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I N T R O D U C T I O N

Prolonged interruption of coronary blood flow during
heart surgery results in irreversible myocardial cell damage.
Interventions such as thrombolysis, emergency percuta-
neous coronary angioplasty and coronary artery bypass
surgery can restore blood flow to affected myocardial tis-
sue. However, restoration of coronary blood flow following
acute disruption is also accompanied by a further injurious
phenomenon known as myocardial reperfusion injury.
This article seeks to highlight the elements involved in this
process and possible interventions to reduce its effects.

MYOCARDIAL ISCHEMIA & REPERFUSION INJURY

Myocardial Damage
When myocardial ischemia is limited to periods of less

than approximately 20 minutes, reperfusion of the affect-
ed tissue will lead to recovery following transient changes
in cellular structure, function and metabolism. These
changes are manifested functionally as depressed myocar-
dial contractility, which may persist for a variable period.
This particular condition is not associated with myocyte
necrosis and is often referred to as “myocardial stunning”
[Park 1999].

Myocardial reperfusion injury occurs when blood flow
is restored after ischemic periods of more than 20 minutes.
The end result of this process is myocardial cell death, the
extent of which is directly proportional to the duration of
the ischemic insult. The histological changes are character-

ized by explosive cell swelling, calcium deposition, and
contraction band formation [Piper 1999]. The release of
toxic oxygen species from ischemic tissue on restoration of
coronary blood flow, accompanied by alterations in intra-
cellular calcium homeostasis, constitute the most impor-
tant factors in the production of this phenomenon [Gross
1999]. Other processes involved in the pathogenesis of
reperfusion injury include activation of the complement
system, as well as neutrophil and endothelial cell activa-
tion. Endogenous mediators such as adenosine, nitric
oxide, superoxide dismutase, ATP-sensitive potassium
channels and the sodium-hydrogen antiport aid in amelio-
rating the effects of these injurious agents [Mizuno 1997,
Vinten-Johansen 1999].

Oxygen radicals are generated at an increased rate in
reperfused formerly ischemic myocardium. Species such as
superoxide anions, hydroxyl, and peroxynitrite radicals
are produced upon introduction of molecular oxygen to
ischemic tissue [Ronson 1999]. The subsequent interaction
between these molecules and cell membrane components
leads to myocardial cell damage and depressed contractile
function. This seemingly deleterious effect of restoration
of oxygen to ischemic tissue is referred to as the “oxygen
paradox” [Park 1999]. The presence of contraction-band
necrosis on histological examination is a strong indicator
of oxygen paradox injury [Piper 1999].

Myocyte calcium levels have been observed to increase
upon reperfusion of ischemic myocardium. Damage to the
cell membrane and sarcoplasmic reticulum, possibly by free
radical species, results in a net increase in the concentra-
tion of intracellular calcium. This results in relative insensi-
tivity of contractile elements to calcium with subsequent
depression of myocyte contractility. This phenomenon is
known as the “calcium paradox” [Gross 1999, Park 1999].

Immune System Activation
During myocardial ischemia and reperfusion, the

immune system is activated through various mechanisms.
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One of the most important is activation of complement
pathways, a process that also provides chemotactic stimuli
for endothelial adhesion and recruitment of neutrophils to
areas of inflammation. Myocardial cell damage follows the
release of enzymes and toxic oxygen species from activat-
ed neutrophils, as well as complement-mediated cell lysis
[Jordan 1999].

Endothelial Dysfunction
The vascular endothelium also plays an important role

in the evolution of reperfusion injury. In areas of myocar-
dial damage, increased permeability of the dysfunctional
endothelium leads to exudation of capillary fluid with
consequent increased blood viscosity and relative stasis of
flow. Nitric oxide formation is also significantly reduced in
dysfunctional endothelium, resulting in localized
vasospasm and disturbed flow distribution [Boyle 1996].
Neutrophils marginate to the periphery of the capillary
lumen and adhere loosely to the endothelium via an inter-
action with endothelial selectins. After rolling along the
endothelial surface, neutrophils become more strongly
adhered through an interaction between neutrophil inte-
grins and endothelial cell intercellular adhesion molecules
(ICAMs). Following neutrophil adhesion, the endothelium
serves to provide an initial chemotactic concentration gra-
dient for neutrophils to migrate along toward the inflam-
matory focus [Asimakopoulos 2000]. The concept of
endothelial stunning has been elaborated recently by
Buckberg [Mizuno 1997, Buckberg 2000].

T H E R A P E U T I C  P R O C E D U R E S

Since the introduction of cardiopulmonary bypass to
cardiac surgery, a variety of procedures have become possi-
ble that achieve excellent clinical results. Despite the
many advantages gained with this technique, though,
significant morbidity has been attributed to the inflamma-
tory response produced. Multiple advances in anesthetic,
surgical and perfusion techniques have been implemented
in order to protect the heart and the patient from these
deleterious effects.

