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Abstract—The cffects of five antidepressants. two phenothiazines and one butyrophenone neuroleptic
drug on respiratory functions of rat heart mitochondria were stadied in vifro using four different
substrates. All compounds caused uncoupling of oxidative phosphorylation with comparable no-effect
fevels ranging from 1 % 107" to 5 X 107" moles per mg mitochondrial protein. The uncoupling effect
was accompanied by increased oxygen consumption. The same drugs were given orally twice daily to
rats. Uncoupling of oxidative phosphorylation was observed in mitochondria isolated from hearts of
the treated animals. Oxvgen consumption was not altered. Serum and myocardial tissue levels were
determined with one of the test compounds (protriptyline). Serum concentrations in rats were higher
than those observed in patients treated therapeutically, but well below those observed in human
overdose situations. The effects on heart mitochondria are considered to be an indicator of altered
membrane functions resulting from an accumulation of the drugs in lipid membranes.

Antidepressants of the imipramine-type and pheno-
thiazine neuroleptics have a marked influence on
many functions of the cardiovascular system. Both
classes of drug affect central and peripheral auto-
nomic receptors, and inhibit norepinephrine reup-
take into adrenergic neurons {1, 2]. They also have
a direct depressant effect on the heart, which is often
described as “*quinidine-like™. It is responsible for
the reduced cardiac contractility and the electrocar-
diographic changes, e.g. prolongation of PQ and QT
intervals and lengthening of the QRS complex [1, 3~
5]. The mechanism of the cardiodepressant effect is
not vyet fully explained, 1t was suggested that the
drugs may alter the function of the cell membrane,
and impair the transmembranal flux of sodium and
potassium ions [6]. Antidepressants and phenothi-
azines have a high affinity for myocardial tissue
where they tend to accumulate [7-9]. It was. there-
fore, of interest to investigate their effects on an
intracellular membrane structure, the mitochondria.
Four tricyclic and one tetracyclic antidepressant and
two phenothiazine neuroleptics, all drugs that are
widely used in clinical practice, were studied for their
effect on oxygen consumption coupled to ATP pro-
duction in rat heart mitochondria in virre and in
vivo. Haloperidol, a neuroleptic of the butyrophen-
one class, was included for comparison. The struc-
tural formulae of the test compounds are shown in
Fig. 1.

MATERIALS AND METHODS

Female rats of the ZUR-SIV-Z strain with a start-
ing weight of 100110 g were housed in pairs in
Macrolone® cages with wood shavings as bedding.
They had free access to Nafag 890 rat pellets and
water. For the in vitro experiments mitochondria
were isolated from hearts of untreated rats by dif-

ferential centrifugation. They were suspended in an
incubation medium as described previously [10].
Oxygen consumption coupled to oxidative phos-
phorylation was measured in a Gilson oxygraph
(Gilson Medical Electronics, Middieton, WI)
equipped with a Clark electrode. Succinate, -
hydroxybutyrate, 2-oxo-glutarate, and pr-glutamate
were used as substrates [10]. Drugs were dissolved
in distilled water (amitriptyline, dibenzepine. imi-
pramine. maprotiline. protriptyline), ethanol (chior-
promazine, thioridazin}. or dimethyl-sulfoxide
(DMSO) (haloperidol). Serial dilutions were made
with the respective solvents. After a control run with
substrate and ADP. 20 ul of the test compounds
were added to the incubation mixture 1o estimate
the immediate effects on electron transfer reactions
and oxidative phosphorylation. Control experiments
with equal volumes of ethanol and DMSO indicated
that these solvents had no adverse effect on mito-
chondrial functions. Figure 2 shows a typical record
demonstrating the sequence of the experimental pro-
cedure. The sotutions of the test compound were
diluted until a “no-effect level” was reached. This
was defined as the highest drug concentration, cal-
culated in moles per mg mitochondrial protein that
had no measurable effect on electron transfer reac-
tions and oxidative phosphorylation.

