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Tissue changes consistent with oxidative damage in hypoxic/reoxygenated heart tissue have not been well
documented. We recently reported that oxidative perturbations were evident in isolated-perfused rat heart
tissue subjected to as little as 10 min hypoxia and that these changes were not exacerbated by reoxygena-
tion. The mechanism and species specificity of this finding is not known. Rabbit hearts, which lack
measurable xanthine oxidase activity, were examined for evidence of hypoxia-induced injury. The release
of lactate dehydrogenase into the coronary effluent gradually increased during the retrograde perfusion of
isolated rabbit hearts with hypoxic medium (containing 10mM glucose and 2.5mM calcium), and was
slightly enhanced upon reoxygenation after 60 min hypoxia. Cardiac gluthathione content decreased
significantly while glutathione disulfide, protein-glutathione mixed disulfides, thiobaribturic acid reactive
substances (TBARS), and protein carbonyl contents increased significantly after 60 min of hypoxia,
compared to oxygenated controls. These values were unaltered after 4 min of reoxygenation except for a
loss of TBARS. The oxidative changes observed in hypoxic rabbit hearts may be caused by energy
deficiency impairing normal reductive processes or by the generation of reactive oxygen species as a result
of abnormal cell functions, but cannot be related to xanthine oxidase activity.
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INTRODUCTION

Electron spin resonance techniques have revealed the presence of radicals during
myocardial ischemia and upon reperfusion,'~ but their source, ability to interact with
tissue components, and role in the observed injury has not been determined. Recent
work from our laboratory has shown that oxidative changes are evident in isolated-
perfused rat hearts subjected to as little as 10 min of hypoxia, and that these changes
are not enhanced by reoxygenation.* Although reactive oxygen species are not re-
quired for the cell lysis that develops upon reoxygenation of hypoxic rat heart tissue,>®
it is possible that oxidative reactions contribute to the overall process of hypoxic
injury.

JOx};dative changes can occur in tissues either as a result of the generation of reactive
oxygen species or decreases in tissue protective mechanisms or repair processes. This
latter possibility may be particularly important under conditions of oxygen depriva-
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tion where energy levels needed for various antioxidant and repair pathways are
diminished. Tissue sources of reactive oxygen species which have been proposed
include xanthine oxidase (XO), mitochondria, and leukocytes. Mitochondria have
been receiving increasing attention since XO apears not to be a factor in various rat
and dog models of cardiac reperfusion or reoxygenation injury, and this phenomenon
occurs in species lacking this enzyme.”® However, at least in rat hearts subjected to
30 min ischemia, XO-generated radicals may be responsible for a small portion of the
injury® and it is possible that XO mediated the oxidative perturbations we observed
in hypoxic rat hearts.* The aim of the current study was to determine whether
oxidative changes occur during hypoxia in rabbit hearts, which lacks XO® but in
which various studies have supported a role for free radicals in reperfusion injury."

MATERIALS AND METHODS

Glutathione (GSH), glutathione disulfide (GSSG), #-butyl hydroperoxide (tBH),
4 4'-bis(dimethylamino) benzhydrol (DAB-OH), 5,5'-dithiobis-(2-nitrobenzoic acid)
(DTNB), N-ethylmaleimide (NEM), NAD* and NADPH were obtained from Sigma
Chemical Company (St. Louis, MO). Brilliant Blue G (60%), malonaldehyde diacetal,
2,4-dinitrophenylhydrazine (DNP), 2,2’-dipyridyl and dithiothreitol, were obtained
from Aldrich Chemical Company, (Milwaukee, WI). Bio-beads™ (SM-2,20-50 mesh)
were obtained from Bio-Rad Laboratories (Richmond CA).

Male rabbits (New Zealand, 1.5-2kg) were obtained from Jo Jo’s of Seguin
Rabbitry (Seguin, TX). Animals were anesthetized with pentobarbital and adminis-
tered 300 IU of sodium heparin. Hearts were removed, immersed in ice-cold Krebs-
Henseleit bicarbonate medium, pH 7.4, containing 2.5 mM CaCl, and 10 mM glucose,
and perfused retrogradely with the same medium at 37°C via the aorta on a non-
recirculating apparatus as previously described.” Coronary effluents were collected
and stored on ice until the end of the experiment. The perfusion medium was gassed
continuously with either 95% O,:5% CO, or 95% N,: 5% CO, using an oxygenator
device containing 10 meters of gas-permeable silicon tubing (wall thickness 0.024 cm).
Upon switching gases, the oxygen content of the medium declined rapidly, reaching
50 uM at 3 min and a minimum of 5 uM at 10 min.

