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Abstract—It has been proposed that S-blockers and agents affecting Ca?* metabolism might exert
cardioprotective actions because of their ability to act as antioxidants in vivo. The feasibility of this
proposal was tested by examining the reaction of a series of such compounds with various oxygen-
derived species. None of the compounds tested was sufficiently reactive with superoxide radical,
hydrogen peroxide or hypochlorous acid for scavenging of these species to be feasible in vivo at the
drug concentrations present in patients given the usual therapeutic doses. All the drugs tested were
powerful scavengers of hydroxyl radical except for flunarizine, which stimulated iron ion-dependent
hydroxyl radical generation from hydrogen peroxide. However, none of the drugs significantly inhibited
production of hydroxy! radicals in this system. Propranolol, verapamil and flunarizine had significant
inhibitory effects on the peroxidation of rat liver microsomes in the presence of iron ions and ascorbic
acid. All three compounds exerted weaker inhibitory effects on peroxidation of arachidonic acid caused
by a mixture of myoglobin and H,0,: pindolol stimulated peroxidation in this system. It is concluded
that the ability of B-blockers and “Ca”*-blockers” to inhibit lipid peroxidation varies with the lipid
substrate used and the mechanism by which peroxidation is induced. We conclude that suggestions that
B-blockers and “Ca**-blockers” exert antioxidant effects in vivo are not well founded, although there
is a possibility that verapamil and propranolol might have some inhibitory effects against peroxidation
if they accumulate in membranes to a sufficiently-high concentration in vivo. We could not confirm the
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reported ability of propranolol to inhibit the enzyme xanthine oxidase.

Reperfusion of ischaemic myocardium is associated
with distinctive pathological and physiological
derangements which are collectively referred to as
“reoxygenation injury”. These derangementsinclude
arrhythmias, stunning and zones of infarction.
Generation of reactive oxygen species has been
suggested (with variable degrees of experimental
evidence) to be involved in all these processes [1-
5]. Thus it has been proposed that reoxygenation of
ischaemic myocardium leads to generation of O3
and H,0, within the tissue which can, in the presence
of transition metal ions, become converted into
highly-reactive hydroxyl radicals, -OH [1]. Potential
sources of transition metal ions to catalyse -OH
formation include the release of iron ions from
damaged cells [6] and the ability of excess H,O, to
degrade myoglobin and release iron ions from the
haem ring [7]. In addition, the initial reaction of
myoglobin with H,0O, leads to formation of a
powerful oxidant that can accelerate peroxidation of
membrane lipids [8, 9] and it has been suggested
that myoglobin-H,O; interactions are an important
component of reoxygenation injury [8]. The nature
of this powerful oxidant is not absolutely clear; it is
not -OH [9, 10] but may be a tyrosine peroxyl radical
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[11]. Another reactive oxygen species that can
damage the myocardium is hypochlorous acid
(HOCI) generated by the enzyme myeloperoxidase
from activated neutrophils infiltrating the reoxy-
genated tissue [4].

Calcium ions are often involved in the injury to
cells that can be produced by oxidative stress
[1, 12, 13] and calcium may also play a direct role in
reoxygenation injury (reviewed in {4, 14]). Thus
“calcium blockers” such as verapamil, nifedipine
and diltiazem may improve myocardial function after
reoxygenation [14]. However, pharmacological
agents rarely exert biological effects by a single
mechanism of action and it has been suggested that
several agents acting to alter Ca?* metabolism could
themselves have antioxidant properties [15-18]. In
addition propranolol, a B-blocker widely used in the
management of cardiovascular disorders, has been
reported to be an inhibitor of lipid peroxidation [19]
and to decrease xanthine oxidase activity [20].
Xanthine oxidase is an enzyme that may be important
in producing free radicals in ischaemic/reperfused
heart [1]. Some other B-blockers have also been
claimed to inhibit lipid peroxidation [21]. Such
observations are also relevant to atherosclerosis,
since both free radical reactions (reviewed in Ref.
22) and Ca?* [23] are involved in development of
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Fig. 1. Chemical structures of the drugs used in this study.

the atherosclerotic lesion. Indeed nifedipine has
been reported to have antiatherogenic effects both
in animals [23, 24] and in humans [24, 25].

However, a huge number of compounds has been
suggested to act as antioxidants in vivo, and many
of these suggestions are not feasible in vivo [26]. In
evaluating the likelihood that a compound acts as
an antioxidant, it is essential to know whether the
rate at which it reacts with biologically-important
reactive oxygen species would allow it to compete
with biological molecules for such species in vivo
(discussed in Ref. 26). In addition, some antioxidants
which inhibit free radical damage to lipids have pro-
oxidant effects in other systems [26-28].

