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a b s t r a c t

Current study presents a novel scheme for combined application of anti-enteroviral substances in cox-
sackievirus B1 neuroinfection in newborn mice. It consists of a consecutive alternating, not simultaneous,
administration of the substances in combination. A triple combination showing good efficacy was selected
as a result of a screening of double, triple and quadruple combinations of enteroviral inhibitors. Its effec-
tiveness is expressed in lengthening of the mean survival time and about 50% reduction of mortality
rate in infected newborns as compared both to the placebo group, individual compounds used alone
every day, and to the same combination applied simultaneously every day. Chronology of alternation
ice
esistance
rug sensitivity

of the individual drug administration plays a key role in the efficacy of the combination. Studies of the
drug sensitivity of viral brain isolates from mice, treated with the drug combination indicate that virus
isolates from the group treated with the alternating combination not only preserve, but even increase
their sensitivity to the drugs. MIC50 values of virus isolates from groups treated with monotherapies
of the compounds manifested development of drug resistance. Obviously, the consecutive alternating
administration of anti-enteroviral substances hinders the occurrence of drug resistance in the course of
experimental coxsackievirus B1 infection in mice.
. Introduction

Human enteroviruses, including polioviruses, coxsackieviruses,
choviruses and rhinoviruses represent a significant health prob-
em due to the unusual diversity of diseases they cause. This wide
pectrum ranges from mild enteritides, respiratory infections such
s common cold and summer flu, manifested by pharyngitis, bron-
hitis and bronchiolitis, croup, pneumonia, to severe diseases of
he central nervous system such as poliomyelitis, encephalitis,
septic meningitis, neuritis and polyneuritis, including pleurody-
ia (Bornholm disease). Neurotropism of many of these viruses,
specially coxsackieviruses determine their affinity to the pancre-
tic beta cells, may have paraneuronal origin (Fujita, 1977, 1989;
ujita et al., 1988). Enteroviral infection of these cells could lead
o development of juvenile acquired insulin-dependent diabetes.
ne collaborative study shows that most children recently diag-

osed with such severe form of diabetes had been infected with
oxsackieviruses (Hyöty et al., 1995). Enteroviruses could replicate
n the heart tissue and this cardiotropism could lead to serious heart
isorders such as pericarditis and myocarditis, which often precede
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dilatative cardiomyopathy. For the rhinoviruses, recently included
in the Enterovirus genus (announced during the 14th International
Congress of Virology, organized by IUMS, August, 2008) there are
more than 150 types and they are known as the causative agents
of the common cold. They could contribute to the development
of sinusitis and other chronic respiratory diseases, which could
lead to chronic obstructive pulmonary disease, projected to be
the third leading cause of death worldwide by 2020 (Rabe et al.,
2007).

Fighting these viruses experiences significant difficulties
because of their extreme contagiousness as well as the very
high percentage of unapparent infections (more than 85%). Reg-
istered clinical cases caused by enteroviruses are only top of the
iceberg—lying underneath is a great number of non-manifested
infections that could lead to development of severe complications.
When summarized, these facts result in limited opportunities for
taking anti-epidemic steps.

All of the mentioned features of this virus genus show that
application of chemotherapeutic agents is strongly indicated in
the enterovirus-caused diseases. Despite the large number of in

vitro effective compounds (Barnard, 2006; De Palma et al., 2008),
so far anti-enteroviral chemotherapeutics for clinical use are not
registered, and the results of clinical trials carried out with the
most active antivirals could be considered as modest. Unsatis-
factory effectiveness of enteroviral replication inhibitors in vivo

http://www.sciencedirect.com/science/journal/01663542
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as been ascribed to the rapid development of drug resistance
f initially drug-sensitive viruses. This phenomenon is related to
he quasispecies composition of enteroviral population (Eigen and
iebricher, 1988; Domingo et al., 2008) which is a consequence
f an accumulation of resistant population of pseudospecies as
result of a countless number of point mutations due to errors

