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Abstract
Chronic aldosterone/salt treatment (ALDOST) is accompanied by an adverse structural
remodeling of myocardium that includes multiple foci of microscopic scarring representing
morphologic footprints of cardiomyocyte necrosis. Our previous studies suggested that signal-
transducer-effector pathway leading to necrotic cell death during ALDOST includes
intramitochondrial Ca2+ overloading, together with an induction of oxidative stress and opening of
the mitochondrial permeability transition pore (mPTP). To further validate this concept, we
hypothesized mitochondria-targeted interventions will prove cardioprotective. Accordingly, 8-wk-
old male Sprague-Dawley rats receiving 4 wks ALDOST were cotreated with either quercetin (Q),
a flavonoid with mitochondrial antioxidant properties, or cyclosporine A (CsA), an mPTP
inhibitor, and compared to ALDOST alone or untreated, age-/sex-matched controls. We
monitored: mitochondrial free Ca2+ and biomarkers of oxidative stress, including 8-isoprostane
and H2O2 production; mPTP opening; total Ca2+ in cardiac tissue; collagen volume fraction
(CVF) to quantify replacement fibrosis, a biomarker of cardiomyocyte necrosis; and employed
TUNEL assay to address apoptosis in coronal sections of ventricular myocardium. Compared to
controls, at 4 wks ALDOST we found: a marked increase in mitochondrial H2O2 production and
8-isoprostane levels, an increased propensity for mPTP opening, and greater concentrations of
mitochondrial free [Ca2+]m and total tissue Ca2+, coupled with a 5-fold rise in CVF without any
TUNEL-based evidence of cardiomyocyte apoptosis. Each of these pathophysiologic responses to
ALDOST were prevented by Q or CsA cotreatment. Thus, mitochondria play a central role in
initiating the cellular-molecular pathway that leads to necrotic cell death and myocardial scarring.
This destructive cycle can be interrupted and myocardium salvaged with its structure preserved by
mitochondria-targeted cardioprotective strategies.
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INTRODUCTION
Chronic inappropriate (relative to dietary Na+) elevations in plasma aldosterone occurs with
congestive heart failure (CHF), low-renin hypertension or primary aldosteronism, and
contribute to an adverse structural remodeling of the myocardium including the appearance
of multiple foci of microscopic scarring, footprints of prior cardiomyocyte necrosis (1–4).
Pathophysiologic responses involved in the appearance of this replacement fibrosis have
been examined in our well-established rat model of chronic aldosteronism, where plasma
aldosterone levels are raised to those found in human CHF, together with a 1% NaCl diet.
Cardiac pathology first appears at wk 4 of aldosterone/salt treatment (ALDOST)
encompassing both the right and left atria and ventricles (5,6). Through a series of
experimental interventions in rats with ALDOST, we identified intracellular Ca2+

overloading leading to the induction of oxidative stress as contributory to cardiac myocyte
necrosis and hence foci of scarring (7–10).

The cellular-molecular mechanisms involved in the signal-transducer-effector pathway
leading to myocardial necrosis during ALDOST were next examined. The excessive
intracellular Ca2+ accumulation was found to involve both cytosolic and mitochondrial
compartments (11,12). These studies further identified that Ca2+ overloaded mitochondria
are the predominant source of reactive oxygen species (ROS) and consequent
dysequilibrium between prooxidants and endogenous antioxidants. These sequelae
predispose vulnerable mitochondria to pathologic opening of the mitochondrial permeability
transition pore (mPTP) with ensuing osmotic swelling and their degeneration that is
detrimental to cardiomyocyte survival (13,14). Cotreatment with antioxidants, N-
acetylcysteine, a Zn2+ ionophore, or ZnSO4 supplement have proven cardioprotective in
counteracting the proinflammatory phenotype, oxidative stress and cardiomyocyte necrosis
with replacement fibrosis in chronic ALDOST (5,11,14). Furthermore, Cai and coworkers
have found supplemental Zn2+ to be cardioprotective against the oxidative injury associated
with either diabetic or alcohol-induced cardiomyopathy (15,16).

