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Abstract
Cardinal pathologic features of hypertensive heart disease (HHD) include not only hypertrophied
cardiomyocytes and foci of scattered microscopic scarring, a footprint of prior necrosis, but also
small myocytes ensnared by fibrillar collagen where disuse atrophy with protein degradation
would be predicted. Whether atrophic signaling is concordant with the appearance of HHD and
involves oxidative and endoplasmic reticulum (ER) stress remains unexplored. Herein, we
examine these possibilities focusing on the left ventricle (LV) and cardiomyocytes harvested from
hypertensive rats receiving 4 wks aldosterone/salt treatment (ALDOST) alone or together with
ZnSO4, a nonvasoactive antioxidant, with the potential to attenuate atrophy and optimize
hypertrophy. Compared to untreated age-/sex-/strain-matched controls, ALDOST was
accompanied by: a) LV hypertrophy with preserved systolic function; b) concordant
cardiomyocyte atrophy (<1000 μm2) found at sites bordering on fibrosis where they were re-
expressing β-myosin heavy chain; and c) upregulation of ubiquitin ligases, MuRF1 and atrogin-1,
and elevated 8-isoprostane and unfolded protein ER response with mRNA upregulation of stress
markers. ZnSO4 cotreatment reduced lipid peroxidation, fibrosis and the number of atrophic
myocytes, together with a further increase in cell area and width of atrophied and hypertrophied
myocytes, and improved systolic function, but did not attenuate elevated blood pressure. We
conclude that atrophic signaling, concordant with hypertrophy, occurs in the presence of a
reparative fibrosis and induction of oxidative and ER stress at sites of scarring where myocytes are
atrophied. ZnSO4 cotreatment in HHD with ALDOST attenuates the number of atrophic
myocytes, optimizes size of atrophied and hypertrophied myocytes, and improves systolic
function.
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INTRODUCTION
The concentric left ventricular (LV) hypertrophy found in human hypertensive heart disease
(HHD) is considered a risk factor for adverse cardiovascular events, including heart failure
(1–5). HHD includes not only hypertrophied cardiomyocytes, but also widely scattered foci
of microscopic scarring, a footprint of myocyte necrosis, and perivascular fibrosis of
intramyocardial coronary arteries and arterioles that extends into the contiguous interstitial
space (6–11). As Bernard Swynghedauw has suggested, fibrosis is the “crucial determinant
of myocardial heterogeneity” (12).

A more detailed morphometric analysis of cardiomyocytes in HHD reveals heterogeneity in
size consisting of large cells, hypertrophied in response to the pressure overload placed on
the left ventricle by arterial hypertension, and small atrophic cells (6–8, 10). These atrophic
myocytes are found bordering on and within microscopic scars and perivascular/interstitial
fibrosis. At these sites of fibrosis, atrophic myocytes are ensnared by fibrillar collagen that
serves to anchor fibrous tissue within this hollow muscular organ and thereby preserving its
structural integrity. In turn, this architectural alignment reduces myocyte work with ensuing
disuse atrophy. It is therefore likely that hypertrophic and atrophic cardiomyocyte signaling
are operative concurrently in HHD in response to disparate loading conditions: one which
stems from the increased hemodynamic burden placed on the LV; and the other arises from
unloading that prevails locally within microdomains of fibrosis. The re-expression of beta-
myosin heavy chain, formerly considered a marker of increased myocyte work and
hypertrophy (13), occurs instead in these smaller myocytes distributed in clusters within
discrete foci of fibrosis and where it is now instead considered a marker of fibrosis (14, 15).
A similar correlation exists with the re-expression of atrial natriuretic peptide at sites of
perivascular fibrosis and microscopic scarring (16–22).

Diffuse cardiomyocyte atrophy is known to accompany ventricular hemodynamic unloading
associated with heterotopic transplantation (23, 24), right ventricular failure with
underfilling of the left ventricle (25), dietary caloric restriction (26) or taurine deficiency
(27), dexamethasone treatment (28) and cardiac sympathetic neuron ablation (29). Localized
atrophy is seen with the cardiac fibrosis associated with arterial hypertension (6–10) and
Trypanosoma cruzi infestation (30). Whether atrophic signaling is intrinsically coordinated
with hypertrophy remains to be elucidated. Redox signaling and endoplasmic reticulum
(ER) stress are common to disuse atrophy in skeletal muscle (31–34) and oxidative stress is
an integral pathophysiologic feature of hypertension (35). Atrophic remodeling is a
coordinated interaction between redox signaling and FoxO (Forkhead box-containing
protein, O subfamily) transcription factors-dependent activation of the redox-sensitive
proteolytic ubiquitin-proteasome system (UPS) with its E3 ligases, MuRF1 and atrogin-1
(28, 29, 36, 37).

