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İSKEMİ VE REPERFÜZYONUN TEMEL 
MOLEKÜLER MEKANİZMALARI

3. Bölüm

3.1. Özet

Beyin, kalp, karaciğer, böbrek ve ince bağırsaklar gibi organlarda birçok pa-
tolojik duruma bağlı olarak ortaya çıkan iskemi ve reperfüzyon (İ/R) tablosu 
birçok moleküler sistemi indükleyerek hücresel hasara ve organların fonksiyon 
kaybına yol açabilmektedir. İ/R süreçlerinde en temel problemler; hücre veya 
organel membranlarının geçirgenliğinde ve fonksiyonlarında bozulma, organel-
lerin hasara uğramasına bağlı olarak ortaya çıkan hücresel fonksiyonların geri 
döndürülememesi ve bu süreçlere bağlı olarak ortaya çıkan moleküler mekaniz-
maların hücresel hasara yolaçması olarak tanımlanabilir. İ/R’da ortaya çıkan hüc-
resel problemler hasara sebep olan patolojilerin şekli, tutulan organın farklılığı, 
İ/R’un süresi gibi birçok faktöre bağlı olabilir. İ/R hasarı için birçok moleküler 
mekanizma tanımlanmış olmasına rağmen ortaya çıkan moleküler patolojilerin 
temelinde hücre için gerekli olan temel moleküllerin, oksijenin sağlanamaması 
ve ATP sentezinin bozulması veya yıkımının artışı yatmaktadır. İ/R süreçlerinde 
yer alan temel moleküler mekanizmalar içerisinde; Ksantin oksidaz (KO), niko-
tinamid adenin dinükleotid (NADH) oksidaz, myeloperoksidaz (MPO) ve nitrik 
oksit sentaz (NOS) enzim aktivitelerinde artış, Mitokondri ve Endoplazmik Re-
tikulum (ER)’da meydana çıkan metabolik değişiklikler, aktive edilmiş kupffer 
hücrelerinden ve nötröfillerden reaktif oksijen türleri (ROS), sitokinlerin salını-
mı, nötröfillerin endotel adezyonu ve lensositlerin aktivasyonu önem taşımakta-
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mektedir (254,255). Bununla birlikte, otofajinin, özellikle iskemik süre uzamışsa, 
İ/R’da hala zararlı bir rol oynayabileceği belirtilmelidir. Bu nedenle, otofaji aslın-
da bir hücre ölümü sürecinden ziyade bir hücre hayatta kalma mekanizmasıdır. 
Bununla birlikte, kontrolsüz otofaji sonuçta hücrenin ölümüne yol açacaktır ve 
İ/R hasarına katkıda bulunabilir. Atg proteinleri ve light-chain 1(LC-1) arasın-
daki etkileşim, otofagozomların oluşumunu teşvik eder. Otofagozomlar, otofa-
jiyi tetiklemek için lizozomla birleşir. Morfolojik olarak otofaji, işlenecek hücre 
bölmesi çevresinde bir izolasyon zarının veya fagoforun genişlemesi ile başlar 
(256,257). Membran daha sonra veziküler otofagozomu oluşturmak için bileşen-
leri tamamen sarar, bu daha sonra bir lizozomla birleşir bu oluşum, vps34, vps15 
ve Beclin 1 (BECN 1) adı verilen bir sınıf III PI3K’dan oluşan başka bir komp-
leks tarafından daha da kolaylaştırılır. Otofagozomun lizozoma füzyonuna kü-
çük GTPaz Rab7 ve lizozomal membran proteini lysosome-associated membrane 
protein 2 (LAMP2) aracılık eder (256-258). Hem iskemi hem de reperfüzyonun, 
otofagozom-lizozom füzyonu için önemli olan LAMP 2’de düşüşe yol açtığını 
göstermektedir. Reperfüzyonla indüklenen ROS ayrıca otofagozom oluşumunu 
uyaran, ancak otofaji-lizozom mekanizmasının transkripsiyonel inhibisyonuna 
neden olan artan BECN 1 bolluğunu tetikler. Bunlar birlikte, otofagozom kli-
rensinde belirgin bozulmaya ve sonuçta ortaya çıkan otofagozom birikimine ve 
hasarlı hücresel bileşenlerin uzaklaştırılmasına neden olur (259). İ/R sürecinde 
otofaji konusu daha fazla araştırılması gereken konular içerisindedir.

KAYNAKLAR
1. Carden DL, Granger DN. Phatophysiology of ischemia-reperfusion injury. J Pathol 

2000;190:255-66.
2. Eltzschig HK, Eckle T. Ischemia and reperfusion-from mechanism to translation. Nat Med 

2011;17(11): 1391-401.
3. Galluzzi L, Vitale I, Aaronson SA, Abrams JM, Adam D, Agostinis P, et al. Molecular mecha-

nisms of cell death: recommendations of the Nomenclature Committee on Cell Death 2018. 
Cell Death Differ 2018;25(3):486-541.

4. Fitridge R, Thompson M, editors. Mechanisms of Vascular Disease: A Reference Book for 
Vascular Specialists [Internet]. Adelaide (AU): University of Adelaide Press; 2011. PMID: 
30484990.

5. Wu MY, Yiang GT, Liao WT, Tsai AP, Cheng YL, Cheng PW, et al. Current Mechanistic Con-
cepts in Ischemia and Reperfusion Injury. Cell Physiol Biochem. 2018;46(4):1650-67.

6. Jaeschke H. Molecular mechanisms of hepatic ischemia-reperfusion injury and preconditio-
ning. Am J Physiol Gastrointest Liver Physiol 2003;284(1):G15-26.

7. Kalogeris T, Baines CP, Krenz M, Korthuis RJ. Cell biology of ischemia/reperfusion injury. Int 
Rev Cell Mol Biol 2012;298:229-317.

8. Sanada S, Komuro I, Kitakaze M. Pathophysiology of myocardial reperfusion injury: precon-
ditioning, postconditioning, and translational aspects of protective measures. Am J Physiol 
Heart Circ Physiol 2011;301(5):H1723-41.



75

İskemi ve Reperfüzyonun Temel Moleküler Mekanizmaları

9. Jaeschke H, Bautista AP, Spolarics Z, Spitzer JJ. Superoxide generation by Kupffer cells and 
priming of neutrophils during reperfusion after hepatic ischemia. Free Radic Res Commun. 
1991;15(5):277-84.

10. Liu P, McGuire GM, Fisher MA, Farhood A, Smith CW, Jaeschke H. Activation of Kupffer 
cells and neutrophils for reactive oxygen formation is responsible for endotoxin-enhanced 
liver injury after hepatic ischemia. Shock 1995;3(1):56-62.

11. Yuan GJ, Ma JC, Gong ZJ, Sun XM, Zheng SH, Li X. Modulation of liver oxidant-antioxidant 
system by ischemic preconditioning during ischemia/reperfusion injury in rats. World J Gast-
roenterol 2005;11(12):1825-8.

12. Bulkley GB. Free radical-mediated reperfusion injury: a selective review. Br J Cancer Suppl 
1987;8:66-73.

13. Barker DJ. Fetal origins of coronary heart disease. BMJ 1995;311(6998):171-4.
14. Meyer K, Zhang H, Zhang L. Direct effect of cocaine on epigenetic regulation of PKCepsilon 

gene repression in the fetal rat heart. J Mol Cell Cardiol 2009;47(4):504-11.
15. Patterson AJ, Chen M, Xue Q, Xiao D, Zhang L. Chronic prenatal hypoxia induces epigenetic 

programming of PKC{epsilon} gene repression in rat hearts. Circ Res 2010;107(3):365-73.
16. Langley-Evans SC, McMullen S. Developmental origins of adult disease. Med Princ Pract 

2010;19(2):87-98.
17. Reynolds RM. Corticosteroid-mediated programming and the pathogenesis of obesity and 

diabetes. J Steroid Biochem Mol Biol 2010;122(1-3):3-9.
18. Mitchell P. Coupling of phosphorylation to electron and hydrogen transfer by a chemi-osmo-

tic type of mechanism. Nature 1961;191:144-8.
19. Guo R, Gu J, Zong S, Wu M, Yang M. Structure and mechanism of mitochondrial electron 

transport chain. Biomed J 2018;41(1):9-20.
20. Chopp M, Frinak S, Walton DR, Smith MB, Welch KM. Intracellular acidosis during and after 

cerebral ischemia: in vivo nuclear magnetic resonance study of hyperglycemia in cats. Stroke 
1987;18(5):919-23.

