
lungs, and these effects were inhibited by 
diethylcarbamazine but not by indo- 
methacin. The injection of P A F  into 
lungs perfused with physiological salt 
solution stimulated a lung cell to produce 
leukotrienes. Since the isolated rat lung 
responds to the injection of synthetic 
leukotrienes C4 and D4 with vasocon- 
striction ( la) ,  the vasoconstriction and 
edema after P A F  injection may be due in 
part to the action of these leukotrienes. 

N.  F .  VOELKEL 
Cardiovascular Pulmonary Research 
Laboratory, University of Colorado 
Health Sciences Center, 
Denver 80262 

S .  WORTHEN 
National Jewish Hospital and 
Research Center, Denver, 
Colorado 80262 

J. T .  REEVES 
Cardiovascular Pulmonary Research 
Laboratory, University of Colorado 
Health Sciences Center 

P.  M.  HENSON 
National Jewish Hospital and 
Research Center 

R. C. MURPHY 
Department of Pharmacology, 
University of Colorado 
Health Sciences Center 

References and Notes 

1. P. M. Henson, J .  Exp. Med. 131, 287 (1970). 
2. J. Benveniste, P. M. Henson, C. G. Cochrane, 

ibid. 136, 1356 (1972). 
3. P. 0 .  Clark, D. J .  Hanahan, R. N. Pinckard, 

Biochim. Biophys. Acfa  628, 69 (1980). 
4. D. J.  Hanahan, C. A. Demopoulos, F .  Liehr, R. 

N. Pinckard, J. Biol. Chem. 255, 5514 (1980). 
5. J. 0. Shaw and P. M. Henson. Am.  J. Pathol. 

98, 791 (1980). 
6. T. C. Lee, B. Malone, M. L.  Blank, F. Snyder, 

Biochem. B io~hvs .  Res. Commun. 102, 1621 . . 
(1981). 

7. J .  0 .  Shaw, S. J .  Klusick, D. J .  Hanahan, 
Biochim. Biophys. Actri 663, 222 (1981). 

8. B. B. Vargaftig, J .  Lefort, M. Chignard, J .  
Benveniste, Eur. J ,  Pharmacol. 65,  185 (1980). 

9. M. Halonen, J. D. Palmer, I. G. Lohman, L. M. 
McManus, R. N. Pinckard,Am. Rev. Resp. Dis. 
124,,41,6 (1981). 

10. Prel~m~nary results of these experiments were 
presented by N. F.  Voelkel, J .  Simpson, S. 
Worthen, J .  T. Reeves, P. M. Henson, and R. C. 
Murphy at the Fifth International Prostaglandin 
Meeting, Florence, 1982. 

11. N. F. Voelkel, J .  Gerber, I. F. McMurtry, J. T. 
Reeves, A. S. Nies, Circulation Res. 48, 207 
(1981). 

12. A. vanGrondelle, N. F. Voelkel, M. Mathias, J .  
T. Reeves, Fed. Proc. Fed. Am.  Soc. Exp. Biol. 
41, 8647 (1982). 

13. D. M. Engineer, U. Niederhauser, P. J .  Piper, 
P. Sirois, Br. J. Pharmcicol. 62, 61 (1978). 

14. W. R. Mathews, J .  Rokach, R. C. Murphy, 
Anal. Biochem. 118, 96 (1981). 

15. S. R. Findlay, 1.. M. Lichtenstein, J .  A. Grant, 
J. Immunol. 124, 238 (1980). 

16. J. Augstein, J. B. Farmer, T. B. Lee, P. Sheard, 
M. L.  Tattersall, Nature (London) New Biol. 
245, 215 (1973). 

17. R. C. Murphy. S. Ilammarstrom, B. Samuels- 
son, Proc. Natl. Acad. Sci. U.S.A. 76, 4275 
(1979). 

18. N. F. Voelkel, R. C. Murphy, J .  T. Reeves, 
Fed. Proc. Fed. Am.  Soc. Exp.  Biol. 41, 4233 
(1982). 

19. Supported by NIH grant HL 25857, NIH-Pro- 
gram-Pro~ect grant HL 14985, and the E. L. 
Trudeau grant of the American Lung Assoc~a- 
tion. 