Herein, we tested our hypothesis whether atrophic signaling is coupled to oxidative/ER
stress in the myocardium and its cardiomyocytes harvested from rats with HHD in response
to 4 wks chronic aldosterone/salt treatment (ALDOST) (38, 39). We compared observed
iterations to those found in untreated age-/sex-/strain-matched controls. In ALDOST rats,
plasma aldosterone levels are raised (inappropriately for 1% dietary Na+ intake) to those
seen in human primary or secondary aldosteronism, together with suppressed plasma renin
activity and angiotensin II, and is accompanied by a gradual rise in arterial pressure and
appearance of concentric LVH. A pathologic structural remodeling of myocardium,
resembling its clinical counterpart (40), first appears at 4 wks ALDOST (38, 39). We further
sought to identify potential targets for intervention that could attenuate atrophy and optimize
hypertrophy. In this context, we explored the relevance of oxidative stress and fibrosis in
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regulating cardiomyocyte size (vis-à-vis hypertension) using cotreatment with ZnSO4, a
non-vasoactive antioxidant and Zn2+ donor, which together with upregulated expression of
its binding protein, metallothionein, accounts for increased tissue Zn2+ at sites of cardiac
injury to provide cardioprotection (41–44).

METHODS
Animal Model

Eight-week-old male Sprague-Dawley rats were used throughout this series of experiments
approved by the Animal Care and Use Committee of our institution. As reported previously
and following uninephrectomy, an osmotic minipump containing ALDO was implanted
subcutaneously to raise circulating ALDO levels to those commonly found in human CHF
(45). Drinking water was fortified with 1% NaCl and with 0.4% KCl to prevent
hypokalemia. A separate group of rats received ALDOST plus zinc sulfate (40 mg/day by
gavage) as cotreatment. Unoperated, untreated age-/sex-/strain-matched rats served as
controls. Each group consisted of 6 rats. Animals were killed at week 4 of each regimen.

Transthoracic Echocardiography
Echocardiography was performed with 7.0 MHz pediatric transducer in anesthetized rats.
Parasternal short axis 2-D and M-mode views were acquired at the level of papillary
muscles. Fractional shortening was calculated from the M-mode view. Relative wall
thickness was determined using the ratio of (septum thickness + posterior wall thickness) ÷
end-diastolic diameter.

Blood Pressure Measurement
Blood pressure (BP) was measured at wk 4 ALDOST using the tail-cuff method. Animals
were acclimated for three days before BP was taken.

Collagen Volume Fraction
The presence of cardiac pathology based on the extent of fibrosis was assessed by collagen-
specific picrosirius red staining in coronal sections (6 μm) of the ventricles and observed by
light microscopy with polarized light as previously reported (39). Collagen volume fraction
was determined separately for microscopic scars and perivascular/interstitial fibrosis found
in each section using a computer image analysis system (NIH Image software, 1.60), as
previously reported (39).

Cardiac Myocyte Isolation
Cardiomyocytes were isolated by retrograde perfusion of the crystalloid-perfused heart as
we previously reported (42).

Cardiomyocyte Size Planimetry
For discriminating cell size, freshly isolated cardiac myocytes were spread on glass slides,
air-dried and fixed for 15 min in 10% formalin. Cells were stained with hematoxylin-eosin
and photographed using a Kodak digital camera. Cell area and length were measured using
NIH Image software. Average cell width was calculated as area/length. One hundred or
more cardiomyocytes were measured from each rat heart isolate.

Flow Cytometry
Flow cytometry was used to sort cells producing nitric oxide (NO), reactive oxygen species
(ROS), and intracellular α and β smooth muscle myosin in isolated rat cardiomyocytes
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obtained by retrograde collagenase perfusion from the various experimental groups.
CellROX® and DAF-FM diacetate (4-amino-5-methylamino- 2',7'-difluorofluorescein
diacetate) (Life Technologies, Grand Island, NY) were used to detect NO and ROS,
respectively, in viable, unfixed cardiomyocytes. Cardiomyocytes were positively identified
with a rabbit antibody to β adrenergic receptor 1 (Abcam Biochemicals, Cambridge, MA)
followed by APC-goat anti-rabbit IgG. Propidium iodide (PI) was used for dead cell
discrimination. For gating and analysis, live cardiomyocytes were identified as APC+ PI−

cells. Separate samples of cardiomyocyte labeled with β adrenergic receptor 1 were
paraformaldehyde fixed and saponin permeabilized by Perm/Wash™ (BD Biosciences, San
Jose, CA). Mouse monoclonal antibodies (mAbs) BA-G5, IgG2b and NOQ7.5.4, IgG1 were
used to detect intracellular α- and β-smooth muscle myosin, respectively (15). Goat anti-
mouse IgG2b-PE-Cy7 and goat anti-mouse IgG1-PE were used to detect the BA-G5 and
NOQ7.5.4 mAbs, respectively. For gating and analysis, cardiomyocytes were identified as
APC+ PE-Cy7+ that are either producing β-smooth muscle myosin, PE+, or not, PE−.
Cardiomyocytes so identified were sorted into distinct, isolated subpopulations for
downstream RNA expression analyses. Flow cytometric analyses were performed on either
a BD Biosciences LSR II or FACSAria II. Sorting was performed on the FACSAria II.