ntroduced by the viral RNA-dependent RNA polymerase during
iral replication. It was found on a model of poliovirus type 1
hat each newly synthesized molecule of poliovirus RNA contains,
n average, one mutation (Chumakov et al., 2007). As a result
f a Darwinian type of selection, drug-resistant mutants have
een developed to almost every specific enterovirus replication

nhibitor.
The resistance occurring after monotherapy with a certain

rug being the main obstacle to an effective therapy of enterovi-
al infections makes it reasonable to focus interest on combined
dministration of antiviral compounds. This approach has proven
ts efficacy against HIV and HCV infections and may be applied
n a situation of pandemic flu as well. Use of drug combinations
f antivirals might be one of the possible efficient approaches
o overcome the disadvantages of monotherapy concerning the
evelopment of resistance to each or all of the partners in the com-
ination. Using such combined therapy, a greater effect could be
chieved at lower concentrations than those required if drugs were
o be used alone and thus to prevent the so-called “pressure of
he dose” effect, which favors the rapid development of virus-drug
esistance.

Due to the multiple viral replication cycles in the presence of
he different substances in combination, even the application of
ynergistic combinations with proven activity in vitro (Nikolaeva-
lomb and Galabov, 2004) does not guarantee that the occurrence
f single or multiple resistance could be avoided.

In the current study we investigate a novel approach for com-
ined administration of anti-enteroviral compounds with proven
ffect, which consists of a consecutive, not simultaneous appli-
ation of the substances included in the combination in an
xperimental infection in vivo. We used an in vivo model of
nfection with neurotropic coxsackievirus B1 infection in newborn

ice. Compounds used in combination were selected as specific
nhibitors of enteroviral replication with a different mode of action
nd attacking different targets in the replicative cycle. Among them
as disoxaril – a representative of one of the most active anti-

nteroviral inhibitors – the WIN compounds (Diana et al., 1985;
mith et al., 1986; Rossmann, 1989). It is a VP1 hydrophobic pocket
inder, which is active in the early steps of the viral replication.
uanidine hydrochloride is a “classic” enteroviral inhibitor that

nterferes with the function of 2C protein, and thus prevents the
nitiation of the synthesis of negative RNA strands (Loddo et al.,
962; Barton and Flanegan, 1997). Oxoglaucine is a compound of
lant origin, specifically inhibiting replication of a broad spectrum
f enteroviruses (Nikolaeva-Glomb et al., 2008). Its mechanism of
ction is not completely cleared, but it is assumed that it inhibits
ome of the early steps in the viral replication cycle (L. Nikolaeva,
.S. Galabov, unpublished data). PTU-23 is a wide-range picor-
avirus inhibitor attacking the synthesis of both viral 37S and 20S
RF) RNA (Galabov, 1979; Galabov and Dmitrieva, 1983; Galabov et
l., 1983).

Selection of the compounds included in this study was based
n the data for their efficacy in vivo, in experimental enteroviral
nfections in laboratory animals. Guanidine HCl is an exception: it
s known that the only evidence for its activity in animals is given
hen the substance is applied in combination with another anti-
nteroviral inhibitor—HBB (Eggers, 1976). The effect of oxoglaucine
pplied alone against enterovirus infection with coxsackievirus B1
n newborn mice is relatively modest (A.S. Galabov, S. Spassov,
npublished data).
iviral Research 85 (2010) 366–372 367

2. Materials and methods

2.1. Virus

Coxsackievirus B1 stock for in vivo experiments was obtained
through intracerebral passages (0.02 ml/mouse) of the standard
laboratory strain (Connecticut 5) in newborn albino mice (ICR line)
and was prepared as a 10% brain suspension in phosphate-buffered
saline (PBS). The virus underwent multiple intracerebral passages
in newborn mice (without intermediary passages in cell cultures).