Hence, mitochondria appear to play a central role in initiating a destructive cycle leading to
cell death. This common pathogenic mechanism also underlies several neurodegenerative
disorders (17,18). However, the importance of mitochondria-generated ROS in altering
cardiomyocyte redox state and its role in leading to necrotic cell death during ALDOST,
albeit CHF, remains uncertain. Accordingly, the present study was undertaken to explore the
validity and universality of that central concept. Herein, we hypothesized mitochondria-
targeted interventions would prove cardioprotective in rats receiving 4 wks ALDOST.
Javadov, et al. (19) have suggested the attenuation of ROS accumulation and inhibition of
mPTP opening as two different yet promising pathways. Consequently, we examined
responses to cotreatment with either quercetin, a flavonoid with mitochondrial antioxidant
properties (20), or cyclosporine A (CsA) an mPTP inhibitor (21). Compared to age-/gender-
matched untreated controls, we monitored: total Ca2+ in cardiac tissue; mitochondrial free
Ca2+ and biomarkers of oxidative stress that included their production of H2O2 and 8-
isoprostane level, an index of lipid peroxidation; mitochondrial mPTP opening; and collagen
volume fraction, a marker of necrosis, and TUNEL assay as an estimate of apoptosis in
coronal sections of the heart.
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METHODS
Animal Model

Eight-week-old male Sprague-Dawley rats were used throughout this series of experiments
approved by our institution’s Animal Care and Use Committee. As reported previously and
following uninephrectomy, an osmotic minipump containing ALDO was implanted
subcutaneously. It releases ALDO (0.75 μg/h) to raise circulating ALDO levels to those
commonly found in human CHF that suppresses plasma renin activity and circulating levels
of angiotensin II. Drinking water was fortified with 1% NaCl and with 0.4% KCl to prevent
hypokalemia. A detailed accounting of this model, including various experimental controls
(e.g., uninephrectomy, ALDO, or 1% NaCl treatment alone) have been reported elsewhere
(12,22).

Separate groups of rats received ALDOST plus 4 wks cotreatment with either: a) quercetin
(25 mg/kg/day by once-daily gavage); or b) cyclosporine A (10 mg/kg/day by once-daily
subcutaneous injection).

Cardiac pathology first appears at wk 4 ALDOST. We therefore restricted the present study
to this time point. Rats were killed at 4 wks ALDOST alone or at wk 4 ALDOST plus either
cotreatment. Unoperated, untreated gender-/age-matched rats served as controls.

Isolation of Mitochondria
Mitochondria were isolated by differential centrifugation from whole heart homogenates and
the purity of the mitochondrial preparation and integrity of their membranes were routinely
assessed as we previously reported (11,13).

Mitochondrial H2O2 Production
We monitored H2O2 released by these organelles in response to succinate stimulation as we
previously reported (14).

Mitochondrial 8-Isoprostane
Mitochondrial 8-isoprostane levels were measured using a competitive enzyme
immunoassay as we previously reported (11).

Mitochondrial mPTP Opening
mPTP opening was evaluated by 200 μM Ca2+-induced swelling of isolated mitochondria
and it was completely prevented by preincubation of the organelles with 30 nM cyclosporine
A as we previously reported (13).

Myocardial Total Ca2+

Heart tissue was harvested at wk 4 ALDOST and total tissue Ca2+ concentration determined
by flame atomic spectroscopy as we previously reported (23).

Mitochondrial Free [Ca2+]m
Mitochondrial free [Ca2+]m was determined by the ratiometric method using FURA-2 and
expressed as nanomolar as we previously reported (14,24).

Cardiac Morphology
The extent of cardiac fibrosis was assessed by picrosirius red staining in coronal sections (6
μm) of the right and left ventricles and examined by light microscopy as we previously
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reported (5). Collagen volume fraction found in each of the sections was determined using a
computer image analysis as we previously reported (25).

TUNEL Assay for Cardiomyocyte Apoptosis
Apoptosis was detected using an Apop Tag Fluorescein kit (Intergen, Norcross, GA, USA).
In brief, cryostat sections (6μm) were fixed in 1% paraformaldehyde, followed by
incubation with terminal deoxynucleotidyl transferase (TdT) enzyme. Sections were then
incubated with anti-digoxigenin conjugated with fluorescein. Sections were mounted and
viewed by fluorescence microscopy (26).

