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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.
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Flavonoids form a class of plant-derived phenolic sub-
stances present in the diet, which exert many potentially
beneficial actions at both organ and biochemical lev-
els*2. The molecular mechanisms underlying the phar-
"macological effects of flavonoids are insufficiently under-
stood, although inhibition or activation of enzymes has
~ been demonstrated in some cases. Thus, inhibition of
cyclic AMP phosphodiesterase *#, histidine decarboxy-
lase®, aldose reductase®, ATPases’'® and lipoxygenas-
es® 10 has been reported. Similarly, some flavonoids in-
fluence enzymes involved in hepatic detoxification
pathways, such as monooxygenases'!. In contrast, the
effect of flavonoids on the activity of glutathione (GSH)
S-transferase has not been extensively studied. GSH S-
transferase(s) (EC 2.5.1.18) are a family of cytosolic mul-
tifunctional enzymes with an important role in detoxifi-
cation processes. They catalyze the conjugation of
electrophilic xenobiotics with the sulphydryl moiety of
GSH, thus providing less toxic and more water-soluble
derivatives 213, Das et al.'* have reported that
quercetin is a strong inhibitor of GSH S-transferases
isolated from human tissues and rat liver. Up to now, the
effect of other flavonoids on GSH S-transferases has not
been studied. Hence, structure/activity relationships can-
not be established. Accordingly, in this study we have
evaluated the ability of different flavonoids to inhibit
GSH S-transferase activity in the cytosolic fraction of rat
liver, with special attention to some structural features
necessary for inhibition. In addition, the kinetic inactiva-
tion of the enzyme with quercetin, the strongest inhibitor
found, was examined.

Materials and methods

Livers were obtained from male Wistar rats (180—210 g)
and homogenized in 3 vols of ice-cold 0.1 M sodium
phosphate buffer (pH 7.4). This homogenate was cen-
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trifuged for 30 min at 10,000 x g. The supernatant was
further centrifuged at 100,000 x g for 1 h. The resulting
supernatant was used as the cytosolic fraction. The GSH
S-transferase activities were assayed according to the
method of Habig et al.!®. 1-chloro-2,4-dinitrobenzene
(CDNB) was used as electrophilic substrate. The final
GSH and CDNB concentrations in the assay were 5 and
1 mM, respectively. Flavonoids were dissolved in DMSO
just prior to carrying out the assay, because of their poor
water solubility. Aliquots of these solutions were then
added to the reaction mixture to yield a final flavonoid
concentration ranging from 5 pM to 1 mM. The final
DMSO concentration was 1.7 %. In a previous study we
have examined the effect of this organic solvent on the
GSH S-transferase activity. Only concentrations higher
than 7% DMSO produced a significant inhibition.
Hence, the amount of DMSO used in the assay does not
inhibit GSH S-transferase activity. All enzyme activities
were measured versus 1.7% DMSO blanks to subtract
the possible effect of chemical conjugation. The blanks
contained the same inhibitor concentration as in the reac-
tion mixtures but no cytosolic protein was added. The
protein concentration was determined by the method of
Lowry et al. 1, with bovine serum albumin as standard.
The enzyme activity was expressed as pmol of CDNB-
GSH conjugate produced/min/mg protein, using the
extinction coefficient cited in the literature®’
(€340 nm = 9.6 MM ! cm 1), The IC,, values were calcu-
lated by linear regression of no less than five points in the
range of 20—80 % inhibition. Each point was the mean of
at least three determinations.

