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During open heart surgery, it is usually necessary to  cross-
clamp the aorta, with the risk of subsequent ischaemic

injury to the heart. Major reduction of metabolic rate by
cardioplegic arrest reduces detrimental sequelae to the myo-
cardium, and accelerated resynthesis of high-energy phos-
phates could enhance recovery. Exogenous adenosine could
preserve myocardial ATP during ischaemia and provide
a substrate for subsequent ATP recovery. Addition of 50
µmol·L-1 adenosine to a cold crystalloid cardioplegic solution
has been reported to improve functional recovery in isolated
rat hearts [1], while in one of the first reported trials of adeno-
sine-potassium cardioplegia in humans, it was demonstrated
that up to 25 µmol·L-1 adenosine could be safely adminis-
tered, both during induction of arrest, and after ischaemia with
the last dose of cardioplegic solution, though higher doses
caused systemic hypotension; dual delivery was intended to
improve cardioprotection and reduce infarct size, although
neither effect was assessed [2]. Another clinical study using
dosages up to 2 mmol·L-1 has revealed dose-dependent pro-
tection during bypass surgery [3]. It might also be possible to
protect the myocardium before arrest, one promising possi-
bility being ischaemic preconditioning, but the mechanism of
action is not yet fully understood and use in the operating
room remains controversial: adenosine and its analogues have
yielded promising results in the search for pharmacological
substitutes. It has been reported that in a canine model,
pre-ischaemic intracoronary administration of adenosine at
50 µg·kg-1·min-1 significantly attenuates stunning [4] and ben-
efits have already been demonstrated in patients [5]. Mainte-
nance of arrest during reperfusion has been shown to reduce
arrhythmias and to improve functional recovery [6].

A working heart model is more sensitive to ischaemic dam-
age than a Langendorff [7] and more accurately determines
the ability of the heart to support a physiological workload
[8]. The use of an erythrocyte suspension as perfusate rather
than a buffer solution has the advantage that the heart is well
supplied with oxygen and has a large coronary flow reserve

[9], which may be important when testing a potent vasodila-
tor like adenosine. Most isolated heart studies published be-
fore this study began reported use of 10–100 µmol·L-1 adeno-
sine [1, 10, 11]. An ischaemic insult of 10 min causes a mod-
erate amount of damage at normothermia (38 °C in rat) in
unprotected hearts, while 12 min causes severe and less re-
producible damage [12]. A potassium concentration of 30
mmol·L-1 is necessary to maintain arrest in normothermic rat
heart [13].

In our ejecting isolated rat heart model perfused with eryth-
rocyte suspension, we tested the hypothesis that functional
recovery after normothermic global ischaemia may be im-
proved by a combination of adenosine pretreatment, and main-
tenance of arrest and administration of adenosine during
reperfusion.

Methods

All animal procedures were reviewed by the Faculty Ethical
Committee to ensure compliance with European standards.
Differences were tested using Student’s t-test, taking a p-value
less than 0.05 to indicate statistical significance. Errors are re-
ported as standard error of the mean (SEM).

Model
The model used was that described previously [14], with
changes and improvements found necessary during pilot ex-
periments as detailed below. Briefly, a male Wistar rat of nomi-
nal weight 450 g was anaesthetized, the aorta was cannulated,
and perfusion in Langendorff mode was started at a pressure
of 13 kPa (100 mmHg), using modified Krebs-Henseleit buffer
(constituents in mmol·L-1: NaCl 118, CaCl2 3.0, KCl 4.7,
KH2PO4 1.2, NaHCO3 25, MgSO4 1.2, sodium EDTA 0.5,
and glucose 11.1).

After cannulating the left atrium, the setup was switched
to working mode with a preload pressure of 2 kPa (15 mmHg)
using erythrocyte suspension consisting of the same buffer
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solution as above with thrice-washed bovine erythrocytes
added to give a haematocrit of 25 %, and bovine serum albu-
min fraction V at 15 g·L-1. The resulting free calcium concen-
tration was 1.6 mmol·L-1. Perfusate gases were equilibrated
using membrane oxygenators. The heart, paced slightly more
rapidly than its intrinsic rate, pumped via a windkessel to simu-
late vascular compliance against an afterload of 13 kPa (100
mmHg), and the pumped fluid was recirculated, but not the
coronary flow.

