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Abstract. We investigated the effects of the xanthine oxidase inhibitor allopurinol and its metabolite oxypurinol on isolated rabbit hearts. To assess
the potential role of these drugs in preventing reperfusion injury, hearts were perfused using Langendorff techniques, held globally ischemic for 3 h
at 15" C, and then reperfused. During perfusion,
hearts received Krebs-Henseleit solution maintained at 37°C. Aortic perfusion pressure was held
constant at 80cm HzO. Prior to ischemia, hearts
were arrested with a constant volume of KCI cardioplegia. Using a left ventricular (LV)balloon, developed pressures were measured prior to and following global ischemia. In addition, coronary
circulation (CC) was measured before and after
ischemia. All hearts were paced at 260 beatdmin.
We studied four groups: group 1 received 1 m M allopurinol, group 2 received l m M oxypurinol,
group 3 received 90 IU/ml superoxide dismutase
(SOD) plus 8085 IU/ml catalase (CAT), and
group4 received no treatment and served as a
control. Each group consisted of 8 animals. Hearts
receiving drug treatment did so during the first
5 min of reperfusion. Displaying all data as a
function of LV volume, postischemic values were
compared to preischemic values. Multivariate analysis and Tukey tests were used to detect significant differences between groups. When compared
to the control group, all drug-treated groups significantly recovered end-diastolic function. Peak systolic pressure decreased significantly in the
SODICAT group as compared to all other groups.
LV isovolumetric work decreased significantly
more in the SOD/CAT and control groups than in
Off print requests to:J. Bergsland

the oxypurinol group. Coronary circulation decreased significantly in the SOD/CAT and control
groups as compared to the allopurinol and oxypurinol groups. Our results demonstrate an enhanced
recovery of function when oxypurinol and allopurino1 are given at the time of reperfusion. Recent evidence has supported the view that rabbit myocardium, as well as human myocardium, lacks xanthine
oxidase. The beneficial effects seen with these
drugs may therefore be unrelated to the presence
of xanthine oxidase.
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Injury ,seen during reperfusion of ischemic tissues
appears to be caused by toxic oxygen radicals. The
superoxide anion (-0'') and the highly reactive hydroxyl radical (OH') have been implicated in the
reperfusion event. The enzyme xanthine oxidase
catalyzes the conversion of xanthine to urate, with
' 0 3 as a by-product. When present, xanthine oxidase provides a major pathway for radical production under conditions of ischemia and reperfusion.
We have previously demonstrated the beneficial effect of allopurinol in preventing reperfusion injury
in rat hearts that contain significant amounts of
xanthine oxidase [5]. The xanthine oxidase inhibitors allopurinol and oxypurinol have both been
shown to exhibit radical scavenging abilities as
well [S].
The purpose of this study was to assess the effects
of allopurinol, oxypurinol, and the radical scavengers superoxide dismutase (SOD) and catalase
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(CAT) in the isolated, perfused heart in a species
whose heart, like that of humans, seems to lack a demonstrable content of xanthine oxidase.

Materials and methods
Female New Zealand white rabbits (2.3-2.8 kg) were heparinized
(650 IU/kg 1v) and overdosed with pentobarbital (30 mg/kg IV).

Hearts were excised and immersed in ice-cold buffer solution. All
animals received humane care in compliance with the principles
of laboratory animal care, formulated by the National Society for
Medical Research, and with the Guidefor the cure and use of laboratory animals, published by the National Institutes of Health
(NIH) publication no.85-23, revised 1985.