In the present paper, we have used established
methods (reviewed in Ref. 26) to study the reactions
of B-blockers (propranolol, atenolol, metoprolol,

and pindolol) and of calcium antagonists (diltiazem,
verapamil, flunarizine, nicardipine, and nifedipine)
with these reactive oxygen species (O;, H,0,,
HOCI and -OH) that are known to be formed in the
reoxygenated myocardium [1-4]. In addition, the
effects of these compounds on -OH generation from
H,0, in the presence of iron ions and upon lipid
peroxidation stimulated by iron ions or by the
myoglobin/H,0; system [8-10] have been examined.
The results obtained allow us to evaluate the
likelihood of the proposals [15, 16, 18-20] that these
compounds are capable of exerting antioxidant
effects in vivo. Figure 1 shows the structures of the
drugs we have tested.

MATERIALS AND METHODS

Hypochlorous acid and pig pancreatic elastase
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Table 1. Action of drugs on the ability of HOCI to inactivate the elastase-inhibitory
capacity of @,-antiproteinase

Elastase activity
in final reaction
(Aqo/sec x 107%)

Addition to first
reaction mixture

Activity of a,-AP
in inhibiting
(100 — % of elastase
activity detected)

Buffer, elastase

Buffer, o;AP elastase

Buffer, o AP, HOCI
+metoprolol (2 mM)
+diltiazem (2 mM)
+propranolol (2 mM)
+atenolol (2 mM)
+pindolot (2 mM)

+pindolol (0.50 mM)
+pindolol (1.0 mM)
+pindolol (1.5 mM)

5.76 —
0 100
4.45 23
4.66 19
3.44 40
4.43 23
4.76 17
0.83 86
3.80 34
2.24 61
1.67 71

a,-Antiproteinase (0.25 mg/mL), HOC!I (210 uM) and drug (2 mM unless otherwise
stated) were incubated in a final volume of 1.0 mL in phosphate-buffered saline at pH
7.4 (full details in [29]) for 20 min at 25° to allow HOCI to inactivate &;-AP. Then 2 mL
of buffer and 0.05 mL of pig pancreatic elastase solution [29] were added, followed by
incubation at 25° for a further 20 min to allow any active a;AP remaining to inhibit
elastase (any HOCI remaining is diluted to a point at which it cannot affect elastase
itself). The uninhibited elastase is then measured by adding elastase substrate, which is
hydrolysed with a rise in A,,. Concentrations of drug quoted were those present in the
first (1.0 mL) reaction mixture. Drugs were mixed with o AP and buffer immediately

before adding HOCL.

were from BDH Chemicals Ltd (Poole, U.K.).
Drugs and other reagents, including myoglobin
(horse-heart), xanthine oxidase (EDTA-free),
superoxide dismutase (bovine erythrocyte enzyme)
and o -antiproteinase (type A9024) were from the
Sigma Chemical Co. (St Louis, MO, U.S.A.).
Assays. Elastase and a-antiproteinase were
assayed essentially as described in Ref. 29: full
details are given in the legend to Table 1.
Hypochlorous acid was produced just before required
by adjusting NaOCl to pH 6.2 with dilute H,SO,.
Generation of O; by the hypoxanthine-xanthine
oxidase system was carried out essentially as
described in [30]. Reaction of drugs with H,O, was
measured by a peroxidase-based assay system {30].
Rat liver microsomes were prepared by differential
pelleting and their peroxidation in the presence of
100 uM FeCl; and 100 uM ascorbate was measured
by the thiobarbituric acid (TBA) test in the presence
of 0.02% (w/v) butylated hydroxytoluene (BHT) in
the TBA reagents to suppress peroxidation during
the assay itself [31]. Peroxidation of arachidonic acid
by the myoglobin/H,0, system was studied in
reaction mixtures containing the following reagents
at the final concentrations stated: KH,PO,~KOH
buffer, pH 7.4 (25 mM), arachidonic acid (0.4 mM),
myoglobin (50 uM), H,0, (0.5mM) and diethy-
lenetriaminepenta-acetic acid (100 uM) to bind any
metal ions released [32]. Tubes were incubated at
37° for 10 min and peroxidation was measured by
the TBA test as described above. Hydroxyl radical
formation was measured in the presence of ascorbate,
H,0, and FeCl; (+EDTA) by the deoxyribose
method, as described in Ref. 33. The bleomycin
assay was conducted essentially as described in Ref.

27. Xanthine oxidase activity was measured either
spectrophotometrically, by monitoring conversion
of xanthine to uric acid {20], e.g. by mixing xanthine
oxidase (0.03 units/mL) with variable xanthine
concentrations (up to 25uM) at each of three
different propranolol concentrations 0, 100 and
250 uM in 50 mM KH,PO,~KOH buffer pH 7.4
containing 10 uM EDTA, or by measuring oxygen
uptake in similar reaction mixtures using a Hansatech
O, electrode (Hansatech Ltd, Kings Lynn, Norfolk,
U.K.). For the latter, rates were usually around
0.04 umol O, consumed per min. The assay system
contained, in a final volume of 1.0 mL, 0.4 units of
xanthine oxidase, 4 mM hypoxanthine and drug at
the final concentration stated using phosphate saline
buffer pH 7.4 (140 mM NaCl, 2.7 mM KCl, 16 mM
Na,HPO,,2.9 mM KH,PO,). Enzyme wasincubated
with drug for 3 min before adding hypoxanthine to
start the reaction.

