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Summary. - The effects of enviroxime, disoxaril and ribavirin in pair combinations on poliovirus type 1 
(Mahoney) replication in FL cells were tested. Beforehand, the fifty percent inhibitory concentration (IC ) was 
determined for each compound alone: enviroxime - 0.2 nmol/1, disoxaril - 0.3 junol/l, ribavirin - 3 nmol/1. Com­
bining enviroxime with disoxaril resulted in synergistic interaction, while combinations with ribavirin were mark­
edly antagonistic. Enviroxime- and disoxaril-resistant poliovirus mutants appeared following 10 and 2 consecutive 
passages in FL cells, respectively. No cross-resistance was observed between these mutants towards disoxaril 
and enviroxime, respectively. 
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Introduction 

The role o f  enteroviruses as aetiological agents of severe 
diseases o f  the heart, liver, eyes and pancreas, as well as of 
well known acute infections of the central nervous system, 
has recently roused great interest in antiviral chepotherapy 
of enterovirus infections. Although a number of picornavirus 
replication inhibitors has been described, the therapy of 
enterovirus diseases remains elusive. The main reason for  
that is the fast  development o f  resistant and even dependant 
mutants (Loddo, 1980), as well as the comparatively nar­
row antiviral range of  the so fa r  studied inhibitors. 

To overcome these diff icul t ies ,  the use  o f  synergistic 

combinations o f  antivirals could b e  one o f  the possible effi­

cient approaches. Thus, the same effect could b e  potentially 

achieved with lower concentrations of drugs than with those 

required for  the drugs used alone. In this way a higher se­

lectivity ratio could b e  realized. Furthermore, discovery of 

synergistic combinations lacking cross-resistance would be  

especially favourable, because this would restrain the re­

sistance phenomenon. 
We made  a preliminary study of the combined effects of 

a large n u m b e r  o f  picornavirus  replication inhibitors. 
A special attention was paid to enviroxime, disoxaril and 

Abbreviations: DMSO = dimethylsulfoxide; MEM = minimal 
essential medium 

ribavirin, compounds with a known to a great extent mecha­
nism of action. Enviroxime is thought to interfere with vi­
rus  replication by  affect ing the  format ion o f  t he  R N A  
polymerase complex (Ninomiya  et al, 1985). Disoxaril in­
serts itself into the hydrophobic canyon within the poliovirus 
VP1 capsid protein, thus preventing uncoating (Fox et al, 

1986; Zeichhardt et al., 1987). Ribavirin is a broad-spec-
t rum antiviral agent exerting various effects on  cellular 
metabolism, generally based on reduction o f  intracellular 
GTP pool and inhibition of  5'-cap formation on mRNAs. 
Its virus-specific action is complex and can b e  mainly 
attributed to inhibition of the formation of  viral mRNAs 
and/or of the function of  virus-coded RNA polymerase nec­
essary to prime (initiate) and elongate viral mRNAs (Cano-
nico, 1983; Sidwelleŕa/., 1985; Gilbert and Knight, 1986). 

In the present paper w e  describe the effects of pair com­
binations of these three viral inhibitors on poliovirus 1 rep­
lication. A synergistic effect was observed when enviroxime 
with disoxaril were used. Pair combinations o f  these sub­
stances with ribavirin revealed a marked antagonism. 

Materials and Methods 

Virus. Poliovirus type 1 (Mahoney) was grown in FL cells in 
Eagle's Minimal Essential Medium (MEM, Flow) with 5% heated 
calf serum and antibiotics (penicillin 100 IU/ml and streptomycin 
100 pg/ml). The stock virus titered to 3.2 x 10aPFU/ml. 
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Cells. All experiments were carried out in monolayer FL cells. 
Growth medium consisted of a mixture of equal parts of medium 
199 (Difco) and Hanks' saline, supplemented with 10% heated 
calf serum and antibiotics. 

Antivirals. Enviroxime (anti-6-[(hydroxyimino)-phenylmethyl]-
1 -[(1 -methylcthyl) sulfonylimidazol-2-aminc, LY 122722) was 
supplied by the Lilly Laboratories of Eli Lilly & Co. (Indianapolis, 
USA). A stock solution of 30 mmol/1 enviroxime in dimethyl-
sulfoxidc (DMSO) was prepared and then ex tempore diluted in 
Eagle's MEM to the required concentrations. 

