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Abstract 
Even though apoptosis is known to be associated with various cardiovascular pathologies, its presence in cardiac nodal tissue in adults was 
only scarcely researched. Cardiomyocyte apoptosis was associated with diabetic cardiovascular pathology. Our main objective was to test 
whether programmed cell death is present in nodal tissue in type II diabetes mellitus and, if present to characterize it. The study was designed 
as a qualitative one. We used autopsy samples of hearts from 10 patients (56 to 73-year-old, 6:4 male to female ratio), positive for type II 
diabetes mellitus. Samples from sinoatrial and atrioventricular nodes were stained with Hematoxylin–Eosin. For immunohistochemistry, 
we used primary antibodies for caspases 3 and 9, cathepsin B, and TRADD. Nodal tissue in all samples was characterized by diffuse 
interstitial fibrosis and chronic ischemic lesions; nuclear damage and foci of irreversible ischemic necrosis intermingled with isles of relatively 
morphologically normal myocytes. Sinoatrial and atrioventricular nodes were caspase-3 and -9 positive, and also cathepsin-B-positive, 
suggesting an overlap between apoptotic and necrotic mechanisms. Central area of the sinus node seemed to have the most severe lesions. 
As a conclusion, nodal apoptosis is present in nodal tissue in type II diabetes mellitus; it involves the intrinsic pathway and associated 
concomitant and/or post-apoptotic necrosis. 
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 Introduction 

Even though apoptotic cell death was proved to be 
involved various cardiovascular diseases is known [1], 
including in electrical conduction system pathology [2], 
the intervention of caspases in nodal tissue apoptosis 
has not yet been evaluated. Only a few studies on 
caspase-3 expression in human myocardial infarction 
have been reported, which were either based on a very 
limited number of patients or focused their attention on 
the role of apoptosis in post-infarction remodeling [3]. 

Moreover, although much is known about the sinus 
node in animals, relatively little is known about the human 
sinus node [4, 5] and its heterogeneity is regarded as 
playing important roles in nodal dysfunction [4]. 

In mammalian cells, caspases are activated by the 
intrinsic or the extrinsic apoptotic pathway [6]. The 
intrinsic pathway is activated by various stimuli, and 
acts through the mitochondria [6]. The permeabilization 

of the mitochondrial outer membrane allows the release 
of cytochrome c, which induces caspase activation to 
orchestrate the death of the cell [7]. The release of 
mitochondrial cytochrome c was associated with activation 
of caspase-3 [8–11]. 

The occurrence of apoptosis, i.e. “suicidal”, programmed 
cell death, in ischemic–reperfused tissue, and in the border 
area of myocardial infarction has been described. Apoptotic 
cells undergo distinct changes whereas cellular organelles 
and the cell membrane remain intact, which is distinctly 
in contrast to necrotic cell death. Numerous mediators are 
involved in the regulatory cascade for the apoptotic cell 
death. Mediators such as caspase-3 appear before execution 
of cell death by DNA fragmentation. The successful use 
of caspase inhibitors to attenuate apoptotic injury in vitro 
and in vivo indicates the “point of no return” to be placed 
downstream in the apoptotic cascade. A problem arises 
from the fact that the term apoptosis is used either for the 
entire cascade or for the last stage of DNA fragmentation [12]. 
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Currently, the term “active” is preferred instead of 
“programmed” when referring to cell death processes that, 
once triggered, lead to a course of events processed and 
controlled by the dying cell [13]. 

Cell death is followed by cell elimination. In multi-
cellular animals, cell elimination is mainly carried out by 
apoptosis. When removal by scavengers does not occur, 
the apoptotic process continues until a transition to necrosis 
ensues leading to cell elimination by cell disruption. 
This terminal disruption of apoptotic cells was designed 
as secondary necrosis. Secondary necrosis was viewed 
in the initial reports as a separate process occurring after 
completion of apoptosis and, thus, it has frequently been 
called post-apoptotic necrosis. If the necrotic outcome  
is considered part of the apoptotic program of cell 
elimination, it must be called “late apoptosis” [13]. 

Here, we shall use the term “apoptosis” to describe the 
entire sequence of events identified within the cardiac 
nodal tissue as being associated with an active form of 
cell death and “secondary necrosis” to describe the necrotic 
outcome of the apoptotic program. 

Our main objective was to test whether programmed 
cell death is present in nodal tissue in type II diabetes 
mellitus and, if present to characterize it. Subsequently 
we tested caspases involvement in cardiac nodal cell 
death, we evaluated the apoptotic pathway that may be 
involved during the cardiac nodal apoptosis and tried to 
identify whether or not cell elimination involves a process 
of secondary necrosis. 