Changes to model
After sternotomy, heparin (500 IU·kg-1) was administered into
the right atrium to reduce clotting. The membrane oxygena-
tor for the buffer was supplied with carbogen (95 % O2, 5 %
CO2) to maximize oxygen delivery, and that for the erythro-
cyte suspension changed to 18 % O2, 8 % CO2, and the rest
N2, to achieve physiological O2 and CO2 tensions (pO2 15
kPa, pCO2 6 kPa). The heart was arrested by adding isotonic
KCl (154 mmol·L-1) from an infusion pump via a hypoder-
mic needle into the perfusate (‘mini-cardioplegia’ [15]), fluid
volume between the needle and the heart being only 4 mL to
minimize adenosine consumption by erythrocytes. Delivery
rate was controlled to keep delivered potassium concentra-
tion constant at 30 mmol·L-1. Precise temperature control is
essential to achieve consistent results, so heart temperature
was monitored with a sensor in the right ventricle (Model
511, Yellow Springs Instrument Co., Ohio, USA), and main-
tained by immersing the heart in a temperature controlled
bath, into which the coronary flow drained. An additional heat
exchanger was used to maintain perfusate temperature dur-
ing Langendorff perfusion. Inorganic phosphate was included
in the perfusate as it is washed out during ischaemia [16] and
may also be necessary for post-ischaemic ATP recovery.

Protocol
Pilot experiments were conducted to verify the ideal ischae-
mic interval and potassium concentration. The protocol for
the main experiments is shown in Figure 1. Two groups of
five rats were used, a control and an adenosine group. After a
20 min period to assess work output, hearts were arrested by
switching to Langendorff perfusion with erythrocyte suspen-
sion and using the infusion pump to raise potassium concen-
tration to 30 mmol·L-1. In the adenosine group, adenosine
(Adenocor, Sanofi Winthrop, Maassluis, The Netherlands) was
added with the same pump to achieve a delivered concentra-
tion of 50 µmol·L-1. Pretreatment or sham arrest continued
for 15 min, followed by a 10 min period of global normother-
mic ischaemia (38 °C), imposed by clamping the perfusion
lines. All hearts were then reperfused in Langendorff mode
using the same solution as before ischaemia, maintaining ar-
rest during a 15 min posttreatment period. The infusion pump
was then switched off, and following a 10 min recovery pe-
riod of Langendorff perfusion, work output of paced hearts
was again assessed, average values being calculated for the first
and last 5 min of a 20 min period. Work output was taken as
left ventricular output (aortic plus coronary flow) against con-
stant pressure (13 kPa, 100 mmHg).

Results

In two hearts in each group, stable left ventricular output be-
fore ischaemia ranged from 43.9 to 48.7 mL·min-1, and due
to a change of atrial cannula, outputs in the other three per
group ranged from 67.8 to 76.2 mL·min-1. Recovery is ex-
pressed in percentage terms; we did not proceed with hearts
achieving outputs less than 40 mL·min-1. All hearts spontane-

ously resumed beating with sinus rhythm during the recov-
ery period, and while working, each heart was paced at a rate
slightly higher than its intrinsic rate (300–360 beats·min-1),
the same rate being used before and after ischaemia. Results
are summarized in Figure 2. Adenosine-treated hearts (n =
5) recovered 80 % (SEM 3.3 %) of their pre-ischaemic left
ventricular output, significantly less than control hearts (n =
5), which recovered 92 % (SEM 2.0 %, p = 0.014). Output
during post-ischaemia assessment remained effectively stable
in control hearts, while the adenosine-treated hearts tended
to suffer a loss of function (difference between groups not
significant, p = 0.11). During the last 5 min of the 20 min
assessment period, outputs were 67 % (SEM 8.5 %) and 88 %
(SEM 2.3%) of control values, respectively (p = 0.042).