21. Piper HM, Meuter K, Schäfer C. Cellular mechanisms of ischemia-reperfusion injury. Ann 
Thorac Surg 2003;75(2):S644-8.

22. Ong SB, Gustafsson AB. New roles for mitochondria in cell death in the reperfused myocar-
dium. Cardiovasc Res 2012;94(2):190-6.

23. Paoni NF, Peale F, Wang F, Errett-Baroncini C, Steinmetz H, Toy K, et al. Time course of ske-
letal muscle repair and gene expression following acute hind limb ischemia in mice. Physiol 
Genomics 2002;11(3):263-72.

24. Goswami SK, Das DK. Oxygen Sensing, Cardiac Ischemia, HIF-1α and Some Emerging Con-
cepts. Curr Cardiol Rev 2010;6(4):265-73.

25. Kristián T. Metabolic stages, mitochondria and calcium in hypoxic/ischemic brain damage. 
Cell Calcium 2004;36(3-4):221-33.

26. Adibhatla RM, Hatcher JF. Lipid oxidation and peroxidation in CNS health and disease: from 
molecular mechanisms to therapeutic opportunities. Antioxid Redox Signal 2010;12(1):125-
69.

27. Damle SS, Moore EE, Babu AN, Meng X, Fullerton DA, Banerjee A. Hemoglobin-based oxy-
gen carrier induces heme oxygenase-1 in the heart and lung but not brain. J Am Coll Surg 
2009;208(4):592-8.

28. Boersma E, Maas AC, Deckers JW, Simoons ML. Early thrombolytic treatment in acute myo-
cardial infarction: reappraisal of the golden hour. Lancet 1996;348(9030):771-5.

29. McDougal WS. Renal perfusion/reperfusion injuries. J Urol 1988;140(6):1325-30.
30. Casillas-Ramírez A, Mosbah IB, Ramalho F, Roselló-Catafau J, Peralta C. Past and futu-

re approaches to ischemia-reperfusion lesion associated with liver transplantation. Life Sci 
2006;79(20):1881-94.



76

Deneysel İskemi Reperfüzyon Modelleri

31. Fan C, Zwacka RM, Engelhardt JF. Therapeutic approaches for ischemia/reperfusion injury in 
the liver. J Mol Med (Berl) 1999;77(8):577-92.

32. Teoh NC, Farrell GC. Hepatic ischemia reperfusion injury: pathogenic mechanisms and basis 
for hepatoprotection. J Gastroenterol Hepatol 2003;18(8):891-902.

33.  Li XK, Matin AF, Suzuki H, Uno T, Yamaguchi T, Harada Y. Effect of protease inhibitor on 
ischemia/reperfusion injury of the rat liver. Transplantation 1993;56(6):1331-6.

34. Kassahun WT, Schulz T, Richter O, Hauss J. Unchanged high mortality rates from acute occ-
lusive intestinal ischemia: six year review. Langenbecks Arch Surg 2008;393(2):163-71.

35. Sapega AA, Heppenstall RB, Chance B, Park YS, Sokolow D. Optimizing tourniquet applica-
tion and release times in extremity surgery. A biochemical and ultrastructural study. J Bone 
Joint Surg Am 1985;67(2):303-14.

36. Wagers AJ, Conboy IM. Cellular and molecular signatures of muscle regeneration: current 
concepts and controversies in adult myogenesis. Cell 2005;122(5):659-67.

37. Smith VA, Johnson T. Evaluation of an animal product-free variant of MegaCell MEM as a 
storage medium for corneas destined for transplantation. Ophthalmic Res 2010;43(1):33-42.

38. Yellon DM, Hausenloy DJ. Myocardial reperfusion injury. N Engl J Med 2007;357(11):1121-
35.

39. Ornellas FM, Ornellas DS, Martini SV, Castiglione RC, Ventura GM, Rocco PR, et al. Bone 
Marrow-Derived Mononuclear Cell Therapy Accelerates Renal Ischemia-Reperfusion Injury 
Recovery by Modulating Inflammatory, Antioxidant and Apoptotic Related Molecules. Cell 
Physiol Biochem 2017;41(5):1736-52.

40. Ovechkin AV, Lominadze D, Sedoris KC, Robinson TW, Tyagi SC, Roberts AM. Lung ische-
mia-reperfusion injury: implications of oxidative stress and platelet-arteriolar wall interacti-
ons. Arch Physiol Biochem 2007;113(1):1-12.

41. Fisher AB. Reactive oxygen species and cell signaling with lung ischemia. Undersea Hyperb 
Med 2004;31(1):97-103.

42. Hirsch J, Niemann CU, Hansen KC, Choi S, Su X, Frank JA, et al. Alterations in the proteome 
of pulmonary alveolar type II cells in the rat after hepatic ischemia-reperfusion. Crit Care 
Med 2008;36(6):1846-54.

43. Essani NA, Fisher MA, Jaeschke H. Inhibition of NF-kappa B activation by dimethyl sulfoxide 
correlates with suppression of TNF-alpha formation, reduced ICAM-1 gene transcription, 
and protection against endotoxin-induced liver injury. Shock 1997;7(2):90-6.

44. Bauer M, Bauer I. Heme oxygenase-1: redox regulation and role in the hepatic response to 
oxidative stress. Antioxid Redox Signal 2002;4(5):749-58.

45. Ming-Shuo Sun, Hang Jin, Xin Sun, Shuo Huang, Fu-Liang Zhang, Zhen-Ni Guo, et al. Free 
Radical Damage in Ischemia-Reperfusion Injury: An Obstacle in Acute Ischemic Stro-
ke after Revascularization Therapy.  Oxidative Medicine and Cellular Longevity  2018, doi.
org/10.1155/2018/3804979.

46. McCord JM. The evolution of free radicals and oxidative stress. Am J Med 2000;108(8):652-9.
47. Arslan M, Poyraz F, Kiraz HA, Alkan M, Kip G, Erdem Ö, et al. The effect of dexmedeto-

midine on myocardial ischaemia reperfusion injury in streptozotocin induced diabetic rats. 
Anaesth Pain & Intensive Care 2015;19 (4): 444-51.

48. Zweier JL, Talukder MA. The role of oxidants and free radicals in reperfusion injury. Cardio-
vasc Res 2006;70(2):181-90.

49. Silva JP, Coutinho OP. Free radicals in the regulation of damage and cell death - basic mecha-
nisms and prevention. Drug Discov Ther 2010;4(3):144-67.

50. Pham-Huy LA, He H, Pham-Huy C. Free radicals, antioxidants in disease and health. Int J 
Biomed Sci 2008;4(2):89-96.

51. Di Meo S, Venditti P. Evolution of the Knowledge of Free Radicals and Other Oxidants. Oxid 
Med Cell Longev 2020;2020:9829176. doi: 10.1155/2020/9829176.



77

İskemi ve Reperfüzyonun Temel Moleküler Mekanizmaları

52. Pehlivan M, Hazinedaroglu SM, Kayaoglu HA, Erkek AB, Keklik T, Canbolat O, et al. The 
effect of diosmin hesperidin on intestinal ischaemia--reperfusion injury. Acta Chir Belg 
2004;104(6):715-8.

53. Hazinedaroglu SM, Dulger F, Kayaoglu HA, Pehlivan M, Serinsoz E, Canbolat O, et al. N-a-
cetylcysteine in intestinal reperfusion injury: an experimental study in rats. ANZ J Surg 
2004;74(8):676-8.

