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Abstract-Calcium antagonists representative of the four major chemical classes were assessed for their 
abilities to prevent peroxidation of rat heart membrane lipids through xanthine oxidase-dependent, 
superoxide-driven, iron-promoted oxygen radical chemistry. The dihydropyridines nifedipine and nitren- 
dipine did not affect peroxidation, even at a concentration (500 PM) approaching their solubility limit. 
The benzothiazepine diltiazem did protect the cardiac lipids against oxidative injury, but at high 
micromolar concentrations: 50% inhibition of peroxidation (antiperoxidant n+,) required 510 PM 
diltiazem. The phenylalkylamines verapamil and gallopamil (D-600) were likewise weak antiperoxidants 
(-35% inhibition of peroxidation at 500 FM). In contrast, two other alkylamines, bepridil and preny- 
lamine, were very effective membrane lipid protectants with respective antiperoxidant IQ, values of 55 
and 75 PM. The diphenylpiperazines flunarizine (tcso = 190 PM) and cinnarizine (ICY,, = 180 PM) 
displayed moderate antiperoxidant activity. No Ca*+ antagonist inhibited xanthine oxidase under 
conditions whereby 1OpM allopurinol inhibited enzyme activity by 50%. The effects of the Ca*+ 
antagonist-antiperoxidants on the kinetics of cardiac membrane lipid peroxidation indicate that they 
inhibit peroxidation by intercepting oxy- and/or lipid free radical intermediates. These data raise the 
possibility that antiperoxidant action may contribute to the spectrum of pharmacologic and therapeutic 
activities of certain Ca*+ antagonists. 

Oxidative damage to membrane lipids is increasingly 
recognized as a pathogenic factor in a variety of 
diseases [l] . Experimental evidence has implicated 
membrane peroxidation mediated by Fenton-type, 
metal-promoted oxygen chemistry [2] in the devel- 
opment of ischemic and reperfusion heart damage 
[3]. Key roles have been assigned to xanthine oxidase 
(XODt; xanthine : oxygen oxidoreductase, EC 
1.2.3.2) as enzymatic source of superoxide anion 
radical (0;) and to iron (Fe2+/Fe3+) as redox couple 
in the formation of the oxygen and fatty-acyl lipid 
radicals being identified and spin-trapped in ischemic 
myocardium [4,5]. 

Inhibition of an inward Ca2+ current is a well- 
recognized property of Ca2+ antagonists [6], 
especially important in the heart muscle cell and in 
the pharmacologic management of cardiovascular 
disease [7]. However, the membrane effects of Ca2+ 
antagonists are not limited to blockade of the pot- 
ential-dependent CaZ+ channel. Some CaL+ antag- 
onists, for instance, inhibit sodium- and potassium- 
dependent membrane processes [8] and ligand bind- 
ing to muscarinic, adrenergic, and opiate membrane 
receptors [9]. Ca2+ antagonists “cytoprotect” the 
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t Abbreviations: XOD, xanthine oxidase; 0; , super- 

oxide anion radical; BHT, hutylated hydroxytoluene; 
HEPES, N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic 
acid; Tris, tris(hydroxymethyl)aminomethane; ADP, 
adeonosine diphosphate; TBA, 2-thiobarbituric acid; 
DLTDP, dilaurylthiodipropionate; THBP, 2,4,5- 
trihydroxybutyrophenone; SOD, superoxide dismutase; 
TCA, trichloroacetic acid; DMSO, dimethyl sulfoxide; and 
MDA, malondialdehyde. 

heart muscle cell and its membranes in occlusion- 
reperfusion animal models of myocardial ischemia, 
but the biochemical basis of the cytoprotection is ill- 
defined [lo]. 

We report here investigations on the abilities of 
Ca2+ antagonists to exert membrane-protective 
effects as antiperoxidants. The agents studied include 
multiple representatives of the four major chemical 
classes of Ca2+ antagonists and the three (diltiazem, 
nifedipine, verapamil) currently approved for clinical 
use in the United States [ll]. Our results indicate 
that certain Ca2+ antagonists possess antiperoxidant 
properties which may contribute to their phar- 
macologic profiles. 