2.2. Cells

FL cells (transformed human amnion cells) monolayer cultures
in CELLSTAR 35 mm petri dishes (Greiner Bio-One GmbH, Frick-
enhausen, Germany)—for plaque purification of the viral isolates
from mouse brains, and 6-well microplates CELLSTAR—for deter-
mination of MIC50, grown at 37 ◦C in 5% CO2 thermostate HERAcell
(Kendro Laboratory Products GmbH, Langensbold, Germany) were
used. Growth medium contained 10% fetal bovine serum (Gibco
BRL, Paisley, Scotland, UK) and antibiotics (penicillin, 100 IU/ml,
streptomycin, 100 �g/ml) in Dulbecco’s MEM (minimal essential
medium) (Gibco BRL, Paisley, Scotland, UK). Maintenance solution
was 0.5% heated fetal bovine serum in Dulbecco’s MEM.

2.3. Mice

ICR random-bred newborn albino mice (obtained from the
Laboratory Animals Farm of the Bulgarian Academy of Sciences,
Slivnitza, Bulgaria). This random-bred stock was originally devel-
oped at the Institute for Cancer Research (Fox Chase Cancer Center)
by Dr. T.S. Hauschka beginning 1948.

2.4. Compounds tested

5-[7-[4(4,5-Dihydro-2-oxazolyl)phenoxy]heptyl]-3-methyl-
isoxazole (disoxaril, WIN 51711) was supplied by Sanofi Winthorp,
Inc. (Malverne, Pennsylvania).

Oxoglaucine, an aporphinoid alkaloid from Glaucinum flavum
Cranz, was obtained from the Institute of Organic Chemistry, Bul-
garian Academy of Sciences.

Guanidine hydrochloride was provided by Eastman Organic
Chemicals (New York).

N-Phenyl-N′-3-hydroxyphenylthiourea (PTU-23), original Bul-
garian compound, was synthesized by Dr. Boryana Hajieva from
Faculty of Chemistry, University of Sofia, after the method of Prof.
G. Vassilev, Institute of Plant Physiology, Bulgarian Academy of Sci-
ences.

2.5. Coxsackievirus B1 infection in newborn mice

2.5.1. Testing of double, triple and quadriple combinations of
anti-enteroviral compounds

Groups of newborn mice (ICR line) were inoculated subcu-
taneously (s.c.) with coxsackievirus B1, 20 LD50. Animals were
subjected to combined treatment course with two, three and four
compounds, administered consecutively, starting on the day of
virus inoculation. Each substance was injected via subcutaneous
route every other day (double combinations—DC), every third
day (triple combinations—TC) and every fourth day (quadruple
combination—QC). The course lasted until day 12 after virus inoc-
ulation.
The general scheme of arrangement of the treatment courses is
presented in Table 1.

Daily doses of each compound were selected as optimal, based
on literature data and previous experiments in our laboratory and
are as shown in Table 2.
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Table 1
Scheme of daily administration of the used compounds in different combinations or applied alone.

Compounds in combination or as monotherapies Days

Compounds used in combination

1 2 3 4 5 6 7 8 9 10 11 12

Consecutive
combination

DC Dis/Oxo Dis Oxo Dis Oxo Dis Oxo Dis Oxo Dis Oxo Dis Oxo
Dis/Guan Dis Gua Dis Guan Dis Gua Dis Gua Dis Gua Dis Gua
Dis/PTU Dis PTU Dis PTU Dis PTU Dis PTU Dis PTU Dis PTU

TC D/O/G Dis Oxo Guan Dis Oxo Gua Dis Oxo Gua Dis Oxo Gua
D/G/O Dis Gua Oxo Dis Guan Oxo Dis Gua Oxo Dis Gua Oxo

QC D/O/G/PTU Dis Oxo Gua PTU Dis Oxo Gua PTU Dis Oxo Gua PTU

Simultaneous triple combination Combination of Dis, guan and Oxo is simultaneously applied every day
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group). Fisher’s exact test was applied to compare mouse survival
rate between the experimental groups. Differences in MST were

T
O

Monotherapies of the partner substances Each drug applied every day

Placebo PBS every day

is (D), disoxaril; Oxo (O), oxoglaucine; Gua (G), guanidine HCl; PTU (P), PTU-23.

