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Abstract

The protective effect of stable nitroxide radicals against oxida-
tive damage was studied using cardiomyocyte cultures obtained
from newborn rats. Monolayered cardiomyocytes were exposed
to H202 and the effect on spontaneous beating and leakage of
LDHwas determined. Hydrogen peroxide irreversibly blocked
rhythmic beating and resulted in a significant membrane injury
as shown by release of LDH. The injury was prevented by cata-
lase which removes H202 and by cell-permeable, metal-chelat-
ing agents such as desferrioxamine or bipyridine. In contrast,
reagents which are excluded from the cell such as superoxide
dismutase or DTPAdid not protect the cells against H202.
Five- and six-membered ring, stable nitroxide radicals which
have previously been shown to chemically act as low-molecular
weight, membrane-permeable, SOD-mimetic compounds pro-
vided full protection. The nitroxides prevented leakage of LDH
and preserved normal cardiomyocyte contractility, presumably
by intercepting intracellular O radicals. Alternatively, protec-
tion may result through nitroxides reacting with reduced transi-
tion metal ions or by detoxifying secondary organic radicals. (J.
Clin. Invest. 1991. 87:1526-1530.) Key words: rat heart cells.
superoxide radical * nitroxide spin-labels

Introduction

Oxidative damage and postischemic reperfusion injury, in par-
ticular, have been recently the focus of intensive research ( 1-3).
The extension of primary ischemic injury results from reperfu-
sion and is caused largely by oxygen-derived reactive species
both from intra- and extracellular sources. A variety of patho-
logical conditions have been linked to the formation of super-
oxide and secondary free radical and nonradical reactive prod-
ucts ( 1-3). Efforts were made, therefore, to attenuate the reper-
fusion component of ischemia/reperfusion myocardiac
damage at several levels: (a) decreasing ° formation, using
specific xanthine oxidase inhibitors such as allopurinol or oxy-
purinol (4-7); (b) detoxifying O by employing superoxide dis-
mutase or agents possessing SOD-mimicking activity (6-9); (c)
removing, by chelating agents, redox-active metals that fuel
toxic cycles (9, 10); (d) decreasing the level of H202 with cata-
lase or GSH-peroxidase (6, 9, 1 1); (e) scavenging free radicals,
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using various antioxidants, and thereby terminating radical
chain reactions (6).

Very recently five- and six-membered stable nitroxides
which are commonly used as probes in biophysical studies (12,
13) and as nuclear magnetic resonance imaging contrast agents
(14) were found to undergo facile redox reactions and to cata-
lyze effectively O dismutation ( 15, 16). Moreover, nitroxides
were shown to oxidize coordinated transition metals that are
known to mediate and potentiate free radical-induced damage
( 17). Subsequent studies demonstrated that nitroxides inhibit
lipid peroxidation (18) and protect against H202-induced cyto-
toxicity to Chinese hamster cells, and suggested that nitroxide
protection results from oxidizing reduced transition metals
(17, 19). In the present work, myocardial cells isolated from
newborn rats were exposed to H202 to provide a cellular model
system to examine if there may be a role for stable nitroxides in
preventing ischemia/reperfusion injury. The loss of cell con-
tractility and the release of lactate dehydrogenase served as
markers of H202-induced oxidative damage. The results sug-
gest that the myocardial damage is catalyzed by intracellular
redox-active metals and that nitroxides can effectively provide
protection against such injury.

Methods

Materials. Desferrioxamine (desferral, DFO)' was a gift from Ciba-
Geigy Corp., Ardsley, NY, superoxide dismutase, bipyridine, neocu-
proine, and diethylenetriamine-pentaacetate (DTPA) were obtained
from Sigma Chemical Co., St. Louis, MO; 2-spirocyclohexane-5,5-di-
methyl-3-oxazolidinoxyl (compound II), 2,2,6,6-tetramethyl-piperi-
dinoxyl (Tempo), 4-hydroxy-2,2,6,6-tetramethyl-piperidinoxyl (Tem-
pol), and 4-amino-2,2,6,6-tetramethyl-piperidinoxyl (Tempamine)
were purchased from Aldrich Chemical Co., Milwaukee, WI, and H202
from E. Merck, Darmstadt, FRG. All other chemicals were prepared
and used without further purification.