RESULTS

Action of drugs on systems generating hydroxyl
radicals

A mixture of FeCl;-EDTA, H,0, and ascorbic
acid at pH 7.4 generates -OH radicals, which can be
detected by their ability to degrade the sugar
deoxyribose into fragments that, on heating with
thiobarbituric acid at low pH, generate a pink
chromogen [33].

Fe3*-EDTA + ascorbate —
Fe?*-EDTA + oxidized ascorbate (1)

Fe?*-EDTA + H,0,—

Fe**-EDTA + -OH + OH"~. (2)
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Table 2. Scavenging of hydroxyl radical, and inhibition of iron ion-dependent hydroxyl
radical generation, by flunarizine, DL-propranolol, verapamil, diltiazem, atenolol and
metoprolol

Rate constant Inhibition of

Concentration for reaction site-specific

tested with -OH -OH generation
Compound (mM) M~ !sec™) (%)
Verapamil 0.25-1.50 1.4 x 10" —
0.25 — 10
0.50 — 15
1.00 — 22
1.50 — 26
Flunarizine 0.25-1.50 Pro-oxidant action —
0.25 — +13
0.50 — +14
1.00 — +22
1.50 — +29
Propranolol 0.25-1.50 1.9 x 1010 —
0.25 — 18
0.50 — 25
1.00 — 32
1.50 — 46
Diltiazem 0.4-5.0 8.3 x 10° —
0.42 — 13
0.83 — 19
1.67 — 22
Atenolol 0.4-5.0 2.7 x 10'° —
0.42 — 17
0.83 — 32
1.67 — 59
3.33 — 62
Metoprolol 0.4-4.0 1.4 x 101 —
0.42 — 9
0.83 — 21
1.67 — 26

Reaction mixtures contained in a final volume of 1.2 mL, the following reagents at the
final concentrations stated: 10 mM KH,PO,~KOH buffer pH 7.4, 2.8 mM H,0,, 2.8 mM
deoxyribose, 20 uM FeCl; (pre-mixed with 100 uM EDTA before addition to the reaction
mixture unless otherwise stated). 0.1 mM ascorbate was added to start the reaction and
tubes were incubated at 37° for 1 hr. Products of ‘OH attack upon deoxyribose were
measured as in [33]. Drugs were added to the reaction mixtures to give the final
concentrations stated. Drugs were dissolved in water containing minimum NaOH to
ensure solubilization where necessary. Control experiments showed that this practice did
not interfere with the outcome of the assay. The pH of each drug solution was adjusted
to close to 7.4 before addition to the reaction mixture. Drugs soluble only in organic
solvents cannot be tested in the deoxyribose assay. For studies of site-specific ‘OH
generation, no EDTA was added to the reaction mixture (see the text). Results are
representative of three experiments, results from different experiments varied by no more
than 10%.

Provided that an excess of EDTA is used, any
*OH generated by reaction (2) that escapes direct
scavenging by EDTA enters “free solution” and is
equally accessible to deoxyribose and to any other
scavenger of -OH added [33]. Thus the ability of a
substance to inhibit (competitively) deoxyribose
degradation under these reaction conditions is a
measure of its ability to scavenge -OH and can be
used to calculate a rate constant for reaction of -OH
with the scavenger [33, 34].

All the drugs tested except flunarizine com-
petitively inhibited deoxyribose degradation, sug-
gesting that they are powerful scavengers of -OH,
reacting with it at diffusion controlled rates (second

order rate constants >10° M~ ! sec™!). Table 2 shows
a representative set of experimental results.
Flunarizine actually accelerated deoxyribose damage
in the reaction mixtures. Control experiments
showed that none of the compounds affected the
measurement of deoxyribose degradation (they had
no effect when added with the TBA reagents), nor
did they react with -OH to give TBA-reactive
material (omission of deoxyribose from the reaction
mixtures completely abolished chromogen forma-
tion). Only the drugs that could be dissolved in
aqueous solution or in dilute alkali solution to give
sufficient concentrations could be tested in this assay
system, since organic solvents are themselves
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powerful scavengers of -OH [35]. For this reason,
pindolol, nicardipine and nifedipine were not tested
in the deoxyribose assay.