MATERIALS AND METHODS 

Materials. Butylated hydroxytoluene (BHT), allo- 
purinol , hypoxanthine, N-2_hydroxyethylpiper- 
azine-IV-2-ethanesulfonic acid (HEPES), 
tris(hydroxymethyl)aminomethane (Tris), adeno- 
sine diphosphate (ADP), 2-thiobarbituric acid 
(TBA), tetramethoxypropane, and hydroxylamine 
hydrochloride were from Sigma (St Louis, MO). 
Dilaurylthiodipropionate (DLTDP) and 2,4,5-tri- 
hydroxybutyrophenone (THBP) were from Poly- 
Science (Niles, IL). acTocophero1 was synthesized 
by Hoffmann-La Roche. XOD (analytical prep- 
aration from bovine milk; 1 Unit/mg) and super- 
oxide dismutase (SOD; superoxide : superoxide 
oxidoreductase, EC 1.15.1.1; analytical preparation 
from bovine erythrocytes; 5000 Units/mg) were pur- 
chased from Boehringer-Mannheim (Indianapolis, 
IN). Desferrioxamine B (Desferal) was a gift from 
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Ciba A.G. (Basle, Switzerland). Calcium antagonists 
were obtained from their manufacturers: bepridil 
(Wallace Laboratories, Cranberry, NJ); cinnarizine 
and flunarizine (Janssen Pharmaceuticals, Pisca- 
taway, NJ); diltiazem (Marion Laboratories, St 
Louis, MO); gallopamil and verapamil (Knoll Phar- 
maceuticals, Whippany, NJ); nifedipine and nitren- 
dipine (Bayer AG, Wuppertal, F.R.G.); and 
prenylamine (Hoechst AG, Frankfurt, F.R.G.). All 
solvents were of analytical grade (Burdick & 
Jackson, Muskegon, MI). 

Isolation and purcfication of rat myocardial lip&. 
The procedure was carried out in a dehumidified 
cold-room (3”). Conscious male, Sprague-Dawley 
rats (-275 g; Charles River, Boston, MA) main- 
tained on a normal rodent diet were decapitated. 
The hearts were rapidly excised and perfused via the 
aorta with 50.0 ml of ice-cold 10 mM HEPES buffer, 
pH 7.4. The great vessels and atria were removed, 
and the trimmed ventricular myocardium was minced 
and homogenized (100 mg tissue/ml of ice-cold 
HEPES) for 3 X 5 set with a Tissumizer (Tekmar, 
Cincinnati, OH) at “maximal” setting. The homo- 
genate was filtered through 4-ply cheesecloth, and 
the myocardial lipids were extracted and purified 
from the filtrate by a modified [12] Bligh-Dyer [13] 
procedure. The final chloroform phase containing 
the purified lipid represented quantitative recovery 
of myocardial lipid by the chemical criteria detailed 
[14]. The myocardial lipids were resolved into their 
constituent phospholipid and neutral lipid fractions 
by silica column chromatography on Sep-Pak car- 
tridges (Waters, Milford, MA) [15]. All lipids were 
stored in chloroform under argon at -20” [16]. 

Lipid quantification. Lipid phosphate was deter- 
mined microchemically [17] on perchloric acid 
digests with KHzP04 as standard. The hydroxamate 
reaction [18] was used to measure lipid ester; L-E 
phosphatidylcholine dipalmitate (Avanti Polar 
Lipids, Birmingham, AL) was the standard. 

Cardiac liposome preparation. A known amount 
of cardiac lipid in chloroform was placed in a rotating 
glass flask and evaporated to dryness under nitrogen 
at room temperature to yield a thin lipid film. The 
lipid was taken up in 10 mM HEPES-O.145 M KCl, 
pH 7.4, and was resuspended by indirect anaerobic 
sonication for 15 min at room temperature. The lipo- 
some suspension was used immediately. 