The presence of erythrocytes in the perfusate ensured ad-
equate oxygenation for the working heart with a coronary flow
of 11 % (SEM 1.4 %) and 13 % (SEM 1.0 %) respectively of
cardiac output during the 20 min assessment period in the
control and adenosine groups (7.2 from 64.4, and 7.9 from
61.5 mL·min-1, respectively, with mean aortic pressure of 13 kPa
= 100 mmHg), not different between groups (p = 0.34). The
trend was for coronary flow during arrest with adenosine to
be higher than that with potassium alone at 126 % (SEM 13 %)
and 91 % (SEM 9.8 %), respectively, of the assessment value in
each heart, though as observed in pilot experiments, the high
potassium concentration suppressed the vasodilatory effect of
adenosine, and the difference was not significant (p = 0.064).

Figure 1. Experimental protocol. Left ventricular output reported
during 5 min intervals (shaded boxes indicated at top of assess-
ment period). ‘Switch’ interval: switch from working to Langendorff,
set up and flush infusion pump. (Second switch interval not
needed, pump simply turned off.)
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Figure 2. Left ventricular output normalized to 100 % at start of
pre-ischaemic assessment (Pre 1). Hearts were stable for 20 min
(until Pre 2). Functional recovery of adenosine-treated hearts (n =
5, dark bars) was less than that of control hearts (n = 5, grey bars)
at start (Post 1) and end (Post 2) of assessment (* p < 0.05).
Decline in performance of adenosine-treated hearts tended to be
more rapid. Standard error of mean shown.
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Discussion

Numerous studies have investigated the effects of adenosine
and its analogues on ischaemic damage, many looking into
adenosine A1 receptor activation or inhibition, with activa-
tion leading to improved protection against infarct, but not
always improving functional recovery [10]. There are many
possible reasons for the widely differing results: dose, tem-
perature, delivery protocol differences, the duration of the is-
chaemic insult, and species effects. A clear dose-response re-
lationship has been demonstrated in patients receiving adeno-
sine in blood cardioplegic solution, with the highest dose group
needing less postoperative drug treatment [3]. However, by
the authors’ own reasoning, the patients in the 100 µmol·L-1

group needed more of all drugs (except one) than the placebo
group. Adenosine is more protective at 20 °C than at lower
temperatures [17], but higher temperatures were not used.
Regarding protocol, pretreatment with 10–100 µmol·L-1 ad-
enosine without arrest, followed by washout, does not im-
prove functional recovery after 20 min ischaemia in working
rat hearts, with the suggestion that the effectiveness of pre-
treatment may be altered by a washout period before ischae-
mia [10], while 50 µmol·L-1 adenosine with potassium arrest
has been shown to increase work output recovery after 30
min ischaemia in rat hearts [1], but in neither study was ad-
enosine administered during reperfusion. It has been dem-
onstrated that 100 µmol·L-1 adenosine, delivered both before
20 min ischaemia without washout and during reperfusion,
significantly depresses rate-pressure-product in an unpaced
guinea-pig heart, a result more comparable to ours, while not
sparing ATP [11]; the loss of ATP during our short ischaemic
period was probably, as found in that study, too small for added
adenosine to have much effect. Damage mechanisms which
adenosine could exacerbate are reperfusion injury, by free radi-
cal generation in the presence of adenosine metabolites [18],
and ionic imbalance by opening ATP-sensitive potassium
channels, increasing permeability to potassium, and causing
excessive depolarization. However, adenosine has been shown
to protect guinea-pig myocytes against potassium-induced
calcium overloading [19] and also reduce the time to potas-
sium arrest, possibly by superpolarization and arrest of the
sinus node [20]. Adenosine receptors also have different struc-
tures and densities between species [21]. Activation of the
human A1 and A3 receptors is certainly cardioprotective [22],
though the A1 effect is doubtful in rat [10], and the A3 receptor
shows a marked lack of homology among species [23].

To summarize, the cardioprotective effectiveness of adeno-
sine pretreatment could be affected by protocol. Posttreatment
could help ATP regeneration after a longer insult, but the pres-
ence of adenosine during reperfusion may worsen free radical
damage, possibly aggravated in the rat by higher enzyme ac-
tivity; conflicting study results could also be due to
species-related receptor variations. The differences reported
here are small, and the reasons speculative, but the adenosine-
treated hearts nevertheless recovered significantly worse than
the control hearts.

We conclude that caution should be exercised in the intro-
duction of adenosine as a cardioprotective agent, and that de-
livery protocol and dosage should be carefully designed and
administered to maximize the benefits reported by others and
to minimize the possible risk we observed.

