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Polyacrylamide gel electrophoresis. Discontinuous poly-

acrylamide gel electrophoresis was conducted according

to Ornstein ® and Davis® in 5% gels. Approximately 0.06
units of enzyme were loaded and run at 5 mA per gel.
After electrophoresis the gels were either stained with
Coomassie Brilliant Blue R-250 or Bio Rad silver nitrate
staining Kkit.

Protein determination. Protein content was measured as
described by Bradford '° using bovine serum albumin as
the standard.

Results and discussion

Dystrophic male mice and controls (both 67 weeks old)
were used to prepare the crude extract, as described un-
der ‘Materials and methods’. S g of tissue were homoge-
nized in 50 ml final volume of three different buffers:
1) Tris-HC] 50 mM pH 7.6. 2) Tris-HCI1 50 mM, pH 7.6
containing 1 mM PMSEF. 3) Tris-HC1 50 mM, pH 7.6,
containing 3M KCIl. The polyacrylamide gel elec-
trophoretic pattern of the crude extracts from dystrophic
muscle did not evidence any significant difference with
respect to the controls, whatever the extraction buffer,
even though such evidence cannot be conclusive (not
shown). The highest content of total units of ATP:NMN
adenylyltransferase activity was found when the extrac-
tion was conducted in the presence of 3 M KCI (table).
NAD is the substrate of specific enzymes. One of these,
the ATP:NMN adenylyltransferase, is present in the
crude extract of skeletal muscle of dystrophic mice and
its activity is about one half of that present in the muscles
of normal mice (table).

Extracts prepared in Tris buffer without additions, or in
the presence of 3 M KCl, or 1 mM PMSF, show that in
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the muscles of normal mice an appreciable quantity of
ATP is present, in agreement with the results reported by
Kushmerick ', who found 6 and § pmoles/g w.wt of
mouse extensor digitorum longus and soleus muscles re-
spectively. In contrast, the same nucleotide is almost un-
detectable in the samples extracted from dystrophic
skeletal muscle (figure). This evidence is very important
because the NAD level is, at least in part, the result of the
reaction catalyzed by ATP:NMN adenylyltransferase,
where ATP is one of the substrates. Studies on NAD
metabolism and the levels of the enzymes involved in the
muscles of dystrophic mice and especially in cell cultures
are in progress.

Acknowledgments. The authors wish to thank Dr A. Amici for his tech-
nical assistance. This research was partially supported by a grant from
Regione Marche.

* To whom correspondence should be addressed.

1 Caplan, A. I, and Rosenberg, M. J.,, Proc. natl Acad. Sci. USA §2
(1975) 1852.

2 Caplan, A. 1, Niedergang, C., Okazaki, H., and Mandel, P., Devl
Biol. 72 (1979) 102.

3 Rosenberg, M. J.,, and Caplan, A. 1., Devl Biol. 38 (1974) 157.

4 Natalini, P., Ruggieri, S., Raffaelli, N., and Magni, G., Biochemistry

23 (1986) 3725.

Beutler, E., Red Cell Metabolism, p. 8. Grune & Stratton, New York

1975.

6 Stocchi, V., Cucchiarini, L., Magnani, M., Chiarantini, L., Palma, P.,

and Crescentini, G., Analyt. Biochem. 146 (1985) 118.

Kornberg, A., J. biol. Chem. 182 (1950) 779.

Ornstein, L., Ann. N. Y. Acad. Sci. 121 (1964) 321.

Davis, B. J., Ann. N. Y. Acad. Sci. 121 (1964) 404.

Bradford, M. M., Analyt. Biochem. 72 (1976) 248.

Kushmerick, M. J., Handbook of Physiology, chapt. 7, p. 189. Amer-

ican Physiol. Society, 1983.