 Materials and Methods 

Our study included autopsy samples of hearts from 
10 patients 56 to 73-year-old, 6:4 male to female ratio, 
positive for type II diabetes mellitus, non-insulin dependent 
– diabetes was diagnosed in these cases seven or more 
years before death. The control group consisted of eight 
cases 44–56-year-old, sex ratio 5:3, non-diabetic violent 
deaths with a short survival period. Acute myocardial 
infarction was used as exclusion criteria in both groups. 
The investigation was approved by the Institutional Ethics 
Committee. 

Anatomical identification of nodal tissue was done 
using the terminal crest as a landmark for the sinus node 
and the triangle of Koch as a landmark for the atrio-
ventricular node. Tissue samples were fixed in 10% 
buffered formalin, paraffin-embedded, and cut at 4 μm 
for Hematoxylin–Eosin stains. For immunohistochemistry, 
additional sections were cut. We used primary antibodies: 
CPP 32/Caspase 3 IgG1, monoclonal, clone JHM62, 
Novocastra NCL-CPP32, Caspase 9 IgG1 kappa, 
monoclonal, clone 2C9B11, Novocastra NCL-CASP-9, 
Cathepsin B IgG2b, monoclonal, clone CB131, Novocastra 
NCL-CATH-B and TRADD IgG1 kappa, monoclonal, 
clone 18A11, Novocastra NCL-TRADD. Positive controls 
were used, according to the specifications: for caspase 3 
– tonsil, for caspase 9 – large bowel, for cathepsin B – 
skin and for TRADD – EBV-positive Hodgkin’s disease. 
Sections untreated with primary antibodies served as internal 
negative controls. Successive sections were immunostained 
each with a different antibody. Standard ABC technique 
of the Streptavidin–Biotin complexes was used and, finally, 
sections were counterstained with Hematoxylin. 

The microscopic slides were analyzed and micrographs 
were taken and scaled using a Zeiss working station, which 
is described elsewhere [14, 15]. 

 Results 

Nodal tissue in all diabetic samples was characterized 
by diffuse interstitial fibrosis and chronic ischemic lesions; 
often found were pericellular edema, with cytoplasmic 
retractions of the nodal myocytes from the connective 
stroma, nuclear damage karyorrhexis, foci of advanced, 
irreversible ischemic necrosis cell lysis, with ruptured 
plasmalemmas, huge intra- and pericellular edema and 
important karyolysis, and isles of relatively morphologically 
normal myocytes. Immunostaining for caspase 3 (C3) 
revealed two main patterns of lesions of nodal myocytes 
NMs (Figure 1): (i) there were strongly C3-positive NMs 
which either had altered or missing nuclei, and (ii) NMs 
with “ghostly” appearances, associated in variable degree 
with the previous morphological aspect, all embedded within 
a fibrous stroma. The latter NMs presented a discrete-to-
absent C3-positive reaction suggesting to be cells at the 
end of the cell-death cascade involving C3. There were 
also necrotic NMs with important calcium deposits. C3-
positive NMs presented various stages of nuclear shrinkage 
(Figure 2), from blebbing to karyorrhexis. Swollen NMs 
with autophagolytic patterns were also identified being 
either C3-weakly positive or C3-negative. 

On the slides immunostained for caspase 9 (C9), of 
the samples of sinus node, the following histopathological 
pattern was identified: a the nodal core, centered by the 
sinus node artery, had a higher degree of perivascular and 
nodal fibrosis with foci of calcification, with a moderate 
C9-positive immunoreaction; b the nodal mantle kept 
better the myocytary architecture and it was strongly C9-
immunostained (Figure 3, A and B). Such topographically 
different pattern of C9 immunostaining was not noticed 
in the atrioventricular node where almost all AV node cells 
appeared ghostly and intensely C9-positive (Figure 3, C 
and D). Specifically, the C9-positive NMs appeared with a 
highly immunostained peripheral halo, mostly but not 
exclusively eccentric (Figure 3). All nodal cells, either 
nucleated or ghostly were all positively immunostained 
with cathepsin B (Figure 4). Sinus node artery often 
appeared to be affected with intimal and medial lesions 
(Figure 4). TRADD immunolabeling was negative on all 
samples. 

Control samples presented a decreased level of nodal 
fibrosis and negative caspase -3, -9, and cathepsin B 
immune reaction. 

