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dation under those conditions indicating that an interaction
between acetaminophen and ascorbic acid [8] was not
necessary for the acetaminophen effect.

Oxygen consumption is an early event in lipid peroxi-
dation preceded only by free radical formation. TBA-
reactive substance formation is a late event. If an antiox-
idant inhibits TBA-reactive substance formation to a
greater extent than O, consumption, it is probably acting
in the mid-portion of the lipid peroxidation process, per-
haps interfering with peroxide breakdown. If both are
inhibited to the same extent, the antioxidant is acting early,
probably scavenging free radicals. Oxygen electrode
experiments shown in Fig. 2B demonstrate that the stoi-
chiometric relationship between TBA-reactive substance
production and O, consumption was not changed by acet-
aminophen. This suggests that acetaminophen scavenges
free radicals in the system before they can react with O,.

Several pathways are active in the metabolism of acet-
aminophen, but a minor one which is dependent on cyto-
chrome P-450 is responsible for the hepatotoxicity of the
drug [1]. Recent studies have suggested that N-acetylimi-
doquinone may be the toxic intermediate of the drug [8]
and that enzyme systems other than cytochrome P-450 can
produce it [8, 9]. The present findings raise the possibility
that acetaminophen can be metabolized non-enzymatically,
i.e. by lipid peroxidation. Evaluation of this will require
further study.

While acetaminophen is an antioxidant under the con-
ditions used in these experiments, it can cause lipid per-
oxidation as well. Fasted mice given high doses of acet-
aminophen exhale large amounts of ethane, indicating that
lipid peroxidation is occurring in vivo [10]. This observation
would suggest that the chemical antioxidant effect of acet-
aminophen may have been overcome by metabolic alter-
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Short communications

ations caused by the compound. Thus, because of its com-
plex metabolic effects, acetaminophen is not a reliable in
vivo antioxidant. However, consideration of its antioxidant
properties would appear to be essential in interpreting the
effects of acetaminophen in biological systems.

In summary, acetaminophen, added in subtoxic doses,
protected isolated vitamin E-deficient hepatocytes against
spontaneous lipid peroxidation and loss of viability. The
compound can also inhibit non-enzymatic microsomal lipid
peroxidation, indicating that its effect in the cells is due to
intrinsic antioxidant properties.
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Actions of certain calcium channel blockers and calmodulin antagonists on
inorganic phosphate-induced swelling and inhibition of oxidative phosphorylation
of heart mitochondria

(Received 22 October 1982; accepted 25 March 1983)

Diltiazem, nifedipine and verapamil, members of the class
of drugs known as calcium antagonists or calcium channel
blockers [1,2], were shown previously to mitigate the
impairment of mitochondria in the isochemic myocardium
[3-5]. Diltiazem and verapamil were also found to prevent
inorganic phosphate-induced swelling of heart mitochon-
dria in vitro [6]. Recently it was reported that calcium
channel blockers bind to purified calmodulin {7, 8]. This
observation raised the possibility that the effect of these
drugs on mitochondria may be due to the inhibition of a
calmodulin-mediated reaction.

This study was carried out to determine whether the
effectiveness of calcium channel blocking drugs in pre-

venting inorganic phosphate-induced swelling and inhibi-
tion of oxidative phosphorylation follows the rank and
order of effectiveness in which they were found to bind to
purified calmodulin [7, 8]. The effects of trifluoperazine
and R 24 571, two well-known inhibitors of calmodulin
mediated reactions {9-11], were also investigated to deter-
mine the possible involvement of calmodulin in P-induced
swelling of mitochondria.

