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Abstract--Novel hydroxynaphthoquinones have been shown to be potent and selective inhibitors of 
mitochondrial electron transport in the protozoan Eimeria tenella, inhibiting at concentrations of 10 -l° 
to 10 -11 M. The primary site of electron transport inhibition has been localized to the ubiquinol- 
cytochrome c reductase span of the respiratory chain, whereas a secondary site of inhibition occurs in 
the NADH- and succinate-ubiquinone reductase complexes. Inhibition at the primary site is selective 
for the E.tenella enzyme; inhibition at the secondary sites is comparable in both E.tenella and chick 
(Gallus gallus) liver mitochondria. Hydroxynaphthoquinone inhibition of chick liver succinate-cyto- 
chrome c reductase was fully reversible by addition of the exogenous ubiquinone-2 analogue, 6-decyl- 
2,3-dimethoxy-5-methyl-l,4-benzoquinone; inhibition of the corresponding E.tenella enzyme was not 
reversed by this ubiquinone. E.tenella lines made resistant to the anticoccidial agents decoquinate or 
clopidol showed no cross-resistance to the hydroxynaphthoquinones, either at the level of electron 
transport or in vivo. 

The first observation that certain 2-hydroxy-3-alkyl- 
naphthoquinones exerted an inhibitory action on 
respiratory processes was made by Wendel in 1946 
[1], during a study of the action of these compounds 
on malarial parasites. Various hydroxynaphtho- 
quinones were studied as respiratory inhibitors by 
Ball et al. [2] who showed certain of these compounds 
to inhibit completely beef-heart succinate oxidase 
at concentrations of about 3 x 10 -6M; the site of 
inhibition was assessed as lying between cytochromes 
b and c of the respiratory chain. Fieser and Rich- 
ardson [3] and Fieser et al. [4] showed a number of 
naphthoquinones to have considerable antimalarial 
activity against Plasrnodium lophurae and P. oivax. 
In later work Fieser et al. [5] synthesized additional 
2- hydroxy-3 - (w- cyclohexyl - alkyl) - 1,4- naphtho- 
quinones, including 3-w-cyclohexyl-octyl-2-hydroxy- 
1,4-naphthoquinone (menoctone). This latter com- 
pound was shown to be a potent inhibitor of the 
NADH-cytochrome c reductase of yeast submito- 
chondrial particles, and the succinate-cytochrome 
c reductase of both yeast and beef-heart sub- 
mitochondrial particles, inhibition being reversed by 
the addition of exogenous ubiquinone-6 [6, 7]. In- 
hibition of succinate oxidase [8] and succinate-cyto- 
chrome c reductase [9] by 3-substituted-2-hydroxy- 
1,4-naphthoquinones was also shown to be reversed 
by the addition of ubiquinone. The obvious structural 
similarities between the naphthoquinones and 
ubiquinone prompted Porter and Folkers [10] to 
synthesize a wide variety of heterocyclic analogues 
of the 2-hydroxy-3-alkyl-l,4-naphthoquinones as 
putative antagonists of ubiquinone function in the 

respiratory chain. Recent reviews by Olenick [11] 
and Hudson [12] have summarized the literature on 
the antibacterial and antimalarial properties of these 
compounds. 

Our interest in the antiprotozoal properties of 
the hydroxynaphthoquinones was stimulated by the 
discovery that menoctone was highly active against 
the previously incurable tick-borne cattle disease 
East Coast fever (ECF) caused by the protozoan 
Theileria parva [13, 14]. This interest has led to the 
development of 2-cyclohexyl-3-hydroxy-l,4-naph- 
thoquinone (BW 993C--parvaquone,  'CLEXON')  
as an effective antitheilerial agent [15-17] now being 
used for the treatment of ECF. Novel hydroxy- 
naphthoquinones that show high efficacy against 
Plasmodium, Eimeria and Theileria species have now 
been synthesized [18]. 