Cardiac 8-Isoprostane
Cardiac tissue total 8-isoprostane (free and esterified) was measured using a competitive
enzyme immunoassay kit (Cayman Chemical, Ann Arbor, MI, USA) as reported previously
(46).

Western Blotting
For immunoblotting, cardiac myocytes were lysed with SDS-urea buffer (40 mM Hepes, 4
M urea, 1% SDS, pH 7.4). Protein content was measured with bicinchoninic acid assay
method (Pierce Biotechnology, Rockford, IL). From each sample aliquots containing 20 μg
of total protein were separated on 10% SDS-polyacrylamide gels and transferred to
nitrocellulose membranes in accordance with standard procedures. Membranes were
blocked in 5% non-fat milk in TBST (0.25% Tween 20) for 1 hr. Incubation with the
primary antibodies to rabbit anti-protein disulfide isomerase (anti-PDI; 1:1000; Cell
Signaling Technology, Danvers, MA), and mouse monoclonal to KDEL (1:1000; Stressgen
Biotechnologies, San Diego, CA) and GADPH (1:10000) was performed overnight at 4°C.
Immunodetection was achieved using the horseradish peroxidase (HRP) conjugated anti-
mouse and anti-rabbit IgG (1:10000; Sigma-Aldrich, St. Louis, MO) and bands visualized
with the ECL system (Pierce Biotechnology, Rockford, IL). Protein loading was normalized
using GADPH as a housekeeping protein.

Immunofluorescence and Immunohistochemistry
For immunofluorescence and immunohistochemical staining, 6 μm thick frozen sections or
air-dried cardiac myocytes on slides were fixed in 10% formalin, blocked with 3% BSA and
incubated with primary antibodies to myosin (1:200, MAB 1628, Millipore, Billerica, MA)
or KDEL (1:100, 10C3, Millipore) overnight at 4°C. Anti-Mouse IgG (Fab-specific)–FITC
(for myosin, F8771, Sigma, St. Louis, MO), and Dako LSAB2 HRP kit (for KDEL, Dako
North America, Carpintiria, CA) was used for the immunofluorescence or
immunohistochemistry detection, respectively. The slides were counterstained with DAPI or
hematoxylin, respectively.

Real-Time PCR
For real-time PCR, total mRNA was isolated and purified with the DNA-free™ kit
(Ambion, Austin, TX) from cardiac myocytes lysed in Trizol. Quantitative real-time PCR
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was carried out on an LC480 thermocycler using FastStart TaqMan Probe Master (Roche
Applied Science, Indianapolis, IN) according to the manufacturer's instructions. PCR
primers were:

Glucose-regulated protein 78 (GRP78)

forward – 5′CGTAACAATCAAGGTCTACGA,

reverse – 5′AGGTGACTTCAATCTGGGGTA;

Metallothionein 1 (MT1)

forward – 5′CACCAGATCTCGGAATGGAC,

reverse – 5′TGGAGCAGGTGCAGGAG (antisense);

Homocysteine-responsive endoplasmic reticulum-resident ubiquitin-like domain
member 1 (HERPUD1)

forward – 5′TTACGGGAAAGGGAAGTCCT,

reverse – 5′CTTGGAAAGTCTGCTGGAC;

Protein disulfide isomerase (PDI)

forward – 5′GAAGAGCAACTTCGCAGAGG,

reverse – 5′CACACCATGGGGCATAG;

X-box binding protein 1 (XBP-1)

forward – 5′TGCCCTGGTTACTGAAGAGG,

reverse – 5′CACCAGCCTTACTCCATTC;

Myosin heavy chain, α

forward – 5′AACTGAAAACGGCAAGACG,

reverse – 5′TGGCCATGTCCTCGATCT;

Myosin heavy chain, β

forward – 5′ATCAAGGAGCTCACCTACCA,

reverse – 5′TCCTGCAGTCGCAGTAGGTT;

Pro-atrial natriuretic peptide (pro-ANP) precursor

forward - 5′ACAGATCTGATGGATTTCAAGA,

reverse – 5′CTCATCTTCTACCGGCATC;

Atrogin-1

forward – 5′GAAGACCGGCTACTGTGGAA,

reverse – 5′TCAATCGCTTGCGGATCT;

Muscle RING-finger protein-1 (MuRF1)

forward – 5′GGACTCCTGCCGAGTGAC,

reverse – 5′TTGTGGCTCAGTTCCTCCTT;

Connective tissue growth factor (CTGF)

forward – 5′GCTGACCTAGAGGAAAACATTAAGA,
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reverse – 5′GCCCGGTAGGTCTTCACAC.