 Discussion 

Apoptosis has fundamental roles in the development 
of the electrical conduction system. The sinus node, atrio-
ventricular node, and the bundle of His all suffer major 
anatomical transformations soon after birth in which 
apoptosis plays major roles. Sinoatrial node remains 
practically unchanged from the middle of the first trimester 
until first two weeks after birth [16], when its structure 
shifts from a mass of P-cells distributed around a large 
sinoatrial artery into a network of transitional cells 
connecting small groups of P-cells [17], process which 
will end normally in the first few years of life. A process 
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of symmetrical fibrosis occurs simultaneously – the 
collagen fibers within the sinoatrial node become denser 
and thicker, but their appearance remains symmetrical, 
suggesting a controlled process in which apoptosis seems 

to play an important role. AV node and His bundle 
suffer a similar process – their adult characteristics are 
formed throughout a slow, controlled process in which 
apoptosis plays important role [18, 19]. 

 

Figure 1 – Sinus node, human adult diabetic heart. Nodal 
myocytes immunopositive for caspase 3 and nodal “ghost 
cells” devoided of nuclei. 

Figure 2 – Sinus node, human adult diabetic heart, 
immunohistochemistry for caspase 3. Extensive interstitial 
fibrosis and immunopositive nodal myocytes, with nuclear 
blebbing (arrow), karyorrhexis (arrowhead) and nuclear 
dissolutions leading to anuclear necrotic nodal myocytes 
“ghost cells”. 

 

 
Figure 3 – Immunohistochemistry for caspase 9. (A and B): Immunopositive sinus node myocytes, in the mantle of the 
node the architecture of the nodal myocytes is better preserved; the nodal core presents an important interstitial 
fibrosis, with small foci of dystrophic calcification. (C and D): Immunopositive atrioventricular node myocytes, with a 
high degree of fibrosis. SNA: Sinus node artery. 
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Figure 4 – Sinus node, human adult diabetic heart, immunohistochemistry for cathepsin B. Immunopositive nodal 
myocytes of a sinus node presenting important perivascular fibrosis (A, arrows) at the level of the sinus node artery 
SNA. The architecture of the nodal myocytes is better preserved in its mantle but it does not exclude the presence of 
autophagolytic processes with the activation of cathepsin B (B, arrows). Intimal C, arrow and medial (C, arrowhead) 
lesions, with vacuolizations and positive immunoreactions are evidenced in the wall of the SNA. Nodal sclerosis is 
more pregnant in the nodal core (D, arrowhead) where nodal myocytes with shrunken nuclei arrow, immunopositive 
for cathepsin B, are identified. 

Figure 5 – Shrunken nuclei (arrows) of sinus node 
myocytes immunonegative for TRADD, human adult 
diabetic heart. 

Figure 6 – Atrioventricular nodal myocytes immuno-
negative for TRADD, human adult diabetic heart. 

 

In adulthood, increased apoptotic activity in the 
electrical conduction system was usually studied in 
relation with either AV-blocks or long QR syndromes. 
In a syndrome characterized by gradually progressive 
development of heart block ending with fatal arrhythmias 

[20], James TN et al. found a total absence of the AV 
node, virtually absent myocytes in the internodal and 
interatrial pathways and extensive destruction of the sinus 
node, normal His bundle and ventricular myocardium; 
each affected structure contained abundant apoptosis [21]. 
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James, working on sinoatrial nodes supplied by Bokeriia 
[22] from patients with long QT-syndrome [23] found 
the following: narrowed small sinoatrial arteries, 
degenerated neural elements both nerves and ganglia  
in and near the SN without associated inflammation, 
typical apoptosis affecting nodal cells, pleomorphic 
micromitochondriosis [24]. Again James, working on 
the heart of a two-month old child who died of 
intractable right ventricular failure Uhl anomaly [25] 
associated with complete heart block found a normal 
AV node, separated from an intensely apoptotic His 
bundle by a dense band of collagen fibers; the right 
ventricular myocardium was completely destroyed 
throughout apoptosis [26]. Frustaci A et al. found an 
association between increased apoptotic activity measured 
by the TUNEL method in Brugada patients with SCN5A 
mutation carriers [27]. A direct correlation with the 
electrical conduction system has not yet been made  
but this correlation seems plausible. Ottaviani G and 
Matturri L, researching the histology of the electrical 
conduction system in sudden intrauterine unexplained 
death SUIUD, found increased apoptotic activity in the 
AV node, bundle of His and initial tract of the bundle 
branches, but the difference between SUIUD and normal 
controls was not significant [28]. 