(%

_
[eaali==d = 0K~ CREN |

0014-4754/91/060610-03$1.50 + 0.20/0
© Birkhéuser Verlag Basel, 1991

Disruption of mitochondrial function as the basis of the trypanocidal effect of trifluoperazine on

Trypanosoma cruzi
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Summary. The tricyclic anti-calmodulin drug trifluoperazine (TFP) inhibited growth and motility of epimastigotes
of Trypanosoma cruzi, at concentrations lower than 100 pM, and motility and infectivity of the bloodstream trypo-
mastigote form at 200 pM. Electron microscopy of TFP-treated epimastigotes showed that the major effect was at
the mitochondrial level, with gross swelling and disorganization. The oligomycin-sensitive, mitochondrial ATPase
was completely inhibited by 20 uM TFP, and the same drug concentration caused a 60% decrease in intracellular
ATP content. The results suggest that the trypanocidal effect of TFP may be related more to mitochondrial damage
than to the well-known anticalmodulin effect of the drug.
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The American trypanosomiasis, Chagas’ disease, caused
by the parasitic flagellate Trypanosoma cruzi, is a major
health problem in Latin America, where there are at least
20 million people infected ! 4. There are at present only
two drugs available which are effective against the acute
phase of the disease, nifurtimox and benznidazole. Both
are ineffective against the chronic phase of the disease,
and have a number of unpleasant side effects®*~¢,
which make it highly desirable to identify new useful
drugs. In addition, there is also a need for drugs better
than Gentian Violet as trypanocides which could be used
to prevent transfusional transmission of the disease®>”.
Among the 69 compounds found by Hammond et al. 7 to
be active in vitro at a concentration of 1 mM or less, most
were amphiphilic cationic drugs. Some of these were tri-
cyclic drugs with anti-calmodulin properties®®, like
chlorimipramine 7 '°. The presence of calmodulin
(CaM) in epimastigotes of 7. cruzi has recently been re-
ported 1!, as well as its inhibition by drugs such as chlor-
promazine and fluphenazine, which were also able to
decrease parasite motility.

We present here a study of the effects of a typical anti-
CaM drug, trifluoperazine (TFP) on T. cruzi. The results
suggest that the main effects of the drug might not be
related to its anti-CaM properties, but to the disruption
of mitochondrial function.

Materials and methods

Chemicals. TFP dihydrochloride, ATP, oligomycin and
an ATP bioluminescence assay kit were obtained from
Sigma Chemical Co., St. Louis, MO, USA. All other
chemicals were analytical reagents of the highest purity
available.

Source of parasites. Epimastigotes of 7. cruzi, Tulahuén
strain, Tul O stock, or RA strain, were grown in complex
medium as previously described 1?. Culture trypomasti-
gotes (RA strain) were obtained from infected Vero cells
in culture'?®. Bloodstream trypomastigotes (Tulahuén
strain, Tul 2 stock) were obtained from infected mice; the
infected heparinized blood was used for the assays de-
scribed below, without parasite purification.

Assay of trypanocidal effect. To test the effect of TFP on
growth of epimastigotes, the drug was added (as a 1 mM
solution in water sterilized by filtration) to parasite sus-
pensions in the same culture medium (10 ml final vol-
ume) which were incubated at 28°C in 125-ml Erlen-
meyer flasks fitted with a lateral tube which allowed
growth to be followed turbidimetrically, in a Lumetron
colorimeter (Photovolt Company) using a red filter. Pre-
liminary experiments showed that, since this stock of the
parasite does not form rosettes to any significant extent,
turbidity was proportional to cell number within the
range used.

Assay of inhibition of motility. Blood from infected mice
containing bloodstream trypomastigotes was incubated
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at 25°C for different times and at several TFP concentra-
tions. The number of motile parasites was assessed using
a Neubauer hemocytometer. Parasite death was shown
by staining with 0.1 % eosin. Culture epimastigotes, or
tissue culture trypomastigotes, suspended in the appro-
priate fresh culture medium, were incubated with differ-
ent concentrations of TFP, and the time for complete
immobilization of the parasites was recorded. These
studies were performed using a parasite concentration of
5x10% ml~!, since it was shown that parasite survival
depended not only on drug concentration, but also on the
number of parasites.

Determination of infectivity. Infectivity of the TFP-treat-
ed parasites was tested by intraperitoneal injection into
30-g Albino Swiss male mice (7.5x 10* parasites in
0.5 ml). Survival was monitored every day, and para-
sitemia was checked weekly, by microscopic observation
of blood obtained by cutting the tip of the tail.