XBP-1 Splicing
Alternative splicing of XBP-1 was assessed with RT-PCR using primers according to
Thuerauf DF et al. (47), which spans both non-spliced and spliced region of mRNA. PCR
products were resolved electrophoretically on 2% agarose gel and visualized with ethidium
bromide staining.

Statistical Analysis
Data were expressed as mean±SEM. Comparisons between groups were performed with
one-way ANOVA using Scheffé's post-hoc analysis. Frequency distributions in cell size
were analyzed using Fisher's exact test. P values less than 0.05 were considered statistically
significant.

RESULTS
Arterial Hypertension in ALDOST

Four wks ALDOST was accompanied by arterial hypertension with a significant (p<0.05)
elevation in systolic and diastolic blood pressures (see Table 1). Cotreatment with ZnSO4, a
non-vasoactive antioxidant, did not attenuate this elevation in arterial pressure that
accompanies ALDOST.

Concentric Hypertrophy, Myocardial Fibrosis and Ventricular Function
Hypertrophy—Consistent with the concentric pattern of hypertrophy in ALDOST,
echocardiography demonstrated a significant (p<0.05) reduction in LV end diastolic
dimension (EDD) without any change in end systolic dimension (ESD) in keeping with the
observed increase in relative wall thickness (see Table 1).

Fibrosis—Light microscopy revealed scarring, a biomarker of earlier cardiomyocyte
necrosis of the nonpressure overloaded, nonhypertrophied RV and the pressure overloaded
hypertrophied LV, as well as perivascular/interstitial fibrosis involving intramyocardial
coronary arteries and arterioles. Pro-atrial natriuretic peptide (ANP), a molecular marker re-
expressed at sites of fibrosis, was also upregulated with 4 wks ALDOST (vida infra).

Collagen volume fraction (CVF) related to scarring was increased (p<0.05) more than two-
fold with ALDOST compared to controls (4.79±0.87 vs. 2.22±0.04%), as was the
perivascular/interstitial fibrosis component of CVF (p<0.05) compared to controls
(4.29±0.61 vs. 2.96±0.02%). Four weeks cotreatment with antioxidant ZnSO4 attenuated
necrosis as estimated by reduced microscopic scarring (3.89±0.34%), but did not modify the
coronary vasculopathy with perivascular fibrosis (4.20±0.31%) or re-expression of ANP.

Ventricular Function—Fractional ventricular shortening was unchanged between
controls and 4 wks ALDOST, but it was increased (p<0.05) with ZnSO4 cotreatment (see
Table 1). The decline in EDD in the absence of any change in shortening implicates diastolic
dysfunction with ALDOST and is consistent with the appearance of myocardial fibrosis
(vide infra).

ZnSO4 cotreatment revealed a tendency toward increased EDD and reduced ESD, together
with increased shortening compared to ALDOST alone, and is suggestive of improved
systolic function which is also consistent with the morphologic evidence of less myocardial
scarring and myocyte atrophy (see Table 1).
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Heterogeneity in Cardiomyocyte Size
Hypertrophy—A heterogeneity in cardiomyocyte size is found in the normal left ventricle
harvested from untreated control rats. Atrophic myocytes are seen at sites where normal
fibrillar collagen encircles these cells, such as occurs at the base of the mitral valve or with
their pending emergence as chordae tendineae from the papillary muscle (see Figure 1).
However, there was no evidence of β-myosin heavy chain (MHC) re-expression at these
sites (not shown).

To evaluate heterogeneity in cardiomyocyte size present at 4 wks ALDOST, isolated
cardiomyocytes were planimetered and their area, width and length determined in cells
harvested from each of the 3 experimental groups. Consistent with the concentric
hypertrophy associated with LV pressure overload, cell area and width (not length) were
increased (p<0.05; see Figure 2) at 4 wks ALDOST compared to controls (see Table 2).
ZnSO4 cotreatment led to a further increase (p<0.05) in cell area and width above that seen
with ALDOST alone (Figure 2 and Table 2).