5 May 1982 

Inhibitory Action of Gossypol on Enzymes and 
Growth of Trypanosoma cruzi 

Abstract. Gossypol, a phenolic compound isolated from the cotton plant, is a 
powerful inhibitor of nicotinamide adenine dinucleotide-linked enzymes (a-hydroxy- 
acid dehydrogenase and malate dehydrogenase) of Trypanosoma cruzi, the parasite 
that causes Chagas' disease. Parasites at the epimastigote stage that were incubat- 
ed for 5 minutes with 100 micromolar gossypol were completely immobilized. 
Concentrations of gossypol as low as 0.01 micromolar markedly reduced the growth 
rate of T. cruzi in culture. 

There is evidence (1) that gossypol 
(1,11, 6,6', 7,7'-hexahydroxy-5,5'-diiso- 
propyl- 3,3' - dimethyl- (2,2' - binaphtha- 
1ene)-8,8'-dicarboxaldehyde) is an active 
male contraceptive agent. Oral adminis- 
tration of this compound produces oligo- 
spermia and azoospermia in humans and 
other species. Studies by Lee  and Mall- 
ing (2) suggest that gossypol acts by 
inhibiting selectively the lactate dehy- 
drogenase (E.C. 1.1.1.27) isozyme X, 
which plays an important role in sperm 
metabolism. Isozyme X (LDH X or  (14) 

is associated with spermatozoa and sper- 
matogenic cells (3). On the basis of its 
substrate specificity and subcellular dis- 
tribution, LDH X has been postulated to 
integrate a shuttle system transferring H 
from cytosol to mitochondria (4). It  
therefore appears that L D H  X is related 
to metabolic processes that provide en- 
ergy for motility and survival of sperma- 
tozoa. 

Studies in our laboratory (5) also indi- 
cate that gossypol inhibits the activity of 
human LDH X. We found that the com- 
pound is a noncompetitive inhibitor of 
LDH X with respect to pyruvate (inhibi- 
tion constant, K,, 11.0 kM) and is an 
uncompetitive inhibitor with respect to 
reduced nicotinamide adenine dinucleo- 
tide (NADH) (K, = 7.0 pM). These stud- 
ies prompted us to investigate the action 
of gossypol on the a-hydroxyacid dehy- 
drogenase and other oxidoreductases of 

the flagellate protozoan Trypanosoma 
cruzi. Our interest was justified by the 
fact that T. cruzi is the agent of Chagas' 
disease, for which there is no satisfac- 
tory drug. 

Cultured epimastigotes of T. cruzi con- 
tain an NAD-linked oxidoreductase des- 
ignated a-hydroxyacid dehydrogenase 
(6). The enzyme is present as two iso- 
zymes with different properties (7). 'The 
substrate specificity of these isozymes is 
similar to that of L D H  X; in particular, 
isozyme I1 exhibits a spectrum of sub- 
strates almost identical to that demon- 
strated for mouse isozyme X (7). 

The parasites were cultured and ex- 
tracts were prepared as  described previ- 
ously (7). The isozyme I1 of a-hydroxy- 
acid dehydrogenase and malate dehy- 
drogenase (E.C. 1.1.1.37) were partially 
purified from aqueous extracts of T. 
cruzi by chromatography on a column of 
DEAE cellulose and by precipitation 
with ammonium sulfate (7). Succinate 
dehydrogenase (E.C. 1.3.99.1) was ob- 
tained by following the method of 
Weeger et al. (8), except that the epimas- 
tigotes were suspended in 100 m M  phos- 
phate buffer, pH 7.4, homogenized, and 
then centrifuged at 10,000g for 30 min- 
utes. The pellet was washed three times 
with distilled water and finally suspend- 
ed in 20 mM phosphate buffer, 1 mM 
EDTA, pH 7.6. We then continued the 
procedure as described by Weeger et al. 

Table 1. Effect of gossypol on oxidoreductases of T. cruzi. The K,  values were calculated by 
Lineweaver-Burk plots. 'The velocity, V, is expressed as a percentage, taking as 100 percent the 
maximum activity without gossypol. 'The Ki values were calculated by using various concentra- 
tions of substrates at a constant inhibitor concentration. 