For the in vive experiments the drugs were dis-
solved in water, or, if poorly water soluble. sus-
pended in 0.5% methylcellulose. Groups of 32 rats
were dosed twice daily (8 a.m.. 3p.m.) by gavage
on 5 days per week for 4 weeks. The dose selection
was based on a previous experiment [11], with the
intention to reach maximally tolerated levels. In two
cases the initially selected dose had to be reduced
because of oversedation and loss of appetite. With
the other compounds it was necessary to increase
the dose in the course of the experiment. All drugs
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Fig. 1. The chemical structures of the antidepressant and peuroleptic drugs uscd in this study:
I = Amitriptylin, 2 = Imipramin. 3 = Protriptylin. 4 = Maprotilin, 3 = Chlorpromuazin. 6 = Thioriduzin,
7 = Dibenzepin, 8 = Haloperidol.
OXYGRAPH TRACING were administered in a volume of 2 mlrkg. Control
MITO ADP groups recetved equal volumes of water or (L37%
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Fig. 2. Oxygraph tracing, showing oxygen consumption by
rat heart mitochondria coupled to oxidative phosphory
lation (upon the addition of ADP). under control conditions

and upon the addition of a drug leading to uncoupling of

oxidative phosphorylation {ADP/O rano and respiratory
control index (RCT) are decreasing).

methylceliulose. On the second and fitth duy of cach
week four rats per group were killed by cervical
dislocation 17 to 18 hr after the second treatment of
the previous day. Hearts were excised immediately

Mitochondria were isolated from the pooled hearts.
Respiratory function was measured as deseribed for
the in vitro experiments,

An additional group of rats was treated twice duily
with 32 mg/kg protriptvline by gavage. Lighteen
hours after the 2nd. 4th. 6th and S8th dose 4 animals
were anesthetized with ether. Blood was collected
by open heart puncture and wus permitted to clot,
Hearts were excised. cut open. blotted dry and hom-
ogenized in cold 0.9% Na(Cl. Protriptyline concen-
trations were measured i scrum and myocardial
tissue after methylene chloride extraction by fluor-
escence spectrophotometry (excitation at 300 nm.
emission at 360 nm) [12]. Protein determinations
were done by the Biuret method [13] using small
amounts of deoxycholate to suhxhi!izc the sumples.

All chemicals were of reagent grade. AD}’ wiis pur-
chasui from Sigma Chemical Co.. St Louis. MO,

RESULTS

In vitro experiments

After incubation of the heart mitochondria iso-
lated from untreated anmmals. with all test drugs.
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Table 1. In vitro effect of test drugs on rat heart mitochondria®

Substrates used to test electron-transfer activities and
oxidative phosphorylation

Succinate B-Hydroxy-butyrate 2-Oxo-glutarate DL-Glutamate
Drug (moles/mg) (ng/mg) (moles/mg) (ug/mg) (moles/mg) (pg/mg) (moles/mg) (ng/mg)
Amitriptylin I x 10" =277 I x 107 =277 1 x 107 =277 I x 10 =277
Imipramin SX 1077 =14.0 25107 =70 25%10 T=7.0 23x107 =74
Chlorpromazin I x 10°°=0.32 5x107°=1.59 Sx107"=1.59 Ix 107"=032
Thioridazin Sx " =1.85 25X W7 =093 5% 107" = 183 I x 10 " =037
Protriptylin I x 107" =0.26 25 107" =065 1% 107" =0.26 Ix 107" =0.26
Haloperidol X 1077 = 1.48 25107 =94 285x 10T =94 Ix 107 =375
Dibenzepin Sx 107 =148 25X 107 =0.74 25x10=0.74 Sx 070 =148
Maprotilin | X107 =277 33X 1070 =138 5% 107" =1.38 Sx 107" =1.38
* No-effect levels in moles/mg protein and pg/mg protein. The primary effect in all cases was uncoupling of oxidative

phosphorylation. N = 6.

uncoupling of oxidative phosphorylation was
observed. The no-effect levels ranged from 5 x 1077
to 1 x 107° moles per mg mitochondrial protein and
was similar with all four substrates (Table 1). Oxygen
consumption was markedly increased with all drug
concentrations that caused uncoupling of oxidative
phosphorylation.