In acquired cardiovascular pathologies, the apoptosis 
in the electrical conduction system did not get as much 
attention as in the above-mentioned situations, as it was 
usually correlated with myocardial remodeling after acute 
or chronic coronary or cardiac events. Gottlieb RA et al. 
[29] described cardiomyocytes apoptosis in ischemia/ 
reperfusion injuries in rabbit hearts; later studies found 
apoptosis to be a specific characteristic of reperfusion 
injuries as compared with necrosis [30], which usually 
characterizes acute, anoxic myocardial injuries, subsequently 
appearing more frequently in ischemia/reperfusion injuries 
compared to ischemic only injuries and in border zones 
of acute myocardial infarction AMI, where the cardio-
myocytes are less affected by the acute central anoxia 
which leads to myocardial necrosis [31]. Cardiomyocytes 
apoptosis occurs months after an acute myocardial infarction 
[32], with a higher rate in the peri-infarcted area [33, 
34] and lower in remote myocardial areas higher though 
than in normal controls, which slowly decreases over time 
and leads to ventricular remodeling with progressive 
chamber dilatation, wall thinning, systolic and diastole 
dysfunction, increased electrical heterogeneity, and 
increased frequency of ventricular tachyarrhythmias. 
These events are caused mostly by the replacement of 
death cardiomyocytes with fibrous/adipose tissue [35–37], 
although other mechanisms like caspase leakage from 
apoptotic cells with a consecutive decrease in contractile 
activity of normal cardiomyocytes are involved as well 
[38]. Recently, apoptosis associated with myocardial 
infarction was found in other cardiac cells as well in 
neutrophils, possible playing an important role in their 
disappearance after AMI [39, 40], in mononuclear cells, 
vascular endothelial cells and myofibroblasts from the 
granulation tissue in subacute myocardial infarction, etc. 
[3, 41]. 

In heart failure, apoptosis is increased throughout 
many mechanisms – ischemia/reperfusion injuries, cellular 
calcium overload, increased free oxygen radicals, p53, 

Fas-ligand, angiotensin and AT1 receptors, catecholamine 
levels, TNF-α, ANF/BNP, volume and pressure overload 
of cardiomyocytes, decreased coronary reserve [42], etc., 
most of them being caused by either the subsequent cause/s 
of CHF AMI, arterial hypertension, mitral regurgitation, 
diabetic cardiomyopathy, CMM, DCM, etc. or compensatory 
mechanisms left ventricular hypertrophy, left ventricular 
dilation, increased RAAS activity, chronically increased 
intracellular calcium, increased sympathetic response. 
Increased apoptotic activity in the insufficient heart is 
associated with increased remodeling; therefore, any 
drugs, which can interfere with either apoptosis or its 
causes, can decrease cardiac remodeling and subsequently 
decrease the severity of CHF. Hyperglycemia is known 
to increase cardiac concentration of reactive oxygen 
species, which leads to abnormal signal transduction, 
abnormal gene expression and apoptosis via p53 and the 
activation of the cytochrome-c-activated-caspase-3 pathway 
[43, 44]. It also decrease VEGF expression in the 
myocardium, leading to a decreased capillary density in 
the myocardium [45], increased endothelial cell apoptosis, 
increased myocardial ischemia and ischemia-reperfusion 
associated apoptosis. 

Our study found a positive reaction for caspase-3 
and -9 in nodal cells in diabetic patients, which, associated 
with a TRADD-negative phenotype, suggests activation 
of the intrinsic mitochondrial apoptotic pathway. Also, 
at least partially apoptosis and necrosis are active in the 
same time, as suggested by the activation of cathepsin B; 
cathepsin B-positive “ghost cells” may be either viewed 
as the result of a coagulative necrosis or of a secondary 
necrosis associated with irreversible apoptotic processes. 
It was shown that like loss of plasma membrane integrity, 
lysosomal membrane disintegration also coexisted with 
caspase-3 activation in the same cell at early hours of 
ischemia. Cathepsin-B spilled into cytoplasm may 
contribute to development of necrotic features by 
digesting structural and functional proteins, whereas it 
reinforces apoptotic mechanisms such as Bid cleavage 
and caspase activation that are also activated by several 
other factors in ischemic cells [46]. 