Atrophy—Planimetry was used to examine variability in cell size. It revealed an increase in
the number of atrophic cardiomyocytes (<1000 μm2) at 4 wks ALDOST (see Figure 2)
compared to controls (17.9 vs. 15.1 %), and mean cell area was correspondingly reduced
(p<0.05) in this model of HHD. By morphologic interrogation, atrophic cardiomyocytes
were found bordering on sites of perivascular fibrosis (see panel A, Figure 3) and
microscopic scars (see panel B, Figure 3), where histochemical staining revealed them to be
ensnared by fibrillar collagen. In atrophic myocytes found at sites of fibrosis with scarring
(panel A, Figure 4), evidence of re-expression of β-MHC was identified by both
immunohistochemistry (panel B, Figure 4) and RTPCR (Table 3). A >6-fold increase in
mRNA expression of slow β isoform of MHC was observed to be a molecular signal of
atrophy in these smaller myocytes. Both atrophy and β-MHC re-expression were attenuated
by ZnSO4 cotreatment (vida infra). The α isoform of MHC was likewise upregulated with
ALDOST, but less dramatically, and ZnSO4 had no effect on the amplification of the α
isoform. ZnSO4 cotreatment reduced (p<0.05) the number of atrophic cells (11.6%) and
attenuated the reduction in mean cardiomyocyte area (see Table 2). We further subjected
cardiomyocytes isolated at 4 wks ALDOST by flow cytometry. Smaller atrophic viable
myocytes expressed biomarkers of oxidative stress and nitric oxide production as seen in top
and bottom panels of Figure 5, respectively.

Atrophic Signaling—The atrophic signaling network includes E3 ubiquitin ligases,
atrogin-1 and MuRF1, of the redox-sensitive UPS that participates in the degradation of
sarcomeric proteins and contributes to regulation of myocyte size. Expression of these ligase
genes was upregulated (p<0.05) in hearts harvested at 4 wks ALDOST (see Table 3). ZnSO4
cotreatment attenuated the induction of atrogin-1.

Oxidative and Endoplasmic Reticulum Stress
Oxidative Stress—Cardiomyocyte overloading of cytosolic and mitochondrial Ca2+ is an
integral feature of chronic aldosteronism and is accompanied by mitochondria-derived
oxidative stress in affected cardiomyocytes (43, 46). The oxidative stress compromises the
integrity of mitochondria by increasing the opening potential of the mitochondria
permeability transition pore and promotes misfolding and degradation of intracellular
proteins. The rate of ROS generation in cardiomyocytes with ALDOST exceeded their rate
of detoxification by endogenous Zn2+-based antioxidant defenses. Myocardial tissue levels
of 8-isoprostane, a biomarker for lipid peroxidation, were increased 10-fold at 4 wks
ALDOST compared to controls (390.1±86.0 vs. 34.7±6.4 pg/mg; p<0.05), and were
markedly attenuated by cotreatment with the antioxidant, ZnSO4 (24.2±3.5 pg/mg).
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ER Stress—The unfolded protein response (UPR) invoked by the endoplasmic reticulum
(ER) stress is induced by the misfolded and degraded proteins. The UPR increases
expression of various molecular chaperones, such as glucose-regulated proteins (GRP)78
and GRP94; a ubiquitously expressed transcription factor that undergoes alternative splicing
termed splicing of X-box protein (XBP)-1; and protein-disulfide isomerase (PDI) that
promotes refolding of misfolded proteins or their degradation by local ER-associated protein
degradation system (ERAD). Under conditions of ER-stress, the XBP-1 mRNA is converted
to active form by activated endoribonuclease IRE1. IRE1 catalyses excision of a 26
nucleotide unconventional intron from XBP-1 mRNA. Removal of this intron causes a
frame shift in XBP-1 coding sequence resulting in the translation of active XBP-1 isoform
(48). ERAD and UPR reduce cell death induced by oxidative stress; however, excessive ER
stress leads to necrosis.

We examined the expression of ER stress biomarkers (GRP78, XBP-1, PDI and
homocysteine-inducible, ER stress-inducible, ubiquitin-like domain member-1
(HERPUD1)) by real time PCR. Compared to controls, 4 wks ALDOST was accompanied
by the induction of these stress markers, including GRP78, XBP-1, HERPUD1 and PDI.
ZnSO4 cotreatment attenuated the induced expression of each of these genes (see Table 3).
Zn2+ may directly mediate protection of thiol groups in protein or induce metallothionein
(MT)-1, a thiol-rich protein induced by increased cytosolic free [Zn2+]i via its intracellular
sensor, metal-responsive transcription factor (MTF)-1. MT1 mRNA was upregulated nearly
3-fold with ALDOST (see Table 3). ZnSO4 attenuation of the ALDOST-induced increase in
GRP78 and the active isoform of XBP-1 was confirmed by immunoblotting (Figure 6A and
B, respectively).

ER stress in tissue sections was visualized by immunostaining with anti-KDEL antibody that
binds both GRP78 and GRP94 (Figure 6C). In normal heart only weak perinuclear staining
was visible. In contrast, cardiomyocytes and nonmyocyte cells surrounding scars and
perivascular fibrosis after 4 wks ALDOST were intensely stained. ZnSO4 cotreatment
attenuated GRP78 expression detected by immunostaining.