When iron ions are added to the reaction mixture
as FeCl; (not complexed to EDTA), some of the
ions form a complex with deoxyribose [36]. This
complex can be reduced by ascorbate to give Fe?*,
which can remain attached to deoxyribose [37] and
can subsequently react with H,O,. This reaction
appears to produce -OH [26,34,36,37] which
immediately attacks the deoxyribose in a site-specific
manner. The resulting deoxyribose degradation is
not inhibited by -OH scavengers at moderate
concentrations [26]. The only molecules that can
inhibit deoxyribose degradation are those that have
iron ion-binding capacity and can withdraw the iron
ions from the deoxyribose and render them inactive
or poorly active in Fenton reactions [34]. Hence the
ability of a substance to inhibit deoxyribose
degradation at pH 7.4 in reaction mixtures containing
FeCl;, H,0, and ascorbate (in the absence of EDTA)
seems to be a measure of the ability of that substance
to diminish iron ion-dependent -OH generation by
binding the necessary iron ions [26, 34].

None of the compounds tested (at low concen-
trations) showed any marked ability to inhibit -OH
generation by the FeCl3/H,0,/ascorbic acid system.
(Table 2, last column). At high concentrations
(>1mM) propranolol and atenolol had some
inhibitory action. Flunarizine again stimulated the
deoxyribose damage.

Do the drugs scavenge superoxide or hydrogen
peroxide?

A mixture of hypoxanthine and xanthine oxidase
at pH 7.4 generates Oz, which can be detected by
its ability to reduce ferricytochrome c to ferro-
cytochrome ¢, [38]. Any added compound that is
itself able to react with O3 should decrease the rate
of reduction of cytochrome ¢. None of the drugs
listed in Table 2, tested at concentrations up
to 5mM (which did not themselves reduce
ferricytochrome ¢ directly under our reaction
conditions) had any significant inhibitory effect on
the rate of reduction of 100 uM ferricytochrome c,
whereas superoxide dismutase inhibited its reduction
by >90%. Drugs soluble only in organic solvents
(nicardipine, pindolol and nifedipine} were not
tested here. At pH 7.4, cytochrome c¢ reacts with
O7 with a rate constant of about 2.6 X 10°M~!sec™!
[39]. The inability of any of the drugs to inhibit
cytochrome ¢ reduction at concentrations 50 times
greater than those of cytochrome c¢ suggests that
their reactions with O7, if any, groceed with rate
constants no greater than about 10° M~ !sec™!. None
of the drugs, tested at concentrations up to 250 uM,
affected the activity of xanthine oxidase itself, as
measured by the uptake of O, using an oxygen
electrode (data not shown). This result contradicts
a previous report in the literature [20] that
propranolol is a xanthine oxidase inhibitor, in which
an assay based on spectrophotometric measurement
of uric acid formation was employed. The effect of
propranolol on xanthine oxidase was also tested by
this assay method [20]. Figure 2 shows that
propranolol was not inhibitory up to a concentration
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Fig. 2, Lineweaver—-Burk plot for the steady state analysis

of xanthine oxidase inhibition by propranolol: xanthine

oxidase activity was determined spectrophotometrically as

described in the Materials and Methods section. Propranolol

was used at the final concentration shown. QuM (H);
100 uM (@); 250 uM (A).

of 250uM. Use of higher concentrations was
precluded by the high A, of the drug which resulted
in high signal: noise ratios and serious errors in
spectrophotometric readings.

Similarly, none of the drugs, tested at con-
centrations up to 5 mM, showed any reactivity with
H,0; as tested by incubating them with 10 mM
H,0; and then measuring residual H,0, by a
peroxidase-based method [30].

Do the drugs scavenge hypochlorous acid?

One of the most important targets attacked by
HOCI in vive is oj-antiproteinase, the major
inhibitor in human body fluids of serine proteinases
such as elastase [40]. a-Antiproteinase is rapidly
inactivated by HOCI, losing its ability to inhibit
elastase [40]. Although many drugs have been shown
to react with HOCI in vitro, few do so sufficiently
rapidly to protect oj-antiproteinase against inac-
tivation. A good test of whether a compound might
be capable of scavenging HOCI at a biologically-
significant rate is, therefore, to examine its ability,
over the concentration range present in vivo, to
protect wj-antiproteinase against inactivation by
HOCI {26, 41, 42].

Table 1 shows that oj-antiproteinase inhibited
elastase: a concentration just sufficient to inhibit
completely was used. Treatment of the ay-anti-
proteinase with 210 uM HOCI almost completely
abolished its elastase-inhibitory capacity (Table 1,
third line). Inclusion of most drugs in the reaction
mixture at a final concentration of up to 2 mM failed
to protect the aj-antiproteinase significantly. The
exception was pindolol, which protected when it was
added at lower concentrations, although 0.5 mM was
needed to give a significant inhibition. Control
experiments showed that pindolol did not inhibit
elastase directly, nor did it interfere with the ability
of aj-antiproteinase to inhibit elastase.
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Table 3. Action of drugs on Fe'/ascorbate stimulated peroxidation in rat liver