The hydroxynaphthoquinones have been assumed 
to owe their antiprotozoal activity to inhibition of the 
parasite respiratory chain reputedly via ubiquinone 
antagonism [19]. Evidence for this mode of action 
has been based mainly on studies using mitochondria 
derived from mammalian sources. In a study of 
electron transport in mitochondria isolated from the 
coccidian Eimeria tenella, Wang [20] identified a 
number of quinolone anticoccidial agents as potent 
respiratory inhibitors; they were, however, only poor 
inhibitors of electron transport in chick liver 
mitochondria. In this same study, 2-hydroxy-3-(4- 
phenoxy-o-phenyl) propyl-l ,4-naphthoquinone and 
2-hydroxy-3-( 4-trans-cyclohe xyl )cyclohe xyl- l, 4-naph- 
thoquinone, were also shown to be good inhibitors 
of E.tenella electron transport but, unlike the 
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quinolones, were equally effective against chick liver 
mitochondria. We have since confirmed decoquinate 
(a quinolone) and clopidol (a pyridone) to be potent 
inhibitors of E.tenella mitochondrial electron trans- 
port [21]. 

The present work extends our studies on E.tenella 
mitochondrial electron transport [21]. Novel 
hydroxynaphthoquinones are reported that show 
high efficacy and selectivity as electron transport 
inhibitors in E.tenella. 

M A T E R I A L S  A N D  M E T H O D S  

Chemicals 
Respiratory inhibitors and substrates, including 

cytochrome c (Type VI: horse heart), were obtained 
from Sigma Chemical Co. Cholate was obtained 
from Aldrich Chemical Co. 6-Decyl-2,3-dimethoxy- 
5-methyl-l,4-henzoquinone (DB), an analogue of 
ubiquinone-2, was synthesized as described by Wan 
et al. [22]. For use as substrate in the ubiquinol- 
cytochrome c reductase assay, DB was reduced to 
DBH by the method of Trumpower and Edwards 
[23]. 

The syntheses of hydroxynaphthoquinones used in 
this study are to be found in the following references: 
BW59C [24], menoctone [5], BW993C [25], 
BW58C and BW568C [26] and BW720C [27]. 
BW 661C (2,hydroxy-3-(trans-4-cyclohexylcyclo- 
hexyl)-l,4 naphthoquinone) was purchased from the 
Aldrich Chemical Co. The structures of these 
compounds and their isomer ratios where appro- 
priate are given in Fig. 1. 

Biological materials and in vivo sensitivity tests 
The strain and lines of Eimeria tenella used in 

these studies, and methods for in vivo sensitivity 
tests in chickens (Gallus gallus) and the collection of 
unsporulated oocysts were as previously described 
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Fig. 1. Chemical formulae of hydroxynaphthoquinones. 

[21]. All lines of E.tenella were derived from the 
Weybridge strain: the sensitive (control) line is des- 
ignated the Berkhamsted line; the decoquinate- 
resistant line, Berkhamsted decR; the clopidol- 
resistant line, Berkhamsted cloR. 

Isolation of mitochondria. Mitochondria from 
unsporulated oocysts of E.tenella were isolated and 
assayed polarographically in the same medium as 
previously described [21]. Liver mitochondria from 
rat (Wistar) and chick (Brown Leghorn) were iso- 
lated and assayed polarographically in the same 
medium using established isolation procedures [28]. 
Submitochondrial particles were prepared by son- 
icating mitochondrial fractions at 6/~m (peak to peak 
amplitude) for 3 x 30 sec. 

Measurement of respiration. Oxygen uptake by 
mitochondrial fractions was assayed polarograph- 
ically using a closed system Clark-type oxygen elec- 
trode, as previously described [21]. Approximately 
1 mg mitochondrial protein was used per assay (3 ml 
total volume), with either N A D H  (0.3 mM) or suc- 
cinate (3.3mM) as substrates. Hydroxynaphtho- 
quinones were formulated and added in 'AnalaR' 
dimethylformamide. The final concentration of 
dimethylformamide in the assay medium never 
exceeded 0.33% v/v. The effect of inhibitors was 
expressed as a percentage inhibition of the res- 
piratory rate (compared to controls with dimethyl- 
formamide added alone) and as an ECso (that con- 
centration required to give 50% inhibition of 
respiration). Assay of NADH- and succinate- 
oxidases was made on mitochondrial fractions 
(E.tenella) or submitochondrial fractions (rat or 
chick liver) (E.tenella mitochondria readily oxidise 
N A D H  without the need to invert by sonication 
[21]). 