Along with the placebo group the following control groups were
resent in each experiment—disoxaril, oxoglaucine, guanidine HCl
nd PTU-23, administered alone every day, the same administered
very other day, and every third day.

In all these experiments two parameters were
onitored—cumulative mortality (in percentage) and mean

urvival time (in days).

.5.2. Evaluation of the influence of the arrangement of the
artners in the combinations

Groups of newborn mice were inoculated s.c. with coxsack-
evirus B1, 20 LD50 per mouse. There were three sets of triple
ombinations, the first of which started with disoxaril, the second
ith oxoglaucine and the third with guanidine hydrochloride.

.5.3. Preparation of virus brain isolates from treated mice
Groups of 40–50 newborn mice were inoculated s.c. with Cox-

ackie B1 virus (20 LD50/mouse). Treatment with the combination
isoxaril/guanidine HCl/oxoglaucine (DGO) and with the partners

n the combination applied alone, started on the day of infection,
nd lasted till the 12th day. Virus samples (four brain samples
rom each of the treated and the placebo group) were taken every
ay since day 4 post-virus inoculation. These brain isolates (mixed
ample of the brains of 4 animals) were prepared as a 10% brain
uspension in phosphate-buffered saline (PBS) for testing.

.5.4. Virus assay and plaque purification of virus isolates
The viral content in the brain isolates was determined by the

laque method (in PFU/ml). Monolayer FL cell cultures in 35 mm
etri dishes CELLSTAR were inoculated with 10-fold dilutions of
ach virus stock, and left for 1 h at room temperature for virus
dsorption. The agar overlay (1.75 ml per dish) was 1% purified
ifco agar in Dulbecco’s MEM, supplemented with 10% heated

alf serum, 1.65 �g/ml sodium bicarbonate and antibiotics (peni-
illin, 100 IU/ml, streptomycin, 100 �g/ml). After 48-h incubation
t 37 ◦C a second, neutral red containing agar overlay (1.5% agar
ith 0.02% neutral red Fluka, Buchs, Switzerland, in physiological

aline) was added and petri dishes were kept at room tempera-

able 2
ptimal daily doses of the used compounds in different combinations or applied alone.

Compound Effective daily dose (mg/kg) Animals

Disoxaril 25 Newborn mice
Oxoglaucine 25 Newborn mice
Guanidine HCl 48 Newborn mice
PTU-23 130 Newborn mice
ner is applied every day

ture for at least 4 h. The virus titer in PFU/ml was evaluated. A
single plaque from each viral stock, which was isolated from the
appropriate dilution, was resuspended in 5% heated calf serum in
Dulbecco’s MEM and subjected to three further rounds of plaque
purification.

2.5.5. Determination of sensitivity to disoxaril of virus isolates
The plaque-inhibition test of Herrmann (1961) and Siminoff

(1961) was applied on virus progenies that had been previously
plaque purified (3 rounds). Monolayer FL cell cultures in 6-well
microplates CELLSTAR were inoculated with 35–40 PFU/ml of virus
per well, and left for 1 h at room temperature for virus adsorp-
tion. The agar overlay (as described above) was laid over the cells.
The test compound—disoxaril, was included in the agar overlay
at the following concentrations: 0.032, 0.1, 0.32, 1, 3.2, 10 and
32 �M. Following a 48-h incubation period at 37 ◦C a second, neu-
tral red containing agar overlay (as described above) was added
and microplates were kept at room temperature for at least 4 h.
The percentage of PFU inhibition was evaluated in comparison
to the control (without test compound in the agar overlay). The
50% minimal inhibitory concentration (MIC50) of compound that
inhibited the plaque titer by 50% for each virus sample was deter-
mined.

