
CHAPTER 28 

Trypanoc ida l Agents 

Bruce A. Newton 

I. Introduction 285 
II. Summary of Trypanocidal Agents in Current Use 286 

A. African Trypanosomiasis 286 
B. South American Trypanosomiasis 286 

III. Arsenicals 287 
A. Organic Arsenicals in General Use as Trypanocides 287 
B. Mechanism of Trypanocidal Action 288 

IV. Suramin 291 
A. Development and Structure 291 
B. Mechanism of Action 292 

V. Aromatic Diamidines 294 
A. Structure and Development 294 
B. Selective Activity 295 
C. Mechanism of Action 295 

VI. Quaternary Ammonium Trypanocides 298 
A. Phenanthridines 299 
B. Antrycide 304 

VII. Summing Up 306 
References 306 

I. INTRODUCTION 

Chemotherapy of trypanosomiasis enjoys the distinction of being one 
of the oldest branches of chemotherapy: Ehrlich's earliest experiments in 
this field were directed towards the development of a cure for sleeping 
sickness. During the 60 years which have elapsed since these first investi
gations, an astronomical number of trypanocidal compounds have been 
described in the literature, but of these only a few have withstood the 
test of time and are in current use for the treatment of trypanosomiasis 
of man or of domestic animals. I t is with these "survivors" that the 
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present chapter will be mainly concerned. A more complete survey will be 
found in references (l~4a). 

Without exception, the compounds now used for prophylaxis or treat
ment of trypanosomiasis represent the products of an empirical approach 
to the problem of selective toxicity. As a result of painstaking screening of 
large numbers of compounds a mass of data has been accumulated which 
relates chemical structure to trypanocidal activity; yet, in most cases, 
little or nothing is known about the mechanism of this activity. This lack 
of knowledge is a reflection of our general ignorance of the biochemistry 
of trypanosomes. 

It is the aim of this chapter to present a brief account of the structure 
and properties of trypanocidal agents in current use and to discuss the 
results of biochemical investigations which may throw some light on their 
mechanism of action. By so emphasizing the gaps in our knowledge it is 
hoped that more workers will be encouraged to examine the inhibitory 
actions of these compounds. 

II. SUMMARY OF TRYPANOCIDAL AGENTS IN CURRENT USE 

A. African Trypanosomiasis 

1. H U M A N ( S L E E P I N G S I C K N E S S ) 

Causative organisms: Trypanosoma gambiense (West African), Trypa
nosoma rhodesiense (East African). 

Drugs for prophylaxis: suramin, pentamidine, and melaminyl antimony 
compounds. 

Drugs for treatment: tryparsamide and melaminyl arsenicals. 

2 . B O V I N E 

Causative organisms: Trypanosoma brucei, Trypanosoma congolense, 
Trypanosoma vivax. 

Drugs in use: phenanthridines (ethidium and prothidium), Antrycide, 
berenil, and suramin complexes of the preceding compounds. 

B. South American Trypanosomiasis 

H U M A N ( C H A G A S D I S E A S E ) 

Causative organism: Trypanosoma cruzi. No effective chemotherapeu-
tic agent available. 
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III. ARSENICALS 
The history of arsenic as a chemotherapeutic agent dates back to 1 8 6 3 

when Bechamp ( 5 ) , a French apothecary, synthesized a water-soluble 
compound by heating arsenic with aniline. This compound, subsequently 
named Atoxyl ( I ) , was found to be 3 0 times less toxic than Fowler's solu

tion (a mixture of potassium arsenite and arsenious oxide, which was in 
use as a therapeutic agent at that t ime). Some 4 0 years later Thomas 
and Breinl (6) showed that Atoxyl cured experimental trypanosomiasis 
at one-tenth of the tolerated dose. Ehrlich's investigation (7) of this com
pound provided an explanation for the different toxicities of Fowler's 
solution and Atoxyl; he showed that Atoxyl is arsanilic acid, a compound 
in which arsenic is undissociable, whereas in Fowler's solution the arsenic 
is present as arsenite ions, which can readily penetrate into tissues and 
cells to combine with any available positively charged group. These find
ings mark the beginning of a search for selectively toxic organic arseni
cals, which has continued until the present day. Friedheim (8) estimated 
that by 1 9 3 2 some 1 2 , 5 0 0 compounds had been synthesized and tested. 

The biological activity of organic arsenicals in relation to their struc
ture has been reviewed in detail by Eagle and Doak (9), and recent 
advances have been discussed by Friedheim (10). The more general 
aspects of arsenicals as metabolic inhibitors form the subject of Chapter 
2 0 in this volume; the present section will, therefore, be restricted to a 
brief discussion of the trypanocidal activity of organic arsenicals. 

A. Organ ic Arsenicals in Gene ra l Use a s Trypanocides 

Arsenicals are of prime importance for the treatment of advanced cases 
of trypanosomiasis, as they are the only drugs available which are active 
against trypanosomes in the cerebrospinal fluid. Two types of compound 
are in general use. 

1. T R Y P A R S A M I D E ( I I ) 

(I) 

(II) 
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This compound is frequently administered in combination with suramin 
or pentamidine. 

