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suggest that differences in brain dopamine neuron number 
may underlie some of these strain differences in prolactin lev- 
els. Furthermore, since the incidence of mammary cancer 
among strains of mice is correlated to serum prolactin levels ~7, 
it may be that brain dopamine neuron number can be related 
to the development of mammary cancer in some strains. In 
fact, BALB/cJ mice have a much lower incidence of mammary 
tumors than CBA/J mice TM. 
In summary then, we have demonstrated that two strains of 
mice that differ in the number of dopamine neurons in the 
brain also differ in blood and pituitary prolactin levels in a 
manner predicted by their dopamine neuron number. 

* Present address and to whom all correspondence should be addressed: 
Neurology Service (127), Veterans Administration Medical Center, East 
Orange (New Jersey 07019 USA). 
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Summary. Tingenone and horminone, two natural quinonoid substances, inhibited the in vitro growth of Trypanosoma eruzi, 30 
gM drug concentration producing total inhibition of growth. Tingenone inhibited total uptake and incorporation of 
[3H]thymidine, [3H]uridine, L-[3H]leucine into parasite macromolecules. Other quinonoids assayed were either less effective (abru- 
quinone A) or even quite inactive (visminone B and ferruginin B). Investigation of several mechanisms for the cytotoxic action of 
tingenone pointed to the interaction with DNA as the most likely factor involved. Tingenone also inhibited the growth of 
Crithidia fasciculata, but the drug was significantly less active on this organism than on T. cruzi. 
Key words. Trypanosoma cruzi; Crithidia fasciculata; tingenone; horminone. 

Tingenone (maitenine; fig. 1) is a triterpene quinone-methide, 
isolated from various plants of the Celastracea and Hyppocra- 
teacea families as a red-orange pigment, displaying antineo- 
plastic activity 3-s. The size and shape of the tingenone molecule 
are favorable for its inclusion within the narrow groove of 
DNA, and hydrogen bonds can be formed between the hy- 
droxyl group of tingenone and the phosphate group of DNA 6. 
In the present study we have investigated the action of tin- 
genone and other natural quinonoid substances as inhibitors of 
growth and macromolecule biosynthesis in Trypanosoma cruzi, 
the agent of Chagas' disease. The same substances were tested 
on Crithidia faseiculata, a nonpathogenic flagellate which has 
been suggested for in vitro testing of potential trypanocides 7. 
Studies on the mode of action of drugs on T. cruzi are of per- 
manent interest because the identification of potential targets 
for chemotherapeutic attack may pave the way for the devel- 
opment of new agents for the treatment of Chagas' disease. 
Materials and methods. Organism. T. cruzi (Tulahuen strain) 
was cultured for 3-4 days, at 28 ~ in a liquid medium com- 
posed of brain-heart infusion (Difco), 37 g; heroin, 20 mg, fetal 
bovine serum, 40 ml and water, to 1 18-~~ The cells were col- 
lected during exponential growth by centrifugation and resus- 
pended in fresh warm medium at a concentration of 1 x 106 
cells/rain. Krebs-Ringer was used for resuspending the cells 
when uptake or incorporation of L-[3H]leucine was to be deter- 
mined. Crithidia fasciculata, anopheles strain ATCC 11745, 