2.5.6. Statistical analysis
The survival time includes the period from the day of virus inoc-

ulation until the day before the animals’ death. The mortality was
followed until day 12. PI (protection index) was evaluated by the
equation PI = [(PC − 1)/PC] × 100, where PC is protection coefficient
(that is, % mortality in placebo group/%mortality in the drug-treated
compared using a two-tailed Student’s t-test. P-Values <0.05 were
estimated as statistically significant. To determine the statistical
differences (if any) between values of MIC50 of disoxaril alone, the
combination and the placebo one-way ANOVA with Bonferroni’s
post-test was used.

References

McKinlay and Steinberg (1986) and Nikolaeva and Galabov (2000)
A.S. Galabov and S. Spasov (unpublished data)
Herrmann et al. (1982)
Galabov and Velichkova (1974) and Galabov (1979)
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Table 3
Effect of consecutively applied double, triple and quadruple combinations of anti-enteroviral inhibitors against neurotropic coxsackievirus B1 infection in newborn mice.

Compounds Survivors/total Mortality, % MST ± SE, daysa PC PI %

DO 0/32 100 5.13 ± 0.1* 1 0
DG 4/28 85.7 7.6 ± 0.8*,¶,§ 1.17 14.53
DP 0/12 100 3.7 1 0
DOG 5/34 85.2 5.6 ± 0.4*,¶ 1.17 14.53
DOGP 0/25 100 4.0 1 0
Disoxaril 0/35 100 3.5 ± 0.5 1 0
Oxoglaucine 0/32 100 4.7 ± 1 1 0
Guanidine HCl 0/30 100 4.5 ± 0.4 1 0
PTU-23 0/26 100 3.6 1 0
Placebo (PBS) 0/30 100 3.9 ± 0.2 1 0

The data in Table 1 are from three independent experiments. MST, mean survival time; PBS, phosphate-buffered saline; PC, protection coefficient; PI, protection index;
se, standard error. DO, double combination of disoxaril and oxoglaucine; DG, disoxaril and guanidine HCl; DP, disoxaril and PTU-23; DOG, triple combination of disoxaril,
oxoglaucine and guanidine HCl; DOGP, quadruple combination of disoxaril, oxoglaucine, guanidine HCl and PTU-23.
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Table 4
Effect of the combination of disoxaril, oxoglaucine and guanidine hydrochloride
during the treatment of experimental neuroinfection with coxsackievirus B1 in
newborn mice.

Compounds Survivors/total Mortality, % MST, days PC PI %

DOG 2/11 81.8 6.5 1.22 18.03
DGO 4/9 55.5 8.8 1.8 44.44
ODG 0/7 100 4.0 1 0
OGD 2/8 75 7.8 1.33 24.81
GOD 0/8 100 6.5 1 0

F
*

a Two-tailed Student’s t-test.
* ANOVA: P < 0.01 compared to placebo group.
¶ ANOVA: P < 0.01 compared to disoxaril monotherapy group.
§ ANOVA: P < 0.05 compared to guanidine hydrochloride alone and oxoglaucine a

. Results

.1. Testing of the effects of combinations of consecutively
pplied anti-enteroviral compounds on experimental infection
ith coxsackievirus B1 in newborn mice

For these experiments four compounds with different modes
f anti-enteroviral action were selected: disoxaril, oxoglaucine,
uanidine HCl and PTU-23. The effect of the alternation of two, three
nd four substances was determined. Disoxaril, as a representative
f one of the most active antipicornavirus inhibitors—WIN com-
ounds (from Winthrop-Sanofi), was present in all of the tested
ombinations.