Peroxidation reaction system. Cardiac liposomes 
were subjected to O$-dependent, iron-promoted 
peroxidation in glass tubes. Experiments involving 
cu-tocopherol, nifedipine, and nitrendipine were con- 
ducted under amber light. Ninety minutes before the 
start of the reaction, a chelate was formed in 10 mM 
HEPESO. M KC1 buffer, pH 7.4, between Fe3+ 
(1.0 mM FeC13) and 10 mM ADP with continuous 
stirring at room temperature. The peroxidation reac- 
tion, in a final volume of l.Oml, contained these 
components at their specified final concentrations: 
10 mM HEPES-O.145 M KCl, pH 7.4; 1.0 mM hypo- 
xanthine; 0.1 mM Fe3+-1.0 mM ADP chelate; 125 pg 
lipid (as liposomal suspension); and 10 mUnits XOD. 
The reaction was started upon adding the XOD, 
mixing, and incubating at 37” in a shaking water 
bath. Liposomes were also incubated in parallel but 
without free radical generator (i.e. without hypo- 

xanthine, iron-ADP, and XOD). Peroxidation was 
terminated by adding 0.15~1 of 76% (w/v) tri- 
chloroacetic acid (TCA) in 2.3 N HCI and immersing 
the sample (final pH = 2.2) in an ice-water bath. 
Concentrated stock solutions of BHT, DLTDP, and 
THBP were made in dimethyl sulfoxide (DMSO); (y- 
tocopherol and all Ca2+ antagonists except diltiazem 
were solubilized in ethanol; diltiazem, desfer- 
rioxamine , and allopurinol were solubilized in 
HEPES-KC1 buffer. The final concentration of 
DMSO or ethanol in the peroxidation reaction never 
exceeded 0.005 ~01% and was >lOOO-fold below that 
where a solvent effect on lipid peroxidation could be 
noted. 

Quantification of lipidperoxidation. TBA-reactive 
material was measured as malondialdehyde (MDA)- 
equivalents by the following modification of pub- 
lished methods [19,20]. The reaction mixture con- 
tained water: BHT (7.145 M in absolute 
ethanol): TBA (1.514 wt% in 0.2 M Tris, pH 7.0) in 
the volume ratio 1: 1: 5. To each 1.15 ml of acidified 
peroxidation reaction (above), 0.35 ml of reaction 
mixture was added. Upon thorough mixing, the 
samples (pH = 2.4) were incubated in an 80” shaking 
water bath for 30min. After this time, the tubes 
were plunged into an ice-water bath, and the TBA 
test was stopped with 0.5 ml of ice-cold 90% (w/v) 
TCA followed by 2.0 ml CHC13. After centrifugation 
for 30 min at 2000 g (4”), the absorbance of the upper 
phase was taken at 532 nm. Various amounts (0.8 to 
40.0nmol) of MDA standard, prepared by acidi- 
fication of 1,1,3,3-tetramethoxypropane with 76% 
TCA-2.3 N HCI, were subjected to the identical 
TBA test procedure as the basis for constructing a 
standard curve of TBA-reactivity as MDA- 
equivalents. Computer-assisted regression analysis 
of the standard curve was used to quantify the molar 
amounts of MDA-equivalents in the experimental 
samples. Net peroxidative production of MDA- 
equivalents was considered the difference in TBA- 
reactivity between liposomes peroxidized in the com- 
plete peroxidation reaction system and non-perox- 
idized samples that had been incubated in parallel 
without free radical generator. Under these 
conditions, none of the studied compounds influ- 
enced color development from MDA standard and 
evidenced no TBA-reactivity themselves. Dose- 
response curves were generated with the assistance 
of RS/l software (BBN Corp., Cambridge, MA) on 
an IBM PC-AT (IBM Corp., Boca Raton, FL). 