In vivo experiments

Uncoupling of oxidative phosphorylation was also
observed in heart mitochondria isolated from drug
treated rats. The effect was again comparable with
all four substrates. In Table 2 the results obtained
with 2-oxoglutarate as substrate are shown. Uncoup-
ling of oxidative phosphorylation ranging from 60
to 80 per cent of the controls was reached already
after the second dose and remained essentially
unchanged throughout the 4-week experiment. The
only exception was maprotiline: with this drug ATP
production decreased slowly reaching the lowest lev-
els towards the end of the experiment. Oxygen con-
sumption during state III respiration [14] was
unchanged in comparison with the controls. This
indicates that the electron-transfer chain is also
affected by these compounds.

Protriptyline concentrations in serum and heart

Eighteen hours after the second dose of 32 mg/kg
the serum contained 0.532 = 0.041 ug/ml protripty-
line. There was only a slight increase after continued
treatment (Table 3). Marked accumulation of the
drug occurred in the heart during the first 2 days.
A further, though slight, increase was measured on
days 3 and 4. After the first day protriptyline con-
centrations in the heart were five times higher than
in the serum. On the fourth day a twelve fold increase
in drug concentration in the heart over the serum
levels was measured. Heart mitochondria isolated
from animals having received eight doses. contained
0.06 and 0.105 pg protriptylin per mg protein (two
separate experiments).

DISCUSSION

The uncoupling effect of chlorpromazine on oxi-
dative phosphorylation in vitro has been known for
a long time. Abood [15] and Andrejew {16] dem-
onstrated it in brain and liver mitochondria at con-
centrations that were similar to those of the classical

uncoupler 2.4-dinitrophenol (DNP). The authors
also observed inhibition of mitochondrial ATPase
and cytochrome oxidase. The present study showed
that chlorpromazine also uncoupled oxidative phos-
phorylation in heart mitochondria. This effect was
also present with another phenothiazine (thiorida-
zine), four tricyclic and one tetracyclic antidepres-
sant and the butyrophenone derivative haloperidol.
A marked increase in oxygen consumption
accompanied the uncoupling effect of these psycho-
tropic drugs. This indicates an uncontrolled dissi-
pation of energy in the form of heat and is well
known from in virro studies with DNP [17].

In the in vivo experiments mitochondria were
isolated from hearts of rats that were treated with
maximally tolerated doses of the test compounds.
Uncoupling of oxidative phosphorylation was
observed with all drugs. With the exception of
maprotiline the effect was established already after
the second dose. and did not increase markedly
thereafter. With maprotiline uncoupling of oxidative
phosphorylation developed slowly. but this may in
part be due to the low initial dose selected for this
compound. Determinations of protriptylin in mito-
chondria showed that the uncoupling occurred at
concentrations comparable to the no-ceffect levels
measured in vitro.

In contrast to the in vitro experiments no increase
in oxygen consumption during state 111 respiration
[14] accompanied the uncoupling effect in heart
mitochondria isolated from in vivo treated animals.
In some cases respiration rates were even slightly
decreased with respect to the corresponding controls.

The psychotropic drugs used in this study are
known to be highly membrane-soluble. They accu-
mulate markedly in membranes and interfere with
many membrane-associated  biological  events
[18. 19]. Depending on the concentration they either
stabilize or labilize erythrocyte membranes in hypo-
osmotic solutions [18]. they alter trans-membrane
fluxes and inhibit nervous excitations [ 19]. This non-
specific membrane effect is probably also the cause
of the electrocardiographic changes. i.e. prolonga-
tion of conduction time of the electric impulses and
disturbances of depolarization and repolarization
{1,3.4.6. 11, 20]. The uncoupling of oxidative phos-
phorylation without concomitant increase in oxygen
consumption which was observed in the present in
vivo experiments may also be regarded as a conse-
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Table 3. Serum and myocardial tissue levels in rats receiving 2 X 32 mg/kg protriptylin per