The data in Table 3 demonstrate some antiviral activity only
f the double combination DG and the triple combination DOG
disoxaril, oxoglaucine and guanidine HCl). The other double drug
ombinations (DO and DP), as well as the quadruple combina-

ion DOGP proved to be ineffective. Monotherapy of the tested
ubstances was also unsuccessful. The favorable effect of the first
wo mentioned combinations is expressed mostly in lengthen-
ng of the mean survival time compared to the placebo group.
herefore, it was of some interest to examine the effect of a triple

ig. 1. Effect of the combination of disoxaril, oxoglaucine and guanidine hydrochloride wh
P < 0.0001 compared to the placebo group. Statistical data are based on survivor number
GDO 0/10 100 4.2 1 0
Placebo (PBS) 0/9 100 5.0 1 0

For abbreviations (MST, PC and PI), see legend of Table 3.

combination, consisting of disoxaril, guanidine hydrochloride and
oxoglaucine.
3.2. Evaluation of the impact of the arrangement of the partners
in the combinations

The results presented in Fig. 1 clearly show that the most suit-
able arrangement for the DGO combination when the first partner

en the order of consecutive administration of the partner compounds was changed.
s from three experiments by logrank test.
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Fig. 2. Survival proportions of triple combination DGO vs. the effect of individual monotherapies of the partners and the effect of the same combination DGO in which the
inhibitors are given simultaneously. **P < 0.005 compared to placebo. Statistical analysis was determined 7 by logrank test.

Table 5
Comparison of the effects of the triple combination disoxaril, guanidine HCl and oxoglaucine administered at consecutive and simultaneous treatment course.

Compounds Survivors/total Mortality, % MST ± SE, daysa PC PI %

DGO consecutively 15/34** 55.8 8.3 ± 0.3 1.79 44.13
DGO simultaneously 1/33 96.9 5.7 ± 0.15 1.03 2.91
Disoxaril 0/28 100 5.5 ± 0.15 1 0
Oxoglaucine 0/29 100 4.9 ± 0.3 1 0
Guanidine HCl 0/30 100 5.5 ± 0.6 1 0
Placebo (PBS) 0/32 100 5.1 ± 0.2 1 0
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ata are collected from three experiments. For abbreviations (MST, PC and PI), see
a Two-tailed Student’s t-test.

** P < 0.005—statistical analysis was performed by logrank test.

s disoxaril, followed by guanidine HCl and oxoglaucine (DGO).
he protective effect of this combination is very well expressed
y lengthening of the MST with almost 4 days—MST for the DGO
reated group is 8.8 days compared to 5 days for the placebo group
Table 4).

The results shown in Fig. 2 demonstrate the strong antivi-
al effect of consecutively applied DGO combination expressed in
engthening of the MST with almost 4 days and survival rate of
early 50% compared to the control (Table 5).

.3. Effect of the combination of disoxaril, guanidine HCl and
xoglaucine (DGO) on the infectious virus content in brains of

reated mice

When the infectious virus content in the mouse brain isolates,
nfected with coxsackievirus B1 and treated with the combination
GO applied consecutively was determined, a distinct reduction of

able 6
ffect of DGO treatment and the courses with the individual drugs on coxsackievirus B1 c

Test group Infectious titer (PFU/ml) of the brain samples and % inhibition

Days after virus inoculation

4 5

PFU/ml % Inhibition PFU/ml % Inhibiti

DGO 2.9 × 102 99.92 4.6 × 103 96.84
Disoxaril <10 >99.99 3.7 × 105 No effect
Guan HCl 5.7 × 104 83.7 3.8 × 105 No effect
Oxoglaucine 1.5 × 105 58.7 9.6 × 105 No effect
Placebo 3.5 × 105 1.5 × 105
of Table 3.

the viral titer (>103 reduction) was found, especially on day 4 after
virus inoculation (v.i.). As demonstrated in Table 6 monotherapy
with disoxaril showed marked inhibition of the infectious virus load
on day 4 after v.i.