2. M E L A M I N Y L A R S E N I C A L S 

Friedheim (11) first synthesized organic arsenicals containing the 
melamine nucleus. The trivalent Melarsen oxide (III) and the pentava
lent Melarsen (IV) are effective in the treatment of advanced cases, but 
are more toxic than tryparsamide. It was later found (8) that the di-

NH 2 

(HI) 

OH 

- A s = 0 

^ O H 

(IV) 

— A s 

S - C K L 

S - C H 

CH 2OH 

(V) 

mercaprol (BAL) derivative of Melarsen named Mel Β (V) has a reduced 
toxicity for the host, and this compound is proving to be of particular 
value in the treatment of advanced infections which show resistance to 
tryparsamide. The antimony analogue of Melarsen has shown promise as 
a long-acting prophylactic (12). 

B. Mechanism of Trypanocidal Action 

1. R E A C T I O N W I T H T H I O L G R O U P S 

Ehrlich (18) showed that trivalent organic arsenicals are trypanocidal 
in vitro and in vivo, whereas pentavalent derivatives are relatively non
toxic in vitro but exert a powerful trypanocidal action in vivo. To explain 
these findings Ehrlich suggested that pentavalent compounds are con
verted to the trivalent form in vivo. This view has since received sound 
experimental support (H-16a). 
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The most striking property of trivalent arsenic compounds is their 
avidity for thiol groups, the reaction [Eq. (1) ] resulting in mercaptide 
formation. Voegtlin et al. (14) demonstrated the presence of thiol groups 

R—S 
\ 

2 R—SH + 0 = A s — R ' -> As—R' + H , 0 ( 1 ) 
/ 

R—S 

in trypanosomes and showed that compounds such as glutathione in
hibited the trypanocidal activity of trivalent arsenicals in vitro. These 
findings led to the suggestion that the "primary chemoreceptor" for 
arsenicals in trypanosomes is glutathione. This view was subsequently 
modified as the importance of free thiol groups for enzyme activity was 
recognized. 

Peters and Wakelin (17) found that pyruvate oxidase of animal cells 
is particularly sensitive to arsenicals, and their work led, first, to the 
suggestion that trivalent arsenicals form stable ring compounds with 
dithiols, and second, to the prediction that a dithiol may be involved in 
pyruvate oxidation (18), a prediction to be substantiated later by the 
discovery of lipoic acid. The combination of an organic arsenical with a 

CH2—SH C H 2 — S 

I I \ 
CH 2 CH 2 AsR + H 2 0 
I + 0 = A s R - + I / ( 2 ) 

CH—SH CH—S 

I I 
(CH2)4—COOH (CH 2) 4—COOH 

dithiol [Eq. (2) ] is not reversed by an excess of a monothiol compound, 
but can be reversed by dithiols. 

2. SELECTIVE A C T I V I T Y 

The toxicity and trypanocidal activity of organic arsenicals having 
closely related chemical structures may vary as much as one hundredfold, 
and there may also be marked differences in the activity of a given com
pound against different trypanosomes. Two possible explanations for this 
selective activity have been discussed by Eagle and Doak (9). First, 
there is a variation in either the number or reactivity of cellular thiol 
groups; second, there is a variation in cell permeability. Most of the data 
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available favor the latter hypothesis. Barron and Singer (19, 20) studied 
the action of a number of arsenicals on isolated enzymes and found that 
the susceptibility of different enzymes to the same arsenical, or the same 
enzyme to a number of different arsenicals, was generally of the same 
order. However, some exceptions were recorded by these workers and by 
Banks and Controulis (21), and it was suggested that differences in sus
ceptibility may arise from different spatial arrangements of thiol groups 
on enzyme proteins. Eagle and Doak (9) found no correlation between 
the toxicity or activity of a number of arsenicals and the hydrolysis con
stants of their thioarsenite derivatives, suggesting that variations in anti
microbial activity or toxicity are not due to differences in the rate or 
equilibrium constants of the reaction of these compounds with thiol 
groups. There is, however, a report of one arsenical which appears to be 
active against protozoan enzymes but inactive against similar enzymes 
from mammalian tissues. Seaman (22) found that arsonoacetic acid (VI) 

COOH 
I 

As 

AH^011 

(VI) 

acts as a competitive inhibitor of succinic dehydrogenase isolated from a 
number of protozoa, but this compound does not inhibit succinic dehydro
genase prepared from mouse or rat tissues (23). Evidence was presented 
to show that compound (VI) is active in the pentavalent form and not 
the trivalent form and that it acts by combining with the carboxyl affinity 
points of the enzyme, thiol groups being unaffected. 

Evidence in favor of a variation in cell permeability to organic arseni
cals first came from the qualitative studies of York and associates (24), 
who showed that trypanocidal arsenicals are bound by organisms and that 
inactive compounds are not. These findings were extended by Eagle and 
Magnuson (25), who found a correlation between the trypanocidal ac
tivity of 10 different arsenicals and the amount of these compounds bound 
by trypanosomes. From these studies it was concluded that arsenobenzene 
is highly toxic to all cells, and it was suggested that the addition of sub
stituent groups may depress activity against one type of cell more than 
another, probably by changing the ability of the compound to penetrate 
cell permeability barriers; this, however, remains to be proved. 
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3. A N T A G O N I S M OF A R S E N I C A L S 

A number of compounds others than thiols are known to protect cells 
against the cytotoxic action of arsenicals; these include quinoid dyes 
(26), ascorbic acid (27), aminobenzoic acid (28), benzoic esters (29), and 
Surfen C (SO). There is little similarity in chemical structure between 
these compounds and arsenobenzene, and it seems unlikely that they will 
compete with arsenicals for thiol groups. Williamson and Lourie (SO) 
have suggested that these antagonists may modify the cell surface and 
prevent drug uptake, but experimental support for this idea is still lack
ing. It has also been noted that inhibition of trypanocidal activity by a 
number of these compounds is not paralleled by decreased toxicity (29). 