54. Duluc L, Andriantsitohaina R, Simard G. (2014) Mitochondrial and Free Radical Metabolism 
– Biological and Pathological Implications. In: Laher I. (eds) Systems Biology of Free Radi-
cals and Antioxidants. Springer, Berlin, Heidelberg. 2014;279-93,doi.org/10.1007/978-3-642-
30018-9_7.

55. Zhu X, Zuo L. Characterization of oxygen radical formation mechanism at early cardiac isc-
hemia. Cell Death Dis 2013;4(9):e787. doi: 10.1038/cddis.2013.313.

56. Turan R, Yagmurdur H, Kavutcu M, Dikmen B. Propofol and tourniquet induced ischaemia 
reperfusion injury in lower extremity operations. Eur J Anaesthesiol 2007;24(2):185-9.

57. Okamoto K, Kusano T, Nishino T. Chemical nature and reaction mechanisms of the molyb-
denum cofactor of xanthine oxidoreductase. Curr Pharm Des 2013;19(14):2606-14.

58. Okamoto K, Matsumoto K, Hille R, Eger BT, Pai EF, Nishino T. The crystal structure of xant-
hine oxidoreductase during catalysis: implications for reaction mechanism and enzyme inhi-
bition. Proc Natl Acad Sci U S A 2004;101(21):7931-6.

59. Parks DA, Granger DN. Xanthine oxidase: biochemistry, distribution and physiology. Acta 
Physiol Scand Suppl 1986;548:87-99.

60. Hille R. The Mononuclear Molybdenum Enzymes. Chem Rev 1996;96(7):2757-16.
61. Linas SL, Whittenburg D, Repine JE. Role of xanthine oxidase in ischemia/reperfusion injury. 

Am J Physiol 1990;258(3 Pt 2):F711-6.
62. Durak I, Işik AC, Canbolat O, Akyol O, Kavutçu M. Adenosine deaminase, 5’ nucleotidase, 

xanthine oxidase, superoxide dismutase, and catalase activities in cancerous and noncance-
rous human laryngeal tissues. Free Radic Biol Med 1993;15(6):681-4.

63. Durak I, Perk H, Kavutçu M, Canbolat O, Akyol O, Bedük Y. Adenosine deaminase, 5’nuc-
leotidase, xanthine oxidase, superoxide dismutase, and catalase activities in cancerous and 
noncancerous human bladder tissues. Free Radic Biol Med 1994;16(6):825-31.

64. Oztürk HS, Karaayvaz M, Kaçmaz M, Kavutcu M, Akgül H, Durak I. Activities of the en-
zymes participating in purine and free-radical metabolism in cancerous human colorectal 
tissues. Cancer Biochem Biophys 1998;16(1-2):157-68.

65. Bayraktar N, Devay SD, Taşlıpınar MY, Omeroglu S, Gümüşlü S, Kavutcu M, et al. The effects 
of stobadine on purine metabolism in rat treated with carbon tetrachloride. Turk J Med Sci 
2012;42(5): 894-900.

66. Veljković A, Hadži-Dokić J, Sokolović D, Bašić D, Veličković-Janković L, Stojanović M, et al. 
Xanthine Oxidase/Dehydrogenase Activity as a Source of Oxidative Stress in Prostate Cancer 
Tissue. Diagnostics (Basel) 2020;10(9):668. doi: 10.3390/diagnostics10090668.

67. Griguer CE, Oliva CR, Kelley EE, Giles GI, Lancaster JR Jr, Gillespie GY. Xanthine oxidase-de-
pendent regulation of hypoxia-inducible factor in cancer cells. Cancer Res 2006;66(4):2257-
63.

68. Lappas M, Andrikopoulos S, Permezel M. Hypoxanthine-xanthine oxidase down-regulates 
GLUT1 transcription via SIRT1 resulting in decreased glucose uptake in human placenta. J 
Endocrinol 2012;213(1):49-57.

69. Granger DN. Role of xanthine oxidase and granulocytes in ischemia-reperfusion injury. Am 
J Physiol 1988;255(6 Pt 2):H1269-75.

70. Thompson-Gorman SL, Zweier JL. Evaluation of the role of xanthine oxidase in myocardial 
reperfusion injury. J Biol Chem 1990;265(12):6656-63.



78

Deneysel İskemi Reperfüzyon Modelleri

71. Greene EL, Paller MS. Xanthine oxidase produces O2-. in posthypoxic injury of renal epithe-
lial cells. Am J Physiol 1992;263(2 Pt 2):F251-5.

72. Hearse DJ, Manning AS, Downey JM, Yellon DM. Xanthine oxidase: a critical mediator of 
myocardial injury during ischemia and reperfusion? Acta Physiol Scand Suppl 1986;548:65-
78.

73. Zhou T, Chuang CC, Zuo L. Molecular Characterization of Reactive Oxygen Species 
in Myocardial Ischemia-Reperfusion Injury. Biomed Res Int 2015;2015:864946. doi: 
10.1155/2015/864946.

74. Grisham MB, Hernandez LA, Granger DN. Xanthine oxidase and neutrophil infiltration in 
intestinal ischemia. Am J Physiol 1986;251(4 Pt 1):G567-74.

75. Peglow S, Toledo AH, Anaya-Prado R, Lopez-Neblina F, Toledo-Pereyra LH. Allopurinol 
and xanthine oxidase inhibition in liver ischemia reperfusion. J Hepatobiliary Pancreat Sci 
2011;18(2):137-46.

76. Nguyen GT, Green ER, Mecsas J. Neutrophils to the ROScue: Mechanisms of NADPH Oxi-
dase Activation and Bacterial Resistance. Front Cell Infect Microbiol 201725;7:373. doi: 
10.3389/fcimb.2017.00373.

77. Panday A, Sahoo MK, Osorio D, Batra S. NADPH oxidases: an overview from structure to 
innate immunity-associated pathologies. Cell Mol Immunol 2015;12(1):5-23.

78. Van Acker H, Coenye T. The Role of Reactive Oxygen Species in Antibiotic-Mediated Killing 
of Bacteria. Trends Microbiol 2017;25(6):456-66.

79. Maejima Y, Kuroda J, Matsushima S, Ago T, Sadoshima J. Regulation of myocardial growth 
and death by NADPH oxidase. J Mol Cell Cardiol 2011;50(3):408-16.

80. Matsushima S, Tsutsui H, Sadoshima J. Physiological and pathological functions of NADPH 
oxidases during myocardial ischemia-reperfusion. Trends Cardiovasc Med 2014;24(5):202-5.

81. Kvietys PR, Granger DN. Role of reactive oxygen and nitrogen species in the vascular respon-
ses to inflammation. Free Radic Biol Med 2012;52(3):556-92.

82. Raedschelders K, Ansley DM, Chen DD. The cellular and molecular origin of reactive 
oxygen species generation during myocardial ischemia and reperfusion. Pharmacol Ther 
2012;133(2):230-55.

83. Jaeschke H, Farhood A. Neutrophil and Kupffer cell-induced oxidant stress and ischemia-re-
perfusion injury in rat liver. Am J Physiol 1991;260(3 Pt 1):G355-62.

84. Simone S, Rascio F, Castellano G, Divella C, Chieti A, Ditonno P, et al. Complement-depen-
dent NADPH oxidase enzyme activation in renal ischemia/reperfusion injury. Free Radic Biol 
Med 2014;74:263-73.

85. Chen S, Meng XF, Zhang C. Role of NADPH oxidase-mediated reactive oxygen species in 
podocyte injury. Biomed Res Int. 2013;2013:839761. doi: 10.1155/2013/839761.

86. Davidson SM, Yellon DM. Protection From Cardiac Ischemia-Reperfusion Injury by Epige-
netic Regulation of NADPH Oxidase. Circulation 2018;138(24):2837-40.

87. Paysant JR, Rupin A, Verbeuren TJ. Effect of NADPH oxidase inhibition on E-selectin 
expression induced by concomitant anoxia/reoxygenation and TNF-alpha. Endothelium 
2002;9(4):263-71.

