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INTRODUCTION

Diabetes mellitus (DM) comprises a group of  metabolic 
diseases where an individual has high blood sugar, because 
the pancreas does not produce enough insulin, or that the 
cells present do not respond to the insulin that is produced.[1] 
This increased blood sugar levels produce the characteristic 
symptoms of  polyuria, polydipsia, and polyphagia. After 
food consumption, carbohydrates are broken down into 
glucose molecules in the gut.[2] Glucose is absorbed into 
the bloodstream elevating blood glucose levels, and the 
resulting glycemia stimulates the secretion of  insulin from 

the beta cells of  the pancreas. If  insulin production and 
secretion are altered by the disease, blood glucose dynamics 
will be subjected to changes.[3] Diabetes causes direct 
stress to the cardiac cells leading to an early precipitating 
senescence of  the heart, a condition termed as diabetic 
cardiomyopathy.[4] The prevalence of  DM in heart failure 
populations is approximately 20% in comparison to 4%–6% in 
control populations. Epidemiological studies have showcased 
an increased risk of  heart failure due to poor glycemic control 
in diabetic populations.[5] Myocardial cell death marks a 
vital role in the pathogenesis and progression of  various 
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etiological cardiomyopathies such as ischemia‑reperfusion, 
toxic exposure, and various other chronic diseases, including 
myocardial infarction and atherosclerosis. Myocardial cell 
death is a pathogenic feature in the hearts of  diabetic patients.

DISCUSSION

Mechanism of heart failure in diabetic patients
DM is associated with a markedly increased risk of  
coronary artery disease. In the United Kingdom 
Prospective Diabetes Studies, the risk of  myocardial 
infarction increased as a function of  hemoglobin A1C 
levels.[6] DM is more likely be related to heart failure 
development by mostly three mechanisms: due to 
associated comorbidities, by favoring the development of  
coronary atherosclerosis, or through a specific diabetic 
cardiomyopathy. Associated comorbidities or risk factors 
may partly account for the increased risk of  heart failure in 
diabetic patients. These cardiovascular risk factors such as 
dyslipidemia, hypertension, hypercoagulability, obesity, and 
inflammation are part of  the insulin resistance syndrome 
and are, at least partly, regulated by nuclear peroxisome 
proliferator‑activated receptors (PPARs); activation of  
PPAR‑gamma improve insulin sensitivity and endothelial 
function, and lower inflammation and blood pressure.[7] In 
the Framingham cohort, men and women with diabetes 
had higher blood pressures and were more obese than 
nondiabetics; women with diabetes had, in addition, higher 
low‑density lipoprotein‑cholesterol values; high‑density 
lipoprotein‑cholesterol values were consistently lower in 
those with DM than in those without diabetes in both 
sexes.[8] The increased risk of  atherosclerosis in diabetic 
patients may also contribute significantly to the increased 
risk of  HF. Coronary artery disease is the underlying cause 
of  heart failure in approximately two‑thirds of  patients 
with the left‑ventricular systolic dysfunction.[9] In the study 
by Haffner et al.,[10] the 7‑year incidence rate of  myocardial 
infarction in patients with diabetes without prior myocardial 
infarction at baseline was 20.2% versus only 3.5% in 
nondiabetic patients without prior myocardial infarction at 
baseline. This increased risk of  atherosclerosis in patients 
with diabetes has been attributed to diverse mechanisms 
such as endothelial dysfunction[11] or altered hemostatic 
factors (higher levels of  fibrinogen,[12] plasminogen 
activator inhibitor‑1[13,14] or Von Willebrand factor,[15] or 
altered platelet function).[16,17] Molecular mechanisms 
linking hyperglycemia and atherosclerosis have been 
recently reviewed by Aronson and Rayfield.[18] There are 
also data to suggest that diabetes may predispose to heart 
failure development through the existence of  a specific 
diabetic cardiomyopathy.[19] Several hypotheses regarding 
diabetes‑induced heart failure independent of  epicardial 

coronary artery disease have been advanced; these 
include microangiopathy, metabolic factors, and fibrosis. 
Intramyocardial microangiopathy has also been observed in 
patients with diabetes hearts[20,21] combined with functional 
abnormalities related to endothelial dysfunction, diabetic 
microangiopathy may explain the reduced coronary blood 
flow reserve observed in patients with diabetes.[10,22,23] 
Metabolic factors may also play a role in the development 
of  myocardial dysfunction, hyperglycemia, impaired 
myocardial glucose uptake, and increased turnover of  free 
fatty acids may all contribute to DM‑related myocardial 
dysfunction.[24,25] Finally, experimental and clinical data also 
point to a potential role for myocardial fibrosis in diabetic 
cardiomyopathy; intramyocardial accumulation of  collagen 
is a well‑demonstrated consequence of  DM.[25] Moreover, 
the deposition of  advanced glycation end‑products may 
result in increased left‑ventricular stiffness and consequently 
to diastolic dysfunction.[26‑28] In summary, various 
mechanisms may induce a specific diabetic cardiomyopathy. 
Whether this diabetic cardiomyopathy alone may cause 
HF is, however unknown, another possibility is that these 
myocardial alterations related to DM may predispose to the 
development of  HF in response to other conditions such 
as coronary artery disease or hypertension. A synergistic 
effect may exist between DM and hypertension for the 
development of  myocardial fibrosis.[29‑31]