The inflammatory response after coronary artery bypass
grafting with the assistance of extracorporeal circulation is
primarily due to induced regional ischemia, reperfusion
injury to the myocardium and interactions between the
patient’s blood and the foreign surface of the bypass cir-
cuit and the oxygenator [Taylor 1996]. The systemic
inflammatory response produced profoundly affects the
postoperative recovery of the patient. Systemic changes
such as hypotension, renal insufficiency, acute respiratory
distress syndrome, leucocytosis, fluid retention, postopera-
tive bleeding and thromboembolic events all occur with
increased frequency in patients who have been placed on
cardiopulmonary bypass [Ascione 2000]. This in part may
also be a reflection of the type of patients being considered
for these procedures, as older patients and patients with
other co-morbidities are accepted for surgical treatment.

Agents That Reduce Inflammatory Response
Many strategies targeting the main culprits involved

in producing the post-bypass inflammatory response
have been promoted in order to reduce post-operative
morbidity and mortality. Cardioplegic solutions, which
were initially employed purely to arrest the heart, are
now supplemented with blood, amino acids and other
substrates. The addition of intravenous dexamethasone
following the induction of anesthesia is used in several
centers to diminish the post-operative inflammatory
response [Yared 2000]. Adenosine, used as an adjunct to
cardioplegic solutions, is now widely considered to have
a cardioprotective effect by producing arrest through
hyperpolarization of myocardium via KATP channel acti-
vation as well as interfering with leukocyte-endothelial
cell interactions [Vinten-Johansen 1999]. Heparin-coated
circuits have been advocated to reduce the production of
inflammatory cytokines, as well as to diminish leukocyte
activation and preserve platelet function [Wan 1998].
Aprotinin, a serine protease inhibitor, is thought to exert
an anti-inflammatory effect through interfering with
leukocyte integrin expression as well as blocking comple-
ment and fibrinolytic pathways [Royston 1996, Asi-
makopolous 2000]. Leukocyte filtration has also been
employed as a means of depleting circulating granulo-
cytes, whose role is central in the production of myocyte
damage and the systemic inflammatory response [Roth
2000]. Delivery of nitric oxide, or its precursor L-arginine,
has been shown to reduce both endothelial and myocyte
damage, as well as limit vasospasm in the coronary
microcirculation [Mizuno 1997].

Gene Therapy
Gene therapy is currently being evaluated as another

possible mechanism for reducing the inflammatory
response to cardiac surgery [Boyle 1999]. Organ-specific
genetic manipulation allows for local control of mediators
within the inflammatory process while incurring minimal
systemic effects. Some consideration has been given to
these manipulations in order to preserve the myocardium
during reperfusion [Allen 1999].

Cardiac Preconditioning
The concept of cardiac preconditioning has been

advocated as a further protective measure, where brief
periods of ischemia are induced followed by reperfusion,
with the aim of increasing production of endogenous
inflammatory mediators prior to the more prolonged
ischemic periods accompanying coronary revasculariza-
tion [Perrault 1999]. Preconditioning can be accom-
plished mechanically with various surgical maneuvers
such as intermittent aortic cross-clamping or coronary
occlusion. Myocardium can also be preconditioned phar-
macologically through the use of such agents as adeno-
sine infused prior to the establishment of cardiopul-
monary bypass or as an intra-coronary injection prior to
percutaneous coronary angioplasty [Chilian 1999, Vin-
ten-Johansen 1999, Zhao 1999]. 
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Off-pump Surgery
Coronary artery bypass surgery performed without the

use of cardiopulmonary bypass has become increasingly
popular in recent years. The elimination of the bypass cir-
cuit and performing anastomoses on the beating heart has
been shown to be associated with a marked decrease in the
systemic inflammatory response and its attendant morbid-
ity [Ascione 2000]. Although temporary occlusion of coro-
nary vessels and regional ischemia followed by reperfusion
is required, provocation of various inflammatory cascades
is greatly diminished by obviating the need for extra-cor-
poreal circulation. Off-pump surgery combined with
ischemic preconditioning may significantly reduce opera-
tive morbidity and mortality. 

Minimally Invasive Procedures
Cardiac procedures performed through less invasive

approaches have also demonstrated a reduction in systemic
inflammatory response when compared to conventional
surgical maneuvers. Minimal direct coronary artery bypass
using small thoracotomy incisions and partial sternotomy
have been shown to provoke a much smaller inflammatory
reaction compared to standard median sternotomy [Czerny
2000]. These alternative procedures, combined with off-
pump revascularization, may well represent a future direc-
tion in cardiac surgery, particularly in these times of need
for shorter lengths of hospital stay and budget constraints.

