiological roles, aldosteronism
and oxidative stress are salutary responses to mineralocorticoid
receptor antagonism.12–16

AN EXPERIMENTAL MODEL OF ALDOSTERONISM

Aldosterone/salt treatment
We have worked extensively with the ALDOST model, wherein eight-
week-old male Sprague–Dawley rats are first uninephrectomized to
reduce renal mass available for Na+ excretion. An osmotic minipump
filled with ALDO is implanted subcutaneously; it releases ALDO
(0.75mg h�1) to raise PAC to levels found in patients with congestive
heart failure, whereas drinking water is fortified with 1% NaCl to
create inappropriate aldosteronism and 0.4% KCl to prevent hypoka-
lemia and associated cardiac pathology.17 Plasma renin activity and
circulating angiotensin II levels are each suppressed during ALDOST.
Other factors that theoretically could contribute to ALDO production
and raise PAC (for example, ACTH, catecholamines and PTH as seen
in Figure 1) are irrelevant as the minipump provides an autonomous
and continuous source of ALDO release with persistent elevations in
PAC. Thus, ALDOST rats, which can be followed for up to 6 weeks,
provide an excellent experimental model of chronic inappropriate
elevations in PAC independent of the systemically derived stimuli.
Furthermore, it represents a unique state of inappropriate aldosteron-
ism as elevations in PAC are present together with the modest increase
in dietary Na+ derived from drinking water supplemented with
1% NaCl (vis-à-vis a high salt diet with 8% NaCl). Appropriate
aldosteronism would include the minipump combined with
dietary Na+ deprivation and which is not associated with cardiac
pathology.12,18 The same is true for 1% NaCl diet alone or for
uninephrectomy alone.18

The increment in Na+ excretion that accompanies ALDOST is
coupled with a marked augmentation in urinary and fecal excretion
of Ca2+ and Mg2+. At the distal segment of the nephron and colon,
urinary and fecal Na+ are reabsorbed by ALDO-driven epithelial
Na+ channels. Co-treatment with spironolactone (Spiro), an ALDO

Figure 1 Major and minor stimuli to aldosterone production by zona

glomerulosa cells of the adrenal glands. Major stimuli include renin-

dependent angiotensin II formation and increased extracellular or plasma K+

concentrations. Minor stimuli include adrenocorticotropin hormone (ACTH)

and catecholamines derived through an activation of the hypothalamic-

pituitary-adrenal (HPA) axis in response to a stressor state. Catecholamine-

mediated intracellular Ca2+ overloading and augmented Ca2+ excretion each

contribute to the appearance of ionized hypocalcemia. In turn, hypocalcemia
promotes secondary hyperparathyroidism with elevated circulating levels of

parathyroid hormone (PTH). This calcitropic hormone also leads to

intracellular Ca2+ overloading of diverse tissues, including cardiomyocytes

and their mitochondria, with an induction of oxidative stress.

Figure 2 A high-salt diet (for example, 8% NaCl) is accompanied by the

suppression of plasma renin activity (PRA) and circulating levels of

angiotensin (Ang) II and plasma aldosterone concentration (PAC). However,

the accompanying hypercalciuria leads to plasma-ionized hypocalcemia,

which, in turn, promotes secondary hyperparathyroidism with elevated

plasma parathyroid hormone (PTH), and ultimately bone resorption. An

activation of the hypothalamic-pituitary-adrenal (HPA) axis likewise
accompanies hypocalcemia with ensuing elevations in plasma levels of

adrenocorticotropin hormone (ACTH) and catecholamines. PTH, ACTH and

catecholamines represent three different stimuli to the adrenal glands’

production of aldosterone. As a result, increased PAC can be found.
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receptor antagonist, attenuates the excretion of Ca2+ and Mg2+ at
these sites.

During weeks 1 and 2, rats appear healthy and are gaining weight
comparable to untreated controls (a pre-clinical stage). At week 3, they
become lethargic and anorectic with a progressive failure to gain
weight (a clinical stage), whereas at week 4 (the pathological stage),
lesions appear for the first time in the previously normal heart, as well
as the systemic vasculature that includes the kidneys and mesentery.13

Cardiac remodeling in aldosteronism
Cardiac pathology in rats receiving ALDOST includes multiple foci of
microscopic scarring and a perivascular fibrosis of the intramural
coronary circulation with extensions into the contiguous interstitial
space. The scars and perivascular/interstitial fibrosis are scattered
throughout the right and left heart.13,19