Apoptosis
Unlike necrosis, apoptosis is an active, precisely regulated, 
energy requiring process which appears to be orchestrated 
by a genetic program,[32] and hence, the interchangeable 
use of  the terms “apoptosis” and “programmed cell 
death.” Apoptosis plays a crucial role in the regulation of  
proliferating cell populations in adult tissues and in normal 
tissue development.[33,34] Cells such as neurons and cardiac 
myocytes, even though terminally differentiated contain 
the genes and signal transduction pathways necessary for 
programmed cell death, and thus, retain the ability to die by 
apoptosis.[35] In humans and other mammals, adult cardiac 
myocytes are thought to have, at the best, a very limited 
capacity for self‑renewal,[36] and are intended to survive 
and actively function for the entire life of  the organism. 
Viewed from this perspective, death of  a significant 
number of  adult cardiac muscle cells can have lasting 
adverse consequences on overall cardiac performance

Cardiomyocyte apoptosis and predisposing factors for 
heart failure
Myocardial infarction
Myocardial ischemia and infarction represent the major 
etiologies that underscore the development of  congestive 
heart failure. Cardiomyocyte loss secondary to prolonged 
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ischemia has long been thought to result from overt 
necrosis. While this form of  cell death remains a primary 
cause of  tissue injury, recent studies have suggested that 
cardiomyocyte loss after acute myocardial infarction can 
also be caused by apoptosis.[36‑40] Cardiomyocyte apoptosis 
has been observed in humans following acute myocardial 
infarction. The observation of  a high prevalence of  
cardiomyocyte apoptosis in the peri‑infarct border region in 
comparison to myocardial regions remote from the infarction 
is also evident in myocardium of  both humans with chronic 
heart failure secondary to ischemic cardiomyopathy (ICM) 
as well as in animal models of  chronic heart failure produced 
by intracoronary microembolizations.[41‑46]

Ventricular hypertrophy
Heart failure can result from sustained pressure overload 
as in long‑standing hypertension or aortic valvular stenosis. 
Ventricular hypertrophy is associated with loss of  cardiac 
myocytes that result in focal sites of  replacement fibrosis 
conventionally attributed to necrosis.[47] Recent studies, 
however, have shown that experimentally‑induced 
left‑ventricle (LV) hypertrophy is associated with myocyte 
apoptosis.[48‑50] Studies from other laboratories suggested 
that cardiomyocyte apoptosis may be important in the 
transition from compensated hypertrophy to heart failure.[49] 
In spontaneously hypertensive rats (SHR) with symptoms 
of  heart failure, Li et al.[49] showed a near five‑fold increase 
in the number of  cardiac myocytes undergoing apoptosis 
compared to nonfailing SHR rats. In this rat model, the 
transition to heart failure was accompanied by features 
characteristic of  the heart failure state, including cardiac 
pump dysfunction,[50,51] myocardial fibrosis,[52] and reduction 
in the volume fraction of  cardiac myocytes.

Ventricular dilatation
Left ventricular chamber enlargement is a characteristic 
adaptation of  the failing heart regardless of  etiology. 
Chronic ventricular enlargement and failure can result from 
long‑standing volume overload as in aortic or mitral valve 
insufficiency or the development of  large conduit vessel 
arterio‑venous fistulas. As with ventricular hypertrophy, 
LV chamber dilation is associated with the loss of  cardiac 
myocytes that result in focal sites of  fibrosis. Recent 
studies have shown that passive myocardial stretch is also 
associated with cardiomyocyte apoptosis

Autoimmunity
In inflammatory heart muscle disease, autoimmunity 
is considered to play a role in the pathogenesis of  
impaired cardiac performance.[53] Marked depression 
of  cardiac function occurs in patients with dilated 
cardiomyopathy (DCM) in the absence of  extensive 

loss of  viable myocardium. Secretory products 
of  immune cells such as macrophages and other 
infiltrating cells could well contribute to abnormalities 
of  contraction and relaxation that are seen, for instance, 
in myocarditis.[53] Pro‑inflammatory cytokines such as 
tissue necrosis factor‑α (TNF‑α), interleukin (IL)‑1, IL‑2, 
and IL‑6 are antigen‑nonspecific glycoproteins that are 
synthesized rapidly and released locally by immune cells 
in response to injury.[54] Cytokines have been shown to 
reduce the positive inotropic response of  isolated cardiac 
myocytes to adrenergic agonists.[55] TNF‑α and IL‑1 have 
also been shown to uncouple agonist‑occupied receptors 
from adenylate cyclase in isolated cardiac myocytes. TNF‑α 
is overexpressed in patients with heart failure regardless 
of  etiology.[56]