Lactic acid dehydrogenase (LDH) activity in the coronary effluent was measured
at 30°C in 100 mM triethanolamine HC! buffer, pH 7.6 containinig 0.15mM NADH,
1 mM EDTA, and 1.5 mM pyruvate. The absorbance change at 340 nm was measured
and enzyme activity expressed in units where 1 unit is that which oxidizes 1 mmol
NADH per min.

The tissue contents and redox status of various cellular sulfhydryl pools were
determined in freeze-clamped heart tissue by procedures described previously.' Total
GSH + GSSG and protein thiol groups were determined in 100 mg frozen powdered
tissue homogenized in 0.3 M perchloric acid containing 5mM EDTA. A second
100 mg aliquot of frozen tissue powder was used to measure GSSG and protein-
glutathione mixed disulfides."" This aliquot was homogenized in 30% acetic acid
containing 0.6% dipyridyl, 5SmM EDTA and 10 mM DAB-OH which binds to free
thiols forming the corresponding sulfides and preventing oxidation. GSH + GSSG
and GSSG were measured by the method of Tietze."

Protein carbonyl groups in 50-100 mg samples of frozen tissue power were estimat-
ed by the technique of Oliver et al.'? as described previously.! The absorbance
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spectrum of the 2,4-DNP treated samples was determined using HCl-treated samples
as reference. The amount of derivatized carbonyl was calculated from the maximum
absor]l‘)ance at 370 nm using a molar extinction coefficient of 22,000 for DNP deriva-
tives.

Lipid peroxidation was assessed by determining the content of thiobarbituric acid
reactive substances (TBARS) in 200mg aliquots of freeze-clamped heart muscle
which were mixed with 20% trichloroacetic acid containing 0.01% butylated hyd-
roxytoluence to stop further peroxidation.'"* TBARS were quantitated at 532mm
using a mM extinction coefficient of 146 determined using acid hydrolyzed malonal-
dehyde diactal. v

Comparisons among multiple groups were made using analysis of variance
(ANOVA) program with Student-Newman-Keuls post hoc comparison'® using a
multivariate ANOVA program of the SAS statistical package. All data are expressed
as mean + S.E. A p value of less than 0.05 was considered significant.

RESULTS

The alteration of cardiac cells’ integrity was estimated by measuring LDH release
after reintroduction of oxygen into rabbit hearts perfused with hypoxic medium for
60 min. LDH release gradually increased with the duration of hypoxia. Upon reo-
xygenation, enzyme release was enhanced (Figure 1). However, the magnitude of this
reoxygenation-induced LDH release was low compared to hypoxic-reoxygenated rat
heart.” Functionally, all rabbit hearts ceased beating by 60 min of hypoxia, and none
resumed any contractile activity at reoxygenation.
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FIGURE 1 LDH released into the coronary effluent from isolated-perfused rabbit heart tissue. Controls
were perfused with oxygenated medium for 120 min (open squares). Other hearts received oxygenated
medium for 30 min and were then subjected to hypoxia for 60 min following by an additional 30 min of
reoxygenation (filled squares). Data are expressed as mean + S.E. n = 3 for all time points. *Significantly
different from 90 mins (p < 0.05).
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TABLE 1

Redox Status of Isolated-Perfused Rabbit Heart Tissue'
Index Control? Hypoxia® Reoxygenation* tBH®
GSH 858 + 32 457 + 26* 485 + 11*f 641 + 40*
(nmol/g wet wt)
GSSG 54 +0.5 7.2 £ 0.1*f 7.5 £ 0.6*t 17.6 + 2.0*
(nmol/g wet wt)
Mixed disulfides 0.69 + 0.06 091 + 0.05* 0.92 + 0.04* 1.61 + 0.35*
(nmol GSH equivalents/mg protein)
Protein carbonyis 40+ 0.5 83 + 1.2* 7.4 + 0.3* 7.6 + 0.5*%
(nmol/mg protein)
TBARS 35+2 72 + 8% 35+£6 48 + 3*
(pmol malondialedhyde/mg protein)
Protein thiols 107 £ 5 107 £ 6 105 + 3 116 + 4

(nmol GSH equilvalents/mg protein)

'Data are expressed as mean + S.E. n = 3-4 for all analyses.

*Control hearts were perfused with oxygenated medium for 90 min.