Results and discussion

The IC., values and their 95% confidence limits for the
different flavonoids studied in the rat liver cytosolic frac-
tion are summarized in the table. A high degree of linear-

Comparison of the inhibitory potencies of different flavonoids on rat liver cytosolic GSH S-transferase activity using CDNB as substrate

OO

OH
o
Flavone Flavonol Flavononol
Substituents IC,, 95% confidence
5 7 b4 3 & {mM) limits
Flavones
Flavone H H H H 0.93 (0.64—1.28)
Luteolin OH OH H H OH 0.042 (0.023-0.077)
7-Glucosylluteolin OH Gle H OH OH 0.21 (0.16-0.28)
Apigenin OH OH H OH 39.5% inh. at 0.2 mM
Acacetin OH OH H OCH, 22.8% inh. at 0.05 mM
Flavonols
Quercetin OH OH H OH OH 0.031 (0.022-0.043)
Kaempferol OH OH H H OH 0.076 (0.047-0.120)
Morin OH OH OH OH 0.041 (0.038-0.045)
Flavononot
Taxifolin OH OH H OH OH 0.60 (0.42-0.85)
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ity was found in the dose-response curves for all the
compounds tested, with r? values ranging from 0.944 to
0.999. If flavonoids were not soluble enough to provide
a concentration causing more than 50 % inhibition under
the assay conditions used, the inhibition of the highest
concentration tested is given as a percentage. The inhib-
itory values vary over 30-fold, suggesting the existence
of some structure-activity relationships. The flavone nu-
cleus alone (IC;s, about 1 mM) provides a certain degree
of inhibition, but the hydroxylation pattern seems to be
responsible for increased inhibition. The different hy-
droxylic substitutions in the tested flavonoids supplied
information on the relative importance of each position.
Thus, substitution of the 7-hydroxyl group of the ring A
system of luteolin by a glucose moiety, to yield the gly-
coside 7-glucosyl-luteolin produced a 4—5-fold decrease
of activity. In general, glycosides are reported to be less
potent inhibitors than the corresponding aglycones in a
wide range of enzymatic activities!” " !°. On the other
hand, the presence of a hydroxyl group at position 3 of
the benzopyrone ring, which distinguishes flavonols from
flavones, seems to play a less important role in inhibition,
if we compare the results for quercetin and luteolin.
More differences were found on comparing hydroxyl-
ation of the ring B system. Thus, the presence of the 3/,
4" catechol group was a common feature of both
quercetin and luteolin, the most potent flavonol and
flavone, respectively. Loss of the 3’ hydroxyl group pro-
duced a decrease of activity, as shown in the results for
kaempferol and apigenin. Additional 2’ hydroxylation of
morin increased the potency compared with that of
kaempferol, which possesses only a hydroxyl group in
the position 4’ of the ring B. The importance of the 3, 4
diol group in the ring B has been emphasized in studies
of the inactivation by flavonoids of other enzymes, such
as succinoxidase 22 and arachidonate lipoxygenases e.g.
plant 15-lipoxygenase !, rat basophil 5-lipoxygenase !°
or platelet 12-lipoxygenase 22. In contrast, hydroxylation
of ring B reduces the inhibition potency when cyclo-oxy-
genase activity is measured !°. Apart from the hydroxyl-
ation pattern, a double bond in C-2,C-3 appears to be
a very important structural feature for GSH S-trans-
ferase inhibition. A 20-fold loss of activity was obtained
with the flavononol taxifolin in comparison with its
analogous flavonol quercetin. Therefore, the planarity of
the benzopyrone system seems to be a requirement for
inhibition. Presence of the C-2,C-3 double bond has been
reported to be necessary for other flavonoid activities,
such as phosphodiesterase® and glyoxalase 12* inhibi-
tion. In general, the order of potency found in GSH
S-transferase inhibition of flavonoid subtypes was
flavonols > flavones > flavononols.