While it is generally accepted that the cytotoxic action of organic 
arsenicals depends on their ability to combine with thiol groups of essen
tial enzyme systems, the mode of action of these compounds cannot be 
fully described until the mechanism of these antagonisms has been eluci
dated (9). Further study of this problem should yield valuable informa
tion about permeability barriers of parasite and host cells. 

IV. SURAMIN 

A. Development a n d Structure 

In 1904 Ehrlich and Shiga (31) made the fundamental discovery that 
trypan red, a member of the Congo red series of dyes, can cure experi
mental trypanosomiasis in mice. Following this, Nicolle and Mesnil (32) 
examined a range of cotton dyes for curative action against Trypanosoma 
gambiense in monkeys and rats; the most active compound found was 
afridol violet. The search for active colorless derivatives of these dyes 
led, some 16 years later, to the synthesis of suramin (synonyms: Bayer 
205, Antrypol) (VII) . The steps in the evolution of this substance from 
the azo dyes have been described by Balaban and King (S3). The struc
ture of suramin was elucidated by Fourneau et al. (84). I t is now appar
ent, from the results of numerous workers, that minor modifications in 
this complex structure result in the loss of trypanocidal activity. One of 
the earliest characteristics of suramin to be recognized was the long dura
tion of its prophylactic action and its persistence in the blood stream. 
The work of Spinks (85) suggests that different structural features in the 
molecule are responsible for this persistence and for trypanocidal activity, 
since demethylation results in a loss of the latter without affecting reten-
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(VII) 

tion of the drug. There is no evidence that suramin is modified or de
graded in vivo. 

B. Mechanism of Action 

1. E F F E C T S O N G R O W T H A N D G E N E R A L M E T A B O L I S M 

There is still little information which throws light on the nature of the 
trypanocidal activity of suramin. Early work suggested that the drug was 
active only in vivo, but von Jancso and von Jancso (36) showed that 
in vitro activity could be demonstrated, provided that contact between 
drug and trypanosomes was maintained for at least 24 hours. This slow 
action, which has recently been described in greater detail by Hawking 
and Sen (37), differs from the action of arsenosobenzenes, which show 
immediate trypanocidal activity in vivo and in vitro. 

A number of workers have found that, in vitro, respiration and glucose 
metabolism of trypanosomes is initially unaffected by suramin (88, 89); 
however, after 6 hours' contact with the drug, oxygen consumption by 
Trypanosoma brucei is reduced, and glycerol is found to accumulate (40). 
More recently, Town et al. (41) found that suramin is a potent inhibitor 
of glucose fermentation by yeast juice, but is without effect on intact 
yeast cells (42). Suramin does not appear to have any immediate effect on 
the motility of trypanosomes, but Hoffmann-Berling (43) has observed 
that it is an extremely potent inhibitor of the adenosine triphosphate-
induced movement of flagella and undulating membranes of glycerinated 
trypanosomes. 

2. CYTOLOGICAL C H A N G E S 

Von Jancso and von Jancso (44) observed that suramin treatment of 
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certain strains of trypanosomes results in the appearance of giant multi-
nuclear forms, suggesting that cytoplasmic division is affected before 
nuclear division. Similar observations have been made recently by 
Ormerod (45), who found also that after 5 - 6 hours' contact with suramin 
basophilic granules appear in the cytoplasm of trypanosomes. Similar 
changes are induced by a number of quaternary ammonium trypanocides; 
the possible significance of these findings will be discussed in Section V I 
of this chapter. Sen and co-workers (46) have studied the cytochemical 
changes in Trypanosoma evansi resulting from suramin treatment and 
report a marked increase in cytoplasmic mucopolysaccharide. 

T A B L E I 

ENZYMES INHIBITED BY SURAMIN 

Enzyme References 

Trypsin (48) 
Fumarase (49) 
Hyaluronidase (50) 
Urease (51) 
Hexokinase (51) 
Succinic dehydrogenase (51, 52) 
Choline dehydrogenase (51) 
Ribonuclease (63) 
/3-Galactosidase (54) 
Lysozyme (55) 

3 . E N Z Y M E I N H I B I T I O N B Y S U R A M I N 

There have been numerous reports of enzymes which are inhibited by 
suramin (Table I ) but these have been of little help in pinpointing the 
site of trypanocidal action of this compound. Wills (47) found that the 
inhibition of a number of enzymes by suramin was particularly sensitive 
to changes in pH value; for example, 3 Χ 1 0 ~ 4 Μ suramin gives 1 0 0 % 
inhibition of urease at pH 5 but is without effect at pH 5 . 3 . This sharp pH 
response led to the development of a rapid method for determining the 
isoelectric point of suramin-sensitive enzymes which has proved to be 
particularly suitable for use in the early stages of enzyme purification. 

Stoppani and Brignone (52) studied the action of suramin on purified 
succinic dehydrogenase and found that the drug behaves as a competitive 
inhibitor; however, the l-naphthylamine-4,6,8-sulfonate portion of the 
molecule was found to behave similarly, and this compound is known to 
be without trypanocidal activity. 

Ten years ago von Brand (2), discussing the mode of action of suramin 
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wrote, "it is evident that further physiological studies are urgently 
needed." This summing up is still applicable. 