Measurement of function
A saline-filled latex balloon was placed in the left ventricle
through the mitral valve and secured with a tie. A small stab
wound in the apex of the left ventricle allowed for thebesian drainage. The balloon was in direct fluid contact with a pressure transducer and left ventricular end-diastolic pressure (LVEDP) and
peak systolic pressure (PSP) were measured. The volume of the
balloon was adjusted until an LVEDP of 5 mmHg was achieved.
By incrementing the volume of the balloon from this baseline volume (vol. = 0), pressure-volume curves were obtained. Measurements were taken at intervals of 0.2 ml until a volume of 2 ml was
reached. The volume of the balloon was returned to baseline prior
to cardioplegic arrest. Incrementation of volume postischemically
provided correlating pressure-volume curves. LV isovolumetric
work was calculated as (PSP-LVEDP) x volume. At volumes of 0,
1, and 2 ml. coronary circulation was measured by collecting all
flow exiting the heart. Wet and dry weights of all hearts were
measured.

Perjrusion technique
Using a Langendorffs apparatus with a perfusion pressure set at
80 cm HlO, hearts were retrogradely perfused through the aorta.
The perfusate (37°C) was gassed (95% 0215% C q ) , providing an
oxygen saturation greater than 99.9%. The hearts received nonrecirculated perfusate only during the first 5 min of reperfusion.
Hearts were arrested with cardioplegic solution (15°C) perfused
retrogradely through the aorta at a pressure of 80 cm H20.

Perjrusate content
The standard perfusate was modified Krebs-Henseleit solution
(concll): NaCl (120 mM); KCI (4.7 mM); CaC12 (2.5 mM);
MgSOa (1.2 mM): KHzP04 (1.2 mM); NaHC03 (25 mM); glucose (1 1.1 mM); albumin (2 9). The pH was 7.4. The cardioplegic
solution was the same as the standard solution except that it contained 30 mM/I KCI and lacked albumin.

Experimental protocol
Following excision and immediate immersion in iced buffer solution, the hearts were retrogradely perfused. After 20 min, baseline
functional measurements were taken. Hearts were then arrested
with 200 ml of cardioplegic solution. Perfusion to the hearts was
shut off and the hearts were immersed and stored for 3 h in a temperature-regulated (1 5OC) organ bath containing standard perfusate. Hearts were then reperfused again at 37°C. After 20 min,
postischemic functional measurements were obtained. Hearts
were paced at 260 beatshin during all periods when measurements were taken. Utilizing a separate perfusate reservoir maintained at 37" C, hearts received nonrecirculated standard perfusate
with or without drug treatment only during the first 5 min of reperfusion.

Study groups
Four treatment groups were studied, each containing eight hearts.
The hearts in group 1 received 1 mMallopurino1, those in group 2
1 m M oxypurinol. and those in group 3 90 IU/ml SOD plus
8085 IU/ml CAT; hearts in group 4 received no added treatment
and served as a control.

Data analysis
Data were expressed as a function of LV volume. Postischemic
and preischemic values were compared and the absolute differences (post-pre) compared between groups. Multivariate analysis
was used with the post-pre difference at all volume intervals as a
set of dependent measures. Significant group differences
(P<0.05) were followed with Tukey tests for multiple comparison
in order to identify which groups were significantly different over
the range of volumes considered.

Results
Results are shown in Figs.l-4. The difference between postischemic and preischemic values are displayed as a function of LV volume.
At LV volumes greater than 0.2 ml, all drugtreated groups significantly recovered end-diastolic
function as compared to the control group. There
were no significant differences between the drugtreated groups, even though LVEDP tended to decrease postischemically in the oxypurinol group.
LVEDP in the control group consistently increased
postischemically over the volume range, and
LVEDP differences were greater at larger volumes.
In all drug-treated groups, LVEDP differences
generally remained small throughout the LV volume
range.
PSP consistently decreased postischemically in
all groups, and most noticeably in the SODKAT
group. Over the full range of volumes (except
vol. =0), PSP decreased significantly in the
SODXAT group when compared to all other
groups. Generally, PSP differences were slightly less
in the oxypurinol group than in the control group.
However, differences in PSP between the control, allopurinol, and oxypurinol groups were not significant at any LV volume.
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Fig. 1. End-diastolic pressure difference (postischemic minus preischemic) expressed as a function of LV volume. Data displayed as
mean f SEM. *(Pc0.05)relative to control. n-8 for each group.
I,
Control;0,
allopurinol; O, oxypurinol; H,SOD+CAT