In morphological terms, the accumulation of collagen in the
myocardium can present as: (a) reactive fibrosis, or perivascular
fibrosis in response to proinflammatory coronary phenotype; and
(b) as a replacement fibrosis (that is, scar tissue), which replaces
cardiomyocytes lost to necrotic cell death to preserve the structural
integrity of myocardium (reviewed in Laurent20). Apoptotic cell death,
devoid of inflammatory cell or fibroblast responses, is not accompanied
by fibrosis. In biophysical terms, fibrosis is expressed as an increase in
myocardial hydroxyproline concentration, an amino acid specific to
collagen. Depending on its site and magnitude, collagen fiber cross-
linking and relative abundance of type I and III collagens will deter-
mine the stiffness and where type 1 collagen fibers resemble the tensile
strength of steel.21 Fibrosis can adversely increase myocardial stiffness
leading to diastolic heart failure, or as more recently coined heart
failure with preserved ejection fraction (reviewed in Zile and
Brutsaert22,23 and Dı́ez24). Diastolic heart failure is commonly seen
with the concentric hypertrophy that accompanies arterial hyperten-
sion. Hypertensive heart disease represents a major etiologic factor
that accounts for heart failure. The failing heart in hypertensive heart
disease may present as predominant diastolic heart failure or systolic
heart failure. The clinical syndrome congestive heart failure, with its
characteristic signs and symptoms, can accompany either diastolic
heart failure or systolic heart failure. Its origins are rooted in a salt-
avid state mediated by effector hormones of the renin–angiotensin–
aldosterone system. Left ventricular hypertrophy is a distinguishing
feature of hypertensive heart disease; so too is fibrosis, which is found
throughout the right and left heart.25–27 It is not the quantity, rather
the quality (structural remodeling) of myocardium that contributes to
hypertensive heart disease.

Cardiac remodeling: role of hemodynamic factors
A series of studies have concluded that hemodynamic factors are not
directly involved (reviewed in Weber28). This viewpoint was primarily
based on: (a) the presence of fibrosis in non-pressure-overloaded right
atrium and ventricle; (b) the absence of fibrosis when the LV pressure
overload is created by infrarenal aortic banding without subsequent
renin–angiotensin–aldosterone system activation or when treatment is
based on ALDO together with a low-Na+ diet, or when 1% NaCl alone
is given; and (c) the prevention of fibrosis with either a small (non-
depressor) or large (depressor) dose of Spiro, which respectively fails
to or does prevent hypertension. An intracerebroventricular infusion
of a mineralocorticoid receptor antagonist prevents hypertension, but
not fibrosis.29 The upregulation of ALDO synthase in the heart accounts
for increased tissue levels of ALDO, but are not accompanied by fibrosis.30

Thus, the evidence gathered to date indicates the adverse myocardial
remodeling during ALDOST is both independent of hypertension and

unrelated to plasma- or tissue-derived ALDO per se. Therefore, some
other circulating factor that accompanies aldosteronism must be
operative (vide infra).

SODIUM: THE FACILITATOR IN ALDOSTERONISM

Hypercalciuria and hypermagnesuria
Our studies showed the early and persisting elevation in urinary and
fecal excretion of Ca2+ and Mg2+ in rats during ALDOST. The marked
loss of Ca2+ and Mg2+ was evident during pre-clinical and clinical
stages of ALDOST and involved renal and gastrointestinal sites of
excretion, both of which have high-density ALDO receptor binding.31

Hypercalciuria accompanies the short-term treatment of man or
animals with a mineralocorticoid plus dietary salt.32–37 It is present
in patients with primary aldosteronism, where it is accentuated by
dietary Na+ loading.36,38 The increment in urinary Ca2+ excretion,
which occurs in the distal segment of the nephron, is dietary Na+

dependent. Urinary Mg2+ excretion also rises with dietary Na+ loading
in rats treated with a mineralocorticoid, whereas the hypermagnesuria
found in patients with primary aldosteronism is abrogated by either
Spiro or surgical removal of diseased adrenal tissue.39–41 In rats
receiving 4 weeks ALDOST, we found Spiro co-treatment to, respec-
tively, attenuate or abrogate the enhanced urinary and fecal excretion
of each cation beginning at week 1 onward.

The stimulus responsible for the hypercalciuria and hypermagne-
suria that accompanies ALDOST is not fully clear. However, elevations
in arterial pressure or the mineralocorticoid hormone itself (in the
absence of dietary Na+) have each been discounted.32,33 A role for such
metabolic derangements as polydipsia and metabolic alkalosis that
accompany chronic mineralocorticoid/salt treatment have likewise
been eliminated.37 In both rats and man, marked Na+ loading alone
(for example, a 8% NaCl diet) is accompanied by hypercalciuria,
SHPT with bone loss and a proinflammatory vascular phenotype.42–50

The likely mechanism is thought to be related to an expansion
of the extravascular space, resulting in decreased proximal tubular
resorption and thereby increased distal delivery of Na+, Ca2+ and
Mg2+, with the mineralocorticoid promoting distal tubular Na+

resorption without retarding Ca2+ or Mg2+ excretion.32–36 This may
be further accentuated by nitric oxide-mediated increments in medul-
lary blood flow.51,52

Secondary hyperparathyroidism
The sustained urinary and fecal loss of Ca2+ and Mg2+, which
accompanies ALDOST, leads to a progressive fall in plasma-ionized
concentrations of these divalent cations and ultimately to a reduction
in bone mineral density. Plasma-ionized [Ca2+]o and [Mg2+]o were
markedly reduced at week 4, whereas each of these cations had already
begun to fall during the pre-clinical stage at weeks 1 and 2 ALDOST.
Ionized hypocalcemia and hypomagnesemia each regulate PTH secre-
tion.53,54 Bone and its mineral stores are the primary reserve for these
cations, with bone resorption facilitated by PTH. Elevations in PTH,
elaborated in response to reduced plasma-ionized [Ca2+]o and
[Mg2+]o, would be expected in the setting of sustained hypercalciuria
and hypermagnesuria. We indeed found elevated plasma PTH levels,
consistent with SHPT, during weeks 1–4 ALDOST. Both serum-
ionized [Ca2+]o and total plasma Ca2+ are reduced in response to
deoxycorticosterone/salt treatment,37 together with increased serum
PTH and urinary excretion of cAMP, a biomarker of parathyroid
activity. SHPT has been reported in patients with primary aldoster-
onism,41, 55–57 where expected aberrations in serum-ionized and total
Ca2+, together with elevations in PTH, were normalized by either
adrenal surgery or Spiro.41,57