Methods

Mitochondria from rabbit heart [6] and rat liver [12]
were isolated as described previously. The initial hom-
ogenization medium for rat liver. unlike the reported pro-
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cedure [12], contained 1 mM EGTA*, butin the subsequent
steps it was omitted from the medium. The protein con-
centration of the final mitochondrial suspension (30—
40 mg/ml) was determined by the method of Lowry et al.
[13]. Oxygen consumption by mitochondria was measured
as described previously [6]. The rates of state 3 and state
4 respiration, ADP/0 ratios, and respiratory control index
(RCI) were calculated according to Estabrook [14]. The
oxidative phosphorylation rate (OPR) was calculated
according to Edoute et al. [15]. Swelling of mitochondria
was monitored by recording the light absorbance changes
of the mitochondrial suspension at 540 nm in an Aminco
model DW-2a spectrophotometer as described previously
[6]. The isolated rabbit heart mitochondria used in the
present study contained 2.35 = 0.49 (N = 6) nmoles of
calcium and 21.84 = 0.19 nmoles (N = 6) of magnesium per
mg mitochondrial protein as determined by atomic absorp-
tion spectroscopy [16]. The calmodulin content of isolated
mitochondria was determined by a radioimmunoassay pro-
cedure [17}, using a calmodulin radioimmunoassay kit pur-
chased from the Caabco Corp., Houston, TX. The drugs
were obtained from the following sources: diltiazem, a
benzothiazepine derivative, from Marion Research Lab-
oratories, Kansas City, KS; verapamil, a papaverine deriva-
tive, from Knoll Pharmaceuticals, Whippany, NJ; nisoi-
dipine (Bay k 5552), a dihydropyridine derivative, from
Miles Research Laboratory, New Haven, CT; Prenylamine
and fendiline, two of the diphenylpropylamine derivatives,
from the Chinoin Pharmaceutical Co., Budapest, Hungry;
trifluoperazine, a phenothiazine, from Smith Kline &
French, Philadelphia, PA; and dibucaine from the Sigma
Chemical Co., St. Louis, MO. R 24 571 was obtained from
Janssen Pharmaceutica, Beerse, Belgium.

Results

Incubation of rabbit heart mitochondria suspended in
the assay medium containing 2 mM inorganic phosphate
(a concentration usually found in the normoxic myocardium
[18]) resulted in only a small decrease in light absorbance
(Fig. 1), indicating minimal swelling. Measurement of the
rate of state 3 respiration (Q°0;) after 3 min of preincu-
bation with 2 mM P;under these conditions demonstrated
that the mitochondria retained normal respiratory function
(Table 1). Elevation of the P, concentration to 5mM

1 min—+|
Fig. 1. Inhibition of inorganic phosphate-induced swelling
of mitochondria by trifluoperazine (TFP). Swelling was
determined spectrophotometrically at 540 nm as described
under Methods. Inorganic phosphate (P;) was added as
indicated. TFP was added before P;.

* Abbreviations: EGTA, ethyleneglycol-bis-( 5
aminoethyl)V;N'-tetraacetic acid; BSA, bovine serum
albumin; and TFP, trifluoperazine.

Table 1. Prevention of inorganic phosphate-induced inhibition of mitochondrial oxidative phosphorylation by trifluoperazine*

Oxidative phosphorylation

Respiratory
control

Rate of respiration [nanoatoms
oxygen-min~'-mg protein) ']

Inorganic
phosphate
(mM)

rate (OPR) [nmoles
ATP-min~'-mg protein) ']
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* Each value is the mean % S.E. of six separate experiments.

+ Significantly different from control (2 mM P;), P < 0.05.