Evidence for cardiomyocyte apoptosis in humans with 
heart failure
Studies in tissues obtained from explanted hearts of  
patients with an end‑stage heart failure have confirmed 
the presence of  cardiomyocyte apoptosis.[56] Four of  
seven patients in whom heart failure was due to idiopathic 
dilated cardiomyopathy (IDC) had immunohistochemical 
evidence of  cardiomyocyte nuclear DNA fragmentation by 
TdT‑mediated dUTP nick‑end labeling (TUNEL) technique 
and demonstrated DNA laddering consistent with apoptosis. 
The study by Peitsch MC et al, proved the endonuclease 
activity in the executionary pathway of  the apoptosis and 
the effectiveness of  the TUNEL in identification of  the 
apoptotic activity.[57] In patients with acromegaly‑induced 
cardiomyopathy, Frustaci et al.[58] reported a near 500‑fold 
increase in apoptosis of  cardiomyocytes compared to that 
observed in myocardial tissue samples obtained from papillary 
muscle of  patients undergoing mitral valve replacement. 
Biochemically, apoptosis is characterized by internucleosomal 
cleavage of  DNA by Ca2+ and Mg2+‑dependent endonuclease 
whose activity increases during apoptosis.[58] A study showed 
that deoxyribonuclease I, which is indistinguishable from 
endonuclease,[59] is significantly increased in myocardium of  
patients with end‑stage heart failure compared to that of  
myocardium of  nondiseased hearts. The above‑mentioned 
studies in human hearts, strongly suggest that apoptosis 
of  cardiomyocytes occurs in heart failure regardless of  the 
predisposing factor.

Molecular triggers of apoptosis in heart failure
The multigene family of  Bcl‑2‑like proteins, some of  which 
such as Bcl‑2 itself  inhibits apoptosis and others such as 
Bax which promote apoptosis is one of  the best known 
regulators of  the apoptotic process.[60‑62] The ratio of  
Bcl‑2 to Bax, the so‑called “death switch” is often used as 
an indicator of  apoptosis. An increase in this ratio is used 
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to signify attenuation of  the apoptotic process, whereas 
a decrease in the ratio is used to signify exacerbation of  
the apoptotic process. Reported a near doubling of  the 
expression of  Bcl‑2 in cardiac tissue without changes in 
the expression of  Bax, a situation that favors protection 
from apoptosis. Another factor involved in apoptosis is the 
tumor suppressor p53 protein implicated in cell cycle arrest 
through up‑regulation of  p21/WAF‑1, a cyclin‑dependent 
kinase (Cdk) inhibitor.[62] The p53 protein is believed to 
induce apoptosis in response to DNA damage[63] and other 
signals such as increased expression of  c‑myc in a manner 
independent of  cell cycle arrest.[64] A family of  cysteine 
proteases known as interleukin‑converting enzymes (ICE) 
more recently referred to as “caspases” have recently taken 
a front and center seat as primary regulators of  apoptosis. 
Studies in rats with acute myocardial infarction,[65,66] have 
suggested that ICE‑like proteases modulate apoptosis based 
on the ability of  certain pharmacologic inhibitors, such 
as z‑VAD‑fmk, a nonspecific peptide caspase inhibitor, 
to block the apoptosis process. In a recent study, the 
expression of  caspase‑3 was examined in LV tissue obtained 
from failing human hearts.[67] In this study, caspase‑3 was 
strongly induced in myocytes bordering recent infarcts 
and to a lesser extent in failing hearts due to DCM. 
Colocalization of  caspase‑3 with apoptotic cardiomyocytes 
has been reported in rats following myocardial ischemia and 
reperfusion.[67] The release of  cytochrome c or the release 
of  “apoptosis‑inducing factor” from mitochondria may 
be an important pathway for the activation of  caspases 
with resulting apoptosis in the failing heart.[68] Cytochrome 
c release from mitochondria has been shown to precede 
caspase activation in apoptotic cardiomyocytes during 
ischemia in the rat.[69] Expression of  Bcl‑2 appears to 
prevent activation of  the ICE protease cascade,[70] possibly 
by preventing release of  cytochrome c. Mitochondrial 
abnormalities have been described in patients with heart 
failure that include structural disruption of  the inner 
membrane, hyperplasia, and reduced organelle size.[71] A cell 
surface antigen Fas, a member of  the TNF family, is also 
involved in the regulation of  apoptosis by acting as a receptor 
for the ligand Fas ligand (FasL) which induces apoptosis. 
Recent studies have shown that circulating levels of  soluble 
Fas, a molecule that lacks the transmembrane domain of  
Fas, and therefore, inhibits apoptosis, is increased in patients 
with congestive heart failure.[71,72] In contrast to these studies, 
other studies have reported increased circulating levels of  
soluble FasL in patients with congestive heart failure.[73] 
Soluble FasL is a molecule that promotes binding between 
Fas and FasL and favors apoptosis. Abnormal cell cycle 
events, cell cycle progression in the face of  DNA damage, 
and forcing cell cycle reentry in terminally differentiated cells 

are all potent inducers of  apoptosis.[74] Cardiac hypertrophy 
and failure are associated with DNA synthesis in myocytes 
and with up‑regulation of  molecular markers of  cell cycle 
progression.[75] An increase in proliferating cell nuclear 
antigen, a nuclear protein necessary for DNA synthesis, 
and cell cycle progression[76] was reported in myocardium 
of  dogs with heart failure induced by rapid ventricular 
pacing. Coordination of  events that occur during the cell 
cycle is also dependent on a series of  cyclin‑dependent 
kinases that, as active complexes, appear to be important 
for the progression from G2 to mitosis.[77] Progression 
through G1 also requires inactivation of  several tumor 
suppressor genes, including p53, p21, p16, p15, and p27 and 
the retinoblastoma gene Rb, that inhibit the kinase activity 
of  the cyclin/Cdk complexes.[77] Studies by Anversa and 
Kajstura[77] suggested that adult cardiac myocytes are able to 
divide and that this capacity increases during cardiac disease, 
including heart failure. However, the overall frequency of  
such cell division, if  true, remains very low, insignificant. 
Another possibility is that cardiomyocytes stimulated to 
divide are driven toward apoptosis. Evidence for this can 
be found in studies in which DNA synthesis induced in 
cardiomyocytes transfected with E1A gene, resulted in 
apoptosis rather cell division.[78‑80]