Statistical Analysis
Group data are presented as mean±SEM, and analyzed by one-way ANOVA in SPSS
software (ver. 18.0; SPSS, Inc., Chicago, Illinois, USA) with p<0.05 as significant.
Multiple-group comparisons between two groups were made by Scheffe’s F-test.

RESULTS
Mitochondrial Oxidative Stress

In mitochondria harvested from hearts of rats receiving 4 wks ALDOST alone, succinate-
stimulated H2O2 production was significantly increased (p<0.05) compared to untreated
controls (see Figure 1, upper panel). A significant increase was also found in mitochondrial
8-isoprostane levels at 4 wks ALDOST (p<0.05) compared to controls (see lower panel,
Figure 1). These findings indicate the presence of oxidative stress in cardiac mitochondria
during the chronic stressor state that accompanies 4 wks of aldosteronism.

The increase in mitochondrial H2O2 production and 8-isoprostane levels seen during 4 wks
ALDOST were each prevented (p<0.05) in response to cotreatment with the flavonoid,
quercetin (see Figure 1, upper and lower panels, respectively) in keeping with its antioxidant
properties. Cyclosporine A attenuated (p<0.05) both the increment in mitochondrial H2O2
production and increased level of mitochondrial 8-isoprostane seen during 4 wks ALDOST
(see Figure 1, upper and lower panels, respectively).

Mitochondrial Permeability Transition Pore Opening
The decrease in spectrophotometric absorbance due to mPTP opening induced by 200 μM
CaCl2 in mitochondria harvested at 4 wks ALDOST was greater than that seen in the
controls (see Figure 2). This implicates an increased propensity of cardiomyocytes to mPTP
opening and a greater susceptibility to necrosis during chronic aldosteronism. In this
context, the observed frequency in mPTP opening seen in response to 4 wks ALDOST was
attenuated (p<0.05) by quercetin cotreatment (see Figure 2). The increased propensity to
mPTP opening in cardiomyocytes that occurs during 4 wks ALDOST was prevented
(p<0.05) by CsA cotreatment (see Figure 2).

Mitochondrial Total and Free Ca2+

In view of the anticipated intracellular Ca2+ overloading of cardiac myocytes and
mitochondria seen during aldosteronism, total Ca2+ in cardiac tissue was significantly
increased (p<0.05) at 4 wks ALDOST (see Figure 3). Along with the rise in total cardiac
tissue Ca2+, mitochondrial free Ca2+ was also significantly increased (p<0.05) at 4 wks
ALDOST (see Figure 4).

Unlike the myocardial Ca2+ overloading seen at 4 wks of ALDOST alone, quercetin
cotreatment attenuated the rise of total Ca2+ in cardiac tissue and the levels were virtually
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indistinguishable from controls (see Figure 3). This would further implicate that reactive
oxygen species indeed contribute to the excessive Ca2+ entry into the cardiomyocytes during
chronic ALDOST and which could be attenuated by quercetin cotreatment. Likewise,
mitochondrial free [Ca2+]m was significantly attenuated (p<0.05) but not totally abrogated
with quercetin cotreatment (see Figure 4).

Similar to quercetin, cotreatment with CsA also prevented (p<0.05) intracellular Ca2+

overloading of cardiac tissue. This finding again supports our contention that reactive
oxygen species contribute to Ca2+ overloading of myocardium during 4 wks ALDOST (see
Figure 3). Furthermore, mitochondrial Ca2+ overloading was significantly attenuated
(p<0.05) but not abolished by CsA cotreatment (see Figure 4).

Cardiac Pathology
In rats receiving ALDOST for 4 wks, we did not find any evidence of apoptotic
cardiomyocytes in either the left or right ventricles. At the same time, however, 4 wks
ALDOST was associated with the appearance of replacement fibrosis involving both the
right and left heart that structurally represent morphologic footprints of cardiomyocyte
necrosis. Myocardial fibrosis was quantified to be a 5-fold increase in collagen volume
fraction (p<0.01) found in coronal sections of the right and left ventricles. In response to
cotreatment with either quercetin or CsA, myocardial scarring found at 4 wks ALDOST was
significantly attenuated (p<0.05) by each of the targeted interventions (see Figure 5). Taken
together, our cumulative findings presented herein unequivocally upholds our notion that in
targeting mitochondria with either quercetin or cyclosporine A to prevent oxidative stress
during aldosteronism, it is feasible to pharmacologically salvage myocardium and its
cardiomyocytes.