*Hypoxic hearts were stabilized with oxygenated medium for 30 min followed by 60 min of hypoxia.

‘Reoxygenated hearts were stabilized with oxygenated medium for 30min, subjected to 60 min of
hypoxia, and reoxygenated for an additional 4 min.

tBH hearts were stabilized with oxygenated medium for 30 min then perfused with 20 uM r-butylhyd-
roperoxide for 10 min.

*Significantly different from Control (p < 0.05).

tSignificantly different from tBH (p < 0.05).

Total cardiac GSH content decreased significantly in isolated-perfused rabbit
hearts after 60 min of hypoxia. This decrease was maintained, but not enhanced, after
4 min of reoxygenation compared with oxygenated control hearts (Table 1). Tissue

levels of GSSG exhibited a similar percentage increase as GSH declined, although the -

absolute amount of GSSG formed was not sufficient to explain the loss of GSH
(Table 1). Again, reoxygenation did not further alter tissue GSSG levels. The contents
of protein-GSH mixed disulfides, protein carbonyl groups and TBARS increased
significantly in hypoxic heart tissue compared to oxygenated controls (Table 1). Upon
reoxygenation, mixed disulfides and protein carbonyls were not further incteased,
while TBARS significantly decreased to control levels (Table 1). Cardiac protein thiol
contents were unchanged in all groups.

The infusion of 20 uM tBH for 10 min resulted in significant oxidative changes in
all parameters measured except protein thiols. The magnitude of the tBH-induced
change in protein carbonyls was similar to that induced by hypoxia, while tBH
produced larger increases in GSSG and mixed disulfides, and smaller changes in GSH
and TBARS.

DISCUSSION

Recently, it was hypothesized that a lack of oxygen results in a “reductive stress™'
which could lead to radical-mediated tissue injury prior to reoxygenation or reper-
fusion. In support of this concept, we have found oxidative perturbations after as little
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as 10 min of hypoxia in isolated-perfused rat heart tissue.* In the current study, a
range of indices were studied in rabbit hearts where oxidative changes were again
evident during hypoxia and were not enhanced upon reoxygenation.

The unsaturated bonds in membrane lipids are prime targets for free radicals. The

.content of TBARS, an index of lipid peroxidation, increased after 60 min hypoxia.

These data are supported by some reports'’ although conflicting results are also
available.'® The loss of TBARS at reoxygenation is currently unexplained. An identi-
cal phenomenon was observed in rat hearts* and may be the result of washout or
metabolism of TBARS at reoxygenation. TBARS could not be detected in the
coronary effluent, but this may have been a result of the sensitivity of the assay which
could only measure 1 nmol/ml. Assuming a coronary flow rate of 25 ml/min, nearly
the entire cardiac TBARS content of 35 nmol would need to be lost in 1 min before
it could be detected.

TBARS are not specific for lipid peroxidation, and the material formed in heart
tissue may be unrelated to oxidative processes. Measuring oxidative modifications of
amino acid residues within proteins may provide a better index of oxidative injury.
Carbonyl groups are present on proteins in normal tissues only at very low levels and
their introduction into amino acid residues is a hallmark of oxidative modification.
In the present study, the level of protein carbonyls increased during the hypoxic
period suggesting either that reactive oxygen species were generated during hypoxia
or that repair mechanisms (which may be energy dependent) were impaired. Increases
in cardiac GSSG were also found during hypoxia. Cardiac GSSG is exported from
the cell by an energy-dependent membrane pump'® or reacts with protein thiols to
produce protein-GSH mixed disulfides at a rate proportional to the increased intracel-
lular GSSG concentration.” The presence of glucose and low levels of oxygen in the
hypoxic (not anoxic) perfusion medium undoubtedly provided some energy to the
heart. Transport of GSSG into the coronary effluent may explain why increases in
GSSG and mixed disulfides were not quantitatively sufficient to explain the loss of
GSH and why increases have not been consistently observed by others during hypoxia
or upon reoxygenation.

Consistent with our previous work in rat hearts,* the level of cardiac protein mixed
disulfides wasdncreased in rabbit hearts after 60 min of hypoxia. In contrast, the level
of cardiac protein thiols was not changed at any point. This finding conflicts with
other studies in rat and rabbit'®?' which demonstrated the decrease of cardiac protein
thiols, but matches our findings in the rat using the same model system.*

Ferrari et al.' found that ischemia resulted in a decline of GSH levels in isolated
rabbit hearts and that during reperfusion there was no further change in cardiac GSH
or GSSG content in unpaced hearts. Decreases in rat heart GSH content during
hypoxia have also been reported.*'*”> GSH formation is energy dependent® and
hypoxia impairs the capability of cells to supply NADPH for the reduction of thiols.*
Thus, the decline in cardiac GSH during oxygen deprivation may be augmented by
the diminished availability of energy.