Pathophysiological triggers of apoptosis in heart failure
It is often suggested that apoptosis may be induced by 
the same agents that produce necrosis with the type 
of  cell death being dependent on the severity of  the 
insult rather than its qualitative nature.[81] Other factors 
implicated as triggers of  cardiomyocyte apoptosis include 
the formation of  oxygen‑free radicals,[82] exposure to 
hypoxia,[83,84] excess levels of  angiotensin‑II (A‑II),[85] 
excess levels of  norepinephrine,and increased levels of  
specific cytokines such as TNFα. Among these, the role 
of  A‑II, norepinephrine, and limited oxygenation of  the 
myocardium has received considerable attention in recent 
years and for good reason. Enhanced and sustained activity 
of  the renin‑angiotensin system and the sympathetic 
nervous system as well as localized or even global hypoxia, 
are in many respects characteristic features of  the failing 
heart. Exposure of  isolated adult rat cardiomyocytes to A‑II 
was shown to cause a near five‑fold increase in apoptosis.[85] 
When cardiomyocyte were exposed to A‑II in the presence 
of  losartan, a selective AT1‑receptor antagonist, apoptosis 
was completely blocked.[85] Consistent with this finding, we 
observed an attenuation of  cardiomyocyte apoptosis in 
dogs with microembolization‑induced heart failure treated 
long‑term with the angiotensin‑converting enzyme (ACE) 
inhibitor enalapril.[86] ACE inhibition has also been shown 
to attenuate apoptosis in rats with heart failure. Exposure 
of  isolated adult rat cardiomyocyte to norepinephrine 
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caused a near two‑fold increase in apoptosis.[86] When 
myocytes were exposed to norepinephrine in the presence 
of  the mixed β1‑ and β2‑adrenergic antagonist propranolol, 
the effect was completely blocked.[87] Consistent with these 
findings in isolated rat myocytes, we observed a marked 
reduction of  cardiomyocyte apoptosis in dogs treated 
long‑term with the β1‑selective blocker metoprolol.[88] 
ICE‑like proteases have also been shown to be involved 
in the hypoxia‑induced apoptosis in cardiac myocytes.[89] 
Hypoxic stress a; so leads to an increase in the expression 
and nuclear accumulation of  specific proto‑oncogenes 
such as c‑fos, c‑jun, and c‑myc that have been implicated in 
the induction of  cell cycle progression and apoptosis.[90‑92]

Suicidal autophagy – New mechanism for cell death in 
the diabetic heart
In failing hearts, cardiomyocytes degenerate and interstitial 
fibrosis, which indicates cardiomyocyte loss, becomes more 
prominent in the myocardium. However, the precise mechanism 
of  cardiomyocyte degeneration that leads to cell death is still 
unclear, although it is presumed that lysosomal function and 
autophagy play an important role because lysosomal activity 
increases under stress such as hypoxia.[93] Myocardium that had 
been resected during partial left ventriculectomy performed in 
patients with DCM was examined. Under light microscopy, 
some cardiomyocytes had a marked scarcity of  myofibrils 
and had prominent cytoplasmic vacuolization. Atrophic and 
degenerated cardiomyocytes were often observed adjacent to 
replacement fibrotic tissue.[94] Immunohistochemistry showed 
positivity for lysosome‑associated membrane protein and a 
lysosomal catheptic enzyme in vacuoles of  various sizes in the 
cardiomyocytes, and these lysosomal markers were markedly 
increased in atrophic and degenerated cardiomyocytes. Electron 
microscopy revealed that degenerated cardiomyocytes had 
many vacuoles‑containing intracellular organelles, such as 
mitochondria, and were considered to be autophagic vacuoles.[94]

CONCLUSION

Diabetes is a significant risk factor for cardiovascular diseases, 
with the majority of  these complications being attributed 
to coronary vascular pathology. Diabetes increases both 
apoptosis and necrosis in human myocardium. Multiple 
mechanisms and factors involving ventricular myocytes and 
regarding autophagy, apoptosis and programmed necrosis 
prove the role of  diabetes as a synergistic risk factor in the 
decline of  cardiac performance and contractile impairment 
after myocardial injury.

Financial support and sponsorship
Nil.

Conflicts of interest
There are no conflicts of  interest.

REFERENCES

1. Gardner DG, Dolores S, editors. Greenspan’s Basic & Clinical 
Endocrinology. 9th ed., Ch. 17. New York: McGraw‑Hill Medical; 2011.

2. Shoback DG, Gardner D, eds. (2011). "Chapter 17". Greenspan's basic 
& clinical endocrinology (9th ed). New York: McGraw‑Hill Medical. 
ISBN 978‑0‑07‑162243‑1.

3. Tuomi T, Santoro N, Caprio S, Cai M, Weng J, Groop L. The many faces of  
diabetes: A disease with increasing heterogeneity. Lancet 2014;383:1084‑94.

4. Avogaro A, Vigili de Kreutzenberg S, Negut C, Tiengo A, Scognamiglio 
R. Diabetic cardiomyopathy: A metabolic perspective. Am J Cardiol 
2004;93:13A–16A.