Fig.3. Isovolumetric work difference (postischemic minus preischemic) expressed as a function of LV volume. Data displayed
as meanf SEM. *(P<O.OS) relative to control and SODKAT
groups. n= 8 for each group. Symbols as for Fig. 1
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LV isovolumetric work consistently decreased
postischemically in all groups. Over the entire range
of LV volumes, LV isovolumetric work differences in
the control and SOD/CAT groups were progressively larger as LV volume increased. At volumes greater
than 0.4 ml, LV isovolumetric work showed significantly smaller decreases in the oxypurinol group as
compared to the control and SOD/CAT groups. Although LV isovolumetric work differences in the
SOD/CAT group tended to be larger when compared to the control group, this was not significant at
any volume level. LV isovolumetric work differences
in the allopurinol group tended to be less than control group differences, but this was not significant.
Coronary circulation consistently decreased postischemically in all groups. At each volume level
measured, differences in coronary circulation in the
allopurinol and oxypurinol groups were significantly less than those in both the control and SOD/CAT
groups.
Wet to dry weight measurements of hearts
showed no statistical differences among groups.
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Fig.2. Peak systolic pressure difference (postischemic minus preischemic) expressed as a function of LV volume. Data displayed
as meanizSEM. *(P<O.OS) relative to control, allopurinol, and
oxypurinol groups. n= 8 for each group. Symbols as for Fig. 1
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Fig.4. Coronary circulation difference (postischemic minus pre-

ischemic) expressed as a function of LV volume. Data displayed
as meanfSEM. *(P<O.OS) relative to control and SODKAT
groups. n- 8 for each group. Symbols as for Fig. 1

Discussion

The importance of oxygen radicals in reperfusion
injury of hearts [21-231 and other organs [2, 13, 171
seems to be well documented. Beneficial effects of
allopurinol and various known radical scavengers
such as SOD and CAT have been demonstrated [3,
231. Allopurinol may protect reperfused tissues by
preventing oxygen radical production via inhibition of the enzyme xanthine oxidase [6]. Oxypurino1 - a metabolite of allopurinol and in itself a
xanthine oxidase inhibitor - reduced myocardial
injury following ischemic arrest in the rat [7] but
failed to reduce infarct size in a closed-chest
canine preparation [19].
Although the presence of xanthine oxidase has
been well documented in the rat [4, 201 and dog [6]
myocardium, xanthine oxidase activity has yet to
be detected in the rabbit [lo], pig [8], and human
heart [ll]. One study demonstrated a failure of allopurinol to alter purine washout profiles in the
reperfused rabbit heart, suggesting a lack of xan-
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thine oxidase [12]. Allopurinol also failed to protect postischemic rabbit myocardial function. Although rabbit myocardium presumably lacks xanthine oxidase activity, free radical generation
during reperfusion of rabbit hearts has been detected [24]. In a hypoxic-reoxygenated isolated rabbit heart model, the administration of allopurinol
decreased the release of creatine kinase [16]. A recent report demonstrated a reduction of urate release by the human heart when diltiazem was
given during coronary angioplasty [9]. These authors presumed that xanthine oxidase therefore is
present in human hearts. In another study on
human cardiac tissue utilizing a fluorometric assay,
xanthine oxidase activity could not be demonstrated [ll]. The presence of xanthine oxidase in
the human heart therefore remains controversial
and certainly not proven.
Since allopurinol and oxypurinol appear to be
beneficial to reperfused ischemic myocardium in
species lacking xanthine oxidase in the myocardium,
other mechanisms must be operative. Although still
debated [8], Moorhouse et al. [15] have clearly demonstrated that allopurinol and oxypurinol scavenge
the toxic hydroxyl radical. Hydroxyl radicals may be
formed in ischemic cells at the time of reperfusion.
Stimulated neutrophils are also potent sources of
free radicals such as hypochlorous acid (HOCI) [14].
Allopurinol and oxypurinol can inhibit free radical
signals from activated neutrophils [8]. Allopurinol
may also act by improving ATP production in mitochondria [l 81.
In our study, allopurinol and oxypurinol protected hemodynamic function when given at the time
of reperfusion, the time when free radical production
has previously been demonstrated to occur in this
model (24, 251. We assume that the beneficial effect
occurred due to scavenging of hydroxyl radicals. The
lack of direct demonstration of free radicals in tissue
in our studies makes this assumption somewhat
speculative. We find it highly unlikely, however, that
the effect was due to a direct, positive, inotropic action of these drugs. Allopurinol and oxypurinol were
given for only 5 min at reperfusion, but hemodynamic performance remained stable after discontinuation of the treatment. We are not aware of any
study that has demonstrated a positive inotropic effect of these drugs.
Possible explanations for the failure of
SOD/CAT in this model include inadequate dosage
or tissue availability. Since bovine SOD was utilized
from a commercial source, contamination may also
be possible. We, as other groups, have previously
demonstrated a beneficial effect of SODKAT on
ischemic rat hearts [5]. It should also be mentioned