It was shown in mice that after cerebral ischemia 
early and concurrent increase in caspase 3 and cathepsin B 
activities were followed by the appearance of caspase-
cleavage products, DNA fragmentation, membrane 
disintegration and it was suggested that subroutines of 
necrotic and apoptotic cell death are concomitantly 
activated in ischemic neurons and the dominant cell 
death phenotype is determined by the relative speed of 
each process [46]. As in diabetic hearts, angiopathy and 
ischemia are constant features, and taking into account 
the possible neural crest origin of the nodal tissue [47] 
our results reasonably support a similar concomitant 
mechanism within the nodal tissue. However, debate 
continues as to whether specialized cardiac tissues have a 
neuroectodermal-derivation neurogenic cells or differentiate 
from populations present in the cardiogenic mesoderm 
cardiomyogenic cells [48]. 

Sinus node is heterogeneous in terms of its electrical 
activity. Evidences in rabbits suggest that from the 
periphery crista terminalis to the sinus node center there 
are changes in the shape of the action potential, 
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pacemaking activity, ionic current densities (e.g., Na+ 
channel density decreases from periphery to center), 
connexin expression, Ca2+ handling, myofilament density 
minimum within the electrical nodal center [4] and cell 
size [49]. Electrical and histological nodal center/periphery 
should not be confused, the latter being termed as core 
and mantle. The only correspondence is that the electrical 
center of the node located within the center of the nodal 
core, where the highest density of P cells is found. The 
mantle layer of the sinus node was on our preparates 
better preserved architecturally and structurally, while the 
nodal core showed more advanced irreversible damage 
with a centripetal advance of the irreversible lesions.  
As time, cells are still apoptotic interventions with anti-
apoptotic agents may be of benefit. 

These mantle-to-core differences seem justified as 
the blood supply of the sinus node is better ensured  
by the peripheral nodal networks [50]; as so, the 
anatomically better peripheral vascular supply of the 
sinus node may be compared in some degree with the 
reperfused border zone of human infarcts, where apoptosis 
was also proved to be present [51]. The core necrosis 
relies on an ischemic scaffold while mantle apoptosis 
correlates with a better vascular supply. 

We do not intent to relate exclusively the cell death 
events of the nodal tissue with the presence of diabetes 
because these may be, at least partly, unspecific or age-
related. It was shown for example that sinoatrial node 
firing is reduced with age and fibrous tissue is increased 
in aged atria [52]. But, no matter the age-related changes, 
nodal apoptosis is, if not hyperglycemia-induced, at least 
hyperglycemia-augmented. Hyperglycemia seems to be 
central to the pathogenesis of diabetic cardiomyopathy 
[53]; the processes associated with this cardiomyopathy 
are not mutually exclusive and likely act synergistically 
and also the nodal cell death must be considered among 
these. 

As ischemia/reperfusion injury due to cardioplegic 
arrest inflicts significant damage on subendocardial 
myocardial conduction cells, but not on working 
myocardium and the structural and ultrastructural findings 
are consistent with coagulation necrosis, rather than 
apoptosis [54], it may be also presumed that apoptosis 
of the nodal tissue in diabetic hearts is consistently 
determined by hyperglycemia. 

 Conclusions 

Both apoptotic and necrotic mechanisms are involved 
in the cell death of the cardiac conduction system. 
Apoptosis is executed on the intrinsic pathway and 
involves the caspases 3 and 9. Considering these changes, 
it appears important nodal cell death to be strongly 
taken into account in diabetic and aged patients. 

Acknowledgments 
This paper was supported (author #2) by the Sectoral 

Operational Programme Human Resources Development 
(SOP HRD), financed from the European Social Fund 
and by the Romanian Government under the contract 
number POSDRU/89/1.5/S/64109. 

References 
[1] Knaapen MWM, Davies MJ, De Bie M, Haven AJ, Martinet W, 

Kockx MM, Apoptotic versus autophagic cell death in heart 
failure, Cardiovasc Res, 2001, 51(2):304–312. 

[2] Nerheim P, Krishnan SC, Olshansky B, Shivkumar K, 
Apoptosis in the genesis of cardiac rhythm disorders, Cardiol 
Clin, 2001, 19(1):155–163. 

[3] Zidar N, Dolenc-Stražar Z, Jeruc J, Štajer D, Immuno-
histochemical expression of activated caspase-3 in human 
myocardial infarction, Virchows Arch, 2006, 448(1):75–79. 

[4] Boyett MR, Honjo H, Kodama I, The sinoatrial node, a 
heterogeneous pacemaker structure, Cardiovasc Res, 2000, 
47(4):658–687. 