5. Severson DL. Diabetic cardiomyopathy: Recent evidence from mouse 
models of  type 1 and type 2 diabetes. Can J Physiol Pharmacol 
2004;82:813‑23.

6. Stratton IM, Adler AI, Neil HA, Matthews DR, Manley SE, Cull CA, 
et al. Association of  glycaemia with macrovascular and microvascular 
complications of  type 2 diabetes (UKPDS 35): Prospective 
observational study. BMJ 2000;321:405‑12.

7. Martens FM, Visseren FL, Lemay J, de Koning EJ, Rabelink TJ. 
Metabolic and additional vascular effects of  thiazolidinediones. Drugs 
2002;62:1463‑80.

8. Kannel WB, McGee DL. Diabetes and glucose tolerance as risk factors for 
cardiovascular disease: The Framingham study. Diabetes Care 1979;2:120‑6.

9. Gheorghiade M, Bonow RO. Chronic heart failure in the United States: 
A manifestation of  coronary artery disease. Circulation 1998;97:282‑9.

10. Haffner SM, Lehto S, Rönnemaa T, Pyörälä K, Laakso M. Mortality 
from coronary heart disease in subjects with type 2 diabetes and in 
nondiabetic subjects with and without prior myocardial infarction. 
N Engl J Med 1998;339:229‑34.

11. Nitenberg A, Valensi P, Sachs R, Dali M, Aptecar E, Attali JR, et al. 
Impairment of  coronary vascular reserve and ACh‑induced coronary 
vasodilation in diabetic patients with angiographically normal coronary 
arteries and normal left ventricular systolic function. Diabetes 
1993;42:1017‑25.

12. Ceriello A. Coagulation activation in diabetes mellitus: The 
role of  hyperglycaemia and therapeutic prospects. Diabetologia 
1993;36:1119‑25.

13. Nordt TK, Sawa H, Fujii S, Sobel BE. Induction of  plasminogen 
activator inhibitor type‑1 (PAI‑1) by proinsulin and insulin in vivo. 
Circulation 1995;91:764‑70.

14. Sobel BE, Woodcock‑Mitchell J, Schneider DJ, Holt RE, Marutsuka K, 
Gold H, et al. Increased plasminogen activator inhibitor type 1 
in coronary artery atherectomy specimens from type 2 diabetic 
compared with nondiabetic patients: A potential factor predisposing 
to thrombosis and its persistence. Circulation 1998;97:2213‑21.

15. Zareba W, Pancio G, Moss AJ, Kalaria VG, Marder VJ, Weiss HJ, 
et al. Increased level of  von Willebrand factor is significantly and 
independently associated with diabetes in postinfarction patients. 
THROMBO investigators. Thromb Haemost 2001;86:791‑9.

16. Knobler H, Savion N, Shenkman B, Kotev‑Emeth S, Varon D. 
Shear‑induced platelet adhesion and aggregation on subendothelium 
are increased in diabetic patients. Thromb Res 1998;90:181‑90.

17. Tschoepe D, Roesen P, Kaufmann L, Schauseil S, Kehrel B, 
Ostermann H, et al. Evidence for abnormal platelet glycoprotein 
expression in diabetes mellitus. Eur J Clin Invest 1990;20:166‑70.

18. Aronson D, Rayfield EJ. How hyperglycemia promotes atherosclerosis: 
Molecular mechanisms. Cardiovasc Diabetol 2002;1:1.

19. Rubler S, Dlugash J, Yuceoglu YZ, Kumral T, Branwood AW, 
Grishman A. New type of  cardiomyopathy associated with diabetic 
glomerulosclerosis. Am J Cardiol 1972;30:595‑602.

[Downloaded free from http://www.ijcpc.org on Friday, January 28, 2022, IP: 60.243.15.88]



Riswana and Bhuvaneshwari: Apoptotic cell death in heart failure associated with diabetes mellitus

International Journal of Clinicopathological Correlation | Volume 3 | Issue 1 | January‑June 2019 17

20. Factor SM, Okun EM, Minase T. Capillary microaneurysms in the 
human diabetic heart. N Engl J Med 1980;302:384‑8.

21. Gherasim L, Taşcă C, Havriliuc C, Vasilescu C. A morphological 
quantitative study of  small vessels in diabetic cardiomyopathy. Morphol 
Embryol (Bucur) 1985;31:191‑5.

22. Nitenberg A, Paycha F, Ledoux S, Sachs R, Attali JR, Valensi P. 
Coronary artery responses to physiological stimuli are improved by 
deferoxamine but not by L‑arginine in non‑insulin‑dependent diabetic 
patients with angiographically normal coronary arteries and no other 
risk factors. Circulation 1998;97:736‑43.

23. Nahser PJ Jr., Brown RE, Oskarsson H, Winniford MD, Rossen JD. 
Maximal coronary flow reserve and metabolic coronary vasodilation 
in patients with diabetes mellitus. Circulation 1995;91:635‑40.

24. Rodrigues B, McNeill JH. The diabetic heart: Metabolic causes for the 
development of  a cardiomyopathy. Cardiovasc Res 1992;26:913‑22.

25. Lopaschuk GD. Abnormal mechanical function in diabetes: 
Relationship to altered myocardial carbohydrate/lipid metabolism. 
Coron Artery Dis 1996;7:116‑23.