Enzyme Substrate 

a-Hydroxy- 
acid 
dehydro- 
genase 

Malate 
dehydro- 
genase 

Cilutamate 
dehydro- 
genase 

a-Ketoisocaproate plus gossypol (0.5 pM) 
NADH 
NADH plus gossypol (4.0 pM) 

Oxaloacetate 
Oxaloacetate plus gossypol (0.3 pM) 
NADH 
NADH plus gossypol (0.16 FM) 

a-Ketoglutarate 
a-Ketoglutarate plus gossypol (5 pM) 
NADPH 
NADPH plus gossypol (1 1.1 pM) 
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(8). Glutamate dehydrogenase-NADP 
(E.C. 1.4.1.4) was assayed in crude ho- 
mogenates according to the method of 
Juan et al. (9). a-Hydroxyacid dehydro- 
genase activity was determined by using 
a-ketoisocaproate, a preferred substrate 
for isozyme I1 (7); malate dehydrogenase 
was assayed by the method of Yoshida 
(10); and succinate dehydrogenase was 
assayed according to Singer (11). All 
enzyme assays were carried out at 37OC. 

Studies of inhibition were conducted 
by incubating the mixture containing the 
enzyme with gossypol-acetic acid for 10 
minutes at room temperature, and then 
starting the reaction by addition of sub- 
strates. Values for the Michaelis con- 
stant, velocity (K,, K,', V, V'), and Ki 
were calculated from the data we ob- 
tained (Table 1). 

Gossypol proved to be a powerful in- 
hibitor of a-hydroxyacid dehydrogenase 
and malate dehydrogenase. Gossypol 
acted as a noncom~etitive inhibitor with 
respect to the substrates a-ketoisocapro- 
ate and oxaloacetate and as an uncom- 
petitive inhibitor with respect to the co- 
enzyme NADH. The values of Ki shown 
in Table 1 were obtained with partially 
purified enzymes. The results were simi- 
lar for crude extracts. 

The same type of inhibition was dem- 
onstrated for glutamate dehydrogenase- 
NADP. The Ki values, especially with 
respect to the coenzyme, were higher 
than those observed for the NAD-linked 
enzymes (Table 1). Succinate dehydro- 
genase, a flavoprotein, was not affected 
by gossypol at concentrations up to 100 
PM. 

The effect of gossypol on oxidoreduc- 
tases may result in a blockage of energy- 
providing metabolic pathways in T. 
cruzi. It is possible that the u-hydroxy- 
acid dehydrogenase in the parasite ful- 
fills a role similar to that assigned to 
LDH X in spermatozoa. To establish 
whether this blockage could affect the 
motility of whole parasites, we conduct- 
ed studies with cultured epimastigotes 
diluted with the liquid phase of the medi- 
um to a concentration of 1 x lo6 para- 
sites per milliliter. We then added gossy- 
pol to the suspension at concentrations 
of 25, 50, and 100 yM.  The number of 
motile forms was counted in a Malassez 
chamber. After 5 minutes of incubation, 
the preparations with 25 yM gossypol 
contained 50 percent motile parasites; 
those with 50 yM gossypol contained 
only 18 percent motile forms compared 
to controls; and in preparations with 100 
yM gossypol, immobilization was almost 
total. 

We also investigated the effect of gos- 
sypol on T. cruzi cultures. The com- 

Table 2. Effect of gossypol on growth of T. cruzi in culture. Results are expressed in 
percentages, taking as 100 percent the parasite count of control cultures without gossypol added 
to the medium. Parasite counts were performed in duplicate. The values are means of two 
experiments. 

-. -- 

Gossypol Time in culture (days) 
concentration 

( PIM) 2 4 6 8 10 

pound was diluted in ethanol and added 
to the medium up to four final concentra- 
tions: 0.01, 0.5, 5.0, and 25.0 yM.  Each 
culture flask was inoculated with 
2.4 x lo6 parasites. Cells in the liquid 
phase of the medium were counted in a 
Malassez chamber every 2 days up to 
day 10. Ethanol did not affect cultures of 
the parasite. The growth curves of cul- 
tures containing an equivalent volume of 
ethanol (10 yllml) and no gossypol were 
the same as those that contained no 
ethanol. The effect of gossypol, howev- 
er, was striking (Table 2). With a 25 yM 
concentration of gossypol, growth was 
inhibited almost completely and only a 
few, rounded epimastigotes with very 
reduced motility could be observed. 
With 5.0 yM gossypol, the action was 
also intense; about 50 percent of the 
epimastigotes in the medium were 
rounded forms. The inhibitory action of 
gossypol on growth was marked even at 
concentrations as low as 0.01 yM (Table 
2). At this concentration, about 20 per- 
cent of the parasites were rounded 
forms. We have not yet determined 
whether the trypomastigote and amasti- 
gote stages of the parasite are also affect- 
ed by gossypol, nor have we studied the 
effect of the compound on the course of 
experimental infections of T ,  cruzi in 
mammalian cells in vitro or in vivo. 