Assay of respiratory chain complexes. Isolated 
mitochondria (of either E.tenella, or chick or rat 
liver) were sedimented (10,000 g, 10 min) and resus- 
pended to about 10 mg protein/ml in 0.05 M potas- 
sium phosphate buffer, pH 7.4, containing 0.1% v/v 
potassium cholate. All enzyme assays were made in 
3 ml of phosphate/cholate buffer, at 37 °. In addition, 
medium for the assay of succinate-ubiquinone 
reductase contained succinate (16mM), dichloro- 
phenolindophenol (0.1 mM), KCN (1 mM), 1,2-di- 
( 2- aminoethoxy) ethane - N, N, N ' ,  N '  - tetra- acetic 
acid, EGTA (1 mM), and DB (1/tM) and this reac- 
tion was followed by reduction of dichloro- 
phenolindopenol at 600nm. NADH-ubiquinone 
reductase was assayed in a similar medium containing 
in addition malonate (6raM), and using N A D H  
(0.3 raM) as substrate; the reaction was followed by 
oxidation of N A D H  at 340nm. Succinate-cyto- 
chrome c reductase and NADH-cytochrome c 
reductase were assayed by modification of the above 
procedures, replacing DB and dichlorophenolin- 
dophenol with cytochrome c (33 ~M) and the reac- 
tion followed by reduction of cytochrome c at 
550nm. Ubiquinol-cytochrome c reductase was 
assayed in medium containing 1 mM KCN, 60/~M 
DBH and 33 ~M cytochrome c, and followed by 
reduction of cytochrome c at 550 nm. Cytochrome 
oxidase was assayed in medium containing reduced 
cytochrome c (50 ~M) and followed by oxidation of 
reduced cytochrome c at 550 nm (cytochrome c was 
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reduced  by ascorba te ,  fol lowed by dialysis to r emove  
excess ascorba te  [29]). 

Reac t ions  were  s ta r ted  by  addi t ion  of solubil ized 
mi tochondr i a l  p ro te in :  a b o u t  0.1 mg pro te in /ml  for  
assay of s u c c i n a t e - u b i q u i n o n e  reductase  and  suc- 
c inate- -cytochrome c reductase ,  and  abou t  0.5 mg  
pro te in /ml  for  o the r  resp i ra to ry  complexes.  Specific 
activities were  calcula ted af ter  sub t rac t ion  of non-  
enzymic ox ida t i on - r educ t i on  react ions.  Hydroxy-  
n a p h t h o q u i n o n e s  were  added  in d ime thy l fo rmamide  
immedia te ly  fol lowing addi t ion  of mi tochondr ia l  
p ro te in  and  mixed by invers ion  of s toppered  
cuvettes .  All  assays were  m a d e  at 37 ° in 3 ml quar tz  
cuvet tes  of 1 cm l ight-path  using a B e c k m a n  DU-8  
spec t ropho tome te r .  

Protein estimation. Pro te in  was es t imated  using a 
B io -Rad  Coomass ie  Blue  p ro te in  assay kit (Bio-Rad  
Labora to r i e s  L td)  employ ing  bovine  gammaglobu l in  
as a s tandard .  

RESULTS 

10~ 
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Fig. 2. Semi-logarithmic dose-response curves for hydroxy- 
naphthoquinone inhibition of E.tenella mitochondrial 
NADH-oxidase. Results are from a typical experiment; 
points are single determinations on one preparation of 
E.tenella mitochondria. Hydroxynaphthoquinones were 
added in dimethylformamide (not exceeding 0.33% v/v) 
following addition of substrate; % inhibition was deter- 
mined from single additions of hydroxynaphthoquinones 
per assay. BW 58C---O---, 568C--[~-- ,  5 9 C - - A - - ,  Men- 

octone ~ ,  720 - - I - - ,  661C - - A - - ,  993C - -~7-- .  

The  h y d r o x y n a p h t h o q u i n o n e s  used in these  
studies were  all p o t e n t  inhib i tors  of N A D H -  and  
succinate-oxidase  activity of respi t ing  E.tenella 
mitochondr ia .  F igure  2 exemplif ies the  typical d o s e -  
response  curves  ob t a ined  for hydroxynaph thoqu i -  
none  inh ib i t ion  of N A D H - o x i d a s e  activity of 
E. tenella mitochondr i a .  D o s e - r e s p o n s e  curves  were  
typically s igmoidal  in appea rance ,  100% inhibi t ion  
of resp i ra t ion  was ach ieved  with all the  hydroxy- 
n a p h t h o q u i n o n e s  tes ted ,  and  p re incuba t ion  of 
inh ib i to r  and  m i t o c h o n d r i a  was unnecessary  for  the  
full express ion  of inhib i t ion .  ECso values were cal- 
cula ted  f rom d o s e - r e s p o n s e  curves  by unweigh ted  
l inear  regress ion  analysis of points  (min imum of 