day

Time after last dose

Serum level Heart level

Number of doses (hr) (peg/ml) (png/g fresh tissue)
1x2 8 0.532 = 0.041 2.695 = 0.051
2%x2 18 0.632 £0.022 6.701 £0.212
3x?2 18 0.732 = 0.060 7.925 = 0.110
4x2 18 0.695 = 0.035 8.330 = 0.591

quence of membrane changes induced by the test
compounds. It is well established that mitochondria
undergo conformational changes during electron
transfer and oxidative phosphorylation [21-28]. This
implies that the enzyme proteins need a certain free-
dom of movement in the lipid bilayer in order to
transfer charges within the electron transfer chain
or in the enzyme sequence leading to fixation of
energy in an ADP-P bond [29-33]. The accumulation
of the highly lipid soluble drugs in the lipid bilayer
renders the membrane less flexible and thus disturbs
the function of the membrane-associated enzymes.
[t is also possibie that the transfer of ATP, formed
on the inside of the inner mitochondrial membrane,
to the outside of the inner membrane (ATP-trans-
ferase reaction) is inhibited by the psychotropic drugs
through their interaction with the lipids of the mem-
brane. Such a disturbance is likely to occur. since
these transfer reactions require a certain mobility of
the proteins involved within the membrane [32. 34].

In the present experiment psychotropic drugs of
three distinctly different classes (phenothiazines, tri-
and tetracyclic antidepressants. butyrophenones)
were used. In order to compare their effects at equi-
toxic levels, an attempt was made to treat the animals
with maximally tolerated doses that had visible but
not incapacitating effects on general behavior, e.g.
sedation, nervousness. aggressiveness [11]. In an
effort to judge the toxicological relevance of the
biochemical findings obtained with such doses. drug
concentrations were determined repeatedly in the
serum and the heart muscle in rats treated with
protriptyline. It was found that the concentrations
in the serum increased rapidly during the first 2 days,
but rose only slightly on continued treatment. In
humans. steady state plasma levels are only reached
after 3 weeks [35]. The maximal concentration of
approximately 0.73 ug/ml observed in the rat experi-
ment is about twice as high as the steady state plasma
levels of protriptyline measured in patients treated
with (.90 mg/kg (60 mg per day) {35. 36]. In human
overdose situations associated with serious cardio-
vascular side-effects considerably higher plasma lev-
els (approximately 1.200 ug/ml) were found [37].
From these comparisons it is apparent that the doses
used in the rat experiments induced serum levels
that were higher than those reached in humans
receiving therapeutic doses, but were well below
those occurring after intentional or accidental
overdosage.

The experiment with protriptyline also showed
that high concentrations of the drugin the myvocardial
tissue were reached after the second day of treat-
ment, and that there was only a slight increase on
continued treatment. This is in good agreement with

the observation that uncoupling of oxidative phos-
phorylation in heart mitochondria was established
after the second day and did not change much on
continued treatment.

The question must also be asked whether the effect
of the psychotropic drugs on mitochondrial function
is related to their cardiotoxic properties. Unfortu-
nately, there are few studies in which the cardio-
vascular toxicity of these substances has been com-
pared. In acute experiments in which drugs were
injected intravenously every 15 sec into mice, ami-
triptyline proved to be considerably more cardiotoxic
than protriptyline [7, 8]. In a similar experiment in
rats imipramine was more cardiotoxic than chlor-
promazine {38]. Itis obvious from our data. however,
that such marked differences between these drugs
did not exist with regard to their effect on mito-
chondrial function. On the contrary, all compounds
tested had a very similar uncoupling effect on oxi-
dative phosphorylation in heart mitochondria. This
is also true for the butyrophenone neuroleptic halo-
peridol which is rarely if ever associated with serious
cardiovascular side-effects in man {[2.39]. The
uncoupling of oxidative phosphorylation in heart
mitochondria demonstrated in the rat experiments
must, therefore, not be regarded as an indicator of
potential cardiotoxicity, but as an expression of an
altered membrane function resulting from the
marked accumulation of these drugs in the lipid
membranes.
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