Preparation and assay of oligomycin-sensitive Mg®>* ATP-
ase. The epimastigotes, harvested and washed as previ-
ously described *? were broken by grinding with glass
powder (4 g per g of cells, wet weight) in a mortar. The
resulting paste was suspended in 0.25 M sucrose — 5 mM
KCI (5 ml per g of cells, wet weight) and the homogenate
was centrifuged for 5 min at 3000 x g, at 4°C. The pellet,
containing cell debris and glass powder, was suspended
in the same volume of sucrose-KCl solution, and cen-
trifuged again. The pellet was discarded, and the com-
bined supernatants were then successively centrifuged at
5000 x g (10 min), 11500 x g (10 min) and 43000 x g
(30 min). The precipitates were suspended in the sucrose-
KCl solution; the 43000 x g fraction, which had the
highest specific activity of the oligomycin-sensitive Mg?*
ATPase, was used for the experiments. The enzyme was
assayed as previously described '# in a reaction mixture
containing 150 mM Tris-HCl buffer (pH 7.6), 3 mM
ATP, 4 mM MgCl,, 0.5 mM EGTA, and enzyme, which
was preincubated for 10 min at 20°C with or without
oligomycin (20 pg - ml™*). Enzyme activity is expressed

as nmoles of P; liberated min~! - mg of protein~!.

Determination of ATP. Suspensions of epimastigotes
(2x10° cells ml™') were incubated for 30 min in the
presence of different TFP concentrations. Soluble cell
contents were extracted and ATP was determined in the
supernatants using a Sigma bioluminescence assay Kkit,
according to the manufacturer’s instructions.

Electron microscopy. Epimastigotes were fixed by sus-
pension in 2.5% glutaraldehyde/0.5% formaldehyde in
0.1 M cacodylate buffer, pH 7.2, for 60 min at room
temperature. Following a brief rinse in cacodylate buffer,
the parasites were post-fixed for 20 min in 1% OsO,
dissolved in the same buffer. After rinsing the samples
with cacodylate buffer they were dehydrated in graded
ethanol solutions and propylene oxide. Each step was
followed by centrifugation at 3000 x g for 15 min in order
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to obtain a pellet of parasites. Later, the pellets were
embedded, cut and stained as previously described®®.
The sections were observed in a Phillips EM 300 electron
microscope.

Results

Figure 1 shows that when TFP was added to the culture
medium, growth of the epimastigotes was completely in-
hibited at about 50 uM. When TFP was added to the
epimastigotes, a concentration of 50 uM was enough to
arrest their motility completely in 12 min, in the case of
the Tul 0 stock, or in about 1 h in the case of the RA
strain (table 1). The cells became rounded, and, when
observed under the electron microscope, gross alteration
(swelling) of the kinetoplast-mitochondrion complex was
evident (fig. 2b), as compared with the control (fig. 2a),
without alteration of the subpellicular or flagellar micro-
tubules (fig. 2¢).

Table 2 shows that incubation of the parasites with TFP
resulted in a decrease of their intracellular ATP content.
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Figure 1. Effect of trifluoperazine on growth of T. cruzi epimastigotes in
axenic culture. The experiment was performed as described under ‘Mate-
rials and methods’, using 0 (Q), 0.5(@), 9.5 (A) or 47.5 (OJ) uM TFP.

Table 1. Effect of trifluoperazine on the motility of axenic culture epi-
mastigotes and cell culture trypomastigotes of Trypanosoma cruzi

Concentration

of TFP (uM) 0 20 50 70 100 150
Time for complete immobilization (min)

Epimastigotes,

Tul 0 stock > 120 18 10 8 6 5

Epimastigotes,

RA strain > 120 90 70 30 35 21

Trypomastigotes,

RA strain > 120 38 14 7 3 0.12

Parasites (5 x 10° cells ml™!) were incubated at 25°C in fresh culture
medium, in multiwell plates, in the presence of the drug concentrations
stated, and their motility was judged by microscopy at frequent time
intervals.
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The lowest concentration assayed (10 uM) already
caused a 50% decrease, and 100 pM elicited a 90%
decrease in ATP content.