The effectiveness of orally adminis- 
tered gossypol as an antifertility agent in 
humans, producing deleterious effects on 
seminiferous epithelium, demonstrates 
that it can traverse the blood-testis barri- 
er. This indicates that the drug pene- 
trates cellular membranes and other per- 
meability barriers. Available clinical 
studies (12) suggest that the compound is 
fairly well tolerated by humans at effec- 
tive doses and that spermatogenesis is 
completely restored when the treatment 
is discontinued. 

The K, values for gossypol with human 
LDH X are higher than those determined 

(12). If the action of gossypol is indeed 
due to its inhibitory effect on LDH X, it 
could be assumed that a dose sufficient 
to block spermatogenesis in humans 
could also be toxic for the parasite. 

These findings encourage studies on 
the possible value of gossypol as a thera- 
peutic agent for Chagas' disease and 
other trypanosomiases. 

ANTONIO BLANCO 
Catedra de Quimica Bioldgica, 
Facultad de Ciencias MPdicas, 
Universidad Nacional de Cdrdoba, 
5000 Cdrdoba, Argentifla 

ELSA L. SEGURA 
Znstituto Nacional de Znvestigacibn y 
Diagnostico de la Enfermedad de 
Chagas, Ministerio de Salud Publica, 
Buenos Aires, Argentina 

References and Notes 

1. G. I. Zatuchni and C. K. Osborn, Research 
Frontiers in Fertility Regulation (Northwestern 
Univ. Press, Chicago, 1981), vol. 1, No. 4. 

2. C .  Lee and H. V. Malling, Fed. Proc. Fed. Am.  
Soc. E.rp. Biol. 40, 718 (1981). 

3. A.  Blanco and W. H. Zinkham, Science 139,601 
(1963); , D. G. Walker, in lsozymes, C. L. 
Markert. Ed. (Academic Press. New York. 
19751, vol. 3, p. 297. 

4. A. Blanco, C. Burgos, N.  M. Gerez de Burgos, 
E. E. Montamat. Biochem. J.  153. 165 (1976): E. 
E. Montamat and A. Blanco, Exp. Cell Res. 103, 
241 (1976); N.  M. Gerez de Burgos, C. Burgos, 
E. E. Montamat, J .  Moreno, A. Blanco, Bio- 
chem. Biophys. Res. Commun. 81, 644 (1978); 
A. Blanco, Johns Hopkins Med. J .  146, 231 
11 9110) 

5. E. E. Montamat, C. Burgos, N. M. Gerez de 
Bureos. L.  E. Rovai. A. Blanco. E. L. Segura. 
unp;blished results. 

- 
6. N. M. Gerez de Burgos, C. Burgos, A. Blanco, 

I. Paulone. E. L. Segura. Acta Phvsiol. Lat. 
Am.  26, 10 (1976). - 

7. C. E. Coronel. N. M. Gerez de Burgos. C. 
Burgos, A. ~ l a n c o ,  Medicina ( ~ u e n o s ~ F e s j  40, 
(Suppl. I), 159 (1980); C. E. Coronel, L.  E.  
Rovai, N. M. Gerez de Burgos, C. Burgos, A. 
Blanco, Mol. Biochem. Parasitol. 4, 29 (1981). 

8. C. Weeger, D. V. Der Vartanian, W. P. Zeyle- 
maker, Methods Enzymol. 13, 85 (1969). 

9. S. Juan, E. L. Segura, J. J. Cazzulo, Int. J .  
Biochem. 9, 395 (1978). 

10. A. Yoshida, Methods Enzymol. 13, 141 (1969). 
11. T. P. Singer, Methods Biochem. Anal. 22, 133 

(1 964). 
12. National Coordinating Group on Male Fertility, 

Chinese Med. J. 4. 417 (1978). 
for the a-hydroxyacid dehydrogenase 13. This work was supported, in part, by grants 

from the Secretaria de Estado de Ciencia y 
from T .  cruzi. It has been reported that Tecnologla of Argentina. N.M.G.deB., c.B., 
gossypo~ neither accumulates in the tes- and A.B. are career investigators of the Consejo 

Nacional de Investigaciones Cientificas y TBcni- 
tis nor attains higher concentrations in cas of Argentina. 
this tissue than in the rest of the body 2 April 1982; Fevised 7 June 1982 

289 15 OCTOBER 1982 