[5] Chandler NJ, Greener ID, Tellez JO, Inada S, Musa H, 
Molenaar P, Difrancesco D, Baruscotti M, Longhi R, 
Anderson RH, Billeter R, Sharma V, Sigg DC, Boyett MR, 
Dobrzynski H, Molecular architecture of the human sinus 
node: insights into the function of the cardiac pacemaker, 
Circulation, 2009, 119(12):1562–1575. 

[6] Duprez L, Wirawan E, Vanden Berghe T, Vandenabeele P, 
Major cell death pathways at a glance, Microbes Infect, 
2009, 11(13):1050–1062. 

[7] Ricci JE, Gottlieb RA, Green DR, Caspase-mediated loss  
of mitochondrial function and generation of reactive oxygen 
species during apoptosis, J Cell Biol, 2003, 160(1):65–75. 

[8] Narula J, Pandey P, Arbustini E, Haider N, Narula N, 
Kolodgie FD, Dal Bello B, Semigran MJ, Bielsa-Masdeu A, 
Dec GW, Israels S, Ballester M, Virmani R, Saxena S, 
Kharbanda S, Apoptosis in heart failure: release of 
cytochrome c from mitochondria and activation of caspase-3 
in human cardiomyopathy, Proc Natl Acad Sci U S A, 1999, 
96(14):8144–8149. 

[9] Reed JC, Paternostro G, Postmitochondrial regulation of 
apoptosis during heart failure, Proc Natl Acad Sci U S A, 
1999, 96(14):7614–7616. 

[10] Loreto C, Almeida LE, Migliore MR, Caltabiano M, Leonardi R, 
TRAIL, DR5 and caspase 3-dependent apoptosis in vessels of 
diseased human temporomandibular joint disc. An immuno-
histochemical study, Eur J Histochem, 2010, 54(3):e40. 

[11] Loreto C, Almeida LE, Trevilatto P, Leonardi R, Apoptosis 
in displaced temporomandibular joint disc with and without 
reduction: an immunohistochemical study, J Oral Pathol Med, 
2011, 40(1):103–110. 

[12] Freude B, Masters TN, Robicsek F, Fokin A, Kostin S, 
Zimmermann R, Ullmann C, Lorenz-Meyer S, Schaper J, 
Apoptosis is initiated by myocardial ischemia and executed 
during reperfusion, J Mol Cell Cardiol, 2000, 32(2):197–208. 

[13] Silva MT, do Vale A, dos Santos NMN, Secondary necrosis in 
multicellular animals: an outcome of apoptosis with pathogenic 
implications, Apoptosis, 2008, 13(4):463–482. 

[14] Rusu MC, Hostiuc S, Loreto C, Păduraru D, Nestin immune 
labeling in human adult trigeminal ganglia, Acta Histochem, 
2013, 115(1):86–88. 

[15] Rusu MC, Jianu AM, Pop F, Hostiuc S, Leonardi R, Curcă GC, 
Immunolocalization of 200 kDa neurofilaments in human 
cardiac endothelial cells, Acta Histochem, 2012, 114(8):842–
845. 

[16] James TN, Normal and abnormal consequences of apoptosis 
in the human heart, Annu Rev Physiol, 1998, 60:309–325. 

[17] James TN, Cardiac conduction system: fetal and postnatal 
development, Am J Cardiol, 1970, 25(2):213–226. 

[18] James TN, The Mikamo Lecture. Structure and function of 
the AV junction, Jpn Circ J, 1983, 47(1):1–47. 

[19] Duckworth JWA, The development of the sinu-atrial and 
atrioventricular nodes of the human heart, University of 
Edinburgh, 1952. 

[20] Brink PA, Ferreira A, Moolman JC, Weymar HW, van der 
Merwe PL, Corfield VA, Gene for progressive familial heart 
block type I maps to chromosome 19q13, Circulation, 1995, 
91(6):1633–1640. 

[21] James TN, St Martin E, Willis PW 3rd, Lohr TO, Apoptosis as 
a possible cause of gradual development of complete heart 
block and fatal arrhythmias associated with absence of the 
AV node, sinus node, and internodal pathways, Circulation, 
1996, 93(7):1424–1438. 

[22] Bokeriia LA, Belokon’ NA, Buziashvili IuI, Krugliakov IV, 
Baturkin LIu, The current approach to the surgical treatment 



Electrical conduction system apoptosis in type II diabetes mellitus 

 

959

of Jervell–Lange–Nielsen syndrome, Kardiologiia, 1988, 
28(8):105–106. 