V. AROMATIC DIAMIDINES 

A. Structure a n d Development 

The introduction of aromatic diamidines as trypanocidal agents re
sulted from a search for chemicals capable of reducing the blood sugar 
level. I t had been observed that the survival time of trypanosomes in 
blood is prolonged if glucose is added (56, 57), and Poindexter {58) found 
that insulin decreased the rate of trypanosome multiplication in vivo and 
prolonged the life of the host. Synthalin (VIII) had at one time been 

H 2 N N H 2 

\ / 
C—NH— (CH,) io—NH—C 

κ \ 
HN NH 

(VIII) 

used for the treatment of diabetes mellitus; this prompted von Jancso and 
von Jancso (59) and Schern and Artagaveytia-Allende (60) to test this 
compound for trypanocidal activity; it was found to be remarkably 
active. These workers suggested that hypoglycemia, caused by Synthalin, 
interfered with trypanosome metabolism, but later Lourie and York (61) 
demonstrated that the compound is trypanocidal at concentrations which 
have no effect on the blood sugar level. These observations led to the syn
thesis of a series of diguanides, amidines, and isothioureas (62, 63). The 
trypanocidal activity of these compounds was found to be markedly 
affected by alterations in chain length or in the guanyl group. From sev
eral hundred compounds screened for trypanocidal activity, stilbamidine 
( IX) , pentamidine ( X ) , and propamidine (XI) have been the most suc
cessful in the treatment of trypanosomiasis and leishmaniasis. The phar-

(IX) 
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NH 

NH 

NH 

NH 2 

n = 5 ( X ) ; n = 3 ( X I ) 

macology and action of these compounds have been reviewed in detail by 
Schoenbach and Greenspan (64). A more recent addition to this group 
of compounds is berenil ( X I I ) , which is active against Trypanosoma 
congolense infections in cattle (65). 

(ΧΠ) 

B. Selective Activity 

The aromatic diamidines inhibit the growth of protozoa, bacteria, fungi, 
and neoplastic cells, generally at concentrations well below those found 
to be toxic to host tissues. However, within the genus Trypanosoma, a 
wide variation in sensitivity to these drugs has been observed; this is as 
yet unexplained. At first it appeared that there might be some correla
tion between diamidine sensitivity and resistance to cyanide. Trypano
somes of the brucei group, which are sensitive to these drugs (62), do not 
contain a normal cytochrome-cytochrome oxidase system as judged by 
their resistance to cyanide (66, 67), whereas Trypanosoma lewisi and 
Trypanosoma cruzi, which have a cyanide-sensitive respiration (68, 69), 
are diamidine resistant (70, 71). However, the work of Adler and his 
collaborators (72) has shown that various species of Leishmania are sensi
tive to diamidines and also to cyanide. 

As antibacterial agents, the diamidines are generally more effective 
against gram-positive than gram-negative organisms (73). 

C. Mechanism of Action 

There have been few studies of the action of aromatic diamidines on 
trypanosomes which help to elucidate their mechanism of action. More 
information has been gained from studies with bacterial and tumor cells. 
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1. E F F E C T S O N M E T A B O L I S M 

Marshall (74) has shown that stilbamidine does not interfere with 
glucose or oxygen consumption by T. evansi; however, an accumulation 
of pyruvate and a change in the amounts of various phosphorylated inter
mediates were observed. These findings led to the suggestion that the 
drug inhibits the decarboxylation of pyruvic acid. Bernheim (75) how
ever, found that the oxidation pi amino acids by Escherischia coli and 
Staphylococcus aureus is more sensitive to propamidine than the oxida
tion of glucose, pyruvate, or succinate by these organisms. Further work 
(76) showed that the oxidation of L-proline and L-alanine is inhibited by 
propamidine at concentrations which stimulate the oxidation of L-serine 
and asparagine. Both propamidine and pentamidine inhibit mono- and 
diamine oxidases (77, 78). 

More recently, Amos and Vollmayer (79) have reported that trans
amination between glutamic acid and α-ketoisovaleric acid by dried 
preparations of E. coli is inhibited by pentamidine. Hicks (80) confirmed 
this finding, but pointed out that Ι Ο - 3 Μ pentamidine is required to pro
duce a 4 0 % inhibition of transaminase activity, whereas growth is in
hibited by 5 X 1 0 ~ 5 Μ pentamidine. Hicks also studied the effect of 
pentamidine on enzyme synthesis in E. coli; growth in the presence of a 
sublethal concentration does not inhibit the synthesis of transaminase or 
β-galactosidase, but the cells have a lower enzyme content than control 
cells grown to the same density. β-Galactosidase activity of cell-free 
extracts is 9 9 % inhibited by 3 X 1 0 ~ 3 Μ pentamidine; this inhibition can 
be reversed by excess substrate. Discussing these results, Hicks suggests 
that pentamidine may reduce the rate of enzyme synthesis by limiting, 
in some way, the availability of free amino acids for protein synthesis. 
The competitive inhibition of β-galactosidase by pentamidine, she points 
out, is comparable to the inhibition of glucosidase and maltase by his
tidine or other monoamines which has been observed by Halvorson and 
Ellias (81) and by Larner and Gillespie (82). The latter authors have 
suggested that amines, as free bases, combine with the imidazole ring of 
enzyme-bound histidine. It is possible that diamidines may act in a 
similar manner. 