DISCUSSION
In rats, 4 wks aldosterone/salt treatment (ALDOST) is accompanied by multiple foci of
microscopic scarring, a footprint of previous cardiomyocyte necrosis. As depicted in Figure
6, intracellular Ca2+ overloading, including significantly elevated cytosolic [Ca2+]i and
mitochondrial [Ca2+]m, together with the accompanying induction of oxidative stress and
pathologic opening of the mitochondrial permeability transition pore (mPTP), have been
implicated as integral components of a signal-transducer-effector pathway contributing to
cardiomyocyte necrosis and subsequent fibrosis during ALDOST. A similar
pathophysiologic scenario evolves in ischemia/reperfusion injury (27). The rate of reactive
oxygen and nitrogen species (ROS/RNS) generation at wk 1 ALDOST is offset by
endogenous antioxidant defenses (13). However, persistent intracellular Ca2+ overloading
and marked rise in oxidative stress at wk 4 overwhelms their rate of elimination by these
defenses and accounts for the delayed appearance of cardiomyocyte necrosis and fibrosis
(7,8,13). In fact, persistent mitochondrial Ca2+ overloading, coupled with their ongoing
generation of ROS, orchestrate a sustained activation of L-type Ca2+ channels that
eventuates in cellular necrosis (28). In turn, activated L-type Ca2+ channels dictate the
functional dysregulation of mitochondria via sustained intracellular Ca2+ entry and its
organellar influx, thus creating a positive feedback loop (see Figure 6) (29,30). ROS
generation in cardiomyocytes may arise from several sources: a sarcolemmal-bound
NADPH oxidase; xanthine oxidase in the cytosol; and most predominantly within the
mitochondrial inner membrane. The crucial pathophysiologic roles of mitochondria as a
primary source in contributing to cardiac pathology during ALDOST deserves to be further
explored. In this context, we targeted mitochondria with pharmacologic interventions to
ascertain the role of these organelles in leading to necrosis with scarring and the
cardioprotective potential of these agents when given as cotreatment to rats receiving
ALDOST. These included: quercetin, a naturally occurring flavonoid found in fruits, having
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uncoupling activity in rat heart mitochondria (20); and cyclosporine A, an
immunosuppressant which is also a mPTP inhibitor (21).

Chronic inappropriate (relative to dietary Na+) aldosteronism in rats is associated with a
persistent excessive accumulation of Ca2+ in the heart and systemic tissues, including
skeletal muscle and peripheral blood mononuclear cells (7,8,13,24). As we demonstrated
here, Ca2+ overloading in cardiac tissue and its cardiac myocytes at 4 wks ALDOST
includes an increase in mitochondrial free [Ca2+]m coupled with the contemporaneous
appearance of oxidative stress in these organelles and expressed by their increased
production of H2O2 and levels of 8-isoprostane, coupled with an increased propensity for the
opening of their mPTP. In permeabilized cardiomyocytes, an increase in cytosolic [Ca2+]i
involves calmodulin and calmodulin-dependent protein kinase II with resultant depolarized
mitochondrial membrane potential eventuating in the osmotic destruction of these organelles
and leakage of their contents, including calcein (31). These events could be prevented by
either chelating cytosolic Ca2+ or reducing mitochondrial Ca2+ entry through the inhibition
of the Ca2+ uniporter (31). The mPTP apparatus of the inner membrane importantly includes
cyclophilin D, a peptidyl prolyl-cis, trans-isomerase, which is integral to its functional
opening and essential to the Ca2+ overloading and oxidative stress-induced pathway
regulating cardiomyocyte necrosis (vis-a-vis apoptosis) (32,33). Collectively, these findings
epitomize the notion that mitochondrial Ca2+ homeostasis and redox state are integral to cell
survival. As has been implicated, intracellular Ca2+ overloading, in association with the
induction of oxidative stress and increased intramitochondrial Ca2+, triggers
pathophysiologic responses leading to cardiomyocyte necrosis (34–36). The necrotic death
of cardiomyocytes is followed by tissue repair and a replacement fibrosis expressed as an
increment in the proportion of myocardium occupied by fibrillar collagen and quantitated
histochemically in tissue prepared with a collagen-specific picrosirius red stain as a rise in
its a collagen volume fraction. We did not find any evidence of apoptotic cardiomyocytes at
4 wks ALDOST.