Figure 3 shows that similar concentrations of TFP inhib-
ited the mitochondrial, oligomycin-sensitive Mg? * -ATP-
ase obtained from epimastigotes; inhibition was com-
plete at 20 uM, whereas the oligomycin-insensitive

Figure 2. Effect of trifluoperazine on the ultrastructure of 7. cruzi epi-
mastigotes. Epimastigotes were incubated for 210 min at 28°C in the
absence (a) or in the presence of 67 uM TFP (b, ¢), and samples
were processed for electron microscopy as described under ‘Materials
and methods’. Fig. 2a: x25,200; Fig. 2b: x 26,000; Fig. 2c: x 82,200.
k-m, kinetoplast-mitochondrion complex; k-DNA, kinetoplast DNA;
mi, microtubules; n, nucleus.
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Table 2. Effect of trifluoperazine on ATP levels of epimastigote forms of
T cruzi

TFP concentration (uM) % decrease ATP level

0 0
10 50+0.9
20 60 + 2.0
30 80+ 1.8
100 90 + 4.7

ATP levels were determined by the bioluminescence assay as described
under ‘Materials and methods’. Results are the mean of six experiments
per group. ATP levels in the absence of drug were 65 + 8.1 pmoles/
100 mg dry weight.
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Figure 3. Effect of trifluoperazine on the oligomycin-sensitive (O) and
oligomycin-insensitive (@) Mg?*-ATPase activities in T. cruzi epimasti-
gotes. ATPase activities were determined as described under "Materials
and methods’, using 165 uM of protein (43,000 g fraction) per assay.

Mg?*-ATPase was not affected up to 50 uM. A concen-
tration of 100 uM, however, inhibited the latter enzyme
completely (not shown), probably through disorganiza-
tion of the mitochondrial membranes by the amphiphilic
drug.

The trypanocidal effect of TFP was also evident on the
trypomastigote form of the parasite. When tissue culture-
derived trypomastigotes of the RA strain were incubated
with the drug, a concentration of 50 pM TFP was enough
to arrest their motility completely in 14 min. In the pres-
ence of 150 uM TFP, the effect was almost instanta-
neous, complete immobilization being attained in about
7 s (table 1). When mouse blood containing trypomasti-
gotes was incubated for 15 min with increasing concen-
trations of TFP, the parasites lost motility by about 65 %
at 10 — 20 pM drug, and were completely immobile in the
presence of 200 uM TFP. When susceptible mice were
injected intraperitoneally with the latter parasites, their
survival time increased from 11 — 12 days for the con-
trols, to more than 4 months at which time the experi-
ment was discontinued. Parasites were not observed in
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the blood of any of the injected mice, thus showing that
TFP rendered the parasites completely non-infective.

Discussion

In good agreement with previous studies by Hammond et
al.”, TFP exhibited trypanocidal activity against 7. cruzi
in vitro. As judged by loss of motility, the drug was
effective at concentrations of 20 uM and higher (table 1),
although complete prevention of epimastigote growth
was attained at 50 uM (fig. 1). Epimastigote motility was
completely arrested by the same drug concentration in
about 10 min (Tul 0 stock) or in about 70 min (RA
strain); this strain dependence of the drug effect was
quite reproducible in different experiments. Preliminary
experiments indicated that the effect of TFP also depend-
ed on the number of parasites used, so all results com-
pared here were obtained at the same parasite concentra-
tion. Trypomastigotes (RA strain) were considerably
more sensitive than epimastigotes to TFP; thus, complete
immobilization was attained in 14 min at 50 uM TFP
(table 1).