88. Klebanoff SJ. Myeloperoxidase: friend and foe. J Leukoc Biol 2005;77(5):598-625.
89. Matthijsen RA, Huugen D, Hoebers NT, de Vries B, Peutz-Kootstra CJ, Aratani Y, et al. Mye-

loperoxidase is critically involved in the induction of organ damage after renal ischemia re-
perfusion. Am J Pathol 2007;171(6):1743-52.

90. Baldus S, Heeschen C, Meinertz T, Zeiher AM, Eiserich JP, Münzel T, et al; CAPTURE Inves-
tigators. Myeloperoxidase serum levels predict risk in patients with acute coronary syndro-
mes. Circulation 2003;108(12):1440-5.

91. Vasilyev N, Williams T, Brennan ML, Unzek S, Zhou X, Heinecke JW, et al. Myeloperoxida-
se-generated oxidants modulate left ventricular remodeling but not infarct size after myocar-
dial infarction. Circulation 2005;112(18):2812-20.



79

İskemi ve Reperfüzyonun Temel Moleküler Mekanizmaları

92. Grisham MB, Jefferson MM, Melton DF, Thomas EL. Chlorination of endogenous amines by 
isolated neutrophils. Ammonia-dependent bactericidal, cytotoxic, and cytolytic activities of 
the chloramines. J Biol Chem 1984;259(16):10404-13.

93. Thomas EL, Grisham MB, Jefferson MM. Myeloperoxidase-dependent effect of amines on 
functions of isolated neutrophils. J Clin Invest 1983;72(2):441-54.

94. Jordan JE, Zhao ZQ, Vinten-Johansen J. The role of neutrophils in myocardial ischemia-re-
perfusion injury. Cardiovasc Res 1999;43(4):860-78.

95. Wolf G. Nitric oxide and nitric oxide synthase: biology, pathology, localization. Histol Histo-
pathol 1997;12(1):251-61.

96. Kubes P, Suzuki M, Granger DN. Nitric oxide: an endogenous modulator of leukocyte adhe-
sion. Proc Natl Acad Sci U S A 1991;88(11):4651-5.

97. Rapoport RM, Draznin MB, Murad F. Endothelium-dependent relaxation in rat aor-
ta may be mediated through cyclic GMP-dependent protein phosphorylation. Nature 
1983;306(5939):174-6.

98. Arndt H, Smith CW, Granger DN. Leukocyte-endothelial cell adhesion in spontaneously hy-
pertensive and normotensive rats. Hypertension 1993;21(5):667-73.

99. Garg UC, Hassid A. Nitric oxide-generating vasodilators and 8-bromo-cyclic guanosine mo-
nophosphate inhibit mitogenesis and proliferation of cultured rat vascular smooth muscle 
cells. J Clin Invest 1989;83(5):1774-7.

100. Sasaki K, Heeschen C, Aicher A, Ziebart T, Honold J, Urbich C, et al. Ex vivo pretreatment of 
bone marrow mononuclear cells with endothelial NO synthase enhancer AVE9488 enhances 
their functional activity for cell therapy. Proc Natl Acad Sci U S A 2006;103(39):14537-41.

101. Landmesser U, Engberding N, Bahlmann FH, Schaefer A, Wiencke A, Heineke A, et al. Sta-
tin-induced improvement of endothelial progenitor cell mobilization, myocardial neovascu-
larization, left ventricular function, and survival after experimental myocardial infarction 
requires endothelial nitric oxide synthase. Circulation 2004;110(14):1933-9.

102. Zhang B, Borderie D, Sogni P, Soubrane O, Houssin D, Calmus Y. NO-mediated vasodilation 
in the rat liver. Role of hepatocytes and liver endothelial cells. J Hepatol 1997;26(6):1348-55.

103. Zhao K, Huang Z, Lu H, Zhou J, Wei T. Induction of inducible nitric oxide synthase inc-
reases the production of reactive oxygen species in RAW264.7 macrophages. Biosci Rep 
2010;30(4):233-41.

104. Yu X, Ge L, Niu L, Lian X, Ma H, Pang L. The Dual Role of Inducible Nitric Oxide Synt-
hase in Myocardial Ischemia/Reperfusion Injury: Friend or Foe? Oxid Med Cell Longev 
2018;2018:8364848. doi: 10.1155/2018/8364848.

105. Pacher P, Beckman JS, Liaudet L. Nitric oxide and peroxynitrite in health and disease. Physiol 
Rev 2007;87(1):315-424.

106. Thiemermann C, Ruetten H, Wu CC, Vane JR. The multiple organ dysfunction syndrome 
caused by endotoxin in the rat: attenuation of liver dysfunction by inhibitors of nitric oxide 
synthase. Br J Pharmacol 1995;116(7):2845-51.

107. Förstermann U, Schmidt HH, Pollock JS, Sheng H, Mitchell JA, Warner TD, et al. Isoforms 
of nitric oxide synthase. Characterization and purification from different cell types. Biochem 
Pharmacol 1991;42(10):1849-57.

108. Liu P, Yin K, Nagele R, Wong PY. Inhibition of nitric oxide synthase attenuates peroxynitrite 
generation, but augments neutrophil accumulation in hepatic ischemia-reperfusion in rats. J 
Pharmacol Exp Ther 1998;284(3):1139-46.

109. Wang Y, Mathews WR, Guido DM, Farhood A, Jaeschke H. Inhibition of nitric oxide synthesis 
aggravates reperfusion injury after hepatic ischemia and endotoxemia. Shock 1995;4(4):282-8.

110. Davenpeck KL, Gauthier TW, Lefer AM. Inhibition of endothelial-derived nitric oxide 
promotes P-selectin expression and actions in the rat microcirculation. Gastroenterology 
1994;107(4):1050-8.



80

Deneysel İskemi Reperfüzyon Modelleri

111. Shimamura T, Zhu Y, Zhang S, Jin MB, Ishizaki N, Urakami A, et al. Protective role of nitric 
oxide in ischemia and reperfusion injury of the liver. J Am Coll Surg 1999;188(1):43-52.

112. Bolli R, Manchikalapudi S, Tang XL, Takano H, Qiu Y, Guo Y, et al. The protective effect of late 
preconditioning against myocardial stunning in conscious rabbits is mediated by nitric oxide 
synthase. Evidence that nitric oxide acts both as a trigger and as a mediator of the late phase 
of ischemic preconditioning. Circ Res 1997;81(6):1094-107.

113. Kühlbrandt W. Structure and function of mitochondrial membrane protein complexes. BMC 
Biol 2015;13:89. doi: 10.1186/s12915-015-0201-x.

114. Solaini G, Harris DA. Biochemical dysfunction in heart mitochondria exposed to ischaemia 
and reperfusion. Biochem J 2005;390(Pt 2):377-94.

115. Gutierrez J, Ballinger SW, Darley-Usmar VM, Landar A. Free radicals, mitochondria, and oxi-
dized lipids: the emerging role in signal transduction in vascular cells. Circ Res 2006;99(9):924-
32.

116. Brand MD, Affourtit C, Esteves TC, Green K, Lambert AJ, Miwa S, Pakay JL, Parker N. Mi-
tochondrial superoxide: production, biological effects, and activation of uncoupling proteins. 
Free Radic Biol Med 2004;37(6):755-67.

117. Starkov AA, Fiskum G. Myxothiazol induces H(2)O(2) production from mitochondrial res-
piratory chain. Biochem Biophys Res Commun 2001;281(3):645-50.

118. Honda HM, Korge P, Weiss JN. Mitochondria and ischemia/reperfusion injury. Ann N Y 
Acad Sci 2005;1047:248-58.

119. Di Lisa F, Bernardi P. Mitochondria and ischemia-reperfusion injury of the heart: fixing a 
hole. Cardiovasc Res 2006;70(2):191-9.

120. Lee HL, Chen CL, Yeh ST, Zweier JL, Chen YR. Biphasic modulation of the mitochondrial 
electron transport chain in myocardial ischemia and reperfusion. Am J Physiol Heart Circ 
Physiol 2012;302(7):H1410-22.