was cultured as above. After 48 h culture, the cells were col- 
lected by centrifugation and washed with 0.154 M NaC1 before 
the experiments. 
Heart mitochondria electron transport particles were prepared 
as described by Turrens and Boveris 11. 
Reagents. These were obtained from the following sources: 
[Methyl-3H]thymidine (5 Ci/mmole), [5,6-3H]uridine (40 Ci/ 
mmol) and L-[4,4-3H]leucine (40 Ci/mmole) (henceforth 
[3H]thymidine, [3H]uridine and L-[3H]leucine, respectively) 
from the Radiochemical Centre, Amersham, UK; ascorbic 
acid, NADH, sucrose, mannitol, EDTA and antimycin, from 
Sigma Chemical Co, St. Louis, Mo, USA; tingenone 3, abruqui- 
n o n e  A 12, fer ruginin  B 13, vismione B 14 and horminone 15 were 
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Figure 1. Tingenone: D:A-Friedo-24,30-dinoroleana-1(10),3,5,7-te- 
traene-2, 21-dione, 3-hydroxy,-(20fl)-. 
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isolated as described in the literature. Drugs were added dis- 
solved in ethanol and the control samples received the corre- 
sponding volume of solvent. 
Growth-inhibition experiments. T. cruzi cultures were grown in 
Erlenmeyer flasks provided with a tube directly adaptable to 
the photocolorimeter. The quinonoids assayed were added to 
the medium at the beginning of growth, at the concentration 
stated in each case and under sterile conditions. Cell concen- 
tration during the incubation period (4-5 days) was deter- 
mined by measuring absorbance of the culture suspension in a 
photoelectric colorimeter fitted with a blue filter and precali- 
brated with epimastigote suspensions. The concentration was 
predetermined by cell counting in the Neubauer chamber. Ab- 
sorbance and cell concentration values were linearly related ~6. 
Growth-inhibition experiments with C.faseiculata were per- 
formed as above, but taking into account the nonpathogenic 
nature and fast growth of this organism, the effect of tin- 
genone was measured after 24 h culture in conventional Eden- 
meyer flasks. 
Precursor uptake and incorporation into macromolecules. 
[3H]Thymidine, [3H]uridine and L-[3H]leucine were assayed si- 
multaneously on the same batch of epimastigotes. Aliquots of 
epimastigote suspension (106/ml) in culture medium were given 
[3H]labelled precursors to a final concentration of 2 pCi/ml 
and drugs as indicated. Samples were incubated in a New 
Brunswick Gyratory Water Bath, Model 45, at 37~ for I, 2 
or 3 h. After incubation, 1 ml duplicate samples were with- 
drawn and immediately filtered on 0.45 gm pore-size Metricel 
filters. Samples for measuring L-[3H]leucine incorporation into 
proteins were heated at 100~ for 10 min before filtering, so as 
to eliminate tRNA complexes. In order to measure total pre- 
cursor uptake, samples were washed on the filter, 4 times, with 
8 ml ice-cold 0.9 (w/v) NaC1 (Method A), while samples for 
measuring precursor incorporation into macromolecules were 
washed twice with 8 ml ice-cold 0.9% (w/v) NaC1, once with 8 
ml 10% (w/v) trichloroacetic acid and once with 8 ml 5% (w/ 
v) trichloroacetic acid (method B). Filters were dried and 
placed into vials containing 10 ml of scintillation solution 
(2.5 g 2,5-diphenyloxazole and 0.05 g 1,4-bis[2-(5-phenyl- 
oxazolyl)]benzene in 1 1 toluene). Radioactivity was measured 
in a Tracor 2000 Analytical System, working at 30-35% effi- 
ciency. 
Results and discussion. Tingenone inhibits growth of T. cruzi in 
vitro. The half-maximal inhibitory concentration (I50) was 
12 gM, while 20 gM tingenone produced total inhibition of 
growth. Thus, tingenone was, in vitro, as effective as nifurti- 
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Figure 2. Effect of tingenone on the incorporation of [3H]labeled pre- 
cursors into acid-stable macromolecules. Epimastigotes were incubated 
with precursors and tingenone for the time stated on the abscissa. C, 
control epimastigotes; in parentheses, tingenone concentration (gM). 
Other experimental conditions were as described under 'materials and 
methods'. The points represent the mean from three experiments; the 
bars over the points represent SD. 