DISCUSSION
HHD accompanies the arterial hypertension of chronic ALDOST (49). HHD is manifest at
the organ level as concentric LV hypertrophy with relative increase in LV wall thickness
and reduction in EDD that normalizes systolic force per cross-sectional area of myocardium,
or systolic wall stress (49). The hypertrophy of cardiomyocytes and rise in cellular protein
synthesis is invoked by hemodynamic burden, or pressure overload, imposed by arterial
hypertension. At the tissue level, however, there are marked alterations in architecture due to
extracellular matrix remodeling and expressed as fibrosis. Myocardial fibrosis is inevitably
the root cause of heterogeneity in tissue structure and cell size (12).

Our study led to several major findings. First, smaller cardiomyocytes neighboring on the
normal valvular apparatus, including its chordae tendineae, or scar tissue and remodeled
vessels with perivascular fibrosis are encircled by fibrillar collagen. These encircled
cardiomyocytes have reduced workload leading to a fall in myocyte area (<1000 μm2). This
disuse atrophy did not have a preferential distribution within the subendo- or subepicardium.
At 4 wks ALDOST, myocyte atrophy is comparable to the proportional decrease in cell
length and cross-sectional area or even more extensive than that seen with the nonworking
perfused heart after heterotopic cardiac transplantation, where fibrosis is absent (50).
Atrophy of myocytes that favors the endomyocardium is seen with the scarring that follows
isoproterenol-induced cardiomyocyte necrosis (51). We found considerable heterogeneity in
cardiomyocyte size in HHD associated with ALDOST, exceeding regional variations that
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are present in the normal rat heart (50). In fact, the concordant hypertrophic and atrophic
remodeling of myocardium found in rats with 4 wks ALDOST strikingly resembles that seen
in human aldosteronism and essential hypertension (6–8, 10, 40). A reversal of such
maladaptive cardiomyocyte remodeling is a suggested therapeutic objective for the failing
heart (52).

Our second major finding indicates that atrophic remodeling of cardiomyocytes to be
simultaneous and associated with the pathophysiologic events subsequent to appearance of
oxidative stress, activation of UPS ligases and re-expression of β-myosin heavy chain at
sites of scarring, a footprint of necrosis. Cardiomyocyte necrosis is an outcome to events
that begin with augmented enteral and urinary excretory losses of Ca2+, Mg2+, and Zn2+ that
accompanies ALDOST. This leads to ionized hypocalcemia and hypomagnesemia, and
hypozincemia (44, 45, 53). Secondary hyperparathyroidism follows with parathyroid
hormone (PTH)-mediated intracellular Ca2+ overloading and induction of oxidative stress
leading to opening of the inner membrane permeability pore of subsarcolemmal
mitochondria (45, 53–55). We consider this pathophysiologic scenario to represent a
mitochondriocentric signal-transducer-effector pathway to nonischemic cardiomyocyte
necrosis (54–56). In peripheral blood mononuclear cells (PBMC; monocytes and
lymphocytes) these pathophysiologic events contribute to their activation with the ensuing
immunostimulatory state leading to invasion of coronary and systemic arterioles where
consequent vasculopathy accounts for the appearance of hypertension (57–60).

In addition to the disuse atrophy hypothesis, paracrine signaling involving cardiomyocytes
and myofibroblasts residing at microdomains of fibrosis, with or without heterocellular
coupling, may also be operative (61–63). Fibrous tissue is metabolically active through a
population of persisting, phenotypically transformed fibroblast-like cells termed
myofibroblasts (myoFb) that contain α-smooth muscle actin microfilaments. The myoFb
secretome has all essential components for de novo generation of angiotensin (Ang) peptides
(64, 65) and reactive oxygen species (39) whose paracrine properties may induce
intramyocytic Ca2+ overloading with oxidative stress that activates the UPS for proteolytic
breakdown and/or autophagy and atrophy of these neighboring myocytes. Using gene chip
array, one of us (ICG, personal communication) detected upregulation of ubiquitin-specific
peptidase (USP)2 in the rat myocardium at 4 wks ALDOST, together with downregulated
uncoupling protein (UCP)3. Upregulated USP2 and downregulated UCP3 occur with
heterotopic transplantation of the rat heart and after LV circulatory assist in man (23, 66).
Matrix remodeling and myocyte atrophy, therefore, appear to be concurrent and intertwined.

Cotreatment with non-vasoactive ZnSO4 did not attenuate the elevation in blood pressure or
hemodynamic stimulus to hypertrophy. Its antioxidant properties would be operative in both
PTH-driven oxidative stress in cardiomyocytes and redox signaling in myoFb. ZnSO4
attenuated necrosis and fibrosis, and simultaneously reduced the number of atrophic cells. In
so doing, it markedly diminished tissue heterogeneity while optimizing the hypertrophic
response that allowed a further increase in myocyte cell area and width and improved
systolic function.