XOD assay. XOD was assayed by monitoring the 
conversion of xanthine to uric acid [21] using a Beck- 
man DU-7 spectrophotometer in the kinetic mode 
(Beckman Instruments, Palo Alto, CA). None of 
the calcium antagonists affected the ultraviolet detec- 
tion of uric acid per se. DMSO or ethanol did not 
influence enzyme activity at the final solvent con- 
centrations used. 

Protein determination. Protein was quantified with 
a dye-binding microassay [22]. 

RESULTS 

Kinetics of myocardialphospholipid peroxidation. 
The total myocardial lipid of the rat heart was readily 
peroxidized upon exposure to O$-driven, iron- 
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Fig. 1. Time-course of cardiac lipid peroxidation through Oi-dependent, iron-promoted Fenton 
chemistry. Total cardiac lipid (0) and the phospholipid (W) and neutral lipid (A) subfractions therefrom 
were isolated and purified from rat myocardium and exposed, as liposomes, to 
(XOD f h~xanthine -t Fe 3+-ADP) free radical generator. Liposome samples were also incubated in 
parallel, but without radical generator. The net production of TBA-reactivity (as MDA-equivalents) 
was calculated over a 180-min period as the difference in TBA-reactivity between the peroxidized 

samples and their respective non-peroxidized controls. Data points are means f SD (N P 7). 

promoted Fenton chemistry with XOD + 
hy~x~nthine -i- Fe3’-ADP as free radical genera- 
tor (Fig. I). Tl3A-reactive substance, which we 
have demonstrated elsewhere [23] to be MDA, 
was produced after an -2O-min lag period. The 
linear accumulation of M~A-equivaienis defined a 
propagation phase with a maximal peroxidation rate 
of 3.0 -t- 0.2 nmol MDA-equivalents produced/mEq 
lipid ester reactedlmin. As indicated by the greatly 
reduced development of TBA-reactivity after 
90 min, myocardial lipid peroxidation was essentially 
complete by 2 hr. 

Cellular membranes are the principal sites of free 
radical-induced tissue damage, for their fluid bilayers 
contain virtually all of the tissue phospholipid 1241. 
Consequently, we studied the peroxidation of myo- 
cardial phospholipid and neutral lipid resolved from 
the total myocardial Iipid extract (Fig. 1). The myo- 
cardial neutral lipid, which represented -19% of the 
total myocardial lipid complement, did not display a 
significant peroxidative response during incubation 
with XOD + hypoxanthine f Fe3+-ADP. The myo- 
cardiai phospholipid, however, was peroxidized with 
a maximal linear rate equal to the maximal rate of 
total cardiac lipid peroxidation. The shift of the 
lipid peroxidation progress curve to the left when 
phospholipid was separated from neutral lipid 
reflects removal thereby of endogenous membrane 
atocopherol f25l. The net formation of TBA-reac- 
tive substance during myocardial phosphoiipid per- 
oxidation was equal to that produced from 
peroxidation of total myocardial lipid. These results 
demonstrate that myocardial membrane phospho- 

lipid, whether purified out of the total myocardial 
lipid extract or not, was the substrate for free radical 
attack. 

Inhibition of myocardial phospholipid 
peroxidatio~. The antiperoxidant efficacies of com- 
pounds which can interdict at critical points in XOD- 
dependent, 0: -driven, iron-promoted Fenton 
chemistry were determined (Fig. 2). SOD, which 
specifically dismutates 0; and thereby removes from 
the system a radical essential to Fenton chemistry 
[2,26], prevented myocardial phospholipid per- 
oxidation at nanomolar concentrations with an anti- 
peroxidant x5o of 8.0 h 0.6nM. Vitamin E (1y- 
tocopherol) , a lipophilic antioxidant 1271, displayed 
an Icso of -1.0 NM. Desferrioxamine, a stoi- 
chiometric iron chelator [28], afforded significant 
protection oniy at a concentration at least as great 
as the iron concentration in the system (100 PM) so 
that iron substrate for the Fenton reaction was totally 
chelated and functionally removed from the per- 
oxidation system. Allopurinol, a substrate-~~0~ 
XOD inhibitor [29], acted as antiperoxidant at high 
micromolar concentrations (1~50 = 470 2 32 @I) 
which approached the XOD substrate concentration 
(1.0 mM) in the reaction. “Radical-scavenger” anti- 
oxidants used as food additives 1301 displayed anti- 
peroxidant 16~0 values in the 5-150@$ range: e.g. 
BHT (IC30 = 6.8 -C 0.3 PM), THBP (30 * 2 PM), and 
DLTDP (100 5 6&f). 