t Significantly different from SmM P;, P < 0.05.
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resulied in a large decrease in the light absorbance, indi-
cating swelling of mitochondria. The magnitude of swelling
was found to be dependent on P; concentration as reported
earlier [16]. This coincided with a significantly decreased
rate of state 3 respiration, RCI, ADP/O ratios, and oxi-
dative phosphorylation rate (OPR). Preincubation of
mitochondria for 3 min with trifluoperazine (TFP) resulted
in a dose-dependent inhibition of the swelling induced by
5mM P; (Fig. 1). TFP also prevented the inhibition of
oxidative phosphorylation induced by 5 mM P; (Table 1).
The concentration of TFP which maintained the Q30, at
the 2mM P; level was found to be about 16 uM. For
unknown reasons, concentrations of TFP above 16 uM
slightly increased the Q30; above the level at 2mM P;.
However, concentrations of TFP above 32 uM produced
uncoupling of mitochondria. These data indicate that TFP,
at low concentrations, can prevent Pi-induced swelling and
inhibition of oxidative phosphorylation. Dibucaine, a local
anesthetic and also a calmodulin antagonist [19], had similar
effects. The relative effectiveness of calmodulin antagonists
and certain calcium channel blocking drugs in preventing
Pi-induced inhibition of oxidative phosphorylation are pre-
sented in Table 2. R 24 571, which is reported to be
relatively specific and much more potent than TFP in
inhibiting calmodulin-mediated reactions [11], had no effect
on P-induced swelling and inhibition of oxidative phos-
phorylation. Indeed, instead of a protective effect, this
drug produced a further inhibition of state 3 oxygen con-
sumption at higher concentrations. Concentrations of R 24
571 higher than 20 uM could not be used since the drug
was found to be insoluble in the assay medium.

The addition of calmodulin (50 ug/mg protein) and Ca?"
(15 nmoles/mg protein) to mitochondria in an EGTA-free
assay medium had no effect on Pi-induced swelling and
inhibition of oxidative phosphorylation of mitochondria or
on the protective action of TFP. EGTA exacerbated the
P-induced swelling and inhibition of oxidative phosphoryl-
ation as we reported earlier [16]. The calmodulin content
of the rabbit heart mitochondria was determined by
radioimmunossay and compared with those of isolated rat
liver mitochondria which have been reported to contain
calmodulin {20] and calmodulin receptors [21]. The cal-
modulin content was 125 and 68 ng/mg protein of rabbit
heart and rat liver mitochondria respectively.

Discussion
The results of this study show that calcium channel block-

Table 2. Relative effectiveness of calcium channel blocking

drugs and calmodulin inhibitors on inorganic phosphate-

induced inhibition of the rate of state 3 respiration (Q*0;)
of isolated heart mitochondria

Q*0;
Drugs ICso (uM)*
R 24 571 (-)*
Fendiline 4
Prenylamine 5
Trifluoperazine 10
Nisoldipine (Bay k 5552) 25
Dibucaine 30
Verapamil 50
Diltiazem 150

* Concentrations of the drugs that produced 50% of the
maximum protective effect in the presence of 5mM P..

+ No protective effect up to 20 uM. A further inhibition
of Q%0, was observed in the presence of the drug.

* Author to whom correspondence should be addressed.

+ Present address: Department of Pharmacology, Uni-

versity School of Szeged, Szeged, Hungary.
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ing drugs and certain calmodulin antagonists inhibited
phosphate-induced swelling of heart mitochondria. The
order of effectiveness of these compounds followed the
order in which they are found to bind to purified calmodulin
{7], with the exception of R 24 571. Thus, it would appear
that a calmodulin-dependent process might be involved in
the phosphate-induced swelling of heart mitochondria.
However, the established criteria for calmodulin involve-
ment [10] cannot be applied in the present study due to
the permeability barrier to calmodulin imposed by the inner
mitochondrial membrane. The inability of R 24 571, a
specific inhibitor of calmodulin [11], to inhibit
phosphate-induced swelling indicates that calmodulin is
probably not involved in this process. In addition, the
rather low levels of calmodulin we and others [22, 23, and
this report] have found in isolated mitochondria are, in our
opinion, insufficient to play any role in phosphate-induced
swelling of mitochondria. Thus, we conclude that the inhibi-
tory effect of calcium channel inhibitory drugs and certain
calmodulin antagonists does not result from inhibition of
a calmodulin-dependent process.