Disoxaril (5-[7-[4(4,5-dihydro-2-oxazolyl)phenoxy]heptyl]-3-
methyl-isoxazole, WIN 51 711), supplied by Sterling Research 
Group of Sterling Drug, Inc. (Rensselaer, USA) was prepared as 
a 30 mmol/l stock solution in DMSO and then diluted in Eagle's 
MEM. 

Ribavirin (I -li-D-ribofuranosyl-1 H-1,2,4-triazoIe-3-carbo-
xamide) (ICN, Irvine, USA) was kindly supplied by Prof. R.W. 
Sidwell, Logan, USA. It was dissolved straight to the necessary 
concentrations in Eagle's MEM. 

Plaque inhibition test. Monolayer FL cell cultures in 20 ml 
scintillation glass vials (diameter 2.5 cm) were inoculated with 
50 - 60 PFU of virus per vial and left for 1 hr at room tempera­
ture. Then 1 ml per vial of an agar overlay (1% purified Difco 
agar in Eagle's MEM supplemented with 10% heated calf scrum, 
2.25 mg/ml sodium bicarbonate and antibiotics) was laid over the 
cells. The tested compounds, cither alone of in pair combinations, 
were included in the agar overlay. Following a 48 hrs incubation 
at 37 °C a second agar overlay (1.5% agar with 0.02% neutral red 
(Gibco) in physiological saline) was added and vials were kept at 
room temperature. The percentage of PFU inhibition was evalu­
ated in comparison to the control (no compound in the agar over­
lay). 

Estimation of the combination effects. The combination cffect 
character was estimated by use of the three-dimensional model for 
analyzing drug-drug interactions of Prichard and Shipman (1990). 
The additivity assumption equations for both the single and dif­
ferent site inhibitors were used. The difference between the ob­
served combination effects and those expected if effects were ad­
ditive, was calculated. Positive values were indicative for synergism, 
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Fig. I 

Effect  of enviroxime, disoxiiril mid ribavirin on pollovtrus type I 
replication in FL  cells (dose response curves) 

Enviroxime ( • ) ,  disoxaril ( • ) ,  ribavirin (A) 

while negative ones for antagonism. DELTA GRAPH computer 
programme, kindly supplied by Prof. W. Shannon (Birmingham, 
Alabama, USA) was applied for graphic representation of the dose-
response surface. 

Development of drug-resistant mutants. Consecutive passages 
of poliovirus type 1 (Mahoney) in FL cell monolayers in test tubes 
were carried out in the presence of 40 ^mol/l enviroxime or 
disoxaril in Eagle's MEM supplemented with 5% heated calf se­
rum. Virus yields were assayed (cultures were three times frozen 
and thawed) after CPE spread over the whole of the cell monolayer. 
The sensitivity test was monitored in a multi-cycle virus growth 
experiment using a multiplicity of infection of 0.01 PFU per cell, 
and a dose-response scheme for each compound. The infectious 
virus yields (in PFU/ml) were recorded after 24 hrs incubation at 
37 °C and the percentage of inhibition was evaluated in compari­
son to the controls. 

Results 

Effects of enviroxime, disoxaril and ribavirin alone or in 

pair combinations on poliovirus replication 

As a first step the IC50 values o f  each compound alone 
were determined. They were as  follows: 0.2 |imol/l for  
enviroxime, 0.3 ^mol / l  f o r  disoxaril and 3 (imol/1 fo r  
ribavirin (Fig. 1). 

Table 1 presents experimental data on  the antiviral ef­
fect o f  the combination of  enviroxime plus disoxaril. Fig. 2 

Table 1. Effect of the combination of enviroxime with disoxaril on 

poliovirus type 1 replication in F L  cells 

Disoxaril 
i c H  

Enviroxime 
(|imol/l) 

(nmol/1) 
0 

1/8 1/4 1/2 1 2 
0 

(0.025) (0.05) (0.1) (0.2) (0.4) 

