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Abstract
Cardiac remodeling after acute myocardial infarction (AMI) is characterised by molecular and
cellular mechanisms involving both left (LV) and right ventricular (RV) walls. Cardiomyoycte
apoptosis in the peri-infarct and remote LV myocardium plays a central role in cardiac
remodeling. Whether apoptosis also occurs in the right ventricle of patients with ischemic heart
disease has not been investigated. Aim of the current study was to investigate the presence of
cardiomyocyte apoptosis in the right ventricle in patients with AMI. We assessed the number of
apoptotic cardiomyocytes by multiple samplings in the LV and RV walls of 12 patients selected at
autopsy who died 4 to 42 days after AMI. Five patients without cardiac disease were also selected
at autopsy as controls. Apoptotic rates were calculated from the number of cardiomyocytes
showing double positive staining for in situ end-labeling of DNA fragmentation – TUNEL – and
for activated caspase-3. Potentially false positive results (DNA synthesis and RNA splicing) were
excluded from the cell counts. The apoptotic rate in the RV in patients with AMI was significantly
higher than in control hearts (0.8% [0.3–1.0] vs 0.01% [0.01–0.03], P<0.001). RV apoptosis was
significantly correlated with parameters of global adverse remodeling such as cardiac diameter-to-
LV free wall thickness (R=+0.57, P=0.050). RV apoptosis was significantly higher in 5 cases
(42%) with infarct involving the ventricular septum and an adjacent a small area of the RV walls
(1.0% [0.8–2.2] vs 0.5% [0.2–1.0], P=0.048; P<0.001 vs controls). The association between
apoptotic rate in RV and cardiac remodeling was apparent even after exclusion of cases with RV
AMI involvement (R=+0.82, P=0.023 for diameter-to-LV wall thickness ratio; and R=−0.91,
P=0.002 for RV free wall thickness). In conclusion, patients with cardiac remodeling after AMI
have a significant increase in RV apoptosis even when ischemic involvement of the RV wall is not
apparent.
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Introduction
Acute myocardial infarction (AMI) is associated with early and late compensatory
mechanisms which can be seen as attempts to optimize ventricular filling and cardiac output
of both the left and right ventricles. In animal experimental models of AMI, right ventricular
(RV) remodeling is associated with left ventricular (LV) remodeling even if the RV is
spared from the initial ischemic damage.1–2 Hirose et al.3 have shown that RV dilatation and
remodeling variably occur in subjects with transmural LV AMI, and it has been shown that
the presence of signs and/or symptoms of RV failure further identifies a subgroup of patients
with an extremely unfavorable prognosis and survival which is frequently <2 years.4–5

Several molecular and cellular mechanisms, occurring both at the site of AMI and at remote
unaffected sites, lead to LV dilatation and post-AMI dysfunction.6–7 Recently,
myocardiocyte loss due to apoptosis in early and subacute phases of AMI has been
consistently shown in human observational studies and in animal models.8–14 These
findings are of importance because increased myocardial apoptotic rates are associated with
severe and progressive heart failure.8–14 It remains to be determined, however, whether
increased apoptosis is also present in the RV. We assessed the extent of myocardial
apoptosis in postmortem RV tissue in 12 patients who died within 2 months of AMI.

METHODS
Twelve patients with recent AMI primarily involving the LV wall (occurring 4–42 days
prior to death), no clinical, laboratory or pathology evidence of reinfarction, and absence of
conditions likely to affect RV remodeling (such as RV AMI, severe lung disease, pulmonary
embolism, pulmonary valvulopathy and intracardiac shunts) were selected at post-mortem
examination.