4 p o i n t s )  be tween  20 and  70% inhibi t ion  of res- 
p i ra t ion,  i.e. the  l inear  po r t i on  of the  dose - r e sponse  
curve. H y d r o x y n a p h t h o q u i n o n e  ECs0s against  
N A D H -  and  succinate-oxidase  of E. tenella, rat  and  
chick l iver m i t o c h o n d r i a  are c o m p a r e d  in Tab le  1. 
The  ex t reme  po tency  of these  c o m p o u n d s  against  
the  E. tenella e lec t ron  t r anspo r t  system is exemplif ied 
by the  two mos t  active m e m b e r s  of  this series, 
B W 5 8 C  (ECso = 5.3 x 10-11M, N A D H - o x i d a s e )  
and  B W  568C (ECs0 = 9.3 x 10 -11 M, N A D H - o x i d -  
ase). H y d r o x y n a p h t h o q u i n o n e  inhib i t ion  of 
E. tenella mitochondr i a l  e lec t ron  t r anspor t  was simi- 
lar for b o t h  N A D H -  and  succinate-oxidase,  sug- 

Table 1. Comparison of hydroxynaphthoquinone inhibition of electron transport in E.tenella, rat and chick liver 
mitochondria 

Hydroxynaphthoquinone 
E ~ 0 ( M )  

E. tenella Chick Rat 

Therapeutic index 
ECso (chick)/ 

ECso ( E.tenella) 

BW 58C N 5.3 -+ 2.6 x 10 -11 (6) 5.4 -+ 2.2 x 10 -7 (2) 5.3 - 1.7 × 10 -7 (3) 10,189 
S 6.2 --- 2.2 x 1 0  -11 (3) 5 . 8 - 1 . 8 x 1 0  -7 (3) 6 . 4 ~ 1 . 9 × 1 0  -7 (3) 9355 

BW 568C N 9.3 + 1.8 x 10-11 (6) 2 .1+-2 .8×10-7(2)  7.0 - 2.1 x 10-7 (3) 2258 
S 1.3 -+ 3.3 x 10 -1° (3) 4.2 +-- 2.9 x 10 -7 (3) 8.1 +--- 3.4 X 10 -7 (3) 3231 

BW59C N 3.8 - 1.9 x 10-1° (4) 3.8 +- 4.2 x 10-7 (2) 4 .3- - -3 .7×10-7(3)  1000 
S 5.2 --- 2.5 x 10 -10 (3) 4.7 -+ 1.9 x 10 -7 (3) 5.4 • 2.4 X 10 -7 (3) 904 

Menoctone N 4.4 --- 1.8 x 10 -10 (5) 9.3 +- 2.1 x 10 -8 (2) 3.3 --- 1.8 x 10 -8 (5) 211 
S 6 .2- - -2 .8x10 -1° (4) 1 .3 -+3 .1x10  -7 (3) 5 . 8 - 2 . 6 x 1 0  -8(4) 210 

BW 720C N 5.0 -+ 2.2 x 10 -1° (4) 3.2 --- 1.7 x 10 -7 (3) 1.3 -+ 0.9 x 10 -7 (3) 640 
S 6.2 --- 3.1 x 10 -1° (3) 4.3 - 2.8 x 10 -7 (3) 3.7 --- 3.4 x 10 -7 (3) 694 

BW 661C N 1.4 --- 1.8 x 10 -9 (5) 5.7 --+ 1.9 × 10 -8 (3) 1.6 ----- 2.0 × 10 -7 (3) 41 
S 3.2 +-- 2.3 × 10 -9 (3) 6.2 - 1.8 x 10 -8 (3) 3.4 -+ 3.1 x 10 -7 (3) 19 

BW 993C N 2.2 - 0.8 x 10-7 (5) 1.8-+ 1.3 x 10-7 (3) 3 .3 -+1 .5×10-7(4)  0.8 
S 3.1 -+ 1.7 x 10 -7 (3) 2.0 - 1.1 x 10 -7 (3) 3.8 -+ 0.9 × 10 -7 (4) 0.6 