2 22.5' 4 15.5 0.5 0 0.5 

(0.6) 55.5%" 92.1% 69.3% 99.0% 100% 99.0% 

1 25 8.5 18 0 0 0 

(0.3) 50.5% 83.2% 64.4% 100% 100% 100% 

1/2 23.5 12 20.5 0 0.5 1 

(0.15) 53.5% 76.2% 59.4% 100% 99.0% 98.0% 

1/4 27 26 19.5 2 2.5 1 

(0.075) 46.5% 48.5% 61.4% 96.0% 95.1% 98.0% 

1/8 29 33.5 20 5 7 0 

(0.0375) 42.6% 33.4% 60.4% 90.1% 86.1% 100% 

0 
50.5' 37.5 32.5 23 25.5 17 

0 
0 25.7% 35.6% 54.5% 49.5% 66.3% 

"Average number of plaques per vial. 
Inhibition. 
cVirus control. 
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Fig. 2 
Effect  of the combination o f  enviroxime w i th  disoxaril on poliovirus type 1 replication in F L  cells 

Dose-response surface, different site assumption equation. Peaks (positive values) and valleys (negative values) indicate synergy and antagonism, 
respectively. 

shows that combining enviroxime with disoxaril led to a well 
manifested synergism. A well reproducible additive to 
antagonostic effect "valley" is demonstrated when envi­
roxime participates at a concentration of 0.05 (j.mol/1. 

Combining enviroxime with ribavirin revealed a marked 
antagonism (Table 2). Fig. 3 and 4 illustrate the effect cal­
culated according to the assumption of single site and dif­
ferent site inhibitors, respectively. 

A strong antagonism was also observed when a combi­
nation o f  disoxaril plus ribavirin was used (Table 3, 
Fig. 5 and 6). 

Cross-resistance studies 

Just two virus passages in the presence of disoxaril were 
sufficient for selection of a disoxaril-resistant mutant. With 
enviroxime-resistant mutants the selection was slow. The 
resistance was found only after the tenth passage in the pres­
ence of this compound. 

The examination of enviroxime-resistant and disoxaril-
resistant mutants of poliovirus for cross-sensitivity revealed 
lack of cross-resistance, i.e. the enviroxime-resistant mu­
tant preserved its sensitivity to disoxaril, and vice versa, the 
sensitivity of the disoxaril-resistant mutant towards envi­
roxime was preserved too (Table 4). 

Table. 2. Effect of the combination of enviroxime with ribavirin on 
poliovirus type 1 replication in FL cells 

Ribavirin 

ic5„ 
Bnviioxime 

i c ; o  

(pmol/1) 

(pmol/1) 
0 

1/8 1/4 1/2 1 2 
0 

(0.025) (0.05) (0.1) (0.2) (0.4) 

2 16.5' 18.5 14 11 10.5 12.5 

(6) 64.1 % b  59.8% 69.6% 76.1% 77.2% 72.8% 

1 25 18 18.5 18 11 10 

(3) 53.3% 60.9% 59.8% 60.9% 76.1% 78.3% 

1/2 22.5 18.5 19 17.5 12 11.5 

(1.5) 51.1% 59.8% 58.7% 62.0% 73.9% 75.0% 

1/4 26 22.5 2 2  16.5 19 13 

(0.75) 43.5% 51.1% 54.4% 64.1% 58.7% 71.7% 

1/8 31 25.5 24 23  18.5 12.5 

(0.375) 32.6% 43.6% 47.8% 50.0% 59.8% 72.8% 

0 
46° 35  28.5 27 2 0  16 

0 
0 23.9% 38.0% 41.3% 56.5% 65.2% 

"Average number of plaques per vial. 
'Inhibition. 
'Virus control. 
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FiK. 3 
Effect  o f  the combination o f  enviroxime with ribavirin on  poliovirus type  1 replication in FL cells 

Dosc-rcsponse surfacc, single site assumption equation. For the rest of legend see Fig. 2. 

Fig. 4 
Ef fect  of the combinat ion o f  enviroxime with  ribavirin on poliovirus type  1 replication in FL cells 

For the legend see Fig. 2. 
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Fig. 5 
Effect  of the combination o f  disoxaril wi th  ribavirin on  poliovirus type 1 replication in  F L  cells 

For the legend see Fig. 3. 