The kinetic inactivation studies of the enzyme with the
inhibitor quercetin at different GSH and CDNB concen-
trations were performed to understand the mechanism of
inhibition of the enzyme by flavonoids. When a fixed
CDNB concentration (1 mM) was incubated with dif-
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Inhibitory effect of quercetin on cytosolic GSH S-transferase activity at
variable concentrations of GSH and fixed (1 mM) concentration of
CDNB (panel A) and at variable concentrations of CDNB and fixed
(5 mM) concentration of GSH (panel B). Reciprocal velocity (1/V) in
(umol of CDNB-GSH conjugate/min/mg cytosolic protein) ~* versus re-
ciprocal substrate concentration in mM ~! without (@) or with increasing
quercetin concentrations, 0.05 (M), 0.08 (A) and 0.12 (@) mM.

ferent concentrations of GSH (0.1-1 mM) in the pres-
ence or absence of quercetin, a typical non-competi-
tive Lineweaver-Burk plot was obtained (fig. A), with
similar K, values (between 0.27 and 0.31 mM) and
lower V. values at increasing quercetin concentration.
The apparent K; value with respect to GSH was
7.5 + 1.4 x 10~ M. When the assay was performed at a
fixed GSH concentration (5 mM) and the CDNB con-
centration varied from 0.1 to 1 mM, a similar kinetic
profile was obtained (fig. B). In this case, the apparent K;
value with respect to CDNB was 6.0 + 1.3x107° M.
Thus it can be concluded that quercetin acts as a non-
competitive inhibitor for the nucleophilic substrate GSH
and the electrophilic CDNB.

In fact, quercetin does not act as a substrate of GSH
S-transferase, as we found in previous studies monitoring
GSH disappearance by the Eliman method (data not
shown). Non-competitive inhibition has been reported
for several flavonoid activities, e.g. taxifolin is known to
behave as a non-competitive inhibitor of biphenyl-4-hy-
droxylase, biphenyl-2-hydroxylase and aminopyrine N-
demethylase 24,
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The flavonoids are usually present in the diet in relatively
large amounts, which might be sufficient to achieve phar-
macologically significant concentrations in tissues?.
Thus, flavonoids could interfere with GSH S-transferase
in vivo. Nevertheless, discrepances between in vitro and
in vivo results have been described for some chemicals,
such as propylthiouracil>® or ellagic acid >®, which are
in vitro inhibitors but in vivo activators of GSH S-trans-
ferase. Therefore the relevance of our results with re-
spect to the influence of dietary flavonoids on GSH
metabolism remains to be ascertained.

In conclusion, we have shown that flavonoids are potent
in vitro inhibitors of GSH S-transferase and some struc-
tural features necessary for inhibition have been de-
scribed. Further studies about the in vivo effect of several
flavonoids on GSH metabolism are now in progress.
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Long-term depressor effects of catecholamine neuronal grafts in the third ventricle of the brain in normoten-

sive rats
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Summary. Neuronal tissue containing A-6 group noradrenalin (NA) neurons of the locus ceruleus, or A-10 group
dopamine (DA) neurons of the substantia nigra, was grafted into the third ventricle at the level of the preoptic-ante-
rior hypothalamic region, in normotensive male rats. A significant and long-lasting depressor effect was shown in rats
with either graft. In rats with an NA neuron-rich graft, plasma concentrations of arginine-vasopressin (AVP), plasma
renin activity (PRA), and corticosterone (CS) decreased significantly, whereas in rats with a DA neuron-rich graft,
AVP and PRA concentrations also decreased significantly but CS showed no significant change. Neither NA nor
adrenalin in plasma changed significantly in rats with either graft.

Key words. Blood pressure; catecholamine; brain grafting; central cardiovascular regulation; rat.

With the help of anatomical and morphological studies
to map the localization of catecholaminergic neurons
and their receptors in the central nervous system
(CNS) ! 2, physiology and pharmacology have accumu-
lated evidence supporting the involvement of the CNS in
cardiovascular regulation®~ !,

The anterior hypothalamic area (AHA) including the
anteroventral third ventricle (AV3V) region®~% 2 in co-
operation with the nucleus of the solitary tract (NTS) > ¢,
participates in body fluid and cardiovascular regulation
mechanisms, mainly mediated by catecholaminergic neu-
rons® !, We have already reported that a long-term