2 . A N T A G O N I S M A N D R E V E R S A L OF D I A M I D I N E A C T I O N 

Many nitrogen compounds interfere with the activity of diamidines 
(83). Bichowsky (84, 85) made a detailed study of this problem; peptones 
and meat extracts were found to antagonize pentamidine, but 1 0 % serum 
does not; substances with polar groups similar to diamidines (creatine 
and arginine) lack antidiamidine activity; ribonucleic acid ( R N A ) and 



28. TRYPANOCIDAL AGENTS 297 

deoxyribonucleic acid (DNA) were found to reverse pentamidine bac-
teriostasis if added to cultures up to 24 hours after the addition of drug. 
These findings led Bichowsky to suggest that the growth inhibitory action 
of diamidines may be due to a direct interaction with nucleic acid. 
Snapper et al. (86) were led to a similar conclusion after observing the 
appearance of basophilic granules in myeloma cells from patients treated 
with stilbamidine. These granules can be removed by treatment with ribo-
nuclease and are thought to be composed ef R N A and bound stilbamidine. 

Snell (87) has shown that a number of polyamines protect bacteria 
from diamidine action, and Elson (88) has reported that phospholipids 
exert a similar effect. 

3. I N T E R A C T I O N OF D I A M I D I N E S A N D R E L A T E D C O M P O U N D S W I T H ISOLATED 

N U C L E I C A C I D S A N D N U C L E O P R O T E I N S 

Kopac (89) examined the effect of a number of diamidines on nucleo
proteins isolated from mammalian tissues and viruses. He found that 
stilbamidine enhances interfacial denaturation of these substances when 
they are placed at oil-water interfaces, and proposed that the drug acts 
by "weakening critical side-chain linkages with the production of a two-
dimensional instead of a three-dimensional protein pattern." In a similar 
system pentamidine decreases denaturation. 

Recently there have been a number of reports (90, 91) of interactions 
between polyamines and isolated nucleic acids. In particular, diamines 
with the general structure 

H 2 N ( C H 2 ) n N H 2 

have been found to protect infective nucleic acid prepared from T2 bac
teriophage against heat denaturation (92). These diamines are struc
turally similar to diamidines, and it is interesting that their ability to 
protect bacteriophage nucleic acid was found to be a function of their 
chain length; cadaverine, a compound with a five-carbon chain was the 
most active. Mahler et al. (93) have recently found that diamines in 
combination with D N A raise its denaturation temperature; again cadav
erine was found to be the most active of a series of compounds with chains 
containing from two to eight carbon atoms. 

Thus, it is clear that both diamines and diamidines are capable of inter
acting with, and modifying the physicochemical properties of, isolated 
nucleic acids and nucleoproteins. While such an interaction could well 
account for both the trypanocidal and bactericidal action of aromatic 
diamidines, it seems unlikely that the wide variation in the action of 
these drugs on closely related species of trypanosomes is due to variations 
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in drug-nucleic acid affinities. Schoenbach and Greenspan (64), discussing 
this problem, point out that the effectiveness of both stilbamidine and 
pentamidine in protozoal infections, despite the inability of the latter to 
denature nucleoproteins in Kopac's system (89), suggests that two mecha
nisms should be considered: enzyme inhibition and modification of nucleo
proteins. 

A factor which may prove to be of considerable importance in deter
mining the sensitivity of trypanosomes to diamidines is the chemical 
structure of the cell surface of these organisms. I t has been suggested by 
a number of workers that the sensitivity of bacteria to cationic com
pounds may be affected by the phospholipid content of the bacterial cell 
walls (94-96). Mitchell and Moyle (97) found that gram-negative bac
teria contain twice as much phospholipid as gram-positive bacteria; in 
view of the observed antagonism of diamidine action by phospholipids 
(88) it seems possible that the greater sensitivity of gram-positive bac
teria to these drugs may be related to this fact. It would be of the greatest 
interest to learn something of the chemical composition of the surface 
structures of diamidine-sensitive and diamidine-resistant trypanosomes. 

Ehrlich (98) found that acriflavine (trypaflavine) (XIII) is an active 
trypanocide with a low toxicity for mice. Some years later, Schnitzer and 
Silberstein (99) showed that 6-nitro-9-aminoacridines enhanced trypano

cidal activity and that a further increase in activity resulted from the 
addition of a doubly alkylated amino group in position 5 . More recently, 
the relationship between chemical structure and biological activity of 
acridine derivatives has been studied in detail by Albert and his collabo
rators (100). As a result of these and other studies, it has become clear 
that quaternization is generally a prerequisite for trypanocidal activity 
in both acridine and quinoline derivatives, although unquaternized de
rivatives of both classes of compounds may have considerable anti-

VI. QUATERNARY A M M O N I U M TRYPANOCIDES 

H,C CI 

(ΧΙΠ) 
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malarial or antibacterial activity (e.g., mepacrine and proflavine). The 
quaternary ammonium compounds most widely used at the present time 
fall into two groups: phenanthridine derivatives and Antrycide. 

A. Phenanthridines 

A number of phenanthridinium compounds, originally synthesized by 
Morgan et al. (101), have been used with varying success against T. con-
golense and Trypanosoma vivax infections in cattle. Walls (102) demon
strated that high trypanocidal activity in this series of compounds is a 
property of quaternary salts containing a primary amino group in the 
7- and a phenyl group in the 9-position; the activity is much increased 
by the presence of a second amino group; thus, 2,7-diamino-9-phenyl-10-
methylphenanthridinium bromide [dimidium bromide ( X I V ) ] and the 
10-ethyl analogue (ethidium [bromide ( X V ) ] are particularly effective 
(103). 