Macroscopic examination was performed to determine the infarct size which was graded as
a percentage of the LV circumference. In patients with transmural (>75%) septal infarct it
was assessed whether the infarct area extended to the insertion of the anterior and/or
posterior RV free walls. Transverse and longitudinal cardiac diameters were measured at the
atrioventicular section. Left and right ventricle free wall thickness was measured in an
unaffected segment. The transverse diameter-to-wall thickness ratio was calculated for the
left and right ventricles. A cardiac diameter-to-LV free wall thickness ratio >9 was used to
assess cardiac dilatation.11–12 RV dilatation was defined as an enlargement of the RV
characterized by a tricuspidal ring circumference greater than 120 mm.11 The infarct-related
artery was assessed at pathology and patency/degree of stenosis was assessed for the infarct-
related artery and the major coronary branches. Tissue specimens were obtained from areas
of the myocardium from the LV (usually posterior wall) and the RV (usually anterior wall)
that were remote from the infarct site and visually unaffected. Specimens were processed as
previously described.10–12 Briefly, specimens were fixed in 10% paraformaldehyde, in situ
end-labeling of DNA fragmentation (TUNEL) was performed using the Apoptag kit (Oncor,
Gaithersburg, MD), according to the supplier’s instructions. For immunohistochemistry, the
sections already treated for the TUNEL assay were heated and then incubated with
antibodies against muscle actin (mouse monoclonal anti-human actin HHF35 from DAKO-
Carpintera, CA, US; dilution 1:50) and activated caspase-3 (using anti-cleaved caspase-3
[Asp 175] antibody – Cell Signaling Technology [dilution 1:50]) and visualized by the
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streptavidin-biotin system, using either 3-amino-9-ethylcarbazide or diaminobenzidine as
the final chromogen. Myocardiocytes were defined as apoptotic if co-localization of markers
of DNA fragmentation (TUNEL) and activated caspase-3 was evident, according to the fact
that high immunohistochemical expression of caspase-3 is present in myocardiocytes
undergoing apoptosis and it co-localizes with TUNEL positive cardiomyocytes. The
apoptotic rate was expressed as the ratio of number of myocardiocytes co-expressing
TUNEL and activated caspase-3 positivity on nucleated cells per field (250X), calculated
from 100 fields. Muscle actin-negative cells as well as myocardiocytes co-expressing
TUNEL-positivity and specific staining for markers of DNA synthesis (PCNA) (using
mouse monoclonal anti-human PCNA PC10 antibody from DAKO, CA, USA, dilution
1:100) and/or markers of transcription activity (RNA splicing factor SC-35) (using mouse
monoclonal anti SC-35 from Sigma, Milan, Italy; dilution 1:200) were not included in the
cell count, as they were considered potential false positive results.9–11 Suitable negative and
positive controls for TUNEL and caspase-3 were performed, as defined elsewhere.10–12

Briefly, controls for TUNEL were performed as indicated by the supplier (using a normal
female rodent mammary gland 3–5 days after weaning of rat pups for positive control and
sham stainings leaving out the active enzyme but including proteinase K digestion to control
for non specific incorporation of nucleotides or for non specific binding of enzyme-
conjugate). A “stringent approach” (leaving proteinase K digestion out of the reaction) was
used as a control to avoid false positive results potentially associated with pretreatment by
proteinase K. A human lymph node was used as a control for activated caspase-3 (strong
immunoreactivity was evident in the apoptotic-prone germinal centre B-lymphocytes of the
lymph node and not in the mantle zone). Moreover, negative controls indicating the
noninterference of TUNEL and secondary antibodies were performed by leaving out the
primary antibodies (actin, caspase-3, PCNA and SC-35 respectively). Immunoistochemistry
assays and Apoptotic rate counts were performed by two pathologists unaware of clinical
and macroscopic pathologic data.

The clinical chart related to the index admission was retrospectively analyzed to obtain
functional echocardiography data when available with a focus on variables that indicate left
ventricular function and filling pressures such as left ventricular ejection fraction (LVEF),
left atrial diameter, transmitral flow pattern and mitral regurgitation severity. The study
protocol was approved by the University of Trieste Institutional Review Board.