Sodium: aldosteronism to oxidative stress
AA Zia et al

1093

Hypertension Research



Our second major finding, and further evidence in keeping with
persistent SHPT, is the marked and progressive reduction in bone
mineral density and bone mineral content of tibia and femur that
appeared by week 4 ALDOST and was more evident at weeks 5 and 6.
This hitherto unappreciated fall in bone mineral density and bone
mineral content was rapid and accompanied by a corresponding
reduction in bone strength. Urinary hydroxyproline, a marker of
bone resorption, is increased during ALDOST or deoxycorticoster-
one/salt treatment,58 whereas the hypercalciuria seen with 8% NaCl
loading alone is likewise accompanied by SHPT, with a loss of bone
Ca2+ and Mg2+ and increased urinary excretion of various markers of
bone resorption.42,44,46

CELLULAR AND MOLECULAR PATHWAYS LEADING TO

CARDIOMYOCYTE NECROSIS

Pathways accounting for cardiomyocyte necrosis and subsequent
scarring of myocardium found at 4 weeks ALDOST have been
examined and the pathogenic role of circulating factors elucidated.

Oxidative stress
Evidence of oxidative stress in the myocardium is found during
chronic mineralocorticoidism.13,59–62 This includes: the presence of
3-nitrotyrosine, a byproduct of the reaction involving superoxide and
nitric oxide; an activation of the gp91phox subunit of nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase found in inflam-
matory cells invading the injured myocardium that contributes to
superoxide generation; upregulated redox-sensitive nuclear transcrip-
tion factor-kB and a proinflammatory gene cascade it regulates that
includes intercellular adhesion molecule (ICAM)-1, monocyte che-
moattractant protein (MCP)-1 and tumor necrosis factor-a; and
increased tissue levels of 8-isoprostane and malondialdehyde, biomar-
kers of lipid peroxidation.13,62 There is also considerable evidence of
oxidative stress in blood and urine consistent with the systemic nature
of an altered redox state during chronic aldosteronism.

Intracellular Ca2+ overloading and SHPT
Our hypothesis for the induction of oxidative stress during ALDOST
draws upon Albrecht Fleckenstein’s original concept that intracellular
Ca2+ overloading of the heart is an integral and adverse pathophysio-
logical feature leading to myocardial necrosis.63 In rats receiving 1 and 4
weeks ALDOST, we monitored intracellular Ca2+ levels in several tissues
that included the heart and PBMC. We found increased Ca2+ levels in
the myocardium and PBMC during pre-clinical, clinical and patholo-
gical stages, accompanied by biomarker evidence of oxidative stress that
included increased levels of malondialdehyde and 8-isoprostane in the
heart and increased H2O2 production by PBMC.14,62,64,65

Metabolic studies accounted for the marked increase in urinary and
fecal excretion of Ca2+ and Mg2+ during ALDOST, which leads to
plasma-ionized hypocalcemia and hypomagnesemia. The calcium-
sensing receptor of the parathyroid glands, in turn, responds to
hypocalcemia with increased secretion of PTH. Accordingly, plasma
PTH levels were elevated at weeks 1–4 ALDOST,14 with SHPT as
evidenced by bone resorption.66 We therefore hypothesized that the
intracellular Ca2+ overloading and induction of oxidative stress that
accompanies ALDOST leading to cardiomyocyte necrosis and fibrosis
is mediated by the calcitropic hormone, PTH and not ALDO (see
Figure 3). This represents an example of the SHPT-associated Ca2+

paradox as characterized by Fujita and Palmieri.67 The elegant studies
of Massry et al.68 have shown PTH-mediated intracellular Ca2+

overloading of cardiomyocytes that included: cardiac myocytes
incubated with PTH; and cells harvested from normal rats receiving

a 2-week infusion of PTH or rats with chronic renal failure having
SHPT.69 In each case, co-treatment with verapamil, a Ca2+ channel
blocker, prevented the rise in intracellular Ca2+. PTH also regulates
cardiomyocyte Ca2+ channel opening.70 Using radiolabeled PTH,
Nordquist and Palmieri71 found that PTH not only penetrates
plasmalemma but also localizes within the cytoplasm of renal tubular
cells and predominantly in the mitochondria, in which its mechanism
of transport and function remain to be fully elucidated. Rasmussen
and other investigators found PTH to alter mitochondrial [Ca2+]m

and respiration.72–76 EICA in cardiomyocytes and consequent genera-
tion of ROS alter intracellular signaling events, including their
perpetuation of intracellular Ca2+ overloading via L-type Ca2+ channel
entry and inhibition of Ca2+ efflux by Ca2+-ATPase.77,78 A Na+/Ca2+

exchanger involved in regulating Na+-dependent Ca2+ efflux from
mitochondria may also be contributory.79,80