Eflects of Ca2+ antagonists on myocardial 
phospholipid peroxidation. Ca2+ antagonists varied 
widely in their abilities to inhibit cardiac membrane 
phospholipid peroxidation resulting from a 0;. 
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Fig. 2. Inhibition of myocardial phospholipid peroxidation by SOD (@), cu-tocopherol (D), BHT (0), 
THBP (Cl), desferrioxamine (A), DLTDP (A), and allopurinol (+). MyocardiaI phospholipids were 
exposed to free radical generator (XOD + hypoxanthine + Fe “+-ADP) for 60 min either in the absence 
or presence of each listed substance at various final concentrations. Inhibition of peroxidation (assessed 
as TBA-reactivity) is expressed retative to 0% inhibition of the reaction without test substance, and 

data are given as means + SD (N > 5). 

driven, iron-promoted free radical generator. The 
dihydropyridines nifedipine and nitrendipine did not 
protect the phospholipids from oxidative injury, even 
when present at a concentration (500 ,nM) approach- 
ing their solubihty limit in the aqueous peroxidation 
system. The ph~~ylalkyIamines verapamil and gal- 
lopamil were weak anti~ro~dants; although solu- 
bility limits prevented their being tested at a 
concentration above 500yM, verapamil and gal- 
lopamil did inhibit peroxidation by, respectively, 30 
and 40% at SOOflM. Diltiazem was also a weak 
antiperoxidant; the aqueous solubility of this benzo- 
thiazepine Ca2+ antagonist, however, allowed accu- 
rate determination of its antiperoxidant I& 
(510 k 22 @VI; Fig. 3). In contrast to the phenyl- 
~kyIa~nes verapamil and gallopamil, the alkyl- 
amines bepridil and prenylamine very effectively 
protected cardiac membrane phospholipid from oxi- 
dative injury, with respective antiperoxidant lcso 
values of 55 -t 3 and 75 c 6,nM (Fig. 3). Both 
diphenylpiperazines tested, flunarizine (~2~0 = 
190 5 11 PM) and cinnarizine (IQ = 180 -C 10 PM), 
also demonstrated appreciable potency as anti- 
per-oxidants (Fig. 3). Bepridil, prenylamine, ffu- 
narizine, and cinna~zine were able to block 
completely myocardiai lipid peroxidation, 

Zfzfluerzce of Ca2+ antagonist-antiperoxidants on 
myocardial phospholipid peroxidation kinetics. All 
Ca*+ antagonists that displayed antiperoxidant 
activity had concentration-dependent effects not 
only upon the extent of myocardial phospholipid 
peroxidation, but also upon the kinetics and pro- 
gression of peroxidative injury. For example, 75 FM 
bepridil inhibited peroxidation by -50% at 60 min, 
delayed the initiation of peroxidation by some 
20min, suppressed the linear rate of propagation 
by -5O%, and slowed the progression of radical- 
induced phospholipid damage (Fig. 4). Higher con- 
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Fig. 3. Inhibition of myocardial phospholipid peroxidation 
by the Ca2+ channel antagonists bepridil (O), prenylamine 
(m), cinnarizine (+), flunarixine (A), and diltiaxem (0). 
Myocardial phospholipids were exposed to free radical 
generator (XOD + hypoxanthine + Fe3+-ADP) for 60 mitt 
either in the absence or presence of each listed CaZf antag- 
onist at various finai concentrations. Inhibition of per- 
oxidation (assessed at ~A-reactivity) is expressed relative 
to 0% inhibition of the reaction without test substance. The 

data are given as means r?: SD (N > 5). 