microsomes
Final Extent of % Inhibition
reaction mixture peroxidation of
Drug added (mM) (Assz) peroxidation
None — 1.600 0
Propranolol 0.10 1.070 33
0.15 0.782 s1
0.20 0.656 59
0.40 0.346 78
0.50 0.248 84
0.60 0.202 87
1.00 0.108 93
2.00 0.050 97
Verapamil 0.10 0.948 41
0.15 0.732 54
0.20 0.528 67
0.40 0.179 89
0.50 0.099 94
0.60 0.075 95
1.00 0.039 98
Diltiazem 0.50 1.140 29
1.00 0.940 41
2.00 0.830 48
Pindolol 0.50 1.150 28
1.00 0.630 61
2.00 0.114 93
Nifedipine 0.50 1.280 20
1.00 0.980 39
2.00 0.240 85
Flunarizine 0.10 0.765 52
0.20 0.410 74
0.25 0.204 87
0.30 0.151 91
0.50 0.107 93
1.00 0.090 94

Reaction mixtures contained, in a final volume of 1 mL, 0.57 mg of microsomal
protein, 100 uM FeCl,, 100 uM ascorbate, drug at the final concentration stated and
10 mM KH,PO,~KOH buffer pH 7.4. Reaction mixtures were incubated at 37° for
20 min before performing the TBA test. Results are those of a representative
experiment, but the order of inhibitory capacity of different drugs was identical in four

experiments.

Inhibition of lipid peroxidation by drugs

The rat liver microsomal system [43] is a well-
established system for testing antioxidant activity.
Several drugs were tested for their ability to inhibit
microsomal lipid peroxidation in the presence of
FeCl, and ascorbic acid. Propranolol, verapamil and
flunarizine were especially inhibitory. Diltiazem,
nifedipine and pindolol were inhibitory only at high
concentrations (Table 3). None of the drugs tested
interfered with the thiobarbituric acid (TBA) test
used to measure peroxidation, since none of them
inhibited the colour formation if they were added at
the end of the incubation with the TBA reagents
instead of being included in the reaction mixtures.

For comparison, the ability of the drugs to inhibit
peroxidation induced by the myoglobin/H,0, system
was examined, Table 4 shows a representative set
of results. Significant inhibitions were produced by
diltiazem, propranolol, verapamil, flunarizine and
nifedipine at final concentrations of 1 mM in the
reaction mixtures, but atenolol or metoprolol showed

slight stimulation. Pindolol appeared to stimulate
peroxidation significantly. Table 5 shows the
concentration-dependence of some of these effects.
None of the drugs caused any peroxidation them-
selves if either myoglobin or H,O, were omitted
from the reaction mixtures.

DISCUSSION

It has been proposed that agents affecting Ca®*
metabolism, and B-blockers, might additionally have
antioxidant properties [15-17, 19, 44]. In the present
paper, we have investigated this proposal by
examining the ability of several such drugs to react
with different oxygen-derived species. All drugs
except flunarizine were powerful scavengers of the
highly-reactive hydroxyl radical, -OH. However,
even in vitro, drug concentrations of >250 uM were
needed to significantly scavenge OH. Most biologi-
cal molecules react with -OH with equally-high rate
constants, and so it is very unlikely that drug
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Table 4. Action of drugs on myoglobin-dependent
peroxidation of arachidonic acid in the presence of H,0,

Amount of Inhibition of
peroxidation peroxidation
Compound added (Assa) (%)
None 0.208 0
Metoprolol 0.235 14*
Diltiazem 0.138 34
Propranolol 0.124 40
Verapamil 0.079 62
Atenolol 0.216 4
Pindolol 0.315 51*
Nicardipine 0.141 32
Flunarizine 0.120 42
Nifedipine 0.113 46

* Stimulation of peroxidation.

Peroxidation was measured by the TBA test as described
in the Materials and Methods section. Drugs were added
to give a final concentration of 1mM in the reaction
mixtures. A representative experiment is shown, but the
order of inhibitory action of the drugs (and the stimulation
by pindolol) were reproducible in three experiments.

concentrations are ever high enough in vivo for
scavenging of ‘OH to be a protective mechanism
[26]. In patients administered these drugs, con-
centrations in body fluids are rarely greater than the
micromolar range (e.g. 10 mg flunarizine once daily

gives peak plasma concentrations of 115 ug/dm3, or
0.28 uM [45]). None of the drugs tested was
significantly effective at interfering with iron ion-
dependent -OH generation in vitro except for
atenolol and propranolol, again at unphysiologically-
high (millimolar) concentrations. The reason for the
observedstimulation of -OH generation by flunarizine
is unknown and further work is underway to examine
this.