Swelling of mitochondria in vitro induced by phosphate
in KCl containing medium, as observed in the present
study, probably involved in movement of K* and phosphate
across the inner membrane [24, 25]. It may be postulated
that the inhibition of swelling by the drugs used in the
present study was due to the inhibition of K* and/or phos-
phate transport across the inner mitochondrial membrane.
It is unlikely that these drugs interfere with the phosphate
transport since the inhibition of this process would have
resulted in the inhibition of oxidative phosphorylation
which was not observed. Thus, a more plausible hypothesis
for the inhibition of swelling of mitochondria is the inhi-
bition of K™ transport across the inner mitochondrial mem-
brane. Support for this hypothesis comes from the obser-
vation that dibucaine, which inhibited phosphate-induced
swelling of mitochondria, is also known to inhibit K~ trans-
port across the inner membrane [26,27]. It is possible,
therefore, that the calcium channel inhibitory drugs, dibu-
caine and trifluoperazine, act directly on K~ transport or
act indirectly by affecting divalent cation content of mito-
chondria since divalent cations are known to regulate mon-
ovalent cation transport [28, 29].

The pharmacological significance of the inhibition of
phosphate-induced swelling of heart mitochondria is not
known. It is possible that these drugs may be “‘beneficial”®
for mitochondria in the ischemic myocardium where accu-
mulation of phosphate {18, 30] and swelling impairment of
mitochondria [31-34] may occur. Any effect on mitochon-
dria would of course depend upon the intracellular con-
centration of the drugs; information on that is unknown.

In summary, calcium channel inhibitory drugs, such as
fendiline, prenylamine, nisoldipine (Bay k 5552), verapamil
and diltiazem, and calmodulin antagonists, such as dibu-
caine and trifluoperazine, with the exception of R 24 571,
were found to prevent phosphate-induced swelling of rabbit
heart mitochondria in vitro. It is suggested that this effect
of these drugs on swelling of mitochondria is probably due
to the inhibition of K~ transport across the inner mito-
chondrial membrane without involving calmodulin.
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Modulation of prostanoid synthesis by antimicrobials

(Received 18 December 1982; accepted 24 March 1983)

To maintain cells or tissues in culture for extended periods
of time often requires that antimicrobials be added to the
culture medium. The influence of such agents, however,
on the characteristics of the tissues must be considered.
One characteristic of mammalian tissues which is of interest
in many studies is the production of prostanoids (prosta-
glandins and thromboxanes). The modulation of prosta-
glandin synthesis by many drugs has been demonstrated
[1-4], although antimicrobials have not been studied exten-
sively in this respect. We have investigated, therefore, the
effects on prostanoid synthesis of an antimicrobial mixture,
containing penicillin, streptomycin, and amphotericin B,
which is commonly used to inhibit microbial growth in
culture media. The individual drugs in the mixture were
tested and two other unrelated antimicrobials, tetracycline
and metronidazole, were tested also.

The antibiotic-antimycotic mixture investigated in this
study (No. 600-5240 Gibco Laboratories, Grand Island,
NY) contained penicillin G (10,000 units/ml), streptomycin
(10 mg/ml) and amphotericin B (25 ug/ml). The manufac-

turer recommends that this mixture be added to culture
media in a concentration of 1% (v/v). Individual antimi-
crobial drugs were obtained from the Sigma Chemical Co.,
St. Louis, MO. The actions of the drugs on prostanoid
biosynthesis were tested by use of a microsome-enriched
preparation of bovine seminal vesicle (BSV) prostaglandin
synthase that was obtained from Miles Laboratories, Elk-
hart, IN. The standard assay mixture contained 4 mg of
BSV microsomal protein, sodium arachidonate (61 uM),
and an appropriate amount of test drug dissolved in phos-
phate buffer (50 mM, pH 7.4) to give a final assay volume
of 1.0 ml. The amphotericin B was soluble only to a small
extent in aqueous media and was first dissolved in dimethyl
sulfoxide (DMSO) (Baker Chemical, Phillipsburg, NI)
before being added to the assay mixture. Two concentra-
tions of DMSO were used such that the final concentrations
of DMSO in the test assay were 1% and 8.6% (w/v).
DMSO at these concentrations, without amphotericin B,
was also tested. After 20 min of incubation with gentle
shaking at 37°, the reaction was stopped by adding 0.5 ml