mox, but more effective than benznidazole, the two drugs most 
frequently used for the treatment of Chagas' disease (I50, 12 
and 40 gM, respectively 8,10). Furthermore, tingenone was more 
effective than many alprenol and diphenylpyraline derivatives 
recently assayed on T. eruzi by Hammond et al. 17. Table 1 al- 
lows one to compare the effect of tingen0ne and other natural 
quinonoids on parasite growth, at fixed drug concentration. 
The activity of the quinonoids may be classified as follows; a) 
highly active: tingenone and horminone; K b) less active: 
abruquinone A; c) inactive: vismione B and ferruginin B. In 
this connection it should be noted that the highly active quino- 
noids possess a polycyclic angular hydrocarbon skeleton; 
vismione B and ferruginin B are prenyleted anthranoids, 
whereas abruquinone A is a benzoquinone 12. 
DNA, RNA and protein biosynthesis constitute suitable pa- 
rameters for the assay of cytotoxic drugs, since suppression of 
macromolecular synthesis in vitro may predict the biological 
event in vivo ~8-21. DNA, RNA and protein synthesis can be 
monitored in living cells by measuring the incorporation of 
radioactive thymidine, uridine and L-leucine, respectively 18-24 
and this procedure was used to investigate the mode of action 
of tingenone on T. cruzi. The results presented in figure 2 show 
that, in contrast to agents that prevent cell growth by selec- 
tively inhibiting DNA synthesis 2~'24, tingenone also affected 
RNA and protein. In this connection, our observations are in 
good agreement with those of Angeletti and Marini-Bettolo 25 
in mouse fibroblasts. The effect of tingenone in T. eruzi varied 
with drug concentration, precursor and incubation time. Thus, 
with 4.7 gM tingenone, [3H]thymidine and L-[3H]leucine incor- 
poration was more strongly inhibited than that of [3H]uridine. 
Furthermore, with [3H]uridine and L-[3H]leucine, the inhibition 
kinetics showed an initial lag, which was not observed with 
[3H]thymidine. On the other hand, after 2-3 h incubation with 
19 gM tingenone (a concentration near to that totally inhibit- 
ing growth), more homogeneous kinetics and greater inhibi- 
tions were observed (fig. 2). 
The decreased incorporation of precursors into the acid-stable 
macromolecule might reflect interference with biosynthetic 
processes, but could also result from some other mechanism, 
e.g. decreased uptake into cells s2. To elucidate this latter possi- 
bility, the effect of tingenone was simultaneously assayed on a) 
precursor uptake into cells and b) precursor incorporation into 
macromolecules. Table 2 summarizes the results of three ex- 
periments, using different epimastigote samples. It can be seen 
that 4.7 gM tingenone inhibited uptake and incorporation to 
about the same extent and, accordingly, precursor transport 
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Figure 3. Effect of tingenone (T) and vismione B (V) on NADH-oxidase 
activity. Submitochondrial particles, 0.2 protein/ml; 0.23 M mannitol, 
0.07 M sucrose, 1 mM EDTA, 30 mM Tris-HC1, pH 7.5, 0.5 mM 
NADH; temp. 30~ The rate of NADH oxidation was measured at 
340 nm in a Gilford Model 2000 spectrophotometer. Other conditions 
as described under 'materials and methods'. 
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inhibition might be a cause of the effect of t ingenone on mac- 
romolecular synthesis. Nevertheless after incubation for 3 h 
with 19 gM tingenone, the uptake of [3H]thymidine was less 
inhibited than its incorporation, in good agreement with the 
assumption that  tingenone, in addition to other possible ac- 
tions, selectively inhibited D N A  synthesis. Taking into account 
the leading role of D N A  replication for cell growth and multi- 
plication, this inhibition may be of special importance for the 
effect of t ingenone on T. cruz• 
Quinone redox-cycling in T. cruz• (i.e. lapachones) can generate 
superoxide anion, which, after dismutation to hydrogen per- 
oxide, originates the highly cytotoxic hydroxyl radical 26,27. 
Since T. cruz• is an organism that  is deficient in protective 
mechanisms against oxygen radicals 28, it seemed of interest to 
establish whether tingenone was capable of generating such 
radicals. Accordingly, the drug was assayed for redox-cycling 
in the presence of a) ascorbate 29 and b) mitochondrial  particles 
supplemented with antimycin 3~ In both  assays tingenone was 
virtually ineffective (experimental results omitted). In contrast  
to these results, t ingenone proved to be an inhibitor of mito- 
chondrial electron transport  (fig. 3), but  this did not  appear to 
contribute to the overall action of the drug on T. cruz• In fact, 
horminone, which, as an inhibitor of electron transport,  was 
10 times as active as tingenone (I50(gmoles/mg of protein): 2 
(tingenone) and 0.2 (horminone)), did no inhibit T.cruzi  
growth (table 1). 
Tingenone and abruquinone A were also effective on the 
growth of  C.fasciculata. Percentage inhibition values with 15 