[23] Jervell A, Lange-Nielsen F, Congenital deaf-mutism, functional 
heart disease with prolongation of the Q–T interval and 
sudden death, Am Heart J, 1957, 54(1):59–68. 

[24] James TN, Terasaki F, Pavlovich ER, Vikhert AM, Apoptosis 
and pleomorphic micromitochondriosis in the sinus nodes 
surgically excised from five patients with the long QT 
syndrome, J Lab Clin Med, 1993, 122(3):309–323. 

[25] Uhl HS, A previously undescribed congenital malformation 
of the heart: almost total absence of the myocardium of the 
right ventricle, Bull Johns Hopkins Hosp, 1952, 91(3):197–
209. 

[26] James TN, Nichols MM, Sapire DW, DiPatre PL, Lopez SM, 
Complete heart block and fatal right ventricular failure in an 
infant, Circulation, 1996, 93(8):1588–1600. 

[27] Frustaci A, Priori SG, Pieroni M, Chimenti C, Napolitano C, 
Rivolta I, Sanna T, Bellocci F, Russo MA, Cardiac histological 
substrate in patients with clinical phenotype of Brugada 
syndrome, Circulation, 2005, 112(24):3680–3687. 

[28] Ottaviani G, Matturri L, Histopathology of the cardiac conduction 
system in sudden intrauterine unexplained death, Cardiovasc 
Pathol, 2008, 17(3):146–155. 

[29] Gottlieb RA, Burleson KO, Kloner RA, Babior BM, Engler RL, 
Reperfusion injury induces apoptosis in rabbit cardiomyocytes, 
J Clin Invest, 1994, 94(4):1621–1628. 

[30] Fliss H, Gattinger D, Apoptosis in ischemic and reperfused 
rat myocardium, Circ Res, 1996, 79(5):949–956. 

[31] Kang PM, Haunstetter A, Aoki H, Usheva A, Izumo S, 
Morphological and molecular characterization of adult 
cardiomyocyte apoptosis during hypoxia and reoxygenation, 
Circ Res, 2000, 87(2):118–125. 

[32] Abbate A, Bussani R, Biondi-Zoccai GG, Rossiello R, 
Silvestri F, Baldi F, Biasucci LM, Baldi A, Persistent infarct-
related artery occlusion is associated with an increased 
myocardial apoptosis at postmortem examination in humans 
late after an acute myocardial infarction, Circulation, 2002, 
106(9):1051–1054. 

[33] Baldi A, Abbate A, Bussani R, Patti G, Melfi R, Angelini A, 
Dobrina A, Rossiello R, Silvestri F, Baldi F, Di Sciascio G, 
Apoptosis and post-infarction left ventricular remodeling,  
J Mol Cell Cardiol, 2002, 34(2):165–174. 

[34] Sam F, Sawyer DB, Chang DLF, Eberli FR, Ngoy S, Jain M, 
Amin J, Apstein CS, Colucci WS, Progressive left ventricular 
remodeling and apoptosis late after myocardial infarction in 
mouse heart, Am J Physiol Heart Circ Physiol, 2000, 279(1): 
H422–H428. 

[35] Curca GC, Drugescu N, Ardeleanu C, Ceausu M, Investigative 
protocole of sudden cardiac death in young adults, Rom J 
Legal Med, 2008, 16(1):57–66. 

[36] Dermengiu D, Ceausu M, Rusu MC, Dermengiu S, Curca GC, 
Hostiuc S, Sudden death associated with borderline 
hypertrophic cardiomyopathy and multiple coronary anomalies. 
Case report and literature review, Rom J Legal Med, 2010, 
18(1):3–12. 

[37] Rusu MC, Ferechide D, Curca GC, Dermengiu D, Morpho-
functional considerations on the atrioventricular node arterial 
vascularization, Rom J Legal Med, 2009, 17(2):101–110. 

[38] Communal C, Sumandea M, de Tombe P, Narula J, Solaro RJ, 
Hajjar RJ, Functional consequences of caspase activation 
in cardiac myocytes, Proc Natl Acad Sci U S A, 2002, 99(9): 
6252–6256. 

[39] Nakatome M, Matoba R, Ogura Y, Tun Z, Iwasa M, Maeno Y, 
Koyama H, Nakamura Y, Inoue H, Detection of cardiomyocyte 
apoptosis in forensic autopsy cases, Int J Legal Med, 2002, 
116(1):17–21. 