26. Shehadeh A, Regan TJ. Cardiac consequences of  diabetes mellitus. 
Clin Cardiol 1995;18:301‑5.

27. Brownlee M, Cerami A, Vlassara H. Advanced glycosylation end 
products in tissue and the biochemical basis of  diabetic complications. 
N Engl J Med 1988;318:1315‑21.

28. Asif  M, Egan J, Vasan S, Jyothirmayi GN, Masurekar MR, Lopez S, 
et al. An advanced glycation endproduct cross‑link breaker can reverse 
age‑related increases in myocardial stiffness. Proc Natl Acad Sci U S 
A 2000;97:2809‑13.

29. Takahashi N, Iwasaka T, Sugiura T, Hasegawa T, Tarumi N, Kimura Y, 
et al. Left ventricular regional function after acute anterior myocardial 
infarction in diabetic patients. Diabetes Care 1989;12:630‑5.

30. Woodfield SL, Lundergan CF, Reiner JS, Greenhouse SW, Thompson MA, 
Rohrbeck SC, et al. Angiographic findings and outcome in diabetic 
patients treated with thrombolytic therapy for acute myocardial 
infarction: The GUSTO‑I experience. J Am Coll Cardiol 1996;28:1661‑9.

31. van Hoeven KH, Factor SM. A comparison of  the pathological 
spectrum of  hypertensive, diabetic, and hypertensive‑diabetic heart 
disease. Circulation 1990;82:848‑55.

32. Kerr JF, Wyllie AH, Currie AR. Apoptosis: A basic biological 
phenomenon with wide‑ranging implications in tissue kinetics. Br J 
Cancer 1972;26:239‑57.

33. Steller H. Mechanisms and genes of  cellular suicide. Science 
1995;267:1445‑9.

34. Savill J. Apoptosis in disease. Eur J Clin Invest 1994;24:715‑23.
35. Barr PJ, Tomei LD. Apoptosis and its role in human disease. 

Biotechnology (N Y) 1994;12:487‑93.
36. Anversa P, Palackal T, Sonnenblick EH, Olivetti G, Meggs LG, 

Capasso JM, et al. Myocyte cell loss and myocyte cellular hyperplasia 
in the hypertrophied aging rat heart. Circ Res 1990;67:871‑85.

37. Sharov VG, Sabbah HN, Shimoyama H, Goussev AV, Lesch M, 
Goldstein S, et al. Evidence of  cardiocyte apoptosis in myocardium 
of  dogs with chronic heart failure. Am J Pathol 1996;148:141‑9.

38. Narula J, Haider N, Virmani R, DiSalvo TG, Kolodgie FD, Hajjar RJ, 
et al. Apoptosis in myocytes in end‑stage heart failure. N Engl J Med 
1996;335:1182‑9.

39. King KL, Cidlowski JA. Cell cycle and apoptosis: Common pathways 
to life and death. J Cell Biochem 1995;58:175‑80.

40. Kajstura J, Cheng W, Reiss K, Clark WA, Sonnenblick EH, Krajewski S, 
et al. Apoptotic and necrotic myocyte cell deaths are independent 
contributing variables of  infarct size in rats. Lab Invest 1996;74:86‑107.

41. Fliss H, Gattinger D. Apoptosis in ischemic and reperfused rat 
myocardium. Circ Res 1996;79:949‑56.

42. Cheng W, Kajstura J, Nitahara JA, Li B, Reiss K, Liu Y, et al. 
Programmed myocyte cell death affects the viable myocardium after 
infarction in rats. Exp Cell Res 1996;226:316‑27.

43. Saraste A, Pulkki K, Kallajoki M, Henriksen K, Parvinen M, 
Voipio‑Pulkki LM, et al. Apoptosis in human acute myocardial 

infarction. Circulation 1997;95:320‑3.
44. Olivetti G, Quaini F, Sala R, Lagrasta C, Corradi D, Bonacina E, et al. 

Acute myocardial infarction in humans is associated with activation 
of  programmed myocyte cell death in the surviving portion of  the 
heart. J Mol Cell Cardiol 1996;28:2005‑16.

45. Gottlieb RA, Burleson KO, Kloner RA, Babior BM, Engler RL. 
Reperfusion injury induces apoptosis in rabbit cardiomyocytes. J Clin 
Invest 1994;94:1621‑8.

46. Stanley WC, Fabio A. Recchia, Lopaschukl GD. Myocardial 
Substrate Metabolism in the Normal and Failing Heart. Physiol Rev 
2005;85:1093‑1129.

47. Capasso JM, Palackal T, Olivetti G, Anversa P. Left ventricular failure 
induced by long‑term hypertension in rats. Circ Res 1990;66:1400‑12.

48. Teiger E, Than VD, Richard L, Wisnewsky C, Tea BS, Gaboury L, et al. 
Apoptosis in pressure overload‑induced heart hypertrophy in the rat. 
J Clin Invest 1996;97:2891‑7.

49. Li Z, Bing OH, Long X, Robinson KG, Lakatta EG. Increased 
cardiomyocyte apoptosis during the transition to heart failure in the 
spontaneously hypertensive rat. Am J Physiol 1997;272:H2313‑9.

50. Bing OH. Hypothesis: Apoptosis may be a mechanism for the transition 
to heart failure with chronic pressure overload. J Mol Cell Cardiol 
1994;26:943‑8.