that some of the studies demonstrating beneficial effects of SOD have used higher doses, including a
bolus dose of the drug [l, 251.
There appears to be a potentially important
role for allopurinol - and especially oxypurinol in the prevention of reperfusion injury. In a species
that, like humans, supposedly lacks myocardial
xanthine oxidase, allopurinol and oxypurinol demonstrated a significant beneficial effect. Admittedly, the dose utilized was high, and further experiments with lower doses of drugs should be
performed. The fact that the drugs worked when
given at the time of reperfusion without pretreatment is especially attractive from a clinical standpoint. The ability of both allopurinol and oxypurino1 to easily penetrate cell membranes and to
reach intracellular sites of radical production may
make them more desirable in this setting than SOD
and CAT, both of which have large molecular
weights. We believe that further exploration of a
potential clinical value of these drugs is needed, especially in in vivo models and, eventually, in c h i - '
cal studies.
References
1. Ambrosio G, Weisfeldt ML, Jacobus WE, Flaherty JT (1987)
Evidence for a reversible oxygen radical-mediated component
of reperfusion injury: reduction by recombinant human superoxide dismutase administered at the time of reflow. Circulation 75: 282-291
2. Baker GL, Autor AP, Cony RI (1985) Effect of allopurinol on
kidneys after ischemia and reperfusion. Curr Surg 42: 466-469
3. Bando K, Jeramoto S, Jago M,Seno S, Murakami T,Nawa S,
Senoo Y (1988) Oxygenated perfiuorocarbon. recombinant
human superoxide dismutase, and catalase ameliorate free
radical induced myocardial injury during heart preservation
and transplantation. J Thorac Cardiovasc Surg 96: 930-938
4. Batelli MG, DellaCorte E, Stirpe F (1972) Xanthine oxidase
type D (dehydrogenase) in the intestine and other organs of
the rat. Biochem J 126: 747-749
5. Bergsland J, LoBalsamo L, Lajos P, Feldman MJ, Mookerjee B (1987) Allopurinol in prevention of reperfusion injury of
hypoxically stored rat hearts. J Heart Transplant 6: 137-139
6. Chambers DE, Parks DA, Patterson G, Roy R, McCord JM,
Toshida S, Parmley LF, Downey JM (1985) Xanthine oxidase
as a source of free radical damage in myocardialy ischemia.
J Mol Cell Cardiol 17: 145-152
7. Chambers DJ. Braimbridge MV. Hearse DJ (1987) Free radicals and cardioplegia: allopurinol and oxypurinol reduce
myocardial injury following ischemic arrest. Ann Thorac Surg
44:291-297
8. Das DK, Engelman RM, Clement R, Otari H, Prasad MR,
Rao PS (1987) Role of xanthine oxidase inhibitor as free radical scavenger: a novel mechanism of action of allopurinol and
oxypurinol in myocardial salvage. Biochem Biophys Res
Commun 148: 314-319
9. DeJong JW, Huizer T, Troquay R, Bonnier J (1988) Urate release by human heart reduced by diltiazem (abstract). Free
radical in biology and medicine: ischemia/reperfusion injury
conference. March 1988. Point Clear, Alabama