centrations of bepridil further delayed the initiation 
of peroxidation and attenuated both the linear propa- 
gation rate and the extent of peroxidation. Similar 
concentration-dependent, kinetic effects on the pro- 
gression of myocardial lipid injury were observed 
with the other CaZ+ antagonist-antiperoxidants (data 
not shown) and with radical-trapping antiperoxidants 
such as a+tocopherol [25] and gossypol [31]. 
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Fig. 4. Effect of bepridil on the kinetics of myocardial ph~photipid peroxidation. My~~dial phospho- 
lipids were peroxidized through O;-dependent, iron-promoted Fenton chemistry either in the absence 
(m) or presence [(Cl) 75 PM final concn; (A) 90 PM finai concn) of bepridil. Net phospholipid peroxidative 
injury was assessed as in Fig. 1 and is expressed as mean MDA-equivalents produced rl: SD (N > 5). 

Ca2+ antagonist-antiperoxidant effects on XOD. 
The antiperoxidant efficacy of some Ca2+ antagonists 
in a XOD-dependent, iron-promoted oxidative 
injury system promdted us to test, directly and com- 
paratively, their effects on XOD activity. Each CaZ+ 
antagonist-antiperoxidant was evaluated as a XOD 
inhibitor at its antiperoxidant rcso and/or at a con- 
centration that completely inhibited peroxidation. 
Those Ca2+ antagonists (i.e. nifedipine, nitrendi- 
pine, verapamil, and gallopamil) with limited solu- 
bility in the aqueous XOD assay system were tested 
at 500 PM, the highest ~ncentration attainable. The 
data from these experiments demonstrated that con- 
centrations of Ca2” antagonist-antiperoxidants that 
significantly inhibited 9r prevented cardiac phospho- 
lipid damage through XOD-dependent, O;-driven, 
iron-promoted oxygen chemistry did not inhibit 
XOD under conditions whereby concentrations of 
allopurinol (S-1OgM) ineffective as an 
antiperoxidant (Fig. 2) inhibited XOD by 50%. The 
~hydropy~~ne Ca2+ antagonists nifedipine and 
nitrendipine, which did not affect ~ro~dation at 
500 PM, likewise did not influence XOD activity. 

DISCUSSION 

The efficacies of Ca2+ antagonists in reducing isch- 
emit myocardial necrosis are clinically and experi- 
mentally documented 132,331, as are their abilities 
to block current through ~tentiai-dependent Ca2+ 
channels 161. Yet the limited quantitative infor- 
mation regarding Ca2+ antagonist effects other than 
inhibition of transmembrane Ca2+ flux [6,7] and the 
multifactorial nature of ischemic and reperfnsion 
injury [34] have not allowed direct attribution of the 
myocardial protective effects of Ca2+ antagonists to 
the reduction of myocyte Ca2+ influx through the 

potential-dependent Ca2+ channel, Consequently, 
the influence of Ca*+ antagonists on pathophysio- 
logical aspects of my~ardial injury such as myocyte 
energy balance [35], oxygen demand [36], and acti- 
vation of Ca2+-dependent proteases and (phospho)- 
lipases [37] has received recent study. The present 
work extends this body of knowledge by demon- 
strating that certain Ca2+ antagonists can sig- 
nificantly inhibit and, in some cases, prevent cardiac 
membrane phospholipid peroxidation by 0; -depen- 
dent, iron-promoted Fenton chemistry of the type 
thought to be a causative factor in tissue injury fl], 
particularly during myocardial ischemia and reper- 
fusion [S, 381. 