Similarly none of the drugs tested could react with
0O; or H,0, at detectable rates. Our studies with
xanthine oxidase did not confirm the reported ability
of propranolol to inhibit this enzyme [20]. No
inhibition was detected in our experiments when the
enzyme was assayed in three different ways: uptake
of oxygen, O; -dependent reduction of cytochrome
¢, or conversion of xanthine to uric acid, although
the established xanthine oxidase-inhibitor allo-
purinol was found to inhibit the enzyme completely
in all these assays. None of the drugs (at
concentrations below the millimolar range) appeared
capable of offering significant protection to «;-
antiproteinase against inactivation by HOCI. The
drug simply might not react sufficiently rapidly with
HOCIto protect the a;-antiproteinase. Alternatively,
or additionally, the drugs might react with HOCI to
form a product that also inactivates a;-AP [26, 46].
Verapamil and propranolol had weak inhibitory
effects (Table 5) against fatty acid peroxidation
stimulated by the myoglobin/H,0, system (which is
thought to be relevant to the myocardium) whereas

Table S. Action of verapamil, propranolol and pindolol on myoglobin-dependent
peroxidation: concentration dependence

Amount of Inhibition of
Concentration peroxidation peroxidation
Drug (mM) (As3) (%)
Verapamil 0 0.267 —
0.10 0.230 14
0.15 0.218 18
0.20 0.204 24
0.40 0.177 34
0.60 0.133 50
1.00 0.107 60
2.00 0.064 76
Propranolol 0 0.270 —
0.10 0.240 10
0.20 0.239 10
0.40 0.222 17
0.50 0.201 25
0.60 0.179 33
1.00 0.154 42
Pindolol 0 0.177 —
0.10 0.296 67*
0.15 0.331 87*
0.20 0.360 103*
0.40 0.396 124*
0.60 0.378 114*
0.80 0.335 89*
1.00 0.301 70*

* Stimulation of peroxidation.

Drugs were added to give the final concentrations in the reaction mixtures.
Reaction conditions are as described in the legend to Table 4. Results of a
representative experiment are shown, but were reproducible in three experiments.
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pindolol reproducibly stimulated this peroxidation.
By contrast, pindolol inhibited peroxidation of rat
liver microsomes induced by FeCl; and ascorbic
acid, as did propranolol, verapamil and flunarizine.

These inhibitory effects were evident at con-
centrations in the 100-200 uM range, which again
seems high. However, it has been argued that the
lipid solubility of these compounds means that they
might accumulate within membranes in vivo and
offer some degree of antioxidant protection [18, 47—
49]. Nifedipine, propranolol and verapamil have
already been shown to protect sarcolemmal mem-
branes [21] or canine myocytes [44] against
peroxidation induced by an iron-ion/dihydroxy-
fumarate system, which produces a complex mixture
of oxygen-derived species including O; , H,0, and
‘OH [50]. Dihydroxyfumarate oxidation is an
extremely complex process [50] and the possibility
that drugs affect free radical generation by
dihydroxyfumarate as well as, or instead of, actually
protecting the lipid target against free radical damage
must not be ignored. Flunarizine, but not nifedipine,
inhibited peroxidation of liposomes (made from rat
myocardial lipids) induced by a hypoxanthine/
xanthine oxidase/Fe3*~ADP system [16]. It is clear
from the published literature [16, 18, 19,21, 44, 51]
and from data in the present paper (compare Table
3 and Tables 4 and 5) that the relative inhibitory
efficiencies of the drugs appear to depend on the
lipid system examined and on how the peroxidation
is induced.

Our results show that any in vivo antioxidant
effects of the drugs tested are likely to be exerted
only against lipid peroxidation, and then only if the
drugs accumulate in membranes to a sufficiently-
high concentration. The apparent pro-oxidant effects
of flunarizine in the -OH system (Table 2) and of
pindolol in the myoglobin system (Table 5) are a
further illustration of the complexity of the biological
effects of alleged antioxidants [26].

Acknowledgements—We are grateful to the British Heart
Foundation, the Arthritis and Rheumatism Council and
the Medical Research Council for research support. C.S.
also thanks the SERC for a research studentship.

REFERENCES

1. McCord JM, Oxygen-derived free radicals in post-
ischemic tissue injury. N Engl J Med 312: 159-163,
1985.

2. Downey IM, Free radicals and their involvement during
long-term myocardial ischemia and reperfusion. Annu
Rev Physiol 52: 487-504, 1990.

3. Bolli R, Oxygen-derived free radicals and post ischemic
myocardial dysfunction (“stunned myocardium™). J
Am Coll Cardiol 12: 239-249, 1988.

4. Simpson PJ and Lucchesi BR, Free radicals and
myocardial ischemia and reperfusion. J Lab Clin Med
110: 13-30, 1987.

5. Hearse DJ, Kusama Y and Bernier M, Rapid
electrophysiological changes leading to arrhythmias in
the aerobic rat heart: photosensitization studies with
rose bengal derived reactive oxygen intermediates.
Circ Res 65: 146-153, 1989.