Our third major finding is the unequivocal evidence of oxidative and ER stress responses in
the atrophic signaling associated with HHD during ALDOST. Oxidative stress has been
demonstrated at subcellular levels involving subsarcolemmal mitochondria in
cardiomyocytes as well as in PBMC, plasma and urine in ALDOST, and with aortocaval
fistula where renal ischemia and secondary aldosteronism are expected (45, 67, 68). In the
myocardium, biomarker evidence of oxidative stress with immunohistochemical localization
of 3-nitrotyrosine and redox-sensitive nuclear factor (NF)-κB activation have been identified
at sites of scarring and the coronary vasculopathy at 4 wks ALDOST (39). Moreover, these
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pathophysiologic responses were attenuated by cotreatment with N-acetylcysteine, an
antioxidant, or a Zn2+ ionophore, pyrrolidine dithiocarbamate (PDTC). Herein, ZnSO4 was
shown to attenuate lipid peroxidation with reduced tissue 8-isoprostane, reduce
cardiomyocyte necrosis and scarring, and reduce the number of atrophic cells and mean cell
area.

ER stress is an inherent protective strategy of cells, including cardiomyocytes to sustain
intracellular homeostasis in response to cell injury from degenerating proteins. At 4 wks
ALDOST, we found upregulation of ER stress biomarkers, including GRP78, XBP-1,
HERPUD1 and PDI, which were localized to cardiomyocytes and nonmyocyte cells
surrounding scars at sites of injury and perivascular fibrosis. Cotreatment with ZnSO4
attenuated these responses without reducing blood pressure suggesting injury is not related
to this hemodynamic factor. We therefore propose the Zn2+-dependent cardioprotective
response is related to increased cytosolic [Zn2+]i-mediated induction of MTF-1 and
upregulation of MT1, an antioxidant gene it regulates (43). MT1 expression was shown to
be increased nearly 3-fold. At sites of healing MT1 binds and confines Zn2+, where it
contributes to transcription and cell replication (44).

We readily admit our study has some obvious limitations. For example, we did not use an
antihypertensive agent to address more specifically the role of elevated blood pressure. The
choice of agent is inherently problematic for the following reasons: a) spironolactone, an
aldosterone receptor antagonist, attenuates the heightened excretory losses of Ca2+ and
Mg2+ seen during ALDOST, and thereby prevents SHPT (45); b) an angiotensin converting
enzyme inhibitor or receptor antagonist would impact the myoFb-based fibrous tissue
response (64); c) a Ca2+ channel blocker would prevent intracellular Ca2+ overloading with
oxidative stress and necrosis (67); and d) hydralazine, a nonspecific vasodilator, is
sympathomimetic. Furthermore, we did not monitor the hypertrophic signaling pathway,
involving calcineurin (69), and optimized by ZnSO4.

In summary, HHD that accompanies ALDOST involves LV hypertrophy, appearance of
fibrous tissue with concordant cardiomyocyte atrophy, induction of oxidative and ER stress
and mRNA upregulation of relevant genes. The ER stress response is consistent with the
activation of atrophic signaling from protein degradation. It seems highly likely that the
quantity of myocardium is not a credible risk factor for adverse cardiovascular events in
HHD. Instead, myocardial quality appears to be far more relevant. Furthermore, cotreatment
with a nonvasoactive antioxidant, ZnSO4, attenuated atrophy and optimized hypertrophy
thus enhancing systolic function. It is conceivable that in targeting microdomains of fibrosis
with the objective of rescuing and rightsizing atrophied cardiomyocytes that have been
exiled from the mainstream contractile mass, a novel strategy to rebuild myocardium with
these autologous cells may be at hand. Such an approach would be complementary to
current interest in regenerating myocardium using stem cells and/or progenitor cells.
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Figure 1.
Atrophic cardiomyocytes (yellow arrows) are found in the normal rat heart where they are
ensnared by fibrillar collagen. A) This includes the base of the mitral valve (open
arrowhead). Constitutive chordae tendineae (solid arrowheads) and tip of sectioned papillary
muscle (star) are also seen. B) Below the sectioned tip of the papillary muscle is fibrillar
collagen (pink interstitial space) surrounding smaller myocytes (yellow arrows) and which
will form chordae tendineae,. Hematoxylin and eosin; original magnification, 200×.
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Figure 2.
Frequency distribution of cardiomyocyte size, or percent cell area, seen in the left ventricle
harvested from untreated controls, 4 wks ALDOST and 4 wks ALDOST+ZnSO4
cotreatment. An increase in atrophic cells (500–1000 μm2) and hypertrophied cells (≥2200
μm2) was seen with ALDOST. Cotreatment with ZnSO4 attenuated the number of atrophic
cells while increasing the number of hypertrophied cells.
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Figure 3.
Histopathology reveals heterogeneity in myofiber size found in the rat left ventricle at 4 wks
aldosterone/salt treatment (ALDOST). (A) Hematoxylin and eosin (H&E) staining.
Perivascular/interstitial fibrosis involving an intramyocardial coronary artery. Yellow arrows
point to atrophic myofibers bordering on fibrosis and surrounded by fibrillar collagen
appearing as pink-stained interstitium (×20). (B) Picrosirius red staining with polarized light
to enhance fibrillar collagen surrounding atrophic myofibers (yellow arrows) (original
magnification, 100×).
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Figure 4.
LV free wall; 4 wks ALDOST. (A) Light microscopy (H&E) with pink fibrous tissue
surrounding cardiomyocytes (red) some of which are atrophic (yellow arrowhead) at the site
of scarring. (B) Immunohistochemistry. Atrophic cardiomyocytes re-express β-myosin
heavy chain (yellow arrowhead) at a site of scarring (S) as contrasted to its low level
expression in normal-sized and hypertrophied myocytes (arrow) (original magnification,
200×).
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Figure 5.
Identification of smaller viable cardiomyocytes producing reactive oxygen species (ROS,
upper panel) and nitric oxide (NO, lower panel) at 4 wks ALDOST using flow cytometry.
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Figure 6.
Untreated controls, 4 wks ALDOST, and 4 wks ALDOST+ZnSO4. (A) Western blotting for
glucose-related protein (GRP)78, and protein disulfide isomerase (PDI) with GADPH as a
housekeeping protein. (B) Transcription factor with alternative splicing, termed splicing of
X-box protein (XBP)-1, assessed by RT-PCR using primers spanning both unspliced (290
bp) and spliced (264 bp) regions of mRNA. (C) Immunostaining with anti-KDEL antibody
reacting with GRP78 and GRP94. In contrast to controls in which only weak staining was
seen confined to perinuclear area, at 4 wks ALDOST intense staining was evident in
cardiomyocytes and nonmyocyte cells surrounding orange-colored fibrous tissue, whereas
ZnSO4 cotreatment downregulated their expression as shown at a site of perivascular
fibrosis.
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Table 1