Radical-mediated reactions, including membrane 
lipid peroxidation, are intimately related to heart 
muscle-cell Ca*+ homeostasis: lipid peroxidation in 
sarcolemma [39] and mitochondria [40] impairs Ca2+ 
regulation by these membrane systems. Sodium- 
Ca2+ exchange by cardiac sarcolemma is under redox 
control and can be directly modulated by com- 
binations of o~dants/reductants and transition 
metals which are also well-recognized biological free 
radical generators [41]. The biophysical changes in 
membrane lipid packing and microviscosity brought 
about by peroxidation [42] alter the functionally 
significant Ca2+ pool bound to the myocyte sarco- 
lemma 1433, Thus, some Ca2+ antagonists, through 
their antiperoxidant properties, may act as intra- 
celiular modulators of Ca2* dynamics within the 
heart muscle cell independent of any inhibition of 
the slow inward Ca2+ current. Furthermore, the high 
polyunsaturated fatty-acyl content of biological 
membranes [24] would broaden the scope of the 
antiperoxidant protective effects of Ca2+ antagonist- 
antiperoxidants independent of the selectivity of 
these agents at the L-type Ca*+ channel. 
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The possible pharmacologic and therapeutic sig- 
nificance of the antiperoxidant activity of certain 
Ca2+ antagonists is enhanced by the fact that many 
Ca2+ antagonists are readily taken up by muscle cells 
and concentrate in cellular membranes (44,451. For 
example, the oil/water partition coefficients of ver- 
apamil and bepridil are >lOO, such that their local 
membrane concentrations could approach millimolar 
levels [4.5]. Direct autoradiographic study of 
[3H]diltiazem distribution in the heart muscle cell 
has documented significant intramyocyte “binding” 
of diltiazem to mitochondria and sarcolemma [46]. 
Such interaction between membranes and Ca*+ an- 
tagonist-antiperoxidants would serve both to localize 
these agents at prime targets of cellular oxidative 
damage and to concentrate them there at effective 
antiperoxidant levels. However, since the more 
specific Ca*+ antagonists at the level of the Ca2+ 
channel (e.g. nifedipine, verapamil, diltiazem) were 
not as potent antiperoxidants as the less specific 
bepridil and prenylamine, antiperoxidative activity 
and Ca2+ antagonism need not parallel one another 
pharmacologically in the efficacy of these agents 
against ischemic myocardial necrosis. 

Our direct, quantitative comparison of the lipid 
protective effects of Ca*+ antagonist-antiperoxidants 
with those of known antioxidants and iron chelators 
indicates that the antiperoxidant efficacy demon- 
strated by some Caz+ antagonists rests with their 
ability to intercept free radicals and block the propa- 
gation of oxy- and/or lipid radical intermediates. The 
inability of these agents, at effective antiperoxidant 
concentrations, to inhibit XOD supports this 
conclusion. Further support is the recent dem- 
onstration by Robak and Duniec 1471 that verapamil 
and diltiazem inhibit, in a dose-dependent fashion, 
ascorbic acid-induced rat hepatic membrane per- 
oxidation with rcso values of -200 and -5OO~M 
respectively. While these reported rcsO values are 
somewhat lower than those reported here and may 
have been compromised by the non-specific meth- 
odology used to evaluate membrane peroxidation 
[20,48], the membrane protection displayed by ver- 
apamil and diltiazem against a non-enzymatic free 
radical generator would support the conclusion made 
from our more comprehensive, detailed analysis that 
Ca*+ antagonist-antiperoxidants can interdict in the 
radical chemistry which is at the basis of lipid 
peroxidation. 

The structural requirement(s) for the selectivity of 
antiperoxidative activity among the Ca2+ antagonists 
tested remains to be established. The fact that the 
most potent Ca2+ antagonist-antiperoxidants ident- 
ified (bepridil, prenylamine, cinnarizine, and flu- 
narizine) have at least one non-substituted phenyl 
ring, whereas the other tested Ca2+ antagonists have 
(often extensively) substituted phenyl moieties, 
makes it tempting to speculate that the electronic 
configuration of the unsubstituted phenyl groups may 
somehow be involved, as in the radical interactions 
between phenylhydrazine and hemoglobin [49]. 
Recent synthetic efforts aimed at producing analogs 
of known Ca2+ antagonists [e.g. Ref. SO] may provide 
the means with which to address this point 
experimentally. 
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