R = C H 3 ( X I V ) ; R = C 2 H 5 (XV) 

More recently, the demand for drugs with increased prophylactic action 
has resulted in the synthesis of compounds (XVI) (prothidium) and 
(XVII) (metamidium) (104,105) and in the preparation of complexes of 
various quaternary ammonium compounds with suramin (106). 

1. M E C H A N I S M OF T R Y P A N O C I D A L A C T I O N 

a. Effects on Growth in vivo and in vitro. Lock (107), examining the 
action of dimidium bromide on T. congolense and T. brucei maintained 
in vitro, found that prolonged exposure to the drug does not kill the 
trypanosomes, although some loss of infectivity was detected when the 
drug-treated organisms were injected into animals. Hawking (108) has 
compared the action of phenanthridines with that of trivalent arsenicals, 
stilbamidine and acriflavine, and has pointed out that there are funda
mental differences. The phenanthridines are typified by a slow action 
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(χνπ) 

in vivo, and a latent period of 24 hours or more is commonly observed 
before any decrease in the number of blood stream trypanosomes results 
(cf. suramin), whereas arsenicals, stilbamidine, and acriflavine act with
out a lag period. 

In vitro studies using the trypanosomid flagellate Strigomonas 
oncopelti as test organism have also shown that growth and cell division 
are not immediately inhibited by phenanthridines (109); at least a 
doubling in the number of organisms occurs before growth is inhibited. 
For S. oncopelti these drugs are irreversibly active only against growing 
organisms. 

b. Effects on Catabolic Processes. There have been no detailed studies 
of the effect of phenanthridines on the respiration or carbohydrate metab
olism of trypanosomes. However, it has been observed that the motility 
of flagellates remains unimpaired for many hours after cell division has 
been inhibited by phenanthridines (109, 110), so that a direct action of 
these drugs on metabolic systems involved in energy production or utiliza
tion is unlikely. 
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c. Effects on Nucleic Acid and Protein Synthesis. Evidence that phe
nanthridines may act primarily on nucleic acid synthesis is accumulating. 
Ormerod (110) showed by histochemical techniques that after 8 hours' 
contact with dimidium bromide basophilic granules appear in the cyto
plasm of trypanosomes. These granules were shown to contain bound 
drug and ribonucleoprotein. Ormerod proposed, as a working hypothesis, 
that these drugs may act by combining with and splitting cytoplasmic 
ribonucleoprotein into its constituent R N A and protein. 

Newton (109) studied the action of ethidium and dimidium bromides on 
nucleic acid and protein synthesis by S. oncopelti and found that during 
the course of growth in the presence of these drugs the D N A content of 
organisms falls to half the control value, whereas the R N A content is 
little affected. Experiments with washed cell suspensions of the same 
organism showed that both drugs rapidly inhibit D N A synthesis but 
permit protein and R N A synthesis to continue for a limited period of 
2-3 hours with a net increase in both components of 40-50%. 

d. Uptake of Phenanthridines by Trypanosomes. Acriflavine is rapidly 
bound by trypanosomes, and the internal concentration may rise to 8000 
times the external concentration (108). The phenanthridines, on the other 
hand, seem to be bound in relatively small amounts. Using C 1 4 -labeled 
ethidium bromide, Newton (109) found that 0.05 /xg drug was bound 
per 10 6 cells of S. oncopelti; more recently, Taylor (111) obtained a simi
lar value for the uptake of prothidium by Trypanosoma rhodesiense. 
A study of the kinetics of ethidium bromide uptake (109) revealed two 
types: (1) an initial rapid uptake, which occurs in the absence of nucleic 
acid synthesis and which does not affect the subsequent growth of organ
isms; and (2) an additional uptake by growing organisms, which appears 
to follow the course of R N A synthesis and which results, eventually, in 
an inhibition of growth. Discussing these results, Newton suggested that 
inactivation of R N A at the time of its synthesis might explain the ob
served decrease in growth rate of drug-treated organisms, since a correla
tion between the growth rate and R N A content of cells has now been 
established for a number of microorganisms (112-115). However, this 
would not explain the rapid inhibition of D N A synthesis which occurs 
before the inhibition of either R N A or protein synthesis, unless an active 
R N A or ribonucleoprotein is in some way involved in D N A synthesis. 
Further investigation of the mechanism of action of these compounds 
may give some information about the interrelationships existing between 
D N A , RNA, and protein synthesis. 

e. Production of Akinetoplastic Strains. The kinetoplast is a character
istic feature of trypanosomide flagellates, and there is now good evidence 



302 Β. Α. N E W T O N 

that it contains D N A (116, 117). Werbitzki (118) observed in 1910 that 
a number of organic dyes with an orthoquinoid structure cause the dis
appearance of the kinetoplast; akinetoplastic strains may also arise 
spontaneously. Both induced and spontaneous akinetoplastic strains breed 
true for an indefinite period, and the organisms appear to be normal in 
every other respect. Hoare (119), discussing the genetic aspects of this 
phenomenon, suggests that it may be regarded as a mutation determined 
by plastogenes, the loss of the kinetoplast being comparable to the loss of 
plastids in phytoflagellates. In this respect it is interesting that prothidium 
has recently been reported to produce akinetoplastic strains of T. evansi 
(120). 