Herein, we used a 4-wk course of quercetin cotreatment as a mitochondria-targeted
antioxidant. We demonstrated that at wk 4 ALDOST, H2O2 production and 8-isoprostane
levels in cardiac mitochondria harvested from rats receiving quercetin cotreatment were
indistinguishable from values found in untreated, age-/sex-matched controls. This suggests
quercetin had indeed prevented the appearance of oxidative stress in mitochondria.
Moreover, the antioxidant properties of quercetin and reduction in ROS generation also
attenuated the propensity to pathologic mPTP opening and the appearance of
cardiomyocytes necrosis, as inferred from the significant prevention to the rise in
myocardial collagen volume fraction. The rise in cardiac tissue total Ca2+ content was
prevented by quercetin while the rise in [Ca2+]m was attenuated by this flavonoid. In
keeping with the prevention of oxidative stress by quercetin, the attenuation in myocardial
Ca2+ overloading supports the premise of redox regulation of L-type Ca2+ channels (28,30).
However, we cannot discount whether ancillary and hitherto unknown properties of
quercetin, other than a direct interaction with mitochondria, may be contributory to our
cardioprotective findings of this flavonoid.

Flavonoids, in doses corresponding to several glasses of red wine, have been found to be
cardioprotective in other experimental models. These include coronary artery ligation-
induced myocardial infarction in either normal rats and those with streptozocin-induced
diabetes and in rats hearts following ischemia/reperfusion injury (37,38). In cultured
neonatal cardiomyocytes, timed incubation with quercetin resulted in the induction of
cellular antioxidant/detoxifying genes, especially an upregulation of phase 2 enzymes (39).
In addition to their antioxidant properties, flavonoids are thought to derive additional
cardioprotective properties from their ability to chelate iron, which is relevant to
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doxorubicin-induced cardiomyopathy and iron-dependent downregulation of inducible nitric
oxide synthase that accompanies endotoxemia (40–42).

Another mitochondria-directed intervention we examined in our rat model of aldosteronism
is cotreatment with CsA, an mPTP opening inhibitor and cyclophilin D target located in the
mitochondria matrix and absolute requirement for Ca2+-mediated oxidative injury-induced
cardiomyocyte necrosis (33,36,43). Previous studies had shown CsA could prevent calcein
leakage in permeabilized cardiomyocytes in response to increased cytosolic Ca2+ and
isoproterenol-induced Ca2+ overloading (31,36). We found a 4-wk course of CsA
cotreatment prevented the rise in total tissue Ca2+, attenuated the rise in [Ca2+]m and, in
turn, the appearance of oxidative stress in mitochondria, as expressed by H2O2 production
and 8-isoprostane level, together with the abrogation of cypD-mediated Ca2+-dependent
mPTP opening. These responses were accompanied by less microscopic scarring and
evidenced by the attenuated rise in CVF, suggestive of less necrosis and fibrosis. However,
we could not conclusively establish a direct cause and effect relationship between CsA and
mPTP opening since CsA has other important properties, including its inhibition of
calcineurin. We could not conclusively establish a direct cause and effect relationship
between CsA and mPTP opening since CsA has other pharmacologic properties, besides the
inhibition of calcineurin. Although calcineurin-nuclear factor of activated T cell (NFAT)
transcription factor-mediated pathways have been implicated in regulating cardiomyocyte
growth (44,45), its putative role in pathologic cardiac remodeling, such as seen in response
to chronic aldosteronism, remains largely uncertain at this time. We have considered
cotreating rats receiving ALDOST with FK506, a more specific calcineurin inhibitor. Unlike
CsA, however, FK506 inhibits aldosterone-stimulated epithelial cell Na+ transport (46). In
our model, urinary and fecal Na+ transport is not only fundamental, but also a prerequisite
for the ultimate appearance of ionized hypocalcemia with secondary hyperparathyroidism.
Parathyroid hormone-mediated intracellular Ca2+ overloading plays the crucial role in
inducing cardiac and systemic oxidative stress and subsequent sequelae of chronic
aldosteronism (7,8).