Hydroxynaphthoquinones were tested for inhibition ofoxygen uptake by E. tenella mitochondria and rat or chick liver 
submitochondrial particles. N = NADH-oxidase, S = succinate oxidase. Rat and chick liver submitochondrial particles 
were used to (a) provide an NADH-oxidase assay for direct comparison with E.tenella mitochondria, and (b) to avoid 
problems introduced with possible uncoupling of State 3 respiring rat and chick liver mitochondria. (E. tenella mitochondria 
isolated as described are uncoupled [21].) Results are +- standard deviation; figures in brackets denote number of different 
mitochondrial preparations studied. ECso values were calculated from linear regression analysis of dose response curves 
(see Fig. 2) for points (minimum of 4) between 20 and 70% inhibition. 
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gesting a common site of inhibition on the electron 
transport chain. Although the hydroxynaphtho- 
quinones, particularly menoctone and BW661C, 
were relatively potent inhibitors of rat and chick liver 
mitochondrial electron transport, they display an 
obvious selectivity for the E.tenella system. An indi- 
cation of the therapeutic indices of these compounds 
is given by consideration of the ratio EC5o (chick): 
ECso (E.tenella) (Table 1); ratios as high as 10,000 
were obtained (for BW 58C). 

Individual respiratory chain complexes wer~ 
assayed spectrophotometrically in solubilized mito- 
chondrial preparations from E. tenella and chick liver 
(Table 2). Measureable specific activities were pre- 
sent for all respiratory chain complexes in E.tenella 
mitochondria, although these were lower than the 
corresponding enzyme complexes of chick liver 
mitochondria. 

The inhibition of respiratory chain complexes in 
E. tenella mitochondria by BW 58C is exemplified by 
Fig. 3. Electron transport from N A D H  or succinate 
to cytochrome c, and from ubiquinol to cytochrome 
c, was particularly sensitive to disruption, 100% 
inhibition being achieved at concentrations of about 
10-gM. Higher concentrations of BW58C also 
inhibited electron transport from succinate or 
N A D H  to ubiquinone, 100% inhibition being ach- 
ieved at concentrations of about 10-4M. Cyto- 
chrome oxidase activity was inhibited to some 20% 
at millimolar concentrations of BW 58C. 

In Table 3 are listed the ECho values for hydroxy- 
naphthoquinone inhibition of the various respiratory 
chain complexes of E.tenella and chick liver mito- 
chondria. ECso values for N A D H -  and succinate- 
oxidase are included in Table 3 for comparison. It is 
clear from Fig. 3 and Table 3 that the hydroxy- 
naphthoquinones exert their primary inhibition on 
the ubiquinol-cytochrome c reductase segment of 
the respiratory chain, in both E.tenella and chick 
liver mitochondrial electron transport chains. The 
extent and pattern of hydroxynaphthoquinone 
inhibition of the ubiquinol to cytochrome c span of 
the respiratory chain, for either E.tenella or chick 
liver mitochondria, parallels that obtained in the 
overall polarographic assay of NADH-  and suc- 
cinate-oxidases (Table 1). Similarly, the selectivity 
of the hydroxynaphthoquinones for the E.tenella 
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Fig. 3. Semi-logarithmic dose-response curves for BW 58C 
inhibition of E. tenella mitochondrial respiratory chain com- 
plexes. Results are from a typical experiment; points are 
single determinations on one preparation of E, tenella mito- 
chondria. BW 58C was added in dimethylformamide (not 
exceeding 0.5% v/v); % inhibition was determined from 
single additions of BW 58C per assay. NADH-ubiquinone 
reductase (O), succinate-ubiquinone reductase (A), 
NADH-cytochrome c reductase ([~), succinate- 
cytochrome c reductase (&), ubiquinol-cytochrome c 

reductase (O), cytochrome oxidase (11). 