2. E F F E C T S OF P H E N A N T H R I D I N E S O N O T H E R C E L L U L A R S Y S T E M S 

a. Bacteria. Seaman and Woodbine (121) have studied the antibac
terial action of 120 phenanthridines. Their results indicate that changes in 
chemical constitution affect antibacterial and trypanocidal activity in a 
similar manner. Mcllwain (122) found that the antibacterial activity of 
amino acridines is annulled by nucleic acids, and Seaman and Woodbine 
have reported a similar effect for dimidium bromide. Nucleic acid will 
protect bacteria if added within 12 minutes of inoculating into drug-
containing medium (123). 

Gale and Folkes (124) found that 1 0 ~ 5 Μ ethidium bromide inhibits 
the incorporation of adenine-C 1 4 and glycine-C 1 4 by preparations of dis
rupted staphylococci, and Richmond (125), studying the synthesis of a 
lytic enzyme by Bacillus subtilis, reported an immediate inhibition of 
enzyme synthesis by 5 Χ Ι Ο - 5 Μ ethidium bromide. 

More recently Elliott (125a) has shown ethidium bromide to be a 
potent inhibitor of a partially purified DNA-polymerase system pre
pared from Escherichia coli, and has suggested that the drug may inhibit 
this system by forming a complex with DNA. 

b. Viruses. Dickinson and Codd (126) found that a number of phenan
thridines inhibit the development of a bacteriophage of Pseudomonas 
aeruginosa at a much lower concentration than that having any effect 
on the growth of the host. This activity was not due to an inactivation of 
free bacteriophage. Several compounds which are active against bac
teriophage also inhibit the development of influenza virus in eggs, but 
were found to be inactive when tested against the same virus growing in 
mice (127). 

c. Tissue Cultures. Pelc and Micou (128) have recently observed that 
the morphology of HeLa cells changes markedly following ethidium 
bromide treatment; the size of the nucleoli decreases to 10% of the 
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control value in 25 hours; nuclear material becomes granular, and the 
cytoplasm shrinks; the mitotic index declines to 50% after 7 hours and 
to 2.5% after 25 hours. These workers also studied the effect of ethidium 
bromide on the incorporation of amino acids and nucleic acid precursors 
into HeLa cells, using autoradiographic techniques to study the localiza
tion of radioactivity within the cells. Their results show that the incor
poration of tritiated cytidine into the R N A of nucleoli is more severely 
affected than the incorporation of tritiated thymidine into D N A ; cytidine 
or adenine into nuclear R N A ; or amino acids into protein. However, the 
incorporation of precursors into the total R N A of cells is less affected 
than their incorporation into D N A . Discussing these results, Pelc and 
Micou assume that R N A is first synthesized in association with nuclear 
DNA, then moves to the nucleolus, and finally into the cytoplasm; this 
hypothesis is based on the findings of Goldstein and Micou (129). If this 
is the case, the inhibition of incorporation of precursors into cytoplasmic 
R N A can be regarded as secondary to the effect on nucleoli. The authors 
also suggest that ethidium bromide may inhibit an early stage in the 
incorporation of nucleic acid and protein precursors, such as phosphoryla
tion or attachment to soluble RNA, since they found no inhibition of 
incorporation of precursors which had entered cells before addition of 
drug to the system. 

More recently Kandaswamy and Henderson (129a) found that ethidium 
bromide inhibited the incorporation of adenine, guanine, and hypoxan
thine into nucleic acid by Ehrlich ascites tumor cells in vitro at concen
trations which had little effect on the incorporation of glycine or orotic 
acid. 

3. I N T E R A C T I O N W I T H ISOLATED N U C L E I C A C I D S 

Albert (130, 181) has shown that the antimicrobial action of phenan
thridines and the closely related acridines and benzquinolines is depend
ent upon the compounds existing as cations. He suggests that the simplest 
interpretation of the mode of action of these compounds is a competition 
with hydrogen ions for vitally important anionic groups in the organism. 
These anionic groups probably have a pKa of 9 or higher; thus, they could 
be hydroxyl groups in tyrosine residues of protein or in purine or pyrimi-
dine residues of nucleic acid. Albert has also pointed out that there is a 
correlation between the antimicrobial activity of this series of compounds 
and the "area of flatness" in the molecules. Phenanthridine and acridine 
molecules are fully conjugated and hence are flat molecules; they have an 
area of approximately 38 A 2 . Hydrogenation of one ring of 5-amino-
acridine to yield 5-aminotetrahydroacridine reduces the flat area of the 
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molecule to 28 A 2 and also reduces its bacteriostatic activity by a factor 
of 30 to a level comparable to that of 4-aminoquinoline, which also has 
a flat area of 28 A 2 . 

The mutagenic properties of acridines and the carcinogenic activity of 
benzacridines are well established, and it is interesting that a planar 
polycyclic structure is also a requirement for these activities (183). The 
recent work of Lerman (132) on the interaction of acridine derivatives 
with isolated D N A has thrown some light on this requirement for pla-
narity. He has shown that the interaction results in a marked increase 
in the viscosity and a decrease in the sedimentation coefficient of D N A . 
A study of X-ray diffraction patterns of fibers of the DNA-drug complex 
has shown that the combination has caused a considerable modification 
of the usual helical structure. Lerman states that these changes are con
trary to those expected to result from simple electrostatic effects or 
aggregation; they are, however, consistant with an interaction of acridine 
molecules between adjacent nucleotide-pair layers by extension and un
winding of the deoxyribose phosphate backbone of the D N A molecule. 
A study of models revealed acridine to be geometrically suitable for 
accommodation in the internucleotide spaces of DNA. Other cations were 
found to diminish the viscosity of DNA. Recent observations (Newton, 
1 9 6 1 , unpublished) have shown that ethidium bromide also increases the 
viscosity of D N A preparations. These findings may explain the mutagenic 
and antimicrobial activities of this series of compounds. 