121. Perrelli MG, Pagliaro P, Penna C. Ischemia/reperfusion injury and cardioprotective mecha-
nisms: Role of mitochondria and reactive oxygen species. World J Cardiol 2011;3(6):186-200.

122. Stowe DF, Camara AK. Mitochondrial reactive oxygen species production in excitable cells: 
modulators of mitochondrial and cell function. Antioxid Redox Signal 2009;11(6):1373-414.

123. Baines CP. The mitochondrial permeability transition pore and ischemia-reperfusion injury. 
Basic Res Cardiol 2009;104(2):181-8.

124. Halestrap AP. What is the mitochondrial permeability transition pore? J Mol Cell Cardiol 
2009;46(6):821-31.

125. Clarke SJ, McStay GP, Halestrap AP. Sanglifehrin A acts as a potent inhibitor of the mito-
chondrial permeability transition and reperfusion injury of the heart by binding to cyclophi-
lin-D at a different site from cyclosporin A. J Biol Chem 2002;277(38):34793-9.

126. Muramatsu Y, Furuichi Y, Tojo N, Moriguchi A, Maemoto T, Nakada H, et al. Neuroprotective 
efficacy of FR901459, a novel derivative of cyclosporin A, in in vitro mitochondrial damage 
and in vivo transient cerebral ischemia models. Brain Res 2007;1149:181-90.

127. Devalaraja-Narashimha K, Diener AM, Padanilam BJ. Cyclophilin D gene ablation protects 
mice from ischemic renal injury. Am J Physiol Renal Physiol 2009;297(3):F749-59.

128. Forsse A, Nielsen TH, Nygaard KH, Nordström CH, Gramsbergen JB, Poulsen FR. Cyclospo-
rin A ameliorates cerebral oxidative metabolism and infarct size in the endothelin-1 rat model 
of transient cerebral ischaemia. Sci Rep 2019;9(1):3702. doi: 10.1038/s41598-019-40245-x.

129. Di Lisa F, Canton M, Menabò R, Kaludercic N, Bernardi P. Mitochondria and cardioprotecti-
on. Heart Fail Rev 2007;12(3-4):249-60.

130. Van der Vusse GJ, Reneman RS, van Bilsen M. Accumulation of arachidonic acid in ischemic/
reperfused cardiac tissue: possible causes and consequences. Prostaglandins Leukot Essent 
Fatty Acids 1997;57(1):85-93.



81

İskemi ve Reperfüzyonun Temel Moleküler Mekanizmaları

131. Di Paola M, Lorusso M. Interaction of free fatty acids with mitochondria: coupling, uncoup-
ling and permeability transition. Biochim Biophys Acta 2006;1757(9-10):1330-7.

132. Giedt RJ, Yang C, Zweier JL, Matzavinos A, Alevriadou BR. Mitochondrial fission in endothe-
lial cells after simulated ischemia/reperfusion: role of nitric oxide and reactive oxygen species. 
Free Radic Biol Med 2012;52(2):348-56.

133. Ong SB, Subrayan S, Lim SY, Yellon DM, Davidson SM, Hausenloy DJ. Inhibiting mi-
tochondrial fission protects the heart against ischemia/reperfusion injury. Circulation 
2010;121(18):2012-22.

134. Schwarz DS, Blower MD. The endoplasmic reticulum: structure, function and response to 
cellular signaling. Cell Mol Life Sci 2016;73(1):79-94.

135. Braakman I, Hebert DN. Protein folding in the endoplasmic reticulum. Cold Spring Harb 
Perspect Biol 2013;5(5):a013201. doi: 10.1101/cshperspect.a013201.

136. Fagone P, Jackowski S. Membrane phospholipid synthesis and endoplasmic reticulum functi-
on. J Lipid Res 2009;50 Suppl(Suppl):S311-6.

137. Hebert DN, Garman SC, Molinari M. The glycan code of the endoplasmic reticulum: aspa-
ragine-linked carbohydrates as protein maturation and quality-control tags. Trends Cell Biol 
2005;15(7):364-70.

138. Phillips MJ, Voeltz GK. Structure and function of ER membrane contact sites with other or-
ganelles. Nat Rev Mol Cell Biol 2016;17(2):69-82.

139. Clapham DE. Calcium signaling. Cell 2007;131(6):1047-58.
140. La Rovere RM, Roest G, Bultynck G, Parys JB. Intracellular Ca(2+) signaling and Ca(2+) 

microdomains in the control of cell survival, apoptosis and autophagy. Cell Calcium 
2016;60(2):74-87.

141. Rasmussen H. The calcium messenger system (1). N Engl J Med 1986;314(17):1094-101.
142. Schanne FA, Kane AB, Young EE, Farber JL. Calcium dependence of toxic cell death: a final 

common pathway. Science 1979;206(4419):700-2.
143. Fleckenstein A, Frey M, Fleckenstein-Grün G. Consequences of uncontrolled calcium entry 

and its prevention with calcium antagonists. Eur Heart J 1983;4 Suppl H:43-50.
144. Allen DG, Cairns SP, Turvey SE, Lee JA. Intracellular calcium and myocardial function during 

ischemia. Adv Exp Med Biol 1993;346:19-29.
145. Wu ML, Vaughan-Jones RD. Interaction between Na+ and H+ ions on Na-H exchange in 

sheep cardiac Purkinje fibers. J Mol Cell Cardiol 1997;29(4):1131-40.
146. Griese M, Perlitz V, Jüngling E, Kammermeier H. Myocardial performance and free ener-

gy of ATP-hydrolysis in isolated rat hearts during graded hypoxia, reoxygenation and high 
Ke+-perfusion. J Mol Cell Cardiol 1988;20(12):1189-201.

147. Peracchia C. Chemical gating of gap junction channels; roles of calcium, pH and calmodulin. 
Biochim Biophys Acta 2004;1662(1-2):61-80.

148. Tribulova N, Knezl V, Szeiffova Bacova B, Egan Benova T, Viczenczova C, Gonçalvesova E, et 
al. Disordered myocardial Ca(2+) homeostasis results in substructural alterations that may 
promote occurrence of malignant arrhythmias. Physiol Res 2016;65 Suppl 1:S139-48.

149. Xin W, Li X, Lu X, Niu K, Cai J. Involvement of endoplasmic reticulum stress-associated 
apoptosis in a heart failure model induced by chronic myocardial ischemia. Int J Mol Med 
2011;27(4):503-9.

150. Ruan Y, Zeng J, Jin Q, Chu M, Ji K, Wang Z, et al. Endoplasmic reticulum stress serves an im-
portant role in cardiac ischemia/reperfusion injury (Review). Exp Ther Med 2020;20(6):268. 
doi: 10.3892/etm.2020.9398.

151. Osada N, Kosuge Y, Ishige K, Ito Y. Characterization of neuronal and astroglial responses 
to ER stress in the hippocampal CA1 area in mice following transient forebrain ischemia. 
Neurochem Int 2010;57(1):1-7.



82

Deneysel İskemi Reperfüzyon Modelleri

152. Nakka VP, Gusain A, Raghubir R. Endoplasmic reticulum stress plays critical role in brain 
damage after cerebral ischemia/reperfusion in rats. Neurotox Res 2010;17(2):189-202.

153. Yu LM, Dong X, Zhang J, Li Z, Xue XD, Wu HJ, et al. Naringenin Attenuates Myocardial 

Ischemia-Reperfusion Injury via cGMP-PKGIα Signaling and In Vivo and In Vitro Studies. 
Oxid Med Cell Longev 2019;2019:7670854. doi: 10.1155/2019/7670854.

154. Martindale JJ, Fernandez R, Thuerauf D, Whittaker R, Gude N, Sussman MA, et al. Endoplas-
mic reticulum stress gene induction and protection from ischemia/reperfusion injury in the 
hearts of transgenic mice with a tamoxifen-regulated form of ATF6. Circ Res 2006;98(9):1186-
93.

155. Depre C, Park JY, Shen YT, Zhao X, Qiu H, Yan L, et al. Molecular mechanisms mediating 
preconditioning following chronic ischemia differ from those in classical second window. Am 
J Physiol Heart Circ Physiol 2010;299(3):H752-62.