These results also fit in well with those of Barioglio et
al. 1 and Doyle and Weinbach !¢ using chlorimipramine
and derivatives, and also with those of Téllez-Ifion et
al.'*, who showed that 100 uM chlorpromazine or
fluphenazine inhibited epimastigote motility by 50% in
5 min. TFP was more effective than the latter drugs, and
this could be related to their efficiency to inhibit calmod-
ulin activity. In fact, the IC,, (concentration of drug
needed to inhibit 50% of calmodulin activity) has been
reported to be 17 pM for TFP, and 40 pM for chlorpro-
mazine % °. The value for chlorimipramine is close to that
of chlorpromazine, 42 uM. However, the correlation be-
tween the trypanocidal effect observed for some anti-
calmodulins included in the study of Hammond et al.”
and their anticalmodulin effectiveness seems to be far
from complete. For instance, haloperidol, papaverine or
diazepam did not evidence any trypanocidal effect at
all”?, despite the fact that their ICs, values (65, 130 and
140 uM, respectively) are of the same order as those of
chlorpromazine, chlorimipramine or imipramine (40, 42
and 125 pM, respectively), all of which are effective.
This lack of correlation suggests that the anticalmodulin
activity might not be the only cause of the trypanocidal
effect, and the two might indeed be completely unrelated.
Our results point to a strong involvement of mitochon-
drial function in the killing effect of TFP. In fact,
a) electron microscopy indicates the kinetoplast-mito-
chondrion complex as the main subcellular structure
damaged by the drug; b) low concentrations of TFP
decreased the intracellular ATP content, and selectively
inhibited the mitochondrial oligomycin-sensitive Mg?* -
ATPase. There are reports in the literature showing dele-
terious effects of anticalmodulin drugs on liver mito-
chondria!’~2!; these include inhibition of the oligo-
mycin-sensitive ATPase and decrease in ATP con-
tent 18729 as shown for T, cruzi in the present work. The
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mechanism of TFP effects on mitochondria from animals
is still not clear, but it has been reported to be CaM-inde-
pendent 17 =21, To the best of our knowledge, even the
presence of CaM in the mitochondrial matrix can still be
regarded as a debatable point 2% 22724,

The decrease in ATP content observed in the case of T.
cruzi seems to consist of two phases: low concentrations
of TFP (10 uM) already caused a 50 % decrease, whereas
higher concentrations, up to 100 uM, were required to
bring the decrease to 90 %. This suggests that both mito-
chondrial and glycosomal (glycolytic) generation of ATP
are affected, to different extents. The former would be
affected at the lower concentrations, which is in good
agreement with the sensitivity of the ATPase. The sug-
gested effect on glycolysis might be either direct, due to
the drug inhibiting some glycolytic enzyme(s), or indi-
rect, through membrane (glycosomal and/or plasma
membrane) damage which would lead to loss of glycolyt-
ic intermediates and coenzymes to the medium, or simply
to inhibition of substrate uptake. Plasma membrane dis-
ruption, including the inhibition of substrate transport
into the cell, has been proposed as the mechanism of the
effect of imipramine and chiorimipramine on Leishmania
parasites 2°. _

Although TFP may not be useful either for patient treat-
ment, or as an additive to blood from blood banks for the
prevention of transfusional Chagas’ disease, this and oth-
er 10 studies suggest the appropriateness of further trials
with tricyclic drugs. Our results suggest that, in such
further trials, not only the anticalmodulin effectiveness
of the drugs or their amphiphilic character should be
taken into account, but also their ability to disrupt mito-
chondrial structure and function.
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Flavonoids as inhibitors of rat liver cytosolic glutathione S-transferase

M. Merlos*, R. M. Sanchez, J. Camarasa and T. Adzet

Laboratory of Pharmacology and Pharmacognosy, School of Pharmacy, University of Barcelona, Zona Universitaria

de Pedralbes, s/n, E-08028 Barcelona (Spain)
Received 4 April 1990, accepted 23 October 1990

Summary. The inhibitory potencies of different flavonoids for rat liver cytosolic glutathione S-transferase activity
varied over 30-fold, depending on the pattern of hydroxylation, the presence of a C-2, C-3 double bond and the
substitution of a hydroxyl group with a sugar moiety. Kinetic inactivation studies of the enzyme with the inhibitor
quercetin revealed a non-competitive profile versus both glutathione and 1-chloro-2,4-dinitrobenzene.

Key words. Flavonoids; glutathione S-transferase; quercetin; rat liver cytosol.