6. Halliwell B, Superoxide, iron, vascular endothelium
and reperfusion injury. Free Radical Res Commun §:
315-318, 1989.

7. Puppo A and Halliwell B, Formation of hydroxyl
radicals in biological systems. Does myoglobin stimulate
hydroxyl radical formation from hydrogen peroxide?
Free Radical Res Commun 4: 415-422, 1988.

8. Galaris D, Mira D, Sevanian A, Cadenas E and
Hochstein P, Co-oxidation of salicylate and cholesterol
during the oxidation of metmyoglobin by H,0,. Arch
Biochem Biophys 262: 221-231, 1988.

9. Kanner J and Harel S, Initiation of membranal
lipid peroxidation by activated metmyoglobin and
methemoglobin. Arch Biochem Biophys 237: 314-321,
1985.

10. Puppo A, Cecchini R, Aruoma OI, Bolli R and
Halliwell B, Scavenging of hypochlorous acid and of
myoglobin-derived oxidants by the cardioprotective
agent mercaptopropionylglycine. Free Radical Res
Commun 10; 371-381, 1990.

11. Davies MJ, Detection of myoglobin-derived radical on
reaction of metmyoglobin with hydrogen peroxide and
other peroxidic compounds. Free Radical Res Commun
10: 361-370, 1990.

12. Cantoni O, Sestili P, Cattabeni F, Bellomo G, Pou S,
Cohen M and Cerutti P, Calcium chelator quin 2
prevents hydogen-peroxide-induced DNA breakage
and cytotoxicity. Eur J Biochem 182: 209-212, 1989.

13. Dypbukt JM, Thor H and Nicotera P, Intraceiluiar
Ca’* chelators prevent DNA damage and protect
hepatoma 1C1C7 cells from quinone-induced cell
killing. Free Radical Res Commun 8: 347-354, 1990.

14. Bolli R, Mechanism of myocardial “stunning”.
Circulation 82: 723-738, 1990.

15. Janero DR, Burghardt B and Lopez R, Protection of
cardiac membrane phospholipid against oxidative
injury by calcium antagonists. Biochem Pharmacol 37:
4197-4203, 1988.

16. Janero DR and Burghardt B, Antiperoxidant effects
of dihydropyridine calcium antagonists. Biochem
Pharmacol 38: 4344-4348, 1989,

17. Constantin M, Bromont C, Fickat R and Massingham
R, Studies on the activity of bepridil as a scavenger of
free radicals. Biochem Pharmacol 40; 1615-1622, 1990.

18. Weglicki WB, Mak IT and Simic MG, Mechanisms of
cardiovascular drugs as antioxidants. J Mol Cell Cardiol
22: 1199-1208, 1990.

19. Mak IT, Arroyo CM and Weglicki WB, Inhibition of
sarcolemmal carbon-centred free radical formation by
propranolol. Circ Res 65: 1151-1156, 1989.

20. Janero DR, Lopez R, Pittman J and Burghardt B,
Propranolol as xanthine oxidase inhibitor: implications
for antioxidant activity. Life Sci 44: 15791588, 1989.

21. Mak IT and Weglicki WB, Protection by S-blocking
agents against free radical-mediated sarcolemmal lipid
peroxidation. Circ Res 63: 262-266, 1988.

22. Halliwell B, Free radicals, reactive oxygen species and
human disease: a critical evaluation with special
reference to atherosclerosis. Br J Exp Path 70: 737-
757, 1989.

23. Jackson CL, Bush RC and Bowyer DE. Mechanism
of antiatherogenic action of calcium antagonists.
Atherosclerosis 80: 17-26, 1989.

24. INTACT group. Retardation of angiographic pro-
gression of coronary artery disease by nifedipine.
Lancer 335: 1109-1114, 1990.

25. Kloner RA and Przyklenk K, Progress in cardio-
protection: the role of calcium antagonists. Am J
Cardiol 66: 2H-9H, 1990.

26. Halliwell B, How to characterize a biological
antioxidant. Free Radical Res Commun 9: 1-32, 1990.

27. Aruoma OI, Evans PJ, Kaur H, Sutcliffe L and
Halliwell B, An evaluation of the antioxidant and
potential pro-oxidant properties of food additives and
of Trolox C, vitamin E and probucol. Free Radical Res
Commun 10: 143-157, 1990.



29.

30.

31

32.

33.

34,

3s.

36.

37.

38.

Are calcium antagonists and S-blockers antioxidants?

. Laughton MI, Halliwell B, Evans PJ and Hoult JRS,

Antioxidant and pro-oxidant actions of the plant
phenolics quercetin, gossypol and myricetin. Biochem
Pharmacol 38: 2859-2865, 1989,

Wasil M, Halliwell B, Hutchison DCS and Baum H,
The antioxidant action of extracellular fluids. Effect of
human serum and its protein components on the
inactivation of a;-antiproteinase by hypochlorous acid
and by hydrogen peroxide. Biochem J 243: 219-223,
1987.