156. Minamino T, Komuro I, Kitakaze M. Endoplasmic reticulum stress as a therapeutic target in 
cardiovascular disease. Circ Res 2010;107(9):1071-82.

157. Vila-Petroff M, Salas MA, Said M, Valverde CA, Sapia L, Portiansky E, et al. CaMKII in-
hibition protects against necrosis and apoptosis in irreversible ischemia-reperfusion injury. 
Cardiovasc Res 2007;73(4):689-98.

158. Wang K, Chen M, Gong H, Lou Y, Gong X, Zhong X, et al. Calcium homeostasis disruption 
and endoplasmic reticulum stress mediats ischemia/reperfusion-induced PC12 cells apopto-
sis. Int J Clin Exp Med 2017;10(9):14121-9.

159. Croall DE, Ersfeld K. The calpains: modular designs and functional diversity. Genome Biol 
2007;8(6):218. doi: 10.1186/gb-2007-8-6-218.

160. Neuhof C, Neuhof H. Calpain system and its involvement in myocardial ischemia and reper-
fusion injury. World J Cardiol 2014;6(7):638-52.

161. Patterson C, Portbury AL, Schisler JC, Willis MS. Tear me down: role of calpain in the deve-
lopment of cardiac ventricular hypertrophy. Circ Res 2011;109(4):453-62.

162. Peralta C, Brenner C. Endoplasmic reticulum stress inhibition enhances liver tolerance to 
ischemia/reperfusion. Curr Med Chem 2011;18(13):2016-24.

163. Gourdin MJ, Bree B, De Kock M. The impact of ischaemia-reperfusion on the blood vessel. 
Eur J Anaesthesiol 2009;26(7):537-47.

164. Zhang C, Wu J, Xu X, Potter BJ, Gao X. Direct relationship between levels of TNF-alpha expres-
sion and endothelial dysfunction in reperfusion injury. Basic Res Cardiol 2010;105(4):453-64.

165. Kiriş I, Narin C, Gülmen S, Yilmaz N, Sütçü R, Kapucuoğlu N. Endothelin receptor antago-
nism by tezosentan attenuates lung injury induced by aortic ischemia-reperfusion. Ann Vasc 
Surg 2009;23(3):382-91.

166. Nieswandt B, Pleines I, Bender M. Platelet adhesion and activation mechanisms in arterial 
thrombosis and ischaemic stroke. J Thromb Haemost 2011;9 Suppl 1:92-104.

167. Thomas WS, Mori E, Copeland BR, Yu JQ, Morrissey JH, del Zoppo GJ. Tissue factor contri-
butes to microvascular defects after focal cerebral ischemia. Stroke 1993;24(6):847-53; discus-
sion 847.

168. Lindemann S, Klingel B, Fisch A, Meyer J, Darius H. Increased platelet sensitivity toward 
platelet inhibitors during physical exercise in patients with coronary artery disease. Thromb 
Res 1999;93(2):51-9.

169. Deitch EA. Gut lymph and lymphatics: a source of factors leading to organ injury and dysfun-
ction. Ann N Y Acad Sci 2010;1207 Suppl 1:E103-11.

170. Jaeschke H, Farhood A, Smith CW. Neutrophils contribute to ischemia/reperfusion injury in 
rat liver in vivo. FASEB J 1990;4(15):3355-9.

171. Gute D, Korthuis RJ. Role of leukocyte adherence in reperfusion-induced micro-vascular 
dysfunction and tissue injury. In: Granger DN, Schmid-Schönbein GW, editors. Leukocyte 
Adhesion. New York, NY: Oxford University Press; 1995.



83

İskemi ve Reperfüzyonun Temel Moleküler Mekanizmaları

172. Rodrigues SF, Granger DN. Role of blood cells in ischaemia-reperfusion induced endothelial 
barrier failure. Cardiovasc Res 2010;87(2):291-9.

173. Norwood MG, Bown MJ, Sutton AJ, Nicholson ML, Sayers RD. Interleukin 6 production du-
ring abdominal aortic aneurysm repair arises from the gastrointestinal tract and not the legs. 
Br J Surg 2004;91(9):1153-6.

174. Farhood A, McGuire GM, Manning AM, Miyasaka M, Smith CW, Jaeschke H. Intercellular 
adhesion molecule 1 (ICAM-1) expression and its role in neutrophil-induced ischemia-re-
perfusion injury in rat liver. J Leukoc Biol 1995;57(3):368-74.

175. de Vries DK, Lindeman JH, Tsikas D, de Heer E, Roos A, de Fijter JW, et al. Early renal is-
chemia-reperfusion injury in humans is dominated by IL-6 release from the allograft. Am J 
Transplant 2009;9(7):1574-84.

176. De Perrot M, Sekine Y, Fischer S, Waddell TK, McRae K, Liu M, et al. Interleukin-8 release 
during early reperfusion predicts graft function in human lung transplantation. Am J Respir 
Crit Care Med 2002;165(2):211-5.

177. Sekido N, Mukaida N, Harada A, Nakanishi I, Watanabe Y, Matsushima K. Prevention of 
lung reperfusion injury in rabbits by a monoclonal antibody against interleukin-8. Nature 
1993;365(6447):654-7.

178. Levine AJ, Parkes K, Rooney SJ, Bonser RS. The effect of adhesion molecule blockade on pul-
monary reperfusion injury. Ann Thorac Surg 2002;73(4):1101-6.

179. Huang J, Choudhri TF, Winfree CJ, McTaggart RA, Kiss S, Mocco J, et al. Postischemic 
cerebrovascular E-selectin expression mediates tissue injury in murine stroke. Stroke 
2000;31(12):3047-53.

180. Yilmaz G, Granger DN. Cell adhesion molecules and ischemic stroke. Neurol Res 
2008;30(8):783-93.

181. Sun Z, Wang X, Lasson A, Böjesson A, Annborn M, Andersson R. Effects of inhibition of PAF, 
ICAM-1 and PECAM-1 on gut barrier failure caused by intestinal ischemia and reperfusion. 
Scand J Gastroenterol 2001;36(1):55-65.

182. Shiratori Y, Kiriyama H, Fukushi Y, Nagura T, Takada H, Hai K, et al. Modulation of ischemi-
a-reperfusion-induced hepatic injury by Kupffer cells. Dig Dis Sci 1994;39(6):1265-72.

183. Tassiopoulos AK, Carlin RE, Gao Y, Pedoto A, Finck CM, Landas SK, et al. Role of nitric 
oxide and tumor necrosis factor on lung injury caused by ischemia/reperfusion of the lower 
extremities. J Vasc Surg 1997;26(4):647-56.

184. Colletti LM, Remick DG, Burtch GD, Kunkel SL, Strieter RM, Campbell DA Jr. Role of tumor 
necrosis factor-alpha in the pathophysiologic alterations after hepatic ischemia/reperfusion 
injury in the rat. J Clin Invest 1990;85(6):1936-43.

185. Suzuki S, Toledo-Pereyra LH. Interleukin 1 and tumor necrosis factor production as the ini-
tial stimulants of liver ischemia and reperfusion injury. J Surg Res 1994;57(2):253-8.

186. Robert Fitridge, Matthew Thompson, Mechanisms of Vascular Disease: A Reference Book for 
Vascular Specialists, Chapter 18-Pathophysiology of reperfusion injury, Published in Adelai-
de by The University of Adelaide, Barr Smith Press; 2011.

187. Zwacka RM, Zhang Y, Halldorson J, Schlossberg H, Dudus L, Engelhardt JF. CD4(+) T-lymp-
hocytes mediate ischemia/reperfusion-induced inflammatory responses in mouse liver. J Clin 
Invest 1997;100(2):279-89.

188. Arumugam TV, Shiels IA, Woodruff TM, Granger DN, Taylor SM. The role of the comple-
ment system in ischemia-reperfusion injury. Shock 2004;21(5):401-9.