system is underlined by consideration of their inhibit- 
ion of N A D H -  or succinate-cytochrome c reductases 
and ubiquinol-cytochrome c reductase. A secondary 
hydroxynaphthoquinone inhibition is observed for 
the N A D H -  and succinate-ubiquinone reductases of 
both E.tenella and chick liver mitochondria. Selec- 
tive inhibition of these latter respiratory complexes 
in E.tenella is not nearly so marked, and the pattern 
of hydroxynaphthoquinone inhibition differs from 
that observed against the ubiquinol to cytochrome c 
span of the respiratory chain. Thus, menoctone is 
the best inhibitor of NADH-ubiquinone  reductase 
and succinate-ubiquinone reductase in both 
E.tenella (ECs0 = 1 .7× 10-6M and 5.5 x 10-SM, 
respectively) and chick liver mitochondria (ECso = 
5.3 x 10 -5 M and 6.5 x 10 -5 M, respectively). In 
general, the hydroxynaphthoquinones were rather 
better inhibitors of N A D H -  and succinate-ubiqui- 
none reductases of E. tenella than of chick liver mito- 
chondria, and also gave consistently better inhibition 
of the N A D H -  rather than the succinate-ubiquinone 
reductase (of E. tenella and chick liver mitochondria~. 

Hydroxynaphthoquinones were tested against 
mitochondria from lines of E.tenella that showed 

Table 2. Specific activity of respiratory chain complexes in E. tenella and chick 
liver mitochondria 

Specific activity 
(nmole substrate oxidized/min/mg 

protein) 

Respiratory complex E.tenella Chick liver 

NADH-ubiquinone reductase 
NADH-cytochrome c reductase 
Succinate-ubiquinone reductase 
Succinate-cytochrome c reductase 
Ubiquinol-cytochrome c reductase 
Cytochrome oxidase 

402 ± 21 (4) 820 ± 29 (3) 
386 ± 15 (4) 810 ± 28 (3) 
423 ± 18 (4) 843 ± 31 (3) 
410 ± 24 (4) 823 ± 24 (3) 
316 ± 11 (4) 786 ± 23 (3) 
512 ± 28 (4) 982 ± 38 (3) 

Respiratory chain complexes were assayed in phosphate-cholate medium, 
as described in Methods. Results are given ± standard deviation; figures in 
brackets denote number of different mitochondrial preparations studied. 
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Table 4. Hydroxynapthoquinone inhibition of sensitive, and decoquinate and clopidol resistant E.tenella mitochondria 

Hydroxynaphthoquinone 

ECso (M) against lines of Weybridge strain 

Sensitive Decoquinate Clopidol 
line resistant line resistant line 

(Berkhamsted) (Berkhamsted decR) (Berkhamsted cloR) 

BW 58C 5.3 -+ 2.6 x 10 1~ (6) 6.8 ± 1.8 x 10 11 (3) 
BW 568C 9.3 -+ 1.8 x 10 -n (6) 1.6 ± 2.1 x 10 t°(3) 
BW 59C 3.8 ± 1.9 x 10 10 (4) 5.2 ± 1.8 × 10 -1° (3) 
Menoctone 4.4 -+ 1.8 x 10 m (5) 6.6 ± 1.2 x 10 10 (3) 
BW 720C 5.0-+ 2.2 x 10 -1° (4) 7.4 ± 1.6 x 10 m(3) 
BW 661C 1.4 ± 1.8 x 10 .9 (5) 3.2 ± 2.2 x 10 9 (3) 
BW 993C 3.3 - 1.5 x 10 7 (4) 5.3 ± 0.9 x 10 -7 (3) 

5.5 -+ 3.1 x 10 -11 (3) 
1.2-+ 1.7 x 10-1°(3) 
3 . 9 + 2 . 1 x  10 1°(2) 
4.2 ± 1.3 x 10 -1° (3) 
4.7 -+ 2.6 x 10 -1° (2) 
1.8 ±- 1.7 x 10 .9 (2) 
3.6-+ 1.8 x 10 -7 (2) 

Hydroxynaphthoquinones were tested for inhibition of oxygen uptake by respiring E.tenella mitochondria (NADH- 
oxidase) derived from either sensitive, decoquinate or clopidol-resistant lines [21]. Results are -+ standard deviation; 
figures in brackets denote number of different preparations studied. 

resistance to anticoccidial agents of  different chem- 
ical types, e i ther  decoquinate  or clopidol. The decR 
line of E. teneUa tested shows an almost 80-fold resist- 
ance to decoquinate  at the level of electron transport,  
and the c loR line about  a 3-fold resistance to clopidol 
at the level of  e lectron transport  [21]. F rom Table 4 
it can be seen that the ECso values for all hydroxy- 
naphthoquinones  were  essentially similar for ei ther 
sensitive, or  decoquinate  or  clopidol resistant 
E.tenella lines. There  would therefore  appear  to be 
little or no cross-resistance at the level of electron 
transport  be tween  the hydroxynaphthoquinones  and 
quinolone or  pyridone anticoccidial agents. This was 
confirmed in vivo; representat ive  results are shown 
in Tables 5 and 6. 