PTH-mediated intracellular Ca2+ overloading is coupled to an
induction of oxidative stress in diverse tissues that includes cardio-
myocytes and their mitochondria, as well as PBMC. The generation of
ROS and reactive nitrogen species appear to overwhelm their rate of
detoxification by the cumulative capacity of antioxidant defenses. In
mitochondria, Ca2+ overloading and oxidative stress lead to a non-
physiological opening of the mitochondria permeability transition
pore, with the ensuing osmotic-based structural and functional
degeneration of these organelles that triggers the downhill final
common cell death pathway leading to cardiomyocyte necrosis and
subsequent replacement fibrosis.81

Figure 3 Aldosterone/salt treatment (ALDOST) in rats and associated

increments in urinary and fecal Ca2+ excretion leads to plasma-ionized

hypocalcemia with secondary hyperparathyroidism and elevated plasma

parathyroid hormone (PTH) levels. In turn, and what is considered a Ca2+

paradox, PTH promotes intracellular Ca2+ overloading. In the case of

cardiomyocytes, this includes increased cytosolic free [Ca2+]i and

mitochondrial [Ca2+]m. Ca2+-overloaded mitochondria elaborate reactive

oxygen species and, together with the ensuing oxidative stress, account for
the pathological opening of the mitochondria permeability transition pore

(mPTP) and entry of solutes that lead to osmotic swelling and destruction of

these organelles. Cardiomyocyte necrosis follows with the escape, or leak, or

troponins and a wound-healing response with a replacement fibrosis, or

myocardial scarring. Adapted from Whitted AD, et al. Am J Med Sci 2010;

340: 48–53, with permission.
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Interventions preventing cardiomyocyte necrosis
A series of site-directed, sequential pharmacological interventions
targeted along the cellular–molecular cascades to block downstream
events leading to cardiomyocyte necrosis and myocardial scarring were
conducted (see Figure 4). These observations collectively validated our
hypothesis with regard to the pathological sequelae of events leading
to this structural remodeling of myocardium in rats with chronic
aldosteronism. Various co-treatments were used, which included:
Spiro, an ALDO receptor antagonist, which attenuated the enhanced
urinary and fecal losses of these cations to prevent hypocalcemia and
hypomagnesemia and thereby ensuing SHPT;14 a Ca2+- and Mg2+-
supplemented diet, together with vitamin D3 to enhance Ca2+

absorption, which prevented hypocalcemia and SHPT;82 parathyroi-
dectomy, performed before starting ALDOST, prevented SHPT83 and
has been found to prevent vascular lesions and the rise in aortic tissue
Ca2+ content during deoxycorticosterone/salt treatment;84 cinacalcet, a
calcimimetic that resets the threshold of the parathyroid glands’
Ca2+-sensing receptor prevents SHPT, despite hypocalcemia;85

amlodipine, a Ca2+ channel blocker, which prevents intracellular
Ca2+ overloading;64 and N-acetylcysteine, an antioxidant that abro-
gated oxidative stress.13

Taken together, the multitude of evidence gathered to date con-
gruently supports that PTH-mediated intracellular Ca2+ overloading is
the most likely mechanism that leads to the induction of oxidative

stress during aldosteronism, in which ROS and reactive nitrogen
species, primarily derived from the mitochondria in cardiomyocytes
and NADPH oxidase in vascular tissue, overwhelm cellular antiox-
idant defenses. This scenario begs the question whether the overall
consequence of an excessive generation of pro-oxidants or cumulative
endogenous antioxidant defenses in combating ROS and reactive
nitrogen species had been compromised. In this context, we next
addressed plausible association of Zn2+ dyshomeostasis during
ALDOST, given its relevance to these endogenous defenses, including
Cu/Zn-superoxide dismutase (SOD).

Zinc dyshomeostasis in aldosteronism
Chronic inappropriate excess of ALDO is accompanied by increased
urinary and fecal excretory Zn2+ losses, hypozincemia and a fall in
plasma Cu/Zn-SOD activity.86 The hyperzincuria seen with ALDOST
is related to urinary acidification, which contributes to the consequent
metabolic alkalosis of aldosteronism.62 Also contributory to hypozin-
cemia is a coordinated selective translocation of Zn2+ to the sites of
tissue injury, facilitated by corresponding upregulation of a Zn2+-
binding protein, metallothionein (MT)-1 in targeted tissues.62,86

We also used 65Zn to systematically monitor Zn2+ kinetics during 1
and 4 weeks of ALDOST. A simultaneous fall in plasma 65Zn, and a
selective accumulation of 65Zn, was found at sites of injury that
included its translocation to freshly incised skin at week 1 caused by
osmotic minipump implantation, as well as the injured heart and
kidneys at week 4. This intracellular trafficking of 65Zn to injured
tissues was facilitated by the upregulation of MT-1.87 However, at
week 4 there was a contemporaneous decline in 65Zn in healed skin
and bone, which serve as Zn2+ reservoirs in an attempt to resolve
hypozincemia. Thus, the preferential translocation of circulating Zn2+

to injured tissues contributes to hypozincemia found with ALDOST,
in which increased tissue Zn2+ is essential in wound healing at these
sites.88 As dyshomeostasis of Zn2+ proved to be another integral
feature of aldosteronism, it became crucial to investigate whether
the increased tissue Zn2+ in the injured myocardium involved both its
cardiac myocytes and mitochondria.