5 

Fig. 6 
Ef fect  o f  the combination o f  disoxaril wi th  ribavirin on  poliovirus type 1 replication in F L  cells 

For the legend see Fig. 2. 
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Table 3. Effect  o f  the combinat ion o f  disoxaril wi th  ribavirin on 
poliovirus type 1 replication in FL cells 

Disoxaril Ribavirin ' L ' s "  
IC j 0  ((jmol/l) 

(pmol/l) 1/8 1/4 1/2 I 2 

(0.025) (0.05) (0.1) (0.2) (0.4) 

2 24" 20.5 32.5 19 16 16.5 

(0.6) 58.3% b  64.4% 43.5% 67.0% 72.2% 71.3% 

I 32.5 25.5 2 8  25.5 18.5 18.5 

(0.3) 43.5% 55.7% 51.3% 55.7% 67.8% 67.9% 

Table 4. Effects o f  disoxaril a n d  enviroxime on replication o f  w i ld  
type poliovirus 1 a n d  its enviroxime- and  disoxaril-resistant 

mutants in FL cells 

Drug ((imol/l) 
Wild 
type 

Inhibition (%) 

Disoxaril-
resistant 
mutant 

Enviroxime-
resistant 
mutant 

Enviroxime 1 
3 

10 

30 

98.7 
98.3 
98.5 
98.8 

98.2 
98.0 
97.8 
97.6 

Disoxaril 1 
3 

10 
30 

98.3 
98.0 
97.8 
98.2 

0 
1.5 
0 
0 

93.4 
92.9 
93.7 
94.0 

1/2 

(0.15) 

34.5 

40.0% 

28.5 

50.4% 

29 

49.6% 

21.5 

62.6% 

18 

68.7% 

2 0  

65.2% 

1/4 

(0.075) 

41.5 

27.8% 

2 9  

49.6% 

3 8  

33.9% 

23 

60.0% 

19 

67.0% 

20.5 

64.4% 

1/8 

(0.0375) 

54 

6.1 % 

44.5 

22.6% 

35.5 

38.3% 

34 

48.7% 

22.5 

60.9% 

24 

58.3% 

0 
56.5' 

0 

41 

28.7% 

35 

39.1% 

33 

42.6% 

25.5 

55.7% 

26 

54.8% 

"Average number of plaques per vial. 
'Inhibition. 
'Virus control. 

Discussion 

The synergistic effect of the combination of disoxaril plus 
enviroxime could be explained by the fact that these part­
ners attack dif ferent  targets a t  even different  steps o f  
poliovirus replication, namely, the uncoating for  disoxaril 
(Foxe/  ul., 1986; Zcichhardt etui, 1987) and the formation 
of viral RNA polymerase complex for enviroxime (Nino-
miya et al., 1985). 

Our  data about the antagonism between ribavirin and 

enviroxime correlate with those reported by Al-Nakib and 

Tyrell (1987) who have tested the same combination towards 

human rhinovirus 2. 
Moreover, ribavirin antagonizes the effect of almost all 

known inhibitors of picornavirus replication: vs. rhinoviruscs 
(Al-Nakib and Tyrell, 1987) and vs. enteroviruses (L. 
Nikolaeva and A.S. Galabov, unpublished data). 

The explanation of the observed antagonistic effects in 
the combinations with ribavirin is considerably more so­
phisticated. In the case o f  the combination of enviroxime 
plus ribavirin a competitive inhibition of the processes of 
initiation and elongation of viral RNAs could be  suspccted. 
A s  far  as the combination of disoxaril plus ribavirin is con­
cerned, the explanation of  the antagonism is completely 
missing. Having in mind the so far unclear participation or 
cellular components in the replication of picornaviruses 
(Dmitrieva et al., 1979; Richards et al., 1990), a possible 

involvement of a cell-dependent mechanism in the forma­
tion of the disoxaril target could be  presumed. 

The fast development of resistance to disoxaril (in two 
passages only) is quite similar to the development of resist­
ance to arildone, a compound with analogous mechanism 
of action (McSharry  et al., 1979), observed by Eggers and 
Rosenworth(1988). Similar data exist also about guanidine 
hydrochloride (Caliguiri and Tamm, 1972). > 

There are examples o f  favourable combination effects, 
e.g. o f  2-(a-hydroxybenzyl)benzimidazole  (HBB)  and 
guanidine - two classic enterovirus replication inhibitors 
(Tamm and Eggers, 1962; Tamm and Caliguiri, 1972). Un­
fortunately, a strikingly expressed cross-resistance has been 
found in that case. 

The established synergism between enviroxime and 
disoxaril, especially along with the lack of  cross-resistance 
between the enviroxime- and disoxaril-resistant mutants clas­
s i f ies  this  combination as a very promis ing one f r o m  
a chcmotherapeutic point o f  view. 
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