Nitroxide synthesis. 2-Ethyl-2,5,5-trimethyl-3-oxazolidinoxyl was
synthesized as previously described (20). Briefly, to produce the amine,
2-butanol was reacted with 2-amino-2-methyl- l-propanol in benzene
using p-toluene sulfonic acid catalysis. The formation of the cyclic
structure resulted in the elimination of water. The volume of water
collected in a Dean-Stark apparatus was monitored and used to gauge
the reaction progress. The amine thus produced was purified through
fractional distillation under reduced pressure, characterized by means
of NMR, IR, UV, mass spectroscopy, oxidized to the corresponding

1. Abbreviations used in this paper: compound I, 2-ethyl-2,5,5-tri-
methyl-3-oxazolidinoxyl; compound II, 2-spirocyclohexane doxyl (2-
cyclohexane-5,5-dimethyl-3-oxazolidinoxyl); DFO, desferrioxamine;
DTPA, diethylene-triamine-pentaacetate; EPR, electron paramagnetic
resonance; LDH, lactate dehydrogenase; PCA, 3-carboxy-2,2,5,5-tetra-
methylproxyl; tempamine, 4-amino-2,2,6,6-tetramethyl-piperidin-
oxyl; tempo, 2,2,6,6-tetramethyl-piperidinoxyl; tempol, 4-hydroxy-
2,2,6,6-tetramethyl-piperidinoxyl; SOD, superoxide dismutase.
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nitroxide using m-chloroperbenzoic acid, and purified by silica flash
chromatography.

Electron paramagnetic resonance. EPRspectra were recorded using
a E4 X-band spectrometer (Varian Associates, Inc., Palo Alto, CA),
with field set at 3,357 G, modulation frequency of 100 kHz, modula-
tion amplitude of 1 G, and nonsaturating microwave power as de-
scribed previously (17).

Culture preparation. HamF-10 culture medium (Beth Ha'emek,
Israel) supplemented with CaCl2. H20 135 mg/liter, penicillin 200 U/
ml, streptomycin 0.2 ug/ml, 10% horse serum, and 10% FBS (Gibco,
Grand Island, NY) was used as the growth medium. For mincing and
washing the organs and for trypsinization, solution H defined as Ham
F- I0 without calcium or magnesium was used. Trypsin (type III; Sigma
Chemical Co.) was dissolved in 0.1 %wt/vol solution H. Ascorbic acid
(Cereon; Assia, Ramat Gan, Israel) and a-tocopherol (Ephymal; Hoff-
man-La Roche, Nutley, NJ) were both used at concentrations of 1
mg/ml.

Cultures from 1-d-old rats (Hebrew University strain) were ob-
tained by a slight modification of previously published methods (21).
The newborn rats were killed by decapitation. Hearts were removed
aseptically, retaining the ventricles only. The excised hearts were
placed in a Petri dish containing solution H. The organs were minced
into very small fragments and washed twice during mincing. Solution
H was then replaced by trypsin solution and transferred to a 25-ml
flask. The volume of trypsin solution was 10-15 ml for 30-50 hearts.
Trypsinization was performed at 320C with a stirring rate of 150-200
rpm for 15-20 min. At the end of each trypsinization, fragments were
allowed to settle, the supernatant removed, and another portion of
trypsin was added. Supernatants from the first two to three trypsiniza-
tions, which contained mostly cell debris, red blood cells, and pericar-
dial endothelial cells, were discarded. Cells from subsequent trypsiniza-
tions were collected in 30-ml sterile tubes. A few milliliters of growth
medium were added to stop the trypsin digestion, and cells were centri-
fuged at 1,000 rpm. The pellet was resuspended in a small volume of
growth medium. Each trypsinization cycle was repeated until all frag-
ments were dissociated.