Depending on the index examined, the oxidative modifications induced in rabbit
hearts following a 10 min infusion with 20 uM tBH were greater, lesser or the same
as those obtained from hypoxic heart. Finding a different pattern of changes with an
exogenous peroxide as compared to hypoxia is not surprising. Since the level of
oxidative modifications evident after hypoxia were in the range of that produced by
an exogenous oxidant, they may be toxicologically significant.

Tissues subjected to both hypoxia and ischemia contain gradually diminishing
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levels of oxygen which may be reduced to reactive species at an increased rate due to
mitochondrial dysfunction. Our data in the rat heart, where oxidative changes were
maximal after 10-15min hypoxia when oxygen levels reached their minimum,* are
consistent with this concept. This hypothesis is also supported by electron spin
resonance studies finding free radicals during the ischemic period'” and by reports
indicating that mitochondria from ischemic heart tissue have excess oxidative in-
'ur .25.26

: "l}"lhe amount of LDH released from rabbit heart tissue gradually increased during
hypoxia and was only modestly enhanced upon reoxygenation. These data are similar
to those obtained by Hearse et al.”” who found that 20 to 30% of the enzyme release
occurred during hypoxia, and reoxygenation had little effect upon the progression of
cellular damage. The magnitude of the overall reoxygenation-induced release of LDH
by rabbit hearts was small compared to those levels seen in rat hearts perfused under
identical conditions. Although this suggests less overall injury in this species, func-
tional recovery was absent in rabbit hearts.

The studies reported here in isolated-perfused rabbit hearts showed changes indica-
tive of oxidative injury during hypoxia. Whether these changes are caused by en-
hanced radical production or by an energy-dependent shift in the redox status of the
cell is unknown. The occurrence of oxidative modifications during hypoxia, while
unexpected, may explain why many antioxidants are only protective when given
throughout hypoxia and reoxygenation. The cause of these oxidative changes, their
contribution to the damage observed in hypoxic tissues, and their relationship to
ischemic injury (which may differ), remains to be determined.

Acknowledgements

This work was supported by NIH grant HL40695. Thanks go to Thomas Devor for his excellent technical
assistance.

References

1. P.S.Rao, M.V. Cohen and H.S. Mueller (1983) Production of free radicals and lipid peroxides in early
experimental myocardial ischemia. Journal of Molecular and Cellular Cardiology, 18, 713-716.

2. C.M. Arroyo, J.H. Kramer, R.H. Leiboff, G.W. Mergner, B.F. Dickens and W.B. Weglicki (1987)
Spin trapping of oxygen and carbon-centered free radicals in ischemic canine myocardium. Free
Radicals in Biology and Medicine, 3, 313-316.

3. V. Maupoil and L. Rochette (1988) Evaluation of free radical and lipid peroxide formation during
global ischemia and reperfusion in isolated perfused rat heart. Cardiovascular Drugs Therapy, 2,
615-621.

4. Kehrer, J.P. and Park, Y.: Oxidative stress during hypoxia in isolated-perfused rat heart, in Biological
Reactive Intermediates IV. Molecular and Cellular Effects and Human Impact (D.J. Jollow, R. Snyder,
and I.G. Sipes, Eds.), Plenum, New York (in press).

5. J.P. Kehrer, Y. Park and H. Sies (1988) Energy-dependence of enzyme release from hypoxic isolated-
perfused rat heart tissue. Journal of Applied Physiology. 65, 1855-1860.

6. R.S.Vander Heide, P.A. Sobotka and C.E. Ganote (1987) Effects of the free radical scavenger DMTU
and mannitol on the oxygen paradox in perfused rat hearts. Journal of Molecular and Cellular
Cardiology, 19, 615-625.

7. LP. Kehrer, H.M. Piper and H. Sies (1987) Xanthine oxidase is not responsible for reoxygenation
injury in isolated-perfused rat heart. Free Radical Research Communications, 3, 69-78.

8. M. Maxfeldt and W. Schaper (1987) The activity of xanthine oxidase in heart of pigs, guinea pigs,
rabbits, rats, and humans. Basic Research in Cardiology, 82, 486-492.