The combination of DGO applied consecutively, clearly demon-
strated an inhibitory effect on the virus content. There was a
100% mortality rate in the placebo and the groups treated with
monotherapies of the partners from day 8 onwards. Presumably,
the increasing age of the suckling mice influences their sensitivity
to the coxsackievirus B1 (Kunin, 1964; Teisner and Haahr, 1974).

3.4. Sensitivity to disoxaril of virus brain isolates following

treatment course with DGO combination, applied consecutively

The virus progeny in brain samples from mice, infected with
coxsackievirus B1 and then treated with disoxaril and consecu-
tively applied combination DGO was tested for determination of

ontent in the mouse brains.

6 7

on PFU/ml % Inhibition PFU/ml) % Inhibition

3.3 × 104 94.82 3.3 × 103 98.73
2.8 × 106 No effect 3.4 × 104 No effect
100% mortality 100% mortality
6.5 × 105 No effect 100% mortality
6.5 × 105 2.6 × 105
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Table 7
Sensitivity to disoxaril in the plaque-inhibition test of virus brain isolates from DGO treated and treated with disoxaril alone newborn mice, infected with coxsackievirus B1.

Brain sample Test group Disoxaril IC50 values (�M) of viral brain samples

Taken on day (after viral inoculation)

4 5 6 7 8 9 10

Plaque purified Placebo 0.38 0.4 0.5 0.57 –a –a –a

Disoxaril –b 1.71 3.03 11.1* –a –a –a

DGO consecutively 0.55 0.52 0.64 0.09¶ 0.12 0.08 0.13

Native Placebo 0.45 0.42 0.55 0.59 –a –a –a

Disoxaril –b 2.53 5.95 14.7 –a –a –a

DGO consecutively 0.54 1.5 0.19 0.08 0.1 0.09 0.14
DGO simultaneously 1.7 1.64 5.82 16.3 –a –a –a

The statistical analysis was performed with one-way ANOVA with Bonferroni’s post-test.
a After day 7 there was no animal alive, 100% mortality rate.
b Due to 100% inhibitory effect of disoxaril on day 4 there is no infectious virus in the brain isolate.
* P < 0.05 compared to the placebo group.
¶ P < 0.05 compared to the group treated with disoxaril alone.

Table 8
Sensitivity to oxoglaucine in the plaque-inhibition test of virus brain isolates from DGO treated and treated with oxoglaucine alone newborn mice, infected with coxsackievirus
B1.

Brain sample Test group Oxoglaucine IC50 values (�M) of viral brain samples

Taken on day (after viral inoculation)

4 5 6 7 8 9 10

Plaque purified Placebo 0.2 0.26 0.39 0.43 –a –a –a

Oxoglaucine 3.79 3.19 3.2 –a –a –a –a

DGO consecutively 0.37 0.34 0.12 0.06 0.09 0.1 0.12

Native Placebo 0.34 0.22 0.38 0.8 –a –a –a

Oxoglaucine 3.52 3.73 3.77 –a –a –a –a

0.6
3.53
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DGO consecutively 0.5
DGO simultaneously 3.12

a After day 7 there was no animal alive, 100% mortality rate.

ts sensitivity to disoxaril by using the plaque-inhibition test of
ermann–Siminoff in FL cells. It is clear from the results shown

n Table 4 that the virus isolated from the group treated with dis-
xaril alone became resistant to the compound after day 5 p.i., as
he values of MIC50 on the 5th day increase 4 times, on the 6th
ay—6 times, and on the 7th day—almost 20 times. These data cor-
elate with the results obtained from Nikolova and Galabov (2003),
oncerning the treatment-emerging resistance of coxsackievirus
1 after monotherapeutic treatment with disoxaril.