R E F E R E N C E S

1. Allen MD. Myocardial protection: Is there a role for gene
therapy? Ann Thorac Surg 68(5):1924–8, 1999.

2. Ascione R, Lloyd CT, Underwood MJ, et al. Inflammatory
response after coronary revascularization with or without
cardiopulmonary bypass. Ann Thorac Surg 69(4):1198–204,
2000.

3. Asimakopoulos G, Thompson R, Nourshargh S, et al. An
anti-inflammatory property of aprotinin detected at the level
of leukocyte extravasation. J Thorac Cardiovasc Surg 120(2):
361–9, 2000.

4. Boyle EM, Jr., Canty TG, Jr., Morgan EN, et al. Treating
myocardial ischemia-reperfusion injury by targeting endothe-
lial cell transcription. Ann Thorac Surg 68(5):1949–53, 1999.

5. Boyle EM, Jr., Pohlman TH, Cornejo CJ, et al. Endothelial
cell injury in cardiovascular surgery: ischemia-reperfusion.
Ann Thorac Surg 62(6):1868–75, 1996.

6. Buckberg GD. Endothelial and myocardial stunning. J Tho-
rac Cardiovasc Surg 120(4):640–1, 2000.

7. Chilian WM, Gross GJ. Prologue: Ischemic preconditioning
in cardiac vascular muscle. Am J Physiol 277(6 Pt 2):H2416–7,
1999.

8. Czerny M, Baumer H, Kilo J, et al. Inflammatory response
and myocardial injury following coronary artery bypass
grafting with or without cardiopulmonary bypass. Eur J Car-
diothorac Surg 17(6):737–42, 2000.

9. Gross GJ, Kersten JR, Warltier DC. Mechanisms of postis-
chemic contractile dysfunction. Ann Thorac Surg 68(5):
1898–904, 1999.

10. Jordan JE, Zhao ZQ, Vinten-Johansen J. The role of neu-
trophils in myocardial ischemia-reperfusion injury. Cardio-
vasc Res 43(4):860–78, 1999.

11. Mizuno A, Baretti R, Buckberg GD, et al. Endothelial stun-
ning and myocyte recovery after reperfusion of jeopardized
muscle: a role of L-arginine blood cardioplegia. J Thorac Car-
diovasc Surg 113(2):379–89, 1997.

12. Park JL, Lucchesi BR. Mechanisms of myocardial reperfusion
injury. Ann Thorac Surg 68(5):1905–12, 1999.

13. Perrault LP, Menasche P. Preconditioning: Can nature’s shield
be raised against surgical ischemic-reperfusion injury? Ann
Thorac Surg 68(5):1988–94, 1999.

14. Piper HM, Garcia-Dorado D. Prime causes of rapid cardiomy-
ocyte death during reperfusion. Ann Thorac Surg 68(5):
1913–9, 1999.

15. Ronson RS, Nakamura M, Vinten-Johansen J. The cardiovas-
cular effects and implications of peroxynitrite. Cardiovasc
Res 44(1):47–59, 1999.

16. Roth M, Kraus B, Scheffold T, Reuthebuch O, Klovekorn WP,
Bauer EP. The effect of leukocyte-depleted blood cardioplegia
in patients with severe left ventricular dysfunction: A ran-
domized, double-blind study. J Thorac Cardiovasc Surg
120(4):642–50, 2000.

17. Royston D. Serine protease inhibition prevents both cellular
and humoral responses to cardiopulmonary bypass. J Cardio-
vasc Pharmacol 27 Supp 1:S42–9, 1996.

18. Taylor KM. SIRS—The systemic inflammatory response syn-
drome after cardiac operations. Ann Thorac Surg 61(6):
1607–8, 1996.

19. Vinten-Johansen J, Thourani VH, Ronson RS, et al. Broad-
spectrum cardioprotection with adenosine. Ann Thorac Surg
68(5):1942–8, 1999.

20. Vinten-Johansen J, Zhao ZQ, Nakamura M, et al. Nitric oxide
and the vascular endothelium in myocardial ischemia-reper-
fusion injury. Ann NY Acad Sci 874:354–70, 1999.

21. Wan S, Izzat MB, Yim AP. Reducing inflammatory reactions
by heparin-coated circuit. Ann Thorac Surg 66(5):1868,
1998.

22. Yared JP, Starr NJ, Torres FK, et al. Effects of single dose,
postinduction dexamethasone on recovery after cardiac
surgery. Ann Thorac Surg 69(5):1420–4, 2000.

23. Zhao ZQ, Nakamura M, Wang NP, et al. Administration of
adenosine during reperfusion reduces injury of vascular
endothelium and death of myocytes. Coronary Artery Dis-
ease 10(8):617–28, 1999.