Quantitative results are expressed in text, tables and figures as median (interquartile range).
The non parametric Mann-Whitney U test and the Kruskal-Wallis test for non-paired data
were used to compare AR among different subjects, when comparing two or more than two
groups respectively. The Bonferroni’s correction was applied when necessary. The Chi-
square test was used to compare proportions, with Fisher’s exact test used when one or more
cells contained a value lower than 5. Correlation between continuous non-parametric
variables was performed using the Spearman rank test. The software SPSS 15.0 for
Windows (SPSS, Chicago, IL, USA) was used for all analyses.

RESULTS
Characteristics of the patients are summarized in Table 1. The median time to death post
AMI was 8 (4–22) days. The median age was 77 (62–87) years, 7 (58%) were males, all
(100%) caucasians. All patients had symptomatic heart failure according to the current
classification 15 and all had one or more co-morbidities contributing to death as indicated in
Table 1. All deaths were in-hospital. Echocardiographic data were available in 6 patients
(50%). Median LV ejection fraction was 37% (29–50), left atrial diameter was 42 mm (38–
50), mitral E wave deceleration time 140 ms (95–200) and E/A ratio 0.9 (0.4–2.2).
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In 5 patients with septal infarct (42%), involvement of the RV free wall was noted at
histopathology, while no RV involvement was noted in the remaining patients. The median
infarct size at the time of autopsy was 28% (19–34). Global cardiac dilatation was found in 7
cases (58%). Gross pathologic and standard microscopic examination showed that scar
tissue consistent with recent necrotic cell death was evident in all patients. Importantly, as
ongoing necrosis can confound the assessment of apoptosis, there was no evidence of very
recent (<72 hours) or acute ongoing necrosis.

The apoptotic rate in the RV from patients with AMI was significantly higher than in the
control hearts (0.8% [0.3–1.0] vs 0.01% [0.01–0.03], P<0.001)(Figure 1A). Apoptosis in
unaffected LV from the patients with AMI was 2.2% [0.8–2.5] (P=0.026 vs RV apoptosis,
_P<0.001 vs control hearts). RV apoptosis was independent of age, gender, time from MI to
death, diabetes, or hypertension (data nor shown). RV apoptosis was not associated with a
specific AMI location in the LV (data not shown) but hearts with septal infarct had higher
RV apoptosis if the RV free wall was partially involved in the infarct. Moreover, RV
apoptosis was significantly correlated with the number of coronary arteries affected by
atherosclerotic disease with triple-vessel coronary artery disease having significantly higher
AR (1.2%[1.0–2.5]) when compared to patients with double-vessel (0.6%[0.2–1.0]) or
single-vessel coronary artery disease (0.4%[0.2–0.5])(P=0.048). RV apoptosis was
significantly dependent on whether right coronary artery disease was present or not
(independent of infarct location) with hearts with concomitant right coronary artery
atherosclerotic disease having significantly higher AR (1.0%[0.9–1.8] vs those without right
coronary artery disease 0.4%[0.2–0.8], P=0.021)(Figure 1A). Apoptosis in the RV was
significantly higher in cases with RV involvement (1.0% [0.8–2.2] vs 0.5% [0.2–1.0],
P=0.048; P<0.001 vs controls)(Figure 1A). The extent of apoptosis of RV correlated with
signs of adverse cardiac remodeling at pathology. The apoptotic rate in RV was higher in
cases with global cardiac dilatation (1.0% [0.5–1.5] vs 0.2% [0.2–0.9] in those without,
P=0.045)(Figure 1B), and it was higher in patients with RV dilatation (1.0% [0.8–2.2] vs
0.5% [0.2–1.0] in those without, P=0.048)(Figure 1C). The apoptotic rate in the RV
correlated significantly with the diameter-to-LV wall thickness ratio (R=+0.57, P=0.050), a
marker of global cardiac remodeling (Figure 1D). The apoptotic rate in the RV was also
significantly inversely correlated with RV wall thickness (R=−0.82, P=0.002)(Figure 1E)
and directly correlated with diameter-to-RV wall thickness ratio (R=+0.87, P=0.001),
indices of adverse RV remodeling.