9. S.L. Thompson-Gorman and J.L. Zweier (1990) Evaluation of the role of xanthine oxidase in
myocardial reperfusion injury. Journal of Biological Chemistry, 265: 6656-6663.

RIGHTS

i,



Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 11 on 11/09/11

For personal use only.

14.

15.
16.

22.

23.
24.

25.

26.

27.

OXIDATIVE STRESS IN HYPOXIC RABBIT HEART 185

D.N. Granger, M.E. Hollwarth and D.A. Parks (1986) Ischemia-reperfusion injury: role of oxygen-
derived free radicals. Acta Physiologica Scandinavia, 548, 47-63.

M_.E. Murphy and J.P. Kehrer (1989) Oxidation state of tissue thiol groups and content of protein
carbonyl groups in chickens with inherited muscular dystrophy. Biochemical Journal, 260, 358-364.
F. Tietze (1969) Enzymic method for quantitative determination of nanogram amount of total and
oxidized gluatathione. Analytical Biochemistry 27, 502-522.

C.N. Oliver, B. Ahn, E.J. Moerman, S. Goldstein and E.R. Stadtman (1987) Age-related changes in
oxidized proteins. Journal of Biological Chemisiry, 262, 5488-5491.

J.A. Buege and S.D. Aust (1978) Microsomal lipid peroxidation. Methods in Enzymology, 52,
302-310.

J.A. Zivin and J.J. Bartko (1976) Statistics for disinterested scientists. Life Sciences, 18, 15-26.
G.J. Gores, C.E. Flarsheim, T.L. Dawson, A-L. Nieminen, B. Herman and J.L. Lemasters (1989)
Swelling, reductive stress, and cell death during chemical hypoxia in hepatocytes. American Journal
of Physiology, 257, C347-C354.

F.Z. Meerson, N.A. Adikalieu and G.Y. Golubera (1981) Preventation of hypoxic heart injury by an
antioxidant of the hydroxy-pyridine class. Bulletin of Experimental Biological Medicine, 91, 1167~
1169.

C. Guarnieri, F. Flamigni and C.M. Caldarera (1980) Role of oxygen in the cellular damage induced
by reoxygenation of hypoxic heart. Journal of Molecular and Cellular Cardiology, 12, 779-808.

T. Ishikawa, M. Zimmer and H. Sies (1986) Energy-linked cardiac transport system for glutathione
disulfide. FEBS Letters, 200, 128-132.

R. Brigelius (1985) Mixed disulfides: biological functions and increase in oxidative stress, in Oxidative
Stress (H. Sies, ed.), Academic Press, London, pp.243-272.

R. Ferrari, C. Ceconi, S. Curello, C. Guarnieri, C.M. Caldarera, A. Albertini and O. Visioli (1985)
Oxygen-mediated myocardial damage during ischaemia and reperfusion: Role of the cellular defences
against oxygen toxicity. Journal of Molecular and Cellular Cardiology, 17, 937-945.

R.H.M. Julicher, L.B.M. Tijurg, L. Sterrenberg, A. Bast, JM. Koomen and J. Noordhoek (1984)
Decreased defence against free radicals in rat heart during normal reperfusion after hypoxic, ischemic
and calcium-free perfusion. Life Science, 35, 1281-1288.

X. Shan, T.K. Aw, R. Shapira and D.P. Jones (1989) Oxygen dependence of glutathione synthesis in
hepactocytes. Toxicology and Applied Pharmacology, 101, 261-270.

D.L. Tribble and D.P. Jones (1990) Oxygen dependence of oxidative stress. Rate of NADPH supply
for maintaining the GSH pool during hypoxia. Biochemical Pharmacology, 39, 729-736.

D.M. Vaughan, J.R. Koke and N. Bittar (1988) Ultrastructure, peroxisomes and lipid peroxidation
in reperfused myocardium. Cytobios, 55, 71-80.

D.F. Pauly, S.B. Yoon and J.B. McMillin (1987) Carnitine-acycarnitine translocase in ischemia:
evidence for sulfhydryl modification. American Journal of Physiology, 253, H1557-H1565.

D.J. Hearse, S.M. Humphrey and P.B. Garlick (1976) Species variation in myocardial anoxic enzyme
release, glucose protection and reoxygenation damage. Journal of Molecular and Cellular Cardiology.
8, 329-339.

Accepted by Prof. H. Sies

RIGHTS

i,