51. Mirsky I, Pfeffer JM, Pfeffer MA, Braunwald E. The contractile state as 
the major determinant in the evolution of  left ventricular dysfunction 
in the spontaneously hypertensive rat. Circ Res 1983;53:767‑78.

52. Bing OH, Sen S, Conrad CH, Brooks WW. Myocardial function 
structure and collagen in the spontaneously hypertensive rat: 
Progression from compensated hypertrophy to haemodynamic 
impairment. Eur Heart J 1984;5 Suppl F: 43‑52.

53. Maisch B, Herzum M, Hufnagel G, Bethge C, Schönian U. 
Immunosuppressive treatment for myocarditis and dilated 
cardiomyopathy. Eur Heart J 1995;16 Suppl O:153‑61.

54. Abbas AK, Lichtman AH, Pober JS, editors. Cellular and Molecular 
Immunology. Philadelphia: W.B. Saunders; 1991. p. 226‑42.

55. Gulick T, Chung MK, Pieper SJ, Lange LG, Schreiner GF. Interleukin 
1 and tumor necrosis factor inhibit cardiac myocyte beta‑adrenergic 
responsiveness. Proc Natl Acad Sci U S A 1989;86:6753‑7.

56. Krown KA, Page MT, Nguyen C, Zechner D, Gutierrez V, 
Comstock KL, et al. Tumor necrosis factor alpha‑induced apoptosis in 
cardiac myocytes. Involvement of  the sphingolipid signaling cascade 
in cardiac cell death. J Clin Invest 1996;98:2854‑65.

57. Peitsch MC, Polzar B, Stephan H, Crompton T, MacDonald HR, 
Mannherz HG, et al. Characterization of  the endogenous 
deoxyribonuclease involved in nuclear DNA degradation during 
apoptosis (programmed cell death). EMBO J 1993;12:371‑7.

58. Frustaci A, Chimenti C, Setoguchi M, Guerra S, Corsello S, Crea F, et al. 
Cell death in acromegalic cardiomyopathy. Circulation 1999;99:1426‑34.

59. Hockenbery D, Nuñez G, Milliman C, Schreiber RD, Korsmeyer SJ. 
Bcl‑2 is an inner mitochondrial membrane protein that blocks 
programmed cell death. Nature 1990;348:334‑6.

60. Allsopp TE, Wyatt S, Paterson HF, Davies AM. The proto‑oncogene 
bcl‑2 can selectively rescue neurotrophic factor‑dependent neurons 
from apoptosis. Cell 1993;73:295‑307.

61. MacLellan WR, Schneider MD. Death by design. Programmed cell 
death in cardiovascular biology and disease. Circ Res 1997;81:137‑44.

62. Clarke AR, Purdie CA, Harrison DJ, Morris RG, Bird CC, Hooper ML, 
et al. Thymocyte apoptosis induced by p53‑dependent and independent 
pathways. Nature 1993;362:849‑52.

63. Wagner AJ, Kokontis JM, Hay N. Myc‑mediated apoptosis requires 
wild‑type p53 in a manner independent of  cell cycle arrest and the 
ability of  p53 to induce p21waf1/cip1. Genes Dev 1994;8:2817‑30.

64. Bialik S, Geenen DL, Sasson IE, Cheng R, Horner JW, Evans SM, et al. 
Myocyte apoptosis during acute myocardial infarction in the mouse 
localizes to hypoxic regions but occurs independently of  p53. J Clin 
Invest 1997;100:1363‑72.

65. Black SC, Huang JQ, Rezaiefar P, Radinovic S, Eberhart A, 

[Downloaded free from http://www.ijcpc.org on Friday, January 28, 2022, IP: 60.243.15.88]



Riswana and Bhuvaneshwari: Apoptotic cell death in heart failure associated with diabetes mellitus

18  International Journal of Clinicopathological Correlation | Volume 3 | Issue 1 | January‑June 2019

Nicholson DW, et al. Co‑localization of  the cysteine protease 
caspase‑3 with apoptotic myocytes after in vivo myocardial ischemia 
and reperfusion in the rat. J Mol Cell Cardiol 1998;30:733‑42.

66. Sabbah HN. Review Apoptotic cell death in heart failure. Cardiovascular 
Research 2000;45:704‑712.

67. Golstein P. Controlling cell death. Science 1997;275:1081‑2.
68. Bialik S, Cryns V, Drincic A, Srinivasan A, Kitsis RN. Cytochrome c 

release from the mitochondria precedes caspase activation in apoptotic 
myocytes during ischemia. Circulation 1998;98:I‑462.

69. Shimizu S, Eguchi Y, Kamiike W, Matsuda H, Tsujimoto Y. Bcl‑2 
expression prevents activation of  the ICE protease cascade. Oncogene 
1996;12:2251‑7.

70. Okuyama M, Yamaguchi S, Yamaoka M. Soluble form of  Fas molecule 
and expression of  Fas antigen in patients with congestive heart failure. 
Circulation 1997;96:I‑150.

71. Nishigaki K, Minatoguchi S, Seishima M, Asano K, Noda T, Yasuda N, 
et al. Plasma Fas ligand, an inducer of  apoptosis, and plasma soluble 
Fas, an inhibitor of  apoptosis, in patients with chronic congestive heart 
failure. J Am Coll Cardiol 1997;29:1214‑20.