Hemodynamic and echocardiographic data.

Control ALDOST ALDOST+ZnSO4

Body weight, g 335.3±3.7 247.2±3.3*
255.6±5.4

‡

SBP, mm Hg 110.5±3.1 181.8±3.4*
185.5±5.1

‡

DBP, mm Hg 89±1.6 150.4±6.5*
149.2±3.7

‡

EDD, mm 0.71±0.02 0.63±0.02* 0.66±0.01

ESD, mm 0.38±0.02 0.36±0.03
0.31±0.01

‡

FS, % 46.2±1.5 42.3±4.5
52.9±2.0

†‡

RWT 0.40±0.01 0.55±0.03*
0.49±0.02

‡

Data presented as mean±SEM

*
p<0.05 Control vs. ALDOST

†
p<0.05 ALDOST vs. ALDOST+ZnSO4

‡
p<0.05 Control vs. ALDOST+ZnSO4
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Table 2

Cardiomyocyte morphometric data.

500–6000 μm2 Control ALDOST ALDOST+ZnSO4

Area, μm2 1498.1±18.9 1600.3±28.5* 1692.1±30.0
†‡

Length, μm 80.4±0.7 81.4±0.9 81.8±1.0

Width, μm 18.7±0.2 19.6±0.3* 21.3±0.3
†‡

500–1000 μm2 (atrophic myocytes)

Area 831.7±11.7 782.2±13.8* 824.9±16.8

Length 63.1±1.1 59.3±1.5 58.02±1.7

Width 13.5±0.3 13.8±0.3 14.9±0.5

Data presented as mean±SEM

*
p<0.05 Control vs. ALDOST

†
p<0.05 ALDOST vs. ALDOST+ZnSO4

‡
p<0.05 Control vs. ALDOST+ZnSO4
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Table 3

mRNA expression by real-time PCR.

mRNA Control ALDOST ALDOST+ZnSO4

MHC-β 1.0±0.07 6.6±0.34* 4.0±0.18*†

MHC-α 1.0±0.11 1.9±0.26 1.8±0.60

Pro-ANP 1.0±0.21 3.9±0.46* 4.3±0.28*

CTGF 1.0±0.45 3.0±0.43* 2.9±0.26*

Atrogin-1 1.0±0.11 2.2±0.21* 1.8±0.22*

MuRF1 1.0±0.29 2.5±0.42* 2.7±0.16*

GRP78 1.0±0.30 2.9±0.20* 1.9±0.23

XBP-1 1.0±0.21 1.9±0.23* 1.6±0.20

PDI 1.0±0.32 3.2±0.22* 2.0±0.26*

HERPUD1 1.0±0.28 3.8±0.16* 2.0±0.23

MT1 1.0±0.14 2.9±0.23* 2.5±0.20*

Data presented as mean±SEM

*
p<0.05 Control vs. ALDOST

†
p<0.05 ALDOST vs. ALDOST+ZnSO4
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