Cell cultures. Cells from each tube were resuspended by repeated
aspiration into a sterile pipette, and all fractions were combined into a
sterile 250-ml flask (Nunc; Nunclon Delta, Herlev, Denmark) after
filtering through a sterile mesh to exclude explants. 20-25 neonatal rat
hearts yielded 50-60 million cells with a viability of 90±5% as mea-
sured by Trypan blue exclusion. The pooled cells were diluted in
growth medium to a density of 106 cells/ml and seeded into 35-mm-
diameter Petri dish (Falcon 3001; Falcon Labware, Oxnard, CA). After
seeding, Petri dishes were gently shaken horizontally to obtain a uni-
form distribution of cells. This concentration yielded after 24-36 h,
when the cells had sufficient cytoplasmic extensions to make contact
with other cells, an almost confluent layer at a final density of - 2
x 10' cells/cm2. Cultures were kept at 37°C in an atmosphere of 5%
CO2and 95% air. The pH of cultures was maintained at 7.4±0.05. The
cells at the time of isolation were rounded with an average diameter of
2-5 Mm. At a plating density of 4-8 X 104 cells/cm2, a plating efficiency
of 70±5% was obtained as determined by the number of cells that
became attached within 10-12 h. The attached myocytes were flat and
had an irregular star shape with an average width of 20±5 Mm. About
80-85% of the cells were beating at various rates ranging from 60 to 150
beats/min. After 72 h in culture, their rhythmic and synchronous beat-
ing stabilized at 140-150 beats/min. The beating rate slowed down
slightly by the eighth day in culture. Experiments were performed at 5 d
when > 80% of the cells that were present on the plate were beating
myocardial cells. Continued viability of cultured cells was documented
by Trypan blue exclusion and by the absence of leakage of enzyme
(lactate dehydrogenase) into the culture medium.

Contractility. The rhythmic pulsation of the cultures was followed
using an Olympus inverted phase microscope before and after each
treatment. The culture dishes were removed from the incubator, equili-
brated for 5-10 min in a water-jacketed thermostatic cell (37°C), and
the contraction was determined. Generally the H202-induced damage

as well as the protection by nitroxide or chelators appeared as an "all or
none" effect, i.e., all the cells were either unaffected or fully stopped
beating. In specific cases, however, under marginal conditions with
insufficient concentration of H202 or nitroxide, a partial effect was
observed where only several cells continued to contract. To demon-
strate this effect, a "beating microscope field" was defined as 25%of the
visual filed at magnification 200 in which several or at least a single
spontaneously beating cell was observed. The use of a beating micro-
scopic field as applied to contacting cardiomyocytes provides a means
to assess rapidly the effect of oxidative stress which does not result in
complete abrogation of contraction by the entire cell population.
Within any given experiment all observations were made in triplicate,
and depending upon the number of determinations to be assessed at a
given time point, between 5-40 microscopic fields were visualized.

Lactate dehydrogenase (LDH) release. With each medium change,
the old medium was collected and assayed for LDH activity (22). In
short, a 0. I-ml sample was added to 0.9 ml of a solution containing 50
mMphosphate buffer, pH 7.5,0.6 mMpyruvate, and 0.18 mMNADH
(final concentrations). The decrease in A3w was followed for 3 min at
30'C, using a dual-beam Uvikon 860 spectrophotometer (Kontron,
Switzerland), and the enzyme activity was calculated. To determine the
total cellular LDH, the cells were disrupted by sonication or blending
and medium was assayed for LDHactivity.

Results

Oxidative damage. Injury was induced by incubating the cul-
tured beating cardiac myocytes on the fifth day after plating
with various concentrations of H202, the beating rate was fol-
lowed microscopically and the medium was assayed for LDH
activity. The rate of cell beating rapidly subsided and, within a
few minutes, beating irreversibly ceased. Fig. 1 demonstrates a
typical effect induced by 250 MMH202. Superoxide dismutase
(70-350 U/ml) did not protect the cells against H202. More-
over, cell contractility could not be restored by adding catalase
or by changing to H202-free medium.

Effect of chelators. To determine whether the damage in-
duced by H202 is catalyzed by transition metals, the cells were
incubated with DFOat concentrations previously shown to
bind cellular iron (21). DFO(0.1 mM)protected the cells, how-
ever, its protective effect was not fully manifested unless long
enough preincubation time has allowed for DFOto cross into
the intracellular space (Fig. 2). Similar protection was observed
when the cultures were incubated with 0.1 mMbipyridine 30
min before adding H202 (data not shown). In contrast, no pro-
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Figure 1. Effect of nitroxides on H202-induced loss of cell contractil-
ity. The beating rate of isolated rat heart cells after the incubation with
250MMH202 in the absence (circles) and the presence of (triangles)
of 0.5 mMcompound II or (squares) of 0.5 mMTempo. The plated
cells were kept at 370C in HamF-10 culture medium under atmo-
sphere of 5% CO2and 95% air.
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Figure 2. Effect of DFOon
H202-induced loss of cellu-
lar LDHand contractility
of cardiomyocytes. Varying
concentrations of H202

B were incubated for 80 min
/1O with monolayered beating
q cardiomyocytes. The effect

of 0.1 mMDFO, either
-5 preincubated with the cells

? for 2 h or added together
1 with H202, was studied by

determining the residual
fraction of "beating micro-
scopic fields" (A) and LDH
released extracellularly (B).

tection was afforded by DTPAwhich does not enter the cell nor
by 200,uM zinc, a redox-inactive metal that reportedly protects
beating isolated hearts (23) (data not shown).