Zinc and antioxidant defenses. Cardiac myocytes and mitochondria
were harvested from rats with 4 weeks of ALDOST associated with the
pathological stage, as well as from experimental controls. We found
increased cytosolic free [Zn2+]i in cardiac myocytes and total [Zn2+]m

concentration in the mitochondria.62 The rise in cardiomyocyte
[Zn2+]i was facilitated by the increased expression of membranous
Zn2+ transporters. Increased [Zn2+]i serves to augment the antiox-
idant defenses of cardiomyocytes, including their upregulation of MT-
1 and activation of metal-responsive transcription factor-1, which
encodes genes related to various antioxidant defenses, such as Cu/Zn-
SOD, MT-1 and glutathione synthase. Thus, intracellular Zn2+ loading
in chronic aldosteronism is contemporaneous with intracellular Ca2+

overloading and relevant biomarkers of oxidative stress.89 Pathophy-
siologically and in terms of innate redox states, Zn2+ appears to serve
as antioxidant and Ca2+ as pro-oxidant in our experimental model
(see Figure 5). This concept offers the prospect of exploiting Zn2+

supplementation as a novel therapeutic strategy to uncouple the
intrinsically coupled Ca2+ and Zn2+ dyshomeostasis in favor of
increasing [Zn2+]i, thus enhancing the overall endogenous antioxidant
defense capacity that simultaneously attenuate adverse myocardial
remodeling.

The efficacy of a Zn2+ supplement in augmenting intracellular
[Zn2+]i, and thereby antioxidant defenses, in rats receiving ALDOST
was explored using ZnSO4.62 Co-treatment of ALDOST rats with

Figure 4 Various interventions were carried out to target specific components

of the paradigm linking aldosterone/salt treatment (ALDOST) to intracellular

Ca2+ overloading and the induction of oxidative stress leading to

cardiomyocyte necrosis. These included: spironolactone (Spiro), an

aldosterone receptor antagonist; a Ca2+- and Mg2+-supplemented diet,

together with vitamin D3 to enhance the absorption of these cations;
parathyroidectomy (PTx); cinacalcet, a calcimimetic to reset the threshold of

the parathyroid glands’ Ca2+-sensing receptor; amlodipine, a Ca2+ channel

blocker; and NAC, N-acetylcysteine, an antioxidant. Adapted from Kamalov

G, et al. Am J Med Sci 2009; 338: 28–33, with permission.
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ZnSO4 prevented hypozincemia and a fall in plasma Cu/Zn-SOD
activity, whereas significantly increasing cardiomyocyte cytosolic
[Zn2+]i. It also attenuated biomarkers of oxidative stress, such as
cardiac 8-isoprostane, and microscopic scarring. Thus, validating our
concept that increased tissue Zn2+ in the heart serves as an antiox-
idant, and intracellular Ca2+ overloading as pro-oxidant, in the genesis
of cardiomyocyte necrosis that highlights the intrinsic co-dependency
of these two biologically essential and dynamic divalent cations (vide
infra). Others have also reported a Zn2+ supplement to be cardiopro-
tective in mice with streptozocin-induced diabetic cardiomyopathy, in
rat hearts with ischemia/reperfusion injury or following isoproterenol
administration.62,90–92

Coupled Ca2+ and Zn2+ dyshomeostasis. The dyshomeostasis of
extra- and intracellular Ca2+ and Zn2+ that accompanies ALDOST
contributes to a deleterious, but reversible disequilibrium between
pro- and antioxidants. We hypothesized that intrinsic coupling of
intracellular Ca2+ and Zn2+ dyshomeostasis inherently regulate the
redox state of cardiac myocytes and mitochondria. To test our
hypothesis, we monitored each of these two cations using relevant
fluorescent tags and fluorescence microscopy in cardiac myocytes and
mitochondria harvested from rats receiving 4 weeks ALDOST alone or
in combination with Spiro or amlodipine co-treatment. Compared
with untreated, age-/sex-matched controls, we found increased
cardiomyocyte cytosolic free [Ca2+]i and [Zn2+]i, together with
elevated mitochondrial [Ca2+]m and [Zn2+]m, each of which
could be prevented by Spiro and significantly attenuated by amlodi-
pine co-treatment.89 These salutary iterations in divalent cation
composition corroborated well with the levels of 3-nitrotyrosine and
4-hydroxy-2-nonenal in cardiomyocytes, together with altered
H2O2 production, malondialdehyde and oxidized glutathione
in the mitochondria that were co-incident with increased activities
of Cu/Zn-SOD and glutathione peroxidase.62,81,89 Furthermore,
adaptive alterations in intracellular [Zn2+]i were accompanied by
the contemporaneous upregulation of MT-1, a Zn2+ importer and
exporter (Zip1 and ZnT-1, respectively) and metal-responsive
transcription factor-1.