222
10. Downey J, Chambers D, Miura T, Yellon D, Jones D (1986)
Allopurinol fails to limit infarct size in a xanthine oxidase delicient species (abstract). Circulation 74 [Suppl2]: 372
1 1 . Eddy U,Stewart JR, Jones HP, Engerson TD, McCord JM,
Downey JM (1987) Free radical-producing enzyme, xanthine
oxidase, is undetectable in human hearts. Am J Physiol 253:
H709-H711
12. Grum CM, Ketai LH, Myers CL, Shlafer M (1987) Purine efflux after cardiac ischemia: relevance to allopurinol cardioprotection. Am J Physiol252: H368-H373
13. Im MJ, Marson PN, Bulkley GB, Hoopes JE (1985) Effects of
superoxide dismutase and allopurinol on the survival of acute
island skin flaps. Ann Surg 210: 357-360
14. Kureja RC, Weaver AB, Hess ML (1989) Stimulated human
neutrophils damage cardiac sarcoplasmic reticulum function
by generation of oxidants. Biochim Biophys Acta 990: 198-205
15. Moorhouse PC, Grootveld M, Halliwell B, Quinlan JG, Gutteridge J (1987) Allopurinol and oxypurinol are hydroxyl radical scavengers. FEBS Lett 213: 23-28
16. Myers CL, Weiss SJ, Kirsh MM, Shlafer MN (1985) Involvement of hydrogen peroxide and hydroxyl radical in the oxygen
paradox: reduction of creatine kinase release by catalase, allopurinol or deferoxamine, but not by superoxide dismutase. J
Mol Cell Cardiol 17: 675-683
17. Parks DA, Bulkley GB, Granger DN (1983) Role of oxygen
free radicals in shock, ischemia and organ preservation.
Surgery 94: 428-432
18. Person DA, Mehta N, Nelson D, Archer S (1988) Allopurinol
enhances ATP production by isolated mitochondria in a reper-

fusion model (abstract). Free radical in biology and medicine.
ischemia/reperfusion injury conference. March 1988. Point
Clear, Alabama
19. Puett DW, Forman MB, Cates CU, Wilson BH, Hande KR,
Friesinger GC, Virmani R (1987) Oxypurinol limits myocardial stunning but does not reduce infarct size after reperfusion.
Circulation 76: 678-686
20. Schoutsen BJ, DeJong JW, Harmsen E, DeTombe PP, Achterberg PW (1983) Myocardial xanthine oxidase/dehydrogenase. Biochim Biophys Acta 762: 519-524
21. Shlafer M, Kane PF, Kirsh MM (1982) Superoxide dismutase
plus catalase enhances the efficacy of hypothermic cardioplegia to protect the globally ischemic, reperfused heart. J Thorac
Cardiovasc Surg 83: 830-839
22. Shlafer M, Kane PF, Wiggins W, Kirsh MM (1982) Possible
role for cytotoxic oxygen metabolites in the pathogenesis of
cardiac ischemic injury. Circulation 66 [Suppl 11: 85-92
23. Stewart JR, Crute SL, Loughlin V, Hess ML, Greenfield U
(1985) Prevention of free radical induced myocardial reperfusion injury with allopurinol. J Thorac Cardiovasc Surg 90:
68
24. Zweier JL, Flaherty JT, Weisfeldt ML (1987) Direct measurement of free radical generation following reperfusion of
ischemic myocardium. Proc Natl Acad Sci USA 84:
1404-1407
25. Zweier JL, Raybum BK, Flaherty JT, Weisfeldt ML (1987)
Recombinant superoxide dismutase reduces oxygen free radical concentrations in reperfused myocardium. J Clin Invest
80: 1728-1734