LDHrelease. The cessation of contractile activity is asso-
ciated with alteration of membrane integrity and the leakage of
cytoplasmic enzymes. To study lactate dehydrogenase (LDH)
leakage, H202 was added to the cell culture and the medium
was sampled for LDH assay. The enzymatic activity in the
medium was compared with that assayed after total cell disrup-
tion and the level of extracellular activity was calculated as a
fraction of the total activity. The effect of H202 on LDH leak-
age and the protective effect of DFOare displayed in Fig. 2 B.

Nitroxides effect. Unlike exogenously added SOD, which
did not protect the cells against H202, low-molecular weight
stable nitroxide radicals which can function to dismutate su-
peroxide had a profound effect. Both five-membered (oxazoli-
dine and pyrolidine derivatives) and six-membered (piperidine
derivatives) stable nitroxides (Scheme I) were tested for their
biological activity. Fig. 1 demonstrates the protective effect of
0.5 mMTempoand 0.5 mMcompound II against H202. Simi-
lar protection was provided by 0.5 mMcompound I, Tempol,
Tempamine, and PCA(data not shown). The protective effect
could have been ascribed to some reaction of the nitroxide with
H202. The EPRspectrum ofthe nitroxide was, therefore, exam-
ined before and right after incubation with the plated cells to
determine if the level of nitroxide varied during the experi-
ment: no difference was found between the respective spectra.

G4'N-O HO7N-b H2N<N:O

Tempo Tempol Tempamine

No decrease in nitroxide signal was observed also when 10 1AM
Tempol with 500 ,M H202 were incubated with the cells. To
examine whether nitroxides facilitated H202 removal, aliquots
of the medium were taken throughout the experiment and as-
sayed for H202 concentration. Nitroxides did not change the
extracellular H202 concentration (data not shown), thus ruling
out the possibility that they have a catalaselike activity. The
nitroxide protective effect was dose-dependent and the mini-
mal concentration of nitroxide required for protection in-
creased with increasing H202 concentration (Fig. 3, Table I).
Fig. 3 demonstrates the protective effect of several nitroxides
on H202-induced cellular release of LDH.

Discussion

The present results indicate that hydrogen peroxide or biologic
products resulting from hydrogen peroxide impairs cell func-
tion and integrity, in agreement with previous reports that
[H202J> 30 MMis toxic to isolated rat heart (24). Contrary to
catalase which removes H202, none of the nitroxides affect
H202 concentration. Yet, they all protect against H202 toxicity
(Figs. 1 and 3, Table I). This shows that a reaction metabolite
derived from H202 and not H202 itself is responsible for myo-
cardial cell dysfunction. Further, unlike DTPAwhich does not
enter the cell, both DFOand bipyridine, enter cells, bind intra-
cellular metal ions (especially iron), and protect against H202.
This indicates that H202-induced biological damage is me-
diated by cellular transition metals. Potentiation of H202-in-
duced cytotoxicity would be anticipated if redox-active metals
coordinated at critical cellular sites were to catalyze OHfor-
mation. Injury inflicted in the immediate vicinity of critical
targets by deleterious species would be accounted for by a mech-
anism in which metal binding is a prerequisite for site-specific
damage. The bound metal (coordinated to biologic ligands [L])
is reducible by ° 2 or other reductants:

L-M + °--' L-M("-')+ + 02- (1)
The reduced metal may react with H202 to form a peroxo com-
plex (25):

L-M(n-')+ + H202 -) LM(n-l)+ - H202,

yieldingOH radicals

L-M(n-l)+ -H202 -) L-Mn+ + OH- + OH

(2)

(3)

and/or be oxidized to higher oxidation states of the metal (25)

LM(n-l)+ -H202 L-M(n+l)+ + 20H-. (4)
According to this mechanism, the damage caused by OHradi-
cals or hypervalent metals is site-specific; therefore, scavengers