Thus, in cardiac myocytes and mitochondria from the remodeled
myocardium, an intrinsically coupled dyshomeostasis of intracellular
Ca2+ and Zn2+ serves to regulate the redox state via induction of
oxidative stress and generation of antioxidant defenses, respectively.
These findings underscore the clinical relevance of combining
pharma- and nutriceutical strategies that can uncouple the coupled
dyshomeostasis of these biologically essential cations, and preferen-
tially modulate them in favor of sustained antioxidant defenses. The
coupled Ca2+ and Zn2+ dyshomeostasis seen in aldosteronism resem-
bles the Ca2+ overloading and oxidative stress mirrored in the hearts
of hamsters with hereditary muscular dystrophy, which is also
accompanied by increased tissue Zn2+.93–97 This divalent cation
dyshomeostasis seen in muscular dystrophy could be prevented by
parathyroidectomy or a Ca2+ channel blocker.95,96 Furthermore, our
findings with ALDOST resemble the protective role of increased
[Zn2+]i induced by a Zn2+ supplement or Zn2+ ionophore, when
intracellular [Ca2+]i overloading of the heart is present.98

The temporal response to coupled Ca2+ and Zn2+ dyshomeostasis. In-
tracellular [Ca2+]i overloading, coupled with the induction of oxida-
tive stress, is present at 4 weeks ALDOST. This pro-oxidant reaction in
cardiac myocytes and mitochondria accounts for necrotic cell
death and subsequent myocardial scarring. The rise in [Ca2+]i, a
pro-oxidant, is intrinsically linked to increased [Zn2+]i serving as
antioxidant. We addressed the temporal responses in coupled Ca2+

and Zn2+ dyshomeostasis, reflecting the pro-oxidant:antioxidant equi-
librium, by examining pre-clinical and pathological stages of
ALDOST, and by observing whether endogenous antioxidant defenses
were ultimately overwhelmed accounting for the delay in cardiac
remodeling. Responses in [Ca2+]i and [Zn2+]i and mitochondrial
total [Ca2+]m and [Zn2+]m, together with biomarkers of oxidative
stress and antioxidant defenses, during 1 and 4 weeks ALDOST were
monitored and compared. At week 1 and compared with controls, we
found: (i) elevations in [Ca2+]i and [Ca2+]m to be coupled with
[Zn2+]i and [Zn2+]m; (ii) increased mitochondrial H2O2 production,
cardiomyocyte xanthine oxidase activity, and cardiac and mitochon-
drial 8-isoprostane levels, counterbalanced by increased activity of

Figure 5 The intrinsically coupled dyshomeostasis of Ca2+ and Zn2+ found

in aldosterone/salt treatment (ALDOST). Increased excretory losses of these

divalent cations lead to hypocalcemia and hypozincemia. Secondary

hyperparathyroidism with persistent elevations in circulating parathyroid

hormone (PTH) follows and are accompanied by uncontrolled Ca2+ entry via

L-type Ca2+ channels (LTCC) to saturate intracellular binding and storage

sites, and ultimately to [Ca2+]i overloading and excessive [Ca2+]m within the

mitochondria. An induction of oxidative stress and generation of reactive

oxygen species (ROS) ensues arising from the mitochondria. The rise in

[Zn2+]i and [Zn2+]m involves increased Zn2+ entry via LTCC to a minor

extent, whereas the majority of [Zn2+]i is regulated by membrane-bound Zn

transporters, including Zip1 and ZnT-1, and its binding to metallothionein

(Zn/MT). ROS serve as signals that initiate an activation of molecular

transducers. These include: stress-response kinases, MAPKs, and their

activation of redox-sensitive nuclear transcription factor (NF)-kB and a

proinflammatory gene cascade it induces, including adhesion molecules

(ICAM-1), chemokines (MCP-1) and cytokines tumor necrosis factor-a (TNF-a)

and tumor growth factor-b (TGF-b); and the activation of inducible or endothelial
nitric oxide synthases (iNOS and eNOS), where nitric oxide (NO) generation

releases Zn2+ from the Zn/MT complex. Increased [Zn2+]i serves to activate

its sensor, metal-response element transcription factor (MTF)-1, and the

antioxidant genes it induces. These include MT-1, Cu/Zn-SOD and

glutathione (GSH) synthase. Increased [Ca2+]i and [Ca2+]m are pro-oxidants,

which in toxic amounts threaten the fate of cardiomyocytes, whereas

increments in [Zn2+]i and [Zn2+]m are antioxidants. Reprinted from Kamalov

G, et al. J Cardiovasc Pharmacol 2009; 53: 414–423, with permission.
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antioxidant proteins, enzymes and the non-enzymatic antioxidants
that can be considered together as cumulative antioxidant capacity.
Some of these enzymes and proteins (for example, MT-1, Cu/Zn-
superoxide, glutathione synthase) are regulated by metal-responsive
transcription factor-1; and (iii) although these augmented antioxidant
defenses were sustained at week 4, overall they fell short in combating
the persistent intracellular Ca2+ overloading and the consequential
marked rise in cardiac tissue 8-isoprostane and mitochondria perme-
ability transition pore opening.

Thus, the intrinsically coupled Ca2+ and Zn2+ dyshomeostasis
occurs early during ALDOST in cardiac myocytes and mitochondria
that regulate redox equilibrium until week 4, when ongoing intracel-
lular Ca2+ overloading and accelerated rate of pro-oxidant generation
overwhelm their rate of detoxification by antioxidant defenses.
These observations support our contention that intracellular [Ca2+]i

overloading accounts for the induction of oxidative stress that
leads to necrotic cell death and consequent replacement fibrosis or
myocardial scarring.