Acknowledgements

These experiments were made possible by the technical
expertise of J. A. M. Evers. (The first author received finan-

cial support for this work from the Departments of Cardiol-
ogy, Paediatric Cardiology, Cardiothoracic Surgery and Radi-
ology.)

References
1. Van der Lee C, Huizer T, Janssen M, Tavenier M, Stassen EJ, Arad M, De Jong

JW. Adenosine, added to St Thomas’ Hospital Cardioplegic Solution, improves
functional recovery and reduces irreversible myocardial damage. Cardioscience
1994; 5: 269–75.

2. Fremes SE, Levy SL, Christakis GT, Walker SE, Iazetta J, Mallidi HR,
Federelituv R, Deemar KA, Cohen EA, Wong BI, Goldman BS. Phase 1 hu-
man trial of adenosine-potassium cardioplegia. Circulation 1996; 94 (9 Suppl):
370–5.

3. Mentzer RM Jr, Rahko PS, Molinaviamonte V, Canver CC, Chopra PS, Love
RB, Cook TD, Hegge JO, Lasley RD. Safety, tolerance, and efficacy of adeno-
sine as an additive to blood cardioplegia in humans during coronary artery
bypass surgery. Am J Cardiol 1997; 79 (Suppl): 38–43.

4. Randhawa MPS Jr, Lasley RD, Mentzer RM Jr. Salutary effects of exogenous
adenosine administration on in vivo myocardial stunning. J Thorac Cardiovasc
Surg 1995; 110: 63–74.

5. Lee HT, LaFaro RJ, Reed GE. Pretreatment of human myocardium with ad-
enosine during open heart surgery. J Card Surg 1995; 10: 665–76.

6. Tian GH, Mainwood GW, Biro GP, Smith KE, Butler KW, Lawrence D,
Deslauriers R. The effect of high buffer cardioplegia and secondary cardiople-
gia on cardiac preservation and postischemic functional recovery: a 31P NMR
and functional study in Langendorff perfused pig hearts. Can J Physiol
Pharmacol 1991; 69: 1760–8.

7. Galiñanes M, Hearse DJ. Assessment of ischemic injury and protective inter-
ventions: the Langendorff versus the working rat heart preparation. Can J
Cardiol 1990; 6: 83–91.

8. Smolens IA, Follette DM, Berkoff HA, Castellanos LM, Segel LD. Incom-
plete recovery of working heart function after twenty-four-hour preservation
with a modified University of Wisconsin solution. J Heart Lung Transplant
1995; 14: 906–15.

9. Duvelleroy MA, Duruble M, Martin JL, Teisseire B, Droulez J, Cain M.
Blood-perfused working isolated rat heart. J Appl Physiol 1976; 41: 603–7.

10. Cave AC, Collis CS, Downey JM, Hearse DJ. Improved functional recovery
by ischaemic preconditioning is not mediated by adenosine in the globally
ischaemic isolated rat heart. Cardiovasc Res 1993; 27: 663–8.

11. Yanagida S, Ohsuzu F, Sakata N, Maie S, Akanuma M, Takayama E, Hayashi
K, Aosaki N, Nakamura H. Protective effects of verapamil and adenosine treat-
ment on high energy phosphate metabolism in ischemic and reperfused myo-
cardium. Jpn Heart J 1994; 35: 455–65.

12. Jeffrey FM, Storey CJ, Malloy CR. Predicting functional recovery from
ischemia in the rat myocardium. Basic Res Cardiol 1992; 87: 548–58.

13. Gharagozloo F, Bulkley BH, Hutchins GM, Bixler TJ 2nd, Schaff HV, Flaherty
JT, Gardner TJ. Potassium-induced cardioplegia during normothermic
cardiac arrest. Morphologic study of the effect of varying concentrations of
potassium on myocardial anoxic injury. J Thorac Cardiovasc Surg 1979; 77:
602–7.

14. Houston RJF, Heerschap A, Skotnicki SH, Verheugt FWA, Oeseburg B. ATP
content measured by 31P NMR correlates with post-ischaemic recovery of
external work output in an isolated rat heart perfused with erythrocyte sus-
pension. J Mol Cell Cardiol 1997; 29: 1763–6.