Table 1. Effect of tingenone and other natural quinonols on growth of 
T. eruzF 

S}a_bstance Concentration (gM) Inhibition of growth (%) 

Tingenone 15 65 
30 100 

Horminone b 15 75 
30 100 

Abruquinone A c 30 77 

Vista• B d 30 0 

Ferruginin B ~ 30 0 

Experimental conditions were as described under 'materials and 
methods', b 1,4-Phenanthrenedione, 4b, 5, 6, 7, 8, 8a, 9,10-octahydro-3,10- 
dihydroxy-4b,8,8-trimethyl-2-(1-methylethyl)-, [4bS-(4be, 8efl,10fl]. c2, 5- 
Cyclohexadiene-1,4-dione, 5-(3, 4-dihydro-6, 7-dimethoxy-2H- 1-benzo- 
pyran-3-yl)-2, 3-dimethoxy-, (S)-; (6, 7, 2', 3'-methoxy-isoflavanquinone). 
d 11H-Anthra[ 1,2-b]pyran- 11-one, 2, 8, 9,10-tetrahydro-9,12-dihydroxy- 
5-methoxy-. * l(4H)-Anthracenone-3, 8, 9-trihydroxy-6-methyl-2, 4, 4- 
tris(3-methyl-2-butenyl)-. 

Table 2. Effect of tingenone on the total uptake of radioactive precur- 
sors into T. cruz• epimastigotes and on their incorporation into cellular 
macromoleeules a 

Tingenone Macromolecule precursor 
(I.tM) [3HI [3t-I] L-[3H] 

Thymidine Uridine Leucine 
(%) (%) (%) 

Uptake into 
cells (%) 

Incoporation into 
macromolecules (%) 

0 100 2 8 100 2 7 100 2 6 
4.7 68 2 10 85 2 7* 57 4- 10 

19 53 2 8 37 2 5 34 2 6 

0 100 2 12 100 2 9 100 2 9 
4.7 62 2 5 87 2 7* 58 4- 9 

19 3725  3426  3825  

a The experimental conditions were as described under 'materials and 
methods'; incubation time: 3 h. Results represent the average values 
from three experiments and are expressed as percentages of con- 
trol 2 SD of the mean. The percentage incorporation values were 
63 i 8 ([3H]thymidine), 80 4- 7 ([3H])uridine) and 62 2 6 (L-[3H]leucine) 
of the corresponding uptake values. The Student's t-test on the figures 
for tingenone inhibition yielded p < 0.05, except when indicated by *. 

and 30 gM drug concentration were 37 and 58% with tin- 
genone, and 10 and 18 % with abruquinone A, respectively (ex- 
perimental data omitted). Comparison with the corresponding 
effects on 7". cruz• (table 1) demonstrates the lesser sensitivity 
of C.fasciculata to the drugs assayed. These differences show 
that  the cytotoxic effects on C.fasciculata cannot  validly be 
extrapolated to other protozoa, as a test for the evaluation of 
trypanocidal drugs. 
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