Uncoupling the coupled dyshomeostasis of Ca2+ and Zn2+. The pro-
oxidant response to Ca2+ overloading in cardiac myocytes and
mitochondria has been shown to be intrinsically coupled to simulta-
neous increased Zn2+ entry serving as an antioxidant.89 Later, we
investigated whether Ca2+ and Zn2+ dyshomeostasis and pro-oxi-
dant:antioxidant disequilibrium seen at 4 weeks, the pathological stage
of ALDOST, could be uncoupled in favor of antioxidants, using
co-treatment with a ZnSO4 supplement (see Figure 5), pyrrolidine
dithiocarbamate (PDTC), a Zn2+ ionophore, or ZnSO4 in combina-
tion with a Ca2+ channel blocker, amlodipine. Responses in cardio-
myocyte free [Ca2+]i and [Zn2+]i, together with biomarkers of
oxidative stress in cardiac myocytes and mitochondria, were mon-
itored and contrasted. At week 4 ALDOST and compared with
controls, we found: (i) an elevation in [Ca2+]i was coupled with
[Zn2+]i; and (ii) increased mitochondrial H2O2 production, and
increased mitochondrial and cardiac 8-isoprostane levels. Co-treat-
ment with the ZnSO4 supplement alone, PDTC alone or
ZnSO4+amlodipine augmented the rise in cardiomyocyte [Zn2+]i

beyond that seen with ALDOST alone, while attenuating the rise in
[Ca2+]i, which together served to reduce oxidative stress. Furthermore,
ZnSO4, PDTC and ZnSO4+amlodipine were cardioprotective and
attenuated necrosis and myocardial scarring.13,62,98

Thus, the intrinsically coupled dyshomeostasis of intracellular Ca2+

and Zn2+ found in cardiac myocytes and mitochondria during 4 weeks
ALDOST could be uncoupled in favor of antioxidant defenses by
selectively increasing free [Zn2+]i and/or reducing [Ca2+]i using co-
treatment with ZnSO4, PDTC alone or ZnSO4+amlodipine in combina-
tion. Each of these interventions proved to be cardioprotective. These
cumulative salutary observations raise the therapeutic prospect that
nutriceuticals capable of favorably influencing extra- and intracellular
Ca2+ and Zn2+ balance, which is pivotal to oxidative injury, could
prevent cardiac myocyte necrosis and myocardial scarring. This contrasts
to the central nervous system, where Zn2+ is considered to be cytotoxic.99

CELLULAR AND MOLECULAR PATHWAYS LEADING TO

PROINFLAMMATORY CORONARY VASCULAR PHENOTYPE

The proinflammatory coronary vascular phenotype
An adaptive upregulation of adhesion molecules and chemoattractant
chemokines appears early within the endothelium of the affected
vasculature during ALDOST. They include: ICAM-1, vascular cell
adhesion molecule-1, platelet-endothelial cell adhesion molecule-1;
and MCP-1 and osteopontin.13,60,100–107 MCP-1 has been shown to be

integral to the homing of inflammatory cells into cardiovascular
tissue. Within invading inflammatory cells, there is evidence of an
activation of a redox-sensitive nuclear transcription factor-kB and
increased expression of a proinflammatory mediator cascade that it
regulates, including ICAM-1, MCP-1 and tumor necrosis factor-a.
Also, there is an activation of NADPH oxidase, a source of superoxide
formation; increased NADPH oxidase activity; and 3-nitrotyrosine
labeling, a stable tyrosine residue indicative of the formation of
peroxynitrite, a reactive nitrogen species and product of the reaction
between nitric oxide and superoxide.13,60,61,107–109 Thus, the cumula-
tive evidence points to an induction of oxi/nitrosative stress in
promoting this phenotype.

The induction of oxi/nitrosative stress
In rats with ALDOST or another mineralocorticoid, deoxycorticos-
terone/salt treatment, the accompanying elevations in arterial pres-
sure have been held responsible for the induction of oxi/nitrosative
stress in cardiovascular tissue.59,110–112 Such evidence, however, is also
found in post-capillary venules,113 in which elevations in intraluminal
pressure are not expected. In addition, an altered redox state is not
seen with comparable elevations in arterial pressure induced by
norepinephrine.110 An alternative mechanism of action therefore
needs to be explored.

In returning to the proinflammatory phenotype, ALDOST reduces
cytosolic free concentrations of [Mg2+]i in various cultured cells,
including lymphocytes.114,115 An efflux of Mg2+ from the cell by a
Na+/Mg2+ exchanger, a compartmentalization of this cation within
organelles, or its enhanced binding to ATP may be responsible.
[Mg2+]i is the biologically active component of this important divalent
cation. A reduction in [Mg2+]i can lead to intracellular Ca2+ loading
and subsequent induction of oxi/nitrosative stress. Mechanisms
responsible for augmented intracellular Ca2+ inevitably relate to
PTH-mediated Ca2+ entry and the presence of SHPT. A hyperadre-
nergic state also accompanies chronic mineralocorticoidism and
therefore catecholamine-mediated EICA must also be considered.
Evidence in support of Ca2+ overload leading to an altered redox
state with the activation of immune cells includes: (i) reduced [Mg2+]i

in circulating monocytes and lymphocytes of rats treated with
ALDOST or in man having primary aldosteronism;65,115,116

(ii) elevated [Ca2+]i and total Ca2+ concentration of PBMC in
response to ALDOST and which occurs before tissue invasion,
together with increased H2O2 production by monocytes and lympho-
cytes;65 (iii) PTH regulated T-cell activation;117–120 (iv) parathyroi-
dectomy prevented PBMC Ca2+ overloading and vascular lesions;83,84