The data presented in Table 7 demonstrate that when the combi-
ation DGO was applied consecutively, in addition to the obtained

nhibitory effect there was a full preservation of sensitivity to
isoxaril of coxsackievirus B1 isolated from the mice brains. More-
ver, a 4–6-fold decrease of MIC50 values was observed from day
onwards, i.e. virus isolates taken on day 7 p.i. and onwards

emonstrated significant increase of their sensitivity to disoxaril
ompared to the placebo group and the group treated with dis-
xaril. The same tendency was observed with the third compound,
xoglaucine (Table 8).

As seen in Tables 7 and 8, approximately identical IC50
alues were recorded when plaque-purified or native (not plaque-
urified) virus brain samples were evaluated.

. Discussion

All literature data so far indicate that the development of effec-

ive chemotherapy against enteroviral infections is hampered by
he extremely high mutational rate of these pathogens (10−4). This
esults in rapid emergence of resistant viral populations to most
f the antiviral inhibitors, when applied as monotherapy. Previous
esearch in our laboratory, designed to determine the sensitivity of
0.91 0.73 0.34 0.23 0.31
3.45 3.4 –a –a –a

infected with coxsackievirus B1 mice to chemotherapy with one
of the WIN compounds—disoxaril, proved the rapid occurrence
of resistance to the inhibitor just 5 days after the beginning of
treatment. After day 6 the brain isolates from the group treated
with disoxaril every day contained a completely resistant viral
population. Moreover, when the phenotype characteristics of this
population were examined, a slight increase of pathogenicity was
established (Nikolova and Galabov, 2003).

Many inhibitors of enteroviral replication cycle are found in
vitro and some of them reached a stage of clinical trials—disoxaril,
pleconaril (WIN compounds) (Diana et al., 1985; Rossmann, 1989;
Smith et al., 1986; Pevear et al., 1999), pirodavir and its analogues
(R compounds) (Barnard et al., 2004; Hayden et al., 1995), envirox-
ime (DeLong and Reed, 1980; Miller et al., 1985), but they all failed
due to poor bioavailability, side effects or some other reasons. In
the case of disoxaril the clinical trials were stopped (Hadfield et al.,
1999) and pleconaril was not approved by FDA due to increased lev-
els of liver enzyme, known as CYO3A4 (Beer and Geduldig, 2002).
Obviously, the applied doses of these compounds in monothera-
peutic regimens are close to toxic levels.

One of the most prominent characteristics of enteroviruses is
that almost 80% of enteroviral infections are unapparent. This is
complemented by another feature of these pathogens—their pop-
ulation consists of a great number of pseudospecies, which leads
to manifestation of many different clinical pictures, i.e. acquired
insulin-dependent diabetes, myocarditis, pericarditis, meningitis,

etc.

Severe forms of enteroviral infections pass through a viremic
stage, which results in longer incubation period. In these cases a
preservation of the activity of specific anti-enteroviral therapy for
at least 12–14 days is required. This type of chemotherapy, applied
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n the incubation period of the enterovirus infections (chemopro-
hylaxis) could be effective in children, especially when epidemic
utbreaks occur.

Data presented in the current paper for the first time show
hat the preservation of the activity of the used drug partners for
he time necessary (for survival of the infected animals) is pos-
ible when a triple combination of anti-enteroviral inhibitors is
pplied not simultaneously, in which case multiple resistance could
merge, but consecutively. We developed a model of such combi-
ation, the treatment with which, unlike monotherapies, totally
revents the occurrence of resistance. That is in full contrast to
he established multiple drug-resistance regimens when the com-
ounds are administered simultaneously every day.

The results from our study demonstrate that the way of order-
ng the drug partners plays a key role for the effectiveness of
he combination. The therapy must start with an inhibitor of an
arly step of the viral cycle, e.g. disoxaril, which has a pronounced
ffect in the first day of infection before the development of resis-
ance. It must be followed by an RNA replication inhibitor, such
s guanidine HCl, and then one that targets an early step again,
xoglaucine.

We assume that other successful models of triple drug combina-
ions could be developed that could be the basis for new therapeutic
trategies.
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