B. Antrycide 

1. S T R U C T U R E A N D A C T I V I T Y 

Antrycide (XVIII) has proved to be effective in the treatment of 
T. congolense and T. vivax infections in cattle (134). The molecule con
tains a 4-aminoquinaldine residue linked by an — N H group in the 
6-position to a pyrimidine ring; both halves of the molecule contain a 
quaternary nitrogen atom. 

NH 2 

(XVIII) 
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2. M E C H A N I S M OF A C T I O N 

Antrycide is typified by a relatively slow trypanocidal action in vivo 
and in vitro (87, 185); trypanosomes remain motile and continue to 
divide for periods up to 24 hours after the administration of drug. In this 
respect Antrycide resembles the phenanthridines and suramin (108). 

Sen et al. (186), studying the action of Antrycide on T. evansi, found 
that growth in the presence of drug results in a reduced alkaline phos
phatase activity and an accumulation of intracellular mucopolysaccha
ride, 1 similar changes had been observed following growth of this organism 
in suramin (46). In addition, these workers found that the lethal action 
of antrycide is annulled if large amounts of methionine, cysteine, or 
glutathione are administered at the same time as the drug. Ormerod also 
reported similarities between suramin, phenanthridines, and Antrycide 
(187); all these compounds induce the formation of basophilic granules 
in the cytoplasm of trypanosomes. These findings led Hawking to suggest 
that the mechanism of action of these drugs may be similar (108). How
ever, Town et al. (188) found that Antrycide has no effect on a number 
of yeast enzymes, all of which are inhibited by suramin, and Newton 
(189), comparing the action of ethidium bromide and Antrycide on 
S. oncopelti, found that these two compounds exert very different effects 
on growth and nucleic acid synthesis. Antrycide does not completely 
inhibit the growth of this organism in either a peptone glucose medium 
or a synthetic medium (140) but changes the pattern of growth from a 
logarithmic form to a linear form. Analysis of organisms grown in the 
presence of Antrycide showed that the synthesis of RNA, D N A , and pro
tein all follow linear courses. However, in synthetic media, in which 
p-aminobenzoic acid is present in limiting amounts and the organisms are 
dependent upon exogenously supplied purines, Antrycide inhibits RNA 
synthesis before affecting D N A synthesis. These findings led to a study 
of the effect of Antrycide on purine-C 1 4 incorporation (141)- It was found 
that this drug is a potent inhibitor of purine incorporation; the net syn
thesis of nucleic acids, or the incorporaton of glycine-C 1 4 , uracil-C 1 4 , or 
P 3 2 are, on the other hand, less affected. The inhibition of adenine incor
poration is unaffected by the ratio of purine to drug. Antrycide does not 
affect the permeability of S. oncopelti to adenine-C 1 4 , nor does it inhibit 
the conversion of this purine to nucleoside or nucleotide; these results 
suggest that the drug inhibits at some point in the polymerization of acid-
soluble nucleotides to nucleic acids. The drug does not affect the activity 
of polynucleotide phosphorylase isolated from S. oncopelti. The sensitivity 

1 Ormerod (lS6a) recently queried the validity of this finding on the grounds 
that the histochemical technique used was inadequate. 
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of purine incorporation to Antrycide is interesting in view of the fact 
that a number of trypanosomide flagellates are known to have an absolute 
growth requirement for purine [142, 14$) > In the case of these organisms 
this action of antrycide could account for its trypanocidal activity. 

VII . SUMMING UP 

From the data presented in this chapter it will be clear that there is an 
urgent need for detailed biochemical studies on the mechanism of action 
of trypanocidal agents; at the present time it is impossible to state the 
precise mode of action of any chemotherapeutic agent. Such studies offer 
two rewards. First, the compounds may prove to be valuable biochemical 
tools, the use of which will aid in the mapping of biochemical pathways 
involved in growth and cell division. From this point of view it seems 
that the quaternary ammonium compounds may prove to be particularly 
interesting, as they appear to exert selective effects on R N A and D N A 
synthesis. Second, information about the specificity of drug action which 
will be gained should speed the development of a more rational approach 
to chemotherapy. While it is true that the drugs in use at the present time 
are capable of controlling both the human and bovine forms of African 
trypanosomiasis, the development of new compounds is still a necessity, 
as recently pointed out by Goodwin (144), in order to combat drug-
resistant variants (145, 146). In addition, there is a need for compounds 
which can be more easily administered to large populations and which 
will exert prolonged prophylactic action. Finally, there remains what is 
perhaps the most challenging problem in the field of chemotherapy of 
trypanosomiasis; the development of a compound active against T. cruzi. 
So far this organism has defied all chemotherapeutic treatment. Many 
compounds have shown in vitro activity against this organism or activity 
against infections in laboratory animals, but all have proved useless when 
tested clinically. The explanation of this may lie in the difference in the 
life history of this parasite compared with that of African species; 
T. cruzi divides in the tissues of the host and not in the blood stream. 
Nothing is known of the biochemistry of the intracellular forms. 
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