(v) upregulated expression of antioxidant defenses in these cells; and
(vi) prevention of Ca2+ loading and oxi/nitrosative stress by co-
treatment with either Spiro or an antioxidant.13,65,116 The presence
of oxi/nitrosative stress at a systemic level in these models is evidenced
by increased serum levels of thiobarbituric acid-reacting substances
and reduced activity of plasma a1-antiproteinase.60,61,116 This early
immunostimulatory state that features PBMC activation is further
evidenced by: B-cell activation with increased expression of immu-
noglobulins; an expansion of the B-cell lymphocyte subset; an increase
in major histocompatibility complex class II-expressing lymphocytes;
and increased expression of ICAM-1, integrin-a1, CC and CXC
chemokine proteins and receptors, interleukin-1b and its receptor
type 2, and interferon-g.65,116 There is also evidence of autoreactivity,
which may explain the delayed appearance of vascular remodeling (for
example, first seen at week 4 ALDO/salt treatment). The prospect that
H2O2 serves as second messenger to mimic antigen-antigen receptor
binding121 is also raised by these findings given that the heart remains
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intact before the appearance of vascular lesions. In future studies,
decoding the PBMC molecular phenotype (that is, their transcriptome
and proteome) may yield novel non-invasive biomarkers of risk, onset
and progression of vascular remodeling.

Intervention(s) preventing the appearance of an
immunostimulatory state
In recognizing the pathogenic roles of hormone-induced, redox state-
transduced activation of immune cells in leading to the proinflam-
matory vascular phenotype, the prevention of such adverse structural
remodeling related to underlying pathophysiological mechanisms can
be developed. The reduction in arterial pressure is becoming less
relevant and indeed may prove an indirect outcome to successful
immunomodulation. A paradigm depicting the pathophysiological
scenario—inflammation to fibrosis—is shown in Figure 6, together
with potential pharmacological interventions. Cumulative experi-
mental evidence is emerging to suggest the therapeutic role of
these agents as immunomodulators. These include: attacking the
neuroendocrine-immune interface via antagonists to AT1,101,106,122

ALDO,12,13,104,123,124 or endothelinA
60,100,107,125 receptors; and pre-

venting intracellular Ca2+ loading, which is responsible for
the induction of oxi/nitrosative stress, by using a dihydropyridine
receptor blocker103,126 or T-type127 Ca2+ channel blocker. Shoring

up endogenous antioxidant defenses with the administration of
an antioxidant, such as PDTC, N-acetylcysteine or probu-
col,13,105,108,109,128–131 represent other avenues. Agents that are active
in modulating oxidative stress and influencing the transcription of
genes, which promote the proinflammatory vascular phenotype,
such as 3-hydroxy-3-methyglutaryl coenzyme A reductase102,132–134

and ligands to peroxisome proliferator-activated receptor-gamma
and -alpha,135–139 also prove to be cardio- and renoprotective.
Selective inhibition of phosphodiesterase isoforms, which iterate
cyclic nucleotide second messengers (cAMP and cGMP) to down-
regulate mitogen- and antigen-induced T-cell proliferation, Th-1-
and Th-2-derived proinflammatory cytokines and adhesion molecule
expression in these cells have also been reported to be cardioprotec-
tive.140 Furthermore, mycophenolate mofetil, which selectively inhi-
bits T-cell proliferation,141 was renoprotective.130

SUMMARY AND CONCLUSIONS

EICA accompanies inappropriate (relative to dietary Na+) elevations
in PAC, or aldosteronism, and leads to a pro-oxidant phenotype
involving such diverse tissues as the heart and PBMC. The deleterious
dual consequences of elevated PAC and dietary Na+ are linked to the
induction of oxidative stress via PTH-mediated intracellular Ca2+

overloading, and which may relate to the pathogenesis of the CMS
and its components. The genesis of this SHPT occurs in response to
plasma-ionized hypocalcemia and hypomagnesemia, whose appear-
ance is the consequence of marked urinary and fecal excretory losses of
Ca2+ and Mg2+ that accompany chronic aldosteronism.

Sustained EICA has its pathological consequences. In the case of
cardiac myocytes and mitochondria, intracellular Ca2+ overloading
leads to an induction of oxidative stress and opening of the mitochon-
drial permeability transition pore with ensuing organellar destruction
and cellular necrosis, with subsequent replacement fibrosis, or scarring.
In PBMC, the EICA and resultant oxidative stress contributes to the
activation of lymphocytes and monocytes with this immunostimula-
tory state eventuating in a vasculopathy of the intramural coronary
vasculature and appearance of a perivascular fibrosis. Intracellular Ca2+

overloading serves as pro-oxidant; it is intrinsically coupled to intra-
cellular Zn2+ dyshomeostasis serving as antioxidant. Pharmaceutical
and/or nutriceuticals used as targeted interventions of the cellular and
molecular pathways leading to EICA or intracellular Zn2+-based
antioxidant defenses protect against adverse myocardial remodeling,
and thereby are cardioprotective. These cumulative salutary responses
raise the prospect that therapeutic interventions, capable of favorably
influencing extra- and intracellular Ca2+ and Zn2+ equilibrium, could
potentially optimize the management of aldosteronism.
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