189. Jaeschke H. Reactive oxygen and ischemia/reperfusion injury of the liver. Chem Biol Interact 
1991;79(2):115-36.

190. Bystrom P, Foley N, Toledo-Pereyra L, Quesnelle K. Ischemic preconditioning modulates 
ROS to confer protection in liver ischemia and reperfusion. EXCLI J. 2017;16:483-96.

191. Horie Y, Ishii H. Liver dysfunction elicited by gut ischemia-reperfusion. Pathophysiology 
2001;8(1):11-20.



84

Deneysel İskemi Reperfüzyon Modelleri

192. Giakoustidis DE, Iliadis S, Tsantilas D, Papageorgiou G, Kontos N, Kostopoulou E, et al. Blo-
ckade of Kupffer cells by gadolinium chloride reduces lipid peroxidation and protects liver 
from ischemia/reperfusion injury. Hepatogastroenterology 2003;50(53):1587-92.

193. Jaeschke H. Molecular mechanisms of hepatic ischemia-reperfusion injury and preconditio-
ning. Am J Physiol Gastrointest Liver Physiol 2003;284(1):G15-26.

194. Konishi T, Lentsch AB. Hepatic Ischemia/Reperfusion: Mechanisms of Tissue Injury, Repair, 
and Regeneration. Gene Expr 2017;17(4):277-87.

195. Caldwell-Kenkel JC, Currin RT, Tanaka Y, Thurman RG, Lemasters JJ. Kupffer cell activati-
on and endothelial cell damage after storage of rat livers: effects of reperfusion. Hepatology 
1991;13(1):83-95.

196. Colletti LM, Remick DG, Burtch GD, Kunkel SL, Strieter RM, Campbell DA Jr. Role of tumor 
necrosis factor-alpha in the pathophysiologic alterations after hepatic ischemia/reperfusion 
injury in the rat. J Clin Invest 1990;85(6):1936-43.

197. Hanschen M, Zahler S, Krombach F, Khandoga A. Reciprocal activation between CD4+ T 
cells and Kupffer cells during hepatic ischemia-reperfusion. Transplantation 2008;86(5):710-
8.

198. Zwacka RM, Zhang Y, Halldorson J, Schlossberg H, Dudus L, Engelhardt JF. CD4(+) T-lymp-
hocytes mediate ischemia/reperfusion-induced inflammatory responses in mouse liver. J Clin 
Invest 1997;100(2):279-89.

199. Brown KE, Brunt EM, Heinecke JW. Immunohistochemical detection of myeloperoxidase 
and its oxidation products in Kupffer cells of human liver. Am J Pathol 2001;159(6):2081-8.

200. Friedewald JJ, Rabb H. Inflammatory cells in ischemic acute renal failure. Kidney Int 
2004;66(2):486-91.

201. Burne-Taney MJ, Yokota-Ikeda N, Rabb H. Effects of combined T- and B-cell deficiency on 
murine ischemia reperfusion injury. Am J Transplant 2005;5(6):1186-93.

202. Devarajan P. Update on mechanisms of ischemic acute kidney injury. J Am Soc Nephrol 
2006;17(6):1503-20.

203. Kuboki S, Sakai N, Tschöp J, Edwards MJ, Lentsch AB, Caldwell CC. Distinct contributions of 
CD4+ T cell subsets in hepatic ischemia/reperfusion injury. Am J Physiol Gastrointest Liver 
Physiol 2009;296(5):G1054-9.

204. Schroeter M, Jander S, Witte OW, Stoll G. Local immune responses in the rat cerebral cortex 
after middle cerebral artery occlusion. J Neuroimmunol 1994;55(2):195-203.

205. Rabb H, Daniels F, O’Donnell M, Haq M, Saba SR, Keane W, et al. Pathophysiological role 
of T lymphocytes in renal ischemia-reperfusion injury in mice. Am J Physiol Renal Physiol 
2000;279(3):F525-31.

206. Ysebaert DK, De Greef KE, De Beuf A, Van Rompay AR, Vercauteren S, Persy VP, et al. T cells 
as mediators in renal ischemia/reperfusion injury. Kidney Int 2004;66(2):491-6.

207. Yilmaz G, Arumugam TV, Stokes KY, Granger DN. Role of T lymphocytes and interfe-
ron-gamma in ischemic stroke. Circulation 2006;113(17):2105-12.

208. Day YJ, Huang L, Ye H, Li L, Linden J, Okusa MD. Renal ischemia-reperfusion injury and 
adenosine 2A receptor-mediated tissue protection: the role of CD4+ T cells and IFN-gamma. 
J Immunol 2006;176(5):3108-14.

209. Shichita T, Sugiyama Y, Ooboshi H, Sugimori H, Nakagawa R, Takada I, et al. Pivotal role of 
cerebral interleukin-17-producing gammadeltaT cells in the delayed phase of ischemic brain 
injury. Nat Med 2009;15(8):946-50.

210. Li GZ, Zhong D, Yang LM, Sun B, Zhong ZH, Yin YH, et al. Expression of interleukin-17 in 
ischemic brain tissue. Scand J Immunol 2005;62(5):481-6.

211. Romagnani S. Regulation of the T cell response. Clin Exp Allergy 2006;36(11):1357-66.
212. Yokota N, Burne-Taney M, Racusen L, Rabb H. Contrasting roles for STAT4 and STAT6 sig-

nal transduction pathways in murine renal ischemia-reperfusion injury. Am J Physiol Renal 
Physiol 2003;285(2):F319-25.



85

İskemi ve Reperfüzyonun Temel Moleküler Mekanizmaları

213. Shen X, Wang Y, Gao F, Ren F, Busuttil RW, Kupiec-Weglinski JW, et al. CD4 T cells promote 
tissue inflammation via CD40 signaling without de novo activation in a murine model of liver 
ischemia/reperfusion injury. Hepatology 2009;50(5):1537-46.

214. Sakai K, Nozaki Y, Murao Y, Yano T, Ri J, Niki K, et al. Protective effect and mechanism of 
IL-10 on renal ischemia-reperfusion injury. Lab Invest 2019;99(5):671-683.

215. Yoshidome H, Kato A, Edwards MJ, Lentsch AB. Interleukin-10 suppresses hepatic ischemia/
reperfusion injury in mice: implications of a central role for nuclear factor kappaB. Hepato-
logy 1999;30(1):203-8.

216. Deng J, Kohda Y, Chiao H, Wang Y, Hu X, Hewitt SM, et al. Interleukin-10 inhibits ischemic 
and cisplatin-induced acute renal injury. Kidney Int 2001;60(6):2118-28.

217. Gandolfo MT, Jang HR, Bagnasco SM, Ko GJ, Agreda P, Satpute SR, et al. Foxp3+ regulatory 
T cells participate in repair of ischemic acute kidney injury. Kidney Int 2009;76(7):717-29.

218. Kinsey GR, Sharma R, Huang L, Li L, Vergis AL, Ye H, et al. Regulatory T cells suppress innate 
immunity in kidney ischemia-reperfusion injury. J Am Soc Nephrol 2009;20(8):1744-53.

219. Zhang M, Alicot EM, Carroll MC. Human natural IgM can induce ischemia/reperfusion in-
jury in a murine intestinal model. Mol Immunol 2008;45(15):4036-9.

220. Williams JP, Pechet TT, Weiser MR, Reid R, Kobzik L, Moore FD Jr, et al. Intestinal reperfusi-
on injury is mediated by IgM and complement. J Appl Physiol (1985) 1999;86(3):938-42.

221. Reid RR, Woodcock S, Prodeus AP, Austen J, Kobzik L, Hechtman H, et al. The role of comp-
lement receptors CD21/CD35 in positive selection of B-1 cells. Curr Top Microbiol Immunol 
2000;252:57-65.

222. Park P, Haas M, Cunningham PN, Bao L, Alexander JJ, Quigg RJ. Injury in renal ischemia-re-
perfusion is independent from immunoglobulins and T lymphocytes. Am J Physiol Renal 
Physiol 2002;282(2):F352-7.

223. Chen J, Crispín JC, Tedder TF, Dalle Lucca J, Tsokos GC. B cells contribute to ischemia/reper-
fusion-mediated tissue injury. J Autoimmun 2009;32(3-4):195-200.