0 N 0 H02C
WN-0 WN- t Nb

I II PCA

Scheme I
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Figure 3. Dose-dependence of nitroxide protection against H202-in-
duced LDH leakage from cardiomyocytes. Monolayered beating car-
diomyocytes were exposed to H202 in the presence of varying con-
centrations of Tempol (circles), Tempo (squares), and compound II
(triangles). The cultured cells were incubated for 140 min and the
extruded LDHwas determined as detailed in Methods. The extent of
released LDHis presented as a fraction of the total cellular enzyme.
250 AMH202 (open symbols, solid line); 500MMH202 (solid symbols,
dashed line).
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of OHradicals would not be expected to provide protection.
Conversely, all reagents that can remove H202 (i.e., catalase),
dismutate O° (i.e., SOD), bind to or displace metal ions (i.e.,
DFO), or successfully compete for OHradicals can reduce the
biological injury. Considering the SOD-like activity of nitrox-
ides (1 5, 16) and the intracellular site of the critical damage, the
nitroxide-protective effect may be attributed to the removal of
intracellular ° 2 radicals. Yet, it is not necessarily proven that
the nitroxides protect solely by virtue oftheir SOD-mimic activ-
ity, because they may also act through alternative mechanisms.
Other test systems in which oxygen is not present, such as Chi-
nese hamster cells treated with H202 in the absence of oxygen,
were protected by Tempol and compound 11 (17, 19). It is possi-
ble, therefore, that nitroxides contribute to cell protection
through O '-independent mechanisms. Compound II and
Tempo were found to oxidize chelated iron(II), and it has been
proposed that they compete with H202 for the reduced metal
ions (17):

Table I. Tempol Protection against H20rinduced Loss of Beating
of Monlayered Cardiomyocytes

[H20d, ,"M

[Tempoll 0 250 500 1000 2500

0 +++ -- --- -_ ___-
40 +++ +++ ---

100 +++ ++- +++ --- ---

200 +++ +++ +±+ -+
400 +++ +±+ +++ +

1000 +++ +±+ ±++ -++ ---

2000 +++ +++ ±++ -++ ---

The three signs for each experimental system represent three consec-
utive assays of cell beating monitored 15, 50, and 105 min after the
addition of H202. These notations represent either full effect, no ef-
fect, or partial effect. No effect: all cells in the plate are synchronically
beating (+); partial effect: only few "beating microscopic fields" are
operative in the plate (±); full effect: none of the cells are beating (-).

nitroxide + H++ L-M(n-)1+ - hydroxylamine + L-M"+, (5)

with a consequent inhibition of reaction 2. Fig. 3 and Table I
demonstrate that higher nitroxide concentrations are needed to
protect against higher [H202J. This result would support the
assumption that both H202 and the nitroxide compete (reac-
tions 2 and 5) for the same species, presumably the reduced
metal (17). Previous studies indicated that nitroxides protect
DNAagainst oxidative damage. In the present study, nitrox-
ides protected the cardiomyocytes predominantly from H202-
induced damage to the membrane (Fig. 2 B and Fig. 3). More-
over, the nitroxide concentration required for protection was
one to two orders of magnitude lower (Fig. 3, Table I) than that
necessary to protect Chinese hamster cells. Such a difference
would be anticipated considering the preferential partition of
nitroxides into membrane compartments, further supporting
the assumption that nitroxides protect by inhibiting reaction 2.
This, however, does not exclude the possibility that nitroxides
may protect through reaction with O2and secondary radicals
such as R, RO, or ROO, as previously reported (26-28), ter-
minating the propagation of radical chain reactions. Poten-
tially, at least, nitroxides may protect by three separate mecha-
nisms, as illustrated in Scheme II.
In conclusion, the present results show that (a) H202-induced
damage to cultured cardiomyocytes results in leakage of LDH
and loss of contractility, (b) the damage, catalyzed by intracel-
lular redoxactive metals, is not abrogated by extracellular su-
peroxide dismutase, (c) both five- and six-membered ring ni-
troxides protect the cells against H202 without acting as cata-
lase-mimics, (d) the nitroxides protect in a dose-dependent
manner, dependent on the concentration of the H202, and (e)
the protective effect is attributable to removal of carbon- or
oxygen-centered radicals (such as superoxide) and to reoxida-
tion of reduced metals. Although the precise mechanisms of
this protection are still only partially understood, we have dem-
onstrated that these nitroxides protect against the damaging
effects of H202 and that nitroxide derivatives could serve as
novel research tools to study intracellular free radical injury in
general and might find specific application in preventing isch-
emia/reperfusion injury.
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