[40] Takemura G, Ohno M, Hayakawa Y, Misao J, Kanoh M, 
Ohno A, Uno Y, Minatoguchi S, Fujiwara T, Fujiwara H, 
Role of apoptosis in the disappearance of infiltrated and 
proliferated interstitial cells after myocardial infarction, Circ 
Res, 1998, 82(11):1130–1138. 

[41] Zidar N, Jera J, Maja J, Dušan S, Caspases in myocardial 
infarction. In: Makowski GS (ed), Advances in clinical 
chemistry, vol. 44, Elsevier, 2007, 1–33. 

[42] Khoynezhad A, Jalali Z, Tortolani AJ, A synopsis of research 
in cardiac apoptosis and its application to congestive heart 
failure, Tex Heart Inst J, 2007, 34(3):352–359. 

[43] Kuethe F, Sigusch HH, Bornstein SR, Hilbig K, Kamvissi V, 
Figulla HR, Apoptosis in patients with dilated cardiomyopathy 
and diabetes: a feature of diabetic cardiomyopathy? Horm 
Metab Res, 2007, 39(9):672–676. 

[44] Fiordaliso F, Leri A, Cesselli D, Limana F, Safai B, Nadal-
Ginard B, Anversa P, Kajstura J, Hyperglycemia activates 
p53 and p53-regulated genes leading to myocyte cell death, 
Diabetes, 2001, 50(10):2363–2375. 

[45] Yoon YS, Uchida S, Masuo O, Cejna M, Park JS, Gwon HC, 
Kirchmair R, Bahlman F, Walter D, Curry C, Hanley A,  
Isner JM, Losordo DW, Progressive attenuation of myocardial 
vascular endothelial growth factor expression is a seminal 
event in diabetic cardiomyopathy: restoration of microvascular 
homeostasis and recovery of cardiac function in diabetic 
cardiomyopathy after replenishment of local vascular endothelial 
growth factor, Circulation, 2005, 111(16):2073–2085. 

[46] Unal-Cevik I, Kilinç M, Can A, Gürsoy-Ozdemir Y, Dalkara T, 
Apoptotic and necrotic death mechanisms are concomitantly 
activated in the same cell after cerebral ischemia, Stroke, 
2004, 35(9):2189–2194. 

[47] Gorza L, Schiaffino S, Vitadello M, Heart conduction system: 
a neural crest derivative? Brain Res, 1988, 457(2):360–366. 

[48] Cheng G, Litchenberg WH, Cole GJ, Mikawa T, Thompson RP, 
Gourdie RG, Development of the cardiac conduction system 
involves recruitment within a multipotent cardiomyogenic 
lineage, Development, 1999, 126(22):5041–5049. 

[49] Boyett MR, Dobrzynski H, Lancaster MK, Jones SA, Honjo H, 
Kodama I, Sophisticated architecture is required for the 
sinoatrial node to perform its normal pacemaker function,  
J Cardiovasc Electrophysiol, 2003, 14(1):104–106. 

[50] Petrescu CI, Niculescu V, Ionescu N, Vlad M, Rusu MC, 
Considerations on the sinus node microangioarchitecture, 
Rom J Morphol Embryol, 2006, 47(1):59–61. 

[51] Saraste A, Pulkki K, Kallajoki M, Henriksen K, Parvinen M, 
Voipio-Pulkki L, Apoptosis in human acute myocardial infarction, 
Circulation, 1997, 95(2):320–323. 

[52] Dun W, Boyden PA, Aged atria: electrical remodeling conducive 
to atrial fibrillation, J Interv Card Electrophysiol, 2009, 25(1): 
9–18. 

[53] Aneja A, Tang WHW, Bansilal S, Garcia MJ, Farkouh ME, 
Diabetic cardiomyopathy: insights into pathogenesis, 
diagnostic challenges, and therapeutic options, Am J Med, 
2008, 121(9):748–757. 

[54] Sayk F, Krüger S, Bechtel JF, Feller AC, Sievers HH, 
Bartels C, Significant damage of the conduction system 
during cardioplegic arrest is due to necrosis not apoptosis, 
Eur J Cardiothorac Surg, 2004, 25(5):801–806. 

 
 
 
 
Corresponding author 
Mugurel Constantin Rusu, Associate Professor, MD, PhD, Dr.Hab., Discipline of Anatomy, Faculty of Dental 
Medicine, “Carol Davila” University of Medicine and Pharmacy, 8 Eroilor Sanitari Avenue, 050474 Bucharest, 
Romania; Phone +40722–363 705, e-mail: anatomon@gmail.com 
 
 
 
 
Received: May 25, 2013     Accepted: November 15, 2013 