224. Tilney NL, Guttmann RD. Effects of initial ischemia/reperfusion injury on the transplanted 
kidney. Transplantation 1997;64(7):945-7.

225. Khandoga A, Biberthaler P, Enders G, Axmann S, Hutter J, Messmer K, et al. Platelet adhesion 
mediated by fibrinogen-intercelllular adhesion molecule-1 binding induces tissue injury in 
the postischemic liver in vivo. Transplantation 2002;74(5):681-8.

226. Tailor A, Cooper D, Granger DN. Platelet-vessel wall interactions in the microcirculation. 
Microcirculation 2005;12(3):275-85.

227. Esch JS, Jurk K, Knoefel WT, Roeder G, Voss H, Tustas RY, et al. Platelet activation and inc-
reased tissue factor expression on monocytes in reperfusion injury following orthotopic liver 
transplantation. Platelets 2010;21(5):348-59.

228. Nakano Y, Kondo T, Matsuo R, Hashimoto I, Kawasaki T, Kohno K, et al. Platelet dynamics in 
the early phase of postischemic liver in vivo. J Surg Res 2008;149(2):192-8.

229. Pak S, Kondo T, Nakano Y, Murata S, Fukunaga K, Oda T, et al. Platelet adhesion in the 
sinusoid caused hepatic injury by neutrophils after hepatic ischemia reperfusion. Platelets 
2010;21(4):282-8.

230. Andrews RK, Berndt MC. Platelet physiology and thrombosis. Thromb Res 2004;114(5-
6):447-53.

231. Moquin D, Chan FK. The molecular regulation of programmed necrotic cell injury. Trends 
Biochem Sci 2010;35(8):434-41.

232. Smith CC, Yellon DM. Necroptosis, necrostatins and tissue injury. J Cell Mol Med 
2011;15(9):1797-806.

233. Vandenabeele P, Declercq W, Van Herreweghe F, Vanden Berghe T. The role of the kinases 
RIP1 and RIP3 in TNF-induced necrosis. Sci Signal 2010;3(115):re4. doi: 10.1126/scisignal.
3115re4.



86

Deneysel İskemi Reperfüzyon Modelleri

234. Morgan MJ, Kim YS, Liu ZG. TNFalpha and reactive oxygen species in necrotic cell death. 
Cell Res 2008;18(3):343-9.

235. Baines CP. The mitochondrial permeability transition pore and ischemia-reperfusion injury. 
Basic Res Cardiol 2009;104(2):181-8.

236. Kroemer G, Galluzzi L, Brenner C. Mitochondrial membrane permeabilization in cell death. 
Physiol Rev 2007;87(1):99-163.

237. Boujrad H, Gubkina O, Robert N, Krantic S, Susin SA. AIF-mediated programmed necrosis: 
a highly regulated way to die. Cell Cycle 2007;6(21):2612-9.

238. Wang Y, Dawson VL, Dawson TM. Poly(ADP-ribose) signals to mitochondrial AIF: a key 
event in parthanatos. Exp Neurol 2009;218(2):193-202.

239. Eefting F, Rensing B, Wigman J, Pannekoek WJ, Liu WM, Cramer MJ, et al. Role of apoptosis 
in reperfusion injury. Cardiovasc Res 2004;61(3):414-26.

240. McCully JD, Wakiyama H, Hsieh YJ, Jones M, Levitsky S. Differential contribution of necrosis 
and apoptosis in myocardial ischemia-reperfusion injury. Am J Physiol Heart Circ Physiol 
2004;286(5):H1923-35.

241. Chen Q, Chai YC, Mazumder S, Jiang C, Macklis RM, Chisolm GM, et al. The late increase in 
intracellular free radical oxygen species during apoptosis is associated with cytochrome c rele-
ase, caspase activation, and mitochondrial dysfunction. Cell Death Differ 2003;10(3):323-34.

242. Broughton BR, Reutens DC, Sobey CG. Apoptotic mechanisms after cerebral ischemia. Stro-
ke 2009;40(5):e331-9.

243. Whelan RS, Kaplinskiy V, Kitsis RN. Cell death in the pathogenesis of heart disease: mecha-
nisms and significance. Annu Rev Physiol 2010;72:19-44.

244. Metukuri MR, Beer-Stolz D, Namas RA, Dhupar R, Torres A, Loughran PA, et al. Expression 
and subcellular localization of BNIP3 in hypoxic hepatocytes and liver stress. Am J Physiol 
Gastrointest Liver Physiol 2009;296(3):G499-509.

245. Ji X, Luo Y, Ling F, Stetler RA, Lan J, Cao G, et al. Mild hypothermia diminishes oxidati-
ve DNA damage and pro-death signaling events after cerebral ischemia: a mechanism for 
neuroprotection. Front Biosci 2007;12:1737-47.

246. Wei Q, Yin XM, Wang MH, Dong Z. Bid deficiency ameliorates ischemic renal failure and 
delays animal death in C57BL/6 mice. Am J Physiol Renal Physiol 2006;290(1):F35-42.

247. Ben-Ari Z, Pappo O, Cheporko Y, Yasovich N, Offen D, Shainberg A, et al. Bax ablati-
on protects against hepatic ischemia/reperfusion injury in transgenic mice. Liver Transpl 
2007;13(8):1181-8.

248. Diwan A, Krenz M, Syed FM, Wansapura J, Ren X, Koesters AG, et al. Inhibition of ischemic 
cardiomyocyte apoptosis through targeted ablation of Bnip3 restrains postinfarction remode-
ling in mice. J Clin Invest 2007;117(10):2825-33.

249. Kim J, Kim DS, Park MJ, Cho HJ, Zervos AS, Bonventre JV, et al. Omi/HtrA2 protease is asso-
ciated with tubular cell apoptosis and fibrosis induced by unilateral ureteral obstruction. Am 
J Physiol Renal Physiol 2010;298(6):F1332-40.

250. Daemen MA, van ‘t Veer C, Denecker G, Heemskerk VH, Wolfs TG, Clauss M, et al. In-
hibition of apoptosis induced by ischemia-reperfusion prevents inflammation. J Clin Invest 
1999;104(5):541-9.

251. Yaoita H, Ogawa K, Maehara K, Maruyama Y. Attenuation of ischemia/reperfusion injury in 
rats by a caspase inhibitor. Circulation 1998;97(3):276-81.

252. Jiang M, Liu K, Luo J, Dong Z. Autophagy is a renoprotective mechanism during in vitro 
hypoxia and in vivo ischemia-reperfusion injury. Am J Pathol 2010;176(3):1181-92.

253. Takagi H, Matsui Y, Hirotani S, Sakoda H, Asano T, Sadoshima J. AMPK mediates autophagy 
during myocardial ischemia in vivo. Autophagy 2007;3(4):405-7.

254. Cardinal J, Pan P, Tsung A. Protective role of cisplatin in ischemic liver injury through indu-
ction of autophagy. Autophagy 2009;5(8):1211-2.



87

İskemi ve Reperfüzyonun Temel Moleküler Mekanizmaları

255. Carloni S, Girelli S, Scopa C, Buonocore G, Longini M, Balduini W. Activation of autophagy 
and Akt/CREB signaling play an equivalent role in the neuroprotective effect of rapamycin in 
neonatal hypoxia-ischemia. Autophagy 2010;6(3):366-77.

256. Gottlieb RA, Mentzer RM. Autophagy during cardiac stress: joys and frustrations of autopha-
gy. Annu Rev Physiol 2010;72:45-59.

257. He C, Klionsky DJ. Regulation mechanisms and signaling pathways of autophagy. Annu Rev 
Genet 2009;43:67-93.

258. Levine B, Kroemer G. Autophagy in the pathogenesis of disease. Cell 2008;132(1):27-42.
259. Ma X, Liu H, Foyil SR, Godar RJ, Weinheimer CJ, Diwan A. Autophagy is impaired in cardiac 

ischemia-reperfusion injury. Autophagy 2012;8(9):1394-6.