Addi t ion  of 6-decyl-2,3-dimethoxy-5-methyl- l ,4-  
benzoquinone  (DB)  to chick liver submitochondrial  
particles was successful in reversing the inhibition 
caused by the hydroxynaphthoquinones .  Double  

reciprocal plots of data showed that hydroxy- 
naphthoquinone  inhibition was competi t ive with 
respect to ubiquinone.  Figure 4 shows a double 
reciprocal plot for DB reversal of  menoc tone  inhibit- 
ion of chick liver succinate cytochrome c reductase. 
Hydroxynaphthoquinones  were added at concen- 
trations approximat ing to their  EC5o levels for 
inhibition of chick liver succinate-cytochrome c 
reductase,  and the concentrat ion of DB required to 
give 50% reversal of  inhibition was assessed (Table 
7). The 50% reversal  value was calculated from 
linear regression analysis of points (minimum of 
4 points) corresponding to 20-80% DB reversal of 
hydroxynaphthoquinone  inhibition. A DB:hydroxy-  
naphthoquinone  ratio of 21:1 was required to partly 
reverse (50%) inhibition by the most active member  
of the series (BW 661C); less active members  of the 
series were more  readily reversed by DB. 

At tempts  to reverse the hydroxynaphthoquinone  

Table 5. Responses of sensitive or decoquinate-resistant lines of E. tenella 
in chickens to BW58C (50:50 cis-trans) 

Chickens surviving infection (out of 15) 
BW58C 
concentration Sensitive line 
(mg/kg in diet) (Berkhamsted) 

Decoquinate-resistant 
line (Berkhamsted decR) 

200 13 14 
150 12 14 
100 10 11 
50 2 6 
0 3 2 

Table 6. Responses of sensitive or clopidol-resistant lines of E.tenella in 
chickens to BW568C (50:50 cis-trans) 

BW568C 
concentration Sensitive line 
(mg/kg in diet) (Berkhamsted) 

Chickens surviving infection (out of 10) 

Clopidol-resistant 
line (Berkhamsted cloR) 

150 10 10 
100 10 10 
50 10 8 
25 7 5 
0 4 2 
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Fig. 4. Double reciprocal plot of ubiquinone (DB) reversal 
of menoctone inhibition of chick liver succinate-cyto- 
chrome c reductase. Nanomoles of menoctone present were 

©, none; &, 0.29, 0 ,  0.43, D, 0.66. 

inhibition of E. tenella electron transport by the addi- 
tion of either DB or ubiquinone-10 were unsuc- 
cessful. Hydroxynaphthoquinone inhibition of 
E.tenella N A D H -  or succinate-oxidase, or suc- 
cinate-cytochrome c reductase, was unaffected by 
high concentrations of DB; ratios of DB: BW 58C 
as high as 10,000:1 were without effect. Inhibition 
by even the least active member of the series reported 
here, BW 993C, was not reversible by DB addition. 
Addition of DB alone neither increased nor 
decreased oxygen uptake of respiring E.tenella 
mitochondria. 

DISCUSSION 

Hydroxynaphthoquinones BW 58C, 568C, men- 
octone, 720C, 661C and 993C, have been shown to 
be highly potent and selective inhibitors of E.tenella 
mitochondrial electron transport. BW 58C and 568C 
are respectively 10,000 and 2000 times better inhibi- 
tors of the E.tenella respiratory system than the 
corresponding chick liver system. Assay of the indivi- 
dual electron transport complexes has localized this 
potent and selective inhibition at the ubiquinol-cyto- 
chrome c reductase (Complex III; b-c1 complex) 
span of the respiratory chain in E.tenella mitochon- 
dria. The primary site of inhibition of the hydroxy- 
naphthoquinones against chick liver mitochondria 
was also found to reside within the ubiquinol-cyto- 
chrome c reductase, although the efficacy and speci- 
ficity of inhibition by this series of compounds 
differed markedly from that observed for the 
corresponding E.teneUa respiratory complex. At 
higher concentrations, the hydroxynaphthoquinones 
also inhibit the N A D H -  and succinate-ubiquinone 
reductases of both E.tenella and chick liver mito- 
chondria; in this case selectivity for either the 
E. tenella or chick liver enzymes was less marked. 