72. Yamaguchi S, Yamaoka M, Okuyama M. Elevated circulating levels of  
soluble Fas ligand in patients with congestive heart failure. Circulation 
1997;96:I‑150.

73. Evan GI, Brown L, Whyte M, Harrington E. Apoptosis and the cell 
cycle. Curr Opin Cell Biol 1995;7:825‑34.

74. Reiss K, Cheng W, Giorando A, De Luca A, Li B, Kajstura J, et al. 
Myocardial infarction is coupled with activation of  cyclins and 
cyclin‑dependent kinases in myocytes. Exp Cell Res 1996;225:44‑54.

75. Jaskulski D, Gatti C, Travali S, Calabretta B, Baserga R. Regulation 
of  the proliferating cell nuclear antigen cyclin and thymidine kinase 
mRNA levels by growth factors. J Biol Chem 1988;263:10175‑9.

76. Muller DW. The role of  proto‑oncogenes in coronary restenosis. Prog 
Cardiovasc Dis 1997;40:117‑28.

77. Anversa P, Kajstura J. Ventricular myocytes are not terminally 
differentiated in the adult mammalian heart. Circ Res 1998;83:1‑4.

78. Liu Y, Kitsis RN. Induction of  DNA synthesis and apoptosis in cardiac 
myocytes by E1A oncoprotein. J Cell Biol 1996;133:325‑34.

79. Bozkurt B, Shan K, Seta Y, Oral H, Mann DL. Tumor necrosis factor‑α 
and tumor necrosis factor receptors in human heart failure. Heart Fail 
Rev 1996;1:211‑9.

80. Kerr JF, Harmon BV. Definition and incidence of  apoptosis: An 
historical perspective. In: Tomei LD, Cope FO, editors. Apoptosis: The 
Molecular Basis of  Cell Death. Plainview, NY: Cold Spring Harbor 

Laboratory Press; 1991. p. 5‑29.
81. Orrenius S, McConkey DJ, Bellomo G, Nicotera P. Role of  Ca2+ in 

toxic cell killing. Trends Pharmacol Sci 1989;10:281‑5.
82. Tanaka M, Ito H, Adachi S, Akimoto H, Nishikawa T, Kasajima T, et al. 

Hypoxia induces apoptosis with enhanced expression of  Fas antigen 
messenger RNA in cultured neonatal rat cardiomyocytes. Circ Res 
1994;75:426‑33.

83. Long X, Boluyt MO, Hipolito ML, Lundberg MS, Zheng JS, O’Neill L, 
et al. P53 and the hypoxia‑induced apoptosis of  cultured neonatal rat 
cardiac myocytes. J Clin Invest 1997;99:2635‑43.

84. Kajstura J, Cigola E, Malhotra A, Li P, Cheng W, Meggs LG, et al. 
Angiotensin II induces apoptosis of  adult ventricular myocytes in vitro. 
J Mol Cell Cardiol 1997;29:859‑70.

85. Communal C, Singh K, Pimentel DR, Colucci WS. Norepinephrine 
stimulates apoptosis in adult rat ventricular myocytes by activation of  
the beta‑adrenergic pathway. Circulation 1998;98:1329‑34.

86. Goussev A, Sharov VG, Shimoyama H, Tanimura M, Lesch M, 
Goldstein S, et al. Effects of  ACE inhibition on cardiomyocyte 
apoptosis in dogs with heart failure. Am J Physiol 1998;275:H626‑31.

87. Sabbah HN, Sharov VG, Goussev A, Goldstein S. Long‑term therapy 
with metoprolol attenuates cardiomyocyte apoptosis in dogs with heart 
failure. Circulation 1998;98:I‑364.

88. Long X, Crow MT, Lakatta EG. Ice‑related proteases are involved 
in hypoxia‑induced apoptosis in cardiac myocytes. Circulation 
1997;96:I‑737.

89. Webster KA, Discher DJ, Bishopric NH. Induction and nuclear 
accumulation of  Fos and Jun proto‑oncogenes in hypoxic cardiac 
myocytes. J Biol Chem 1993;268:16852‑8.

90. Askew DS, Ashmun RA, Simmons BC, Cleveland JL. Constitutive 
c‑myc expression in an IL‑3‑dependent myeloid cell line suppresses 
cell cycle arrest and accelerates apoptosis. Oncogene 1991;6:1915‑22.

91. Amati B, Littlewood TD, Evan GI, Land H. The c‑myc protein induces 
cell cycle progression and apoptosis through dimerization with max. 
EMBO J 1993;12:5083‑7.

92. Bossy‑Wetzel E, Bakiri L, Yaniv M. Induction of  apoptosis by the 
transcription factor c‑Jun. EMBO J 1997;16:1695‑1709.

93. Shimomura H, Terasaki F, Hayashi T, Kitaura Y, Isomura T, Suma H. 
Autophagic degeneration as a possible mechanism of  myocardial cell 
death in dilated cardiomyopathy. Jpn Circ J 2001;65:965‑8.

94. Olivetti G, Abbi R, Quaini F, Kajstura J, Cheng W, Nitahara JA, et al. 
Apoptosis in the failing human heart. N Engl J Med 1997;336:1131‑41.

[Downloaded free from http://www.ijcpc.org on Friday, January 28, 2022, IP: 60.243.15.88]