15. Menasché P, Fleury JP, Veyssie L, Le Dref O, Touchot B, Piwnica AH, Bloch
G. Limitation of vasodilation associated with warm heart operation by a
“mini-cardioplegia” delivery technique. Ann Thorac Surg 1993; 56: 1148–53.

16. Opie LH, Thomas M, Owen P, Shulman G. Increased coronary venous inor-
ganic phosphate concentrations during experimental myocardial ischemia. Am
J Cardiol 1972; 30: 503–13.

17. Katayama O, Ledingham SJM, Amrani M, Smolenski RT, Lachno DR,
Jayakumar J, Yacoub MH. Functional and metabolic effects of adenosine in
cardioplegia: Role of temperature and concentration. Ann Thorac Surg 1997;
63: 449–54.

18. Abd-Elfattah AS, Jessen ME, Lekven J, Doherty NE 3rd, Brunsting LA, Wechsler
AS. Myocardial reperfusion injury: Role of myocardial hypoxanthine and xan-
thine in free radical-mediated reperfusion injury. Circulation 1988; 78: III224–
III235.

19. Jovanovic A, Alekseev AE, López JR, Shen WX, Terzic A. Adenosine prevents
hyperkalemia-induced calcium loading in cardiac cells: Relevance for cardio-
plegia. Ann Thorac Surg 1997; 63: 153–61.

20. De Jong JW, van der Meer P, van Loon H, Owen P, Opie LH. Adenosine as
adjunct to potassium cardioplegia: effect on function, energy metabolism, and
electrophysiology. J Thorac Cardiovasc Surg 1990; 100: 445–54.

21. Shryock JC, Belardinelli L. Adenosine and adenosine receptors in the cardio-
vascular systern: biochemistry, physiology, and pharmacology. Am J Cardiol
1997; 79 (Suppl 12A): 2–10.

22. Carr CS, Hill RJ, Masamune H, Kennedy SP, Knight DR, Tracey VJR, Yellon
DM. Evidence for a role for both the adenosine A1 and A3 receptors in protec-
tion of isolated human atrial muscle against simulated ischaemia. Cardiovasc
Res 1997; 36: 52–9.

23. Linden J. Cloned adenosine A3 receptors: pharmacological properties, species
differences and receptor functions. Trends Pharmacol Sci 1994; 15: 298–
306.

Adenosine reduces post-ischaemic cardiac function



Mitteilungen aus der Redaktion

Haftungsausschluss

Die in unseren Webseiten publizierten Informationen richten sich ausschließlich an geprüfte 
und autorisierte medizinische Berufsgruppen und entbinden nicht von der ärztlichen Sorg-
faltspflicht sowie von einer ausführlichen Patientenaufklärung über therapeutische Optionen 
und deren Wirkungen bzw. Nebenwirkungen. Die entsprechenden Angaben werden von den 
Autoren mit der größten Sorgfalt recherchiert und zusammengestellt. Die angegebenen Do-
sierungen sind im Einzelfall anhand der Fachinformationen zu überprüfen. Weder die Autoren, 
noch die tragenden Gesellschaften noch der Verlag übernehmen irgendwelche Haftungsan-
sprüche.

Bitte beachten Sie auch diese Seiten:

Impressum  Disclaimers & Copyright  Datenschutzerklärung

e-Journal-Abo
Beziehen Sie die elektronischen Ausgaben dieser Zeitschrift hier.

Die Lieferung umfasst 4–5 Ausgaben pro Jahr zzgl. allfälliger Sonderhefte.

Unsere e-Journale stehen als PDF-Datei zur Verfügung und sind auf den meisten der markt
üblichen e-Book-Readern, Tablets sowie auf iPad funktionsfähig.

 Bestellung e-Journal-Abo

Besuchen Sie unsere
zeitschriftenübergreifende Datenbank

  Bilddatenbank    Artikeldatenbank    Fallberichte

http://www.kup.at/impressum/index.html
http://www.kup.at/impressum/disclaimer.html
http://www.kup.at/impressum/datenschutz.html
http://www.kup.at/cgi-bin/gratis-abo.pl
http://www.kup.at/db/abbildungen.html
http://www.kup.at/db/index.html
http://www.kup.at/db/index.html
http://www.kup.at/abo/index.html