To exclude the potential involvement of RV infarction, the association between apoptosis in
the RV and cardiac remodeling was evaluated in the subgroup of patients without RV
involvement (58%). There were significant correlations between the apoptotic rate in the RV
and RV wall thickness (R=−0.91, P=0.002), diameter-to-LV wall thickness (R=+0.82,
P=0.023), diameter-to-RV wall thickness (P=+0.90, P=0.006), and cardiac weight (R=+0.82,
P=0.023). However, RV involvement and right coronary artery disease were significantly
associated with 5 of 6 hearts with right coronary artery disease having RV involvement
(83%) vs none of the 6 hearts without right coronary artery disease (0%, P=0.015).

Echocardiographic parameters from the same admission were available in 6 patients (50%).
The apoptotic rate in the RV was not significantly correlated with functional parameters
consistent with systolic dysfunction and/or increased filling pressures such as LV ejection
fraction (R=+0.03, P=0.96), left atrial diameter (R=+0.50, P=0.39), E/A ratio at transmitral
pulsed wave Doppler flow (R=+0.70, P=0.19), mitral E wave deceleration time (R=−040,
P=0.50), and mitral regurgitation severity (R=+0.63, P=0.32).
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DISCUSSION
In the current study we show for the first time that patients having LV AMI have elevated
rates of apoptosis in areas of the RV wall. As apoptosis is considered to be a key pathologic
failure for adverse cardiac remodeling and heart failure, the finding of elevated RV
apoptosis suggests active processes occurring simultaneously in both ventricular walls that
likely contribute to the development of heart failure.16–18

Our data, although limited by a small sample size, show that hearts with a large ventricular
septal infarct and partial involvement of the insertions of the RV free walls had significantly
greater apoptosis than the other hearts, suggesting that infarcts involving the septum are
more likely to produce RV mechanical strain. Moreover, hearts with atherosclerotic disease
of the right coronary artery, which supplies perfusion to most of the RV muscle, had
significantly greater apoptosis, suggesting a role for decreased coronary blood flow and
ischemia in remote non-infarcted regions.13 This observation is consistent with evidence of
reduced coronary flow reserve and ischemia in non-culprit coronary arteries and myocardial
regions in patients with acute coronary syndromes.19–20 Whether ischemia or mechanical
strain are responsible for increased apoptosis remains unclear because in our small cohort
those patients having narrowing of the right coronary artery were the same patients
displaying signs of RV dilatation, making it impossible to distinguish the pathophysiologic
role of the two processes.

As for the consequences of increased apoptosis in the RV wall, they are likely reflected in
greater RV dilatation and RV free wall thinning. A delicate balance between cell death and
survival indeed exists after an insult such as acute ischemia/infarction. The very same
stimuli that trigger apoptosis also trigger cardiomyocyte hypertrophy. Although speculative,
it is possible that progressive RV free wall thinning and RV dilatation represent the shift of
the balance toward cell death and loss of hypertrophy.
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Figure 1.
Panel A shows cardiomyocyte apoptosis in the unaffected right ventricular myocardium
after acute myocardial infarction (left column) in comparison to RV myocardium in subjects
who died of non cardiac causes (right column). Rates of cardiomyocyte apoptosis in
subgroups of cases with and without right coronary artery (RCA) atherosclerotic disease and
in cases with and without right ventricular (RV) involvement are shown in the central
columns.
Panels B-E show the association between apoptosis in the right ventricle (RV) and signs of
adverse remodeling at autopsy: increased cardiac diameter to left ventricle (LV) free wall
thickness which is an index of global cardiac dilatation (panel B), increased tricuspid
annulus circumference which is an index of RV dilatation (panel C), and the individual
measurements (panels D and E).
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