Notwithstanding to the major salutary findings presented here, our study has several
limitations. We readily acknowledge that quercetin and CsA each might have other
pharmacologic properties which extend beyond that focus solely on mitochondria.
Recognizing these wide-ranging nonspecificities, we would not venture out to speculate that
our observations in mitochondria are specifically related to their anti-inflammatory or
immunosuppressive properties, respectively. It is, therefore, advocated that more specific
mitochondria-targeted agents with well-defined modes of action be incorporated in future
studies, when they become widely available, to substantiate crucial and salutary
cardioprotective potentials of these agents.

In summary, mitochondrial Ca2+ homeostasis and redox state are crucial to cardiomyocyte
survival. In chronic aldosteronism, the mitochondrial Ca2+ overloading and oxidative stress-
induced mPTP opening pathway inevitably link to cardiomyocyte necrosis and consequent
replacement fibrosis (vis-a-vis apoptosis). Although may not be due exclusively to
mitochondria-targeted properties, quercetin or CsA have been effective in attenuating
oxidative stress and intracellular Ca2+ overloading, and accordingly each proved to be
significantly cardioprotective in rats with chronic aldosteronism.
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Figure 1.
Mitochondrial H2O2 production and 8-isoprostane levels in organelles harvested from
control hearts, with 4 wks aldosterone/salt treatment (ALDOST) alone, with 4 wks
ALDOST plus quercetin cotreatment and with 4 wks ALDOST plus cyclosporine A
cotreatment. *p<0.05 vs. controls; †p<0.05 vs. 4 wks ALDOST alone.
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Figure 2.
Mitochondrial swelling was induced by addition of 200 μmol/l CaCl2 into the reaction
chamber. The decrease in rate of changes in adsorption at 520 nm wavelength per minute
(A520/min) in absorbance was plotted against time (minutes). Four weeks of ALDOST
alone markedly increased mitochondrial transition pore opening (mPTP) compared with
control which was significantly attenuated by quercetin cotreatment and completely
prevented by cyclosporine A cotreatment.
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Figure 3.
Myocardial total Ca2+ concentration from control hearts, with 4 wks ALDOST alone, with 4
wks ALDOST plus quercetin cotreatment and with 4 wks ALDOST plus cyclosporine A
cotreatment. *p<0.05 vs. controls; †p<0.05 vs. 4 wks ALDOST alone.
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Figure 4.
Mitochondrial free Ca2+ concentration harvested from control hearts, with 4 wks ALDOST
alone, with 4 wks ALDOST plus quercetin cotreatment and with 4 wks ALDOST plus
cyclosporine A cotreatment. *p<0.05 vs. controls; †p<0.05 vs. 4 wks ALDOST alone.
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Figure 5.
Collagen volume fraction found in the coronal section of the right and left ventricles from
control hearts, with 4 wks ALDOST alone, with 4 wks ALDOST plus quercetin cotreatment
and with 4 wks ALDOST with cyclosporine A cotreatment. *p<0.05 vs. controls; †p<0.05
vs. 4 wks ALDOST alone.
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Figure 6.
The schematic governing our central hypothesis representing the pathophysiologic sequence
of events in chronic aldosterone/salt treatment (ALDOST) that perpetuate cardiomyocyte
necrosis with replacement fibrosis (or scarring) is presented. Intracellular Ca2+ overloading
of cardiomyocytes, mediated via L-type Ca2+ channels (LTCC), including cytosolic [Ca2+]i
and mitochondrial [Ca2+]m components, leads to the induction of oxidative stress and
generation of reactive oxygen species predominantly by mitochondria (heavy arrow) that
feeds back to perpetuate LTCC opening. This Ca2+ overloading-mediated redox injury
pathway involves the pathologic opening of the mitochondrial permeability transition pore
(mPTP)-cyclophilin D (cypD) complex. The ensuing osmotic swelling of these organelles
and their degeneration, coupled with impaired mitochondrial generation of high energy
phosphates, leads to cardiomyocyte necrosis and subsequent repair with fibrous tissue.
Quercetin serves as a potent mitochondria-targeted antioxidant, whereas cyclosporine A
(CsA), inhibits CypD-mediated Ca2+-dependent mPTP opening.
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