Hydroxynaphthoquinone inhibition of ubiqui- 
none-mediated electron transfer reactions lends sup- 
port to the notion that such compounds inhibit by 
virtue of their antagonism of ubiquinone function 
[10]. However, whereas hydroxynaphthoquinone 
inhibition of chick liver succinate-cytochrome c 
reductase was fully reversible by addition of exogen- 
ous ubiquinone (DB), inhibition of the corre- 
sponding E.tenella enzyme was essentially irre- 
versible. Assuming a ubiquinone involvement in the 
E.tenella electron transport chain (and certainly 
exogenous ubiquinone mediates the ubiquinone and 
ubiquinol reductase activities of E.tenella mito- 
chondria), a lack of ubiquinone reversibility would 
suggest a basic difference in the mechanism of 
hydroxynaphthoquinone inhibition of E. tenella elec- 

Table 7. Ubiquinone reversal of hydroxynaphthoquinone inhibition of succinate-cyto- 
chrome c reductase of chick liver mitochondria 

Hydroxynaphthoquinone 

nmoles HNQ nmoles DB DB : HNQ 
added to required to (for 50% 
give 50% give 50% reversal reversal of 
inhibition of inhibition inhibition) 

BW 661C 0.065 1.4 21 : 1 
Menoctone 0.22 3.4 15 : 1 
BW 993C 0.31 2.8 9:1 
BW 720C 0.51 2.3 4.5 : 1 
BW 568C 0.48 2.3 4.8:1 
BW 59C 0.52 2.2 4.2 : 1 
BW 58C 0.62 1.9" 3.1:1 

Hydroxynaphthoquinones were added in dimethyiformamide to mitochondrial suspen- 
sions and the reaction started by addition of succinate. After attainment of a linear 
absorbance change, generally within 20 sec of adding succinate, DB in dimethylformamide 
was added and the increase in the absorbance rate measured. No more than two consecutive 
additions of DB were made per assay, and the final concentration of dimethylformamide 
never exceeded 0.5% v/v. Results were corrected for endogenous reduction of cytochrome 
c in the absence of succinate, and the rate of reduction in the presence of DB and 
dimethylformamide alone. Results given above are the mean of duplicate determinations 
made on a single preparation of chick liver mitochondria. HNQ = hydroxynaph- 
thoquinone; DB = 6-decyi-2,3-dimethoxy-5-methyl-l,4-benzoquinone. 
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tron transport  compared to that in the host. 
Hydroxynaphthoquinone  inhibi t ion of E.tenella elec- 
tron transport  might result in an irreversible binding 
of a transit ion state of these compounds (e.g. a 
semiquinone form) or binding to a site with no 
ubiquinone  involvement .  Whatever  the molecular 
mechanism of inhibit ion,  the efficacy and selectivity 
of these compounds  for the E.tenella electron trans- 
port chain, and their ease of reversibility in the host 
system, provides a sound basis for their anticoccidial 
and low host toxicity effects. This is supported in full 
by in v ivo  studies against various Eimeria species 
[18]. 

Quinolone  derivatives (e.g. buquinolate ,  amqui- 
nate, methyl benzoquate  and decoquinate)  are effec- 
tive anticoccidial agents [30], although high 
frequencies of resistance in coccidia have developed 
against these drugs [31]. Quinolone  derivatives 
[20, 21] as well as the pyridone clopidol [21], have 
been shown to be potent  inhibitors of E.tenella 
electron transport ,  probably acting at a site near  
cytochrome b [20]. The site of inhibit ion of these 
compounds  is therefore probably in close proximity 
to that of the hydroxynaphthoquinones ,  although 
it is apparent ly not  identical; E.tenella lines made 
resistant to either decoquinate or clopidol manifest 
that resistance at the level of electron transport  
[20, 21] but,  as is shown here, are not cross-resistant 
to the hydroxynaphthoquinones ,  either in vitro or in 
v ivo.  
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