Aruoma OI, Halliwell B, Hoey BM and Butler J, The
antioxidant action of N-acetylcysteine: its reaction with
hydrogen peroxide, hydroxyl radical, superoxide and
hypochlorous acid. Free Rad Biol Med 6: 593-597,
1989.

Cecchini R, Aruoma Ol and Halliwell B, The action
of hydrogen peroxide on the formation of thiobarbituric
acid-reactive material from microsomes, liposomes or
from DNA damaged by bleomycin or phenanthroline.
Artefacts in the thiobarbituric acid test. Free Radical
Res Commun 10: 245-258, 1990.

Aruoma OI, Akanmu D, Cecchini R and Halliwell B.
Evaluation of the ability of the angiotensin-converting
enzyme inhibitor captopril to scavenge reactive oxygen
species. Chem Biol Interact 77: 303-314, 1991.
Halliwell B, Gutteridge JMC and Aruoma OI, The
deoxyribose method: a simple “test-tube” assay for
determination of rate constants for reactions of hydroxyl
radicals. Anal Biochem 165: 215-219, 1987.
Gutteridge JMC, Reactivity of hydroxyl and hydroxyl-
like radical discriminated by release of thiobarbituric-
acid-reactive material from deoxyribose, nucleosides
and benzoate. Biochem J 224: 761-767, 1984.
Halliwell B and Gutteridge JMC, Free Radicals in
Biology and Medicine 2nd Edn. Clarendon Press,
Oxford, 1989.

Aruoma OI, Grootveld M and Halliwell B, The
role of iron in ascorbate-dependent deoxyribose
degradation. Evidence consistent with a site-specific
hydroxyl radical generation caused by iron ions bound
to the deoxyribose molecule. J Inorg Biochem 29: 289~
299, 1987.

Aruoma OI, Chaudhary S, Grootveld M and Halliwell
B, Binding of iron (II) ions to the pentose sugar 2-
deoxyribose. J Inorg Biochem 35: 149-155, 1989.
McCord JM and Fridovich I, Superoxide dismutase.
Anenzymic function forerythrocuprein (hemocuprein).
J Biol Chem 244: 6049-6055, 1969.

39.

40,

41.

42.

43,

45.

46.
47.

48.

49,

50.

S1.

743

Butler J, Koppenol WH and Margoliash E, Kinetics
and mechanism of the reduction of cytochrome ¢ by
superoxide anion. J Biol Chem 257: 10749-10752, 1982.
Clark RA, Stone PJ, Hag AE, Calore JD and Franzblau
C, Myeloperoxidase-catalyzed inactivation of a;-
protease inhibitor by human neutrophils. J Biol Chem
286: 3348-3353, 1981.

Wasil M, Halliwell B, Moorhouse CP, Hutchison DCS
and Baum H, Biologically-significant scavenging of the
myeloperoxidase-derived oxidant hypochlorous acid by
some anti-inflammatory drugs. Biochem Pharmacol 36:
3847-3850, 1987.

Aruoma OI, Wasil M, Halliwell B, Hoey BM and
Butler J, The scavenging of oxidants by sulphasalazine
and its metabolites. A possible contribution to their
anti-inflammatory effects? Biochem Pharmacol 36:
3739-3742, 1987.

Wills ED, Lipid peroxide formation of microsomes.
The role of non-haem iron. Biochem J 113: 325-332,
1969.

. Mak IT, Kramer JH, Freeman AM, Tse SYH and

Weglicki WB, Oxygen radical-mediated injury of
myocytes-protection by propranolol. J Mol Cell Cardiol
22: 687-695, 1990.

Todd PA and Benfield P, Flunarizine. A reappraisal
of its pharmacological properties and therapeutic use
in neurological disorders. Drugs 38: 481489, 1989.
Weiss SJ, Tissue destruction by neutrophils. N Engl J
Med 320: 365-376, 1989.

Pang DC and Sperelakis N, Nifedipine, diltiazem,
bepridil and verapamil uptakes into cardiac and smooth
muscles. Eur J Pharmacol 87: 199-207, 1983.

Chester DW, Herbette LG, Mason RP, Joslyn
AF, Triggle DJ and Koppel DE, Diffusion of
dihydropyridine calcium channel antagonists in cardiac
sarcolemmal lipid multibilayers. Biophys J 52: 1021-
1030, 1987.

Pang DC and Sperelakis N, Uptake of calcium
antagonistic drugs into muscles as related to their lipid
solubilities. Biochem Pharmacol 33: 821-826, 1984.
Halliwell B, Generation of hydrogen peroxide,
superoxide and hydroxyl radicals during the oxidation
of dihydroxyfumaric acid by peroxidase. Biochem J
163: 441-448, 1977.

Ver Donck L, Van Raempts J, Vandeplasche G and
Bogers EM, A new method to study activated
oxygen species-induced damage in cardiomyocytes and
protection by Ca’*-antagonists. J Mol Cell Cardiol 20:
811-823, 1988.



