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It is not yet clear to what extent depletion of intracellular GTP pools contributes to the antiviral activity of
ribavirin. Therefore, the antiviral activities of (i) ribavirin, (ii) its 5-ethynyl analogue, 5-ethynyl-1-�-D-ribo-
furanosylimidazole-4-carboxamide (EICAR), and (iii) mycophenolic acid (MPA) (a compound that inhibits
only cellular IMP dehydrogenase activity) were studied on the replication of flaviviruses and paramyxoviruses.
In addition, the effects of these three compounds on intracellular GTP pools were assessed. A linear correlation
was observed over a broad concentration range between the antiviral activities of ribavirin, EICAR, and MPA
and the effects of these compounds on GTP pool depletion. When the 50% effective concentrations (EC50s) for
the antiviral activities of ribavirin, EICAR, and MPA were plotted against the respective EC50 values for GTP
pool depletion, a linear correlation was calculated. These data provide compelling evidence that the predom-
inant mechanism of action of ribavirin in vitro against flavi- and paramyxoviruses is based on inhibition of
cellular IMP dehydrogenase activity.

Ribavirin (1-�-D-ribofuranosyl-1,2,4-triazole-3-carboxam-
ide) (see Fig. 1) has broad-spectrum antiviral activity against a
wide range of (RNA) viruses. Ribavirin is being used with
various degrees of success for the treatment of respiratory
syncytial virus (6, 23) and Lassa fever virus (11) infections.
Ribavirin, in combination with pegylated interferon, has be-
come the standard therapy for the treatment of infections with
hepatitis C virus (18).

Various mechanisms of action have been suggested to be
responsible for the antiviral activity of ribavirin (12). These
mechanisms include the following: (i) depletion of intracellular
GTP pools (by inhibition of the cellular IMP dehydrogenase
[IMPDH] by the 5�-monophosphate metabolite of ribavirin),
(ii) inhibition of viral polymerase activity by the 5�-triphos-
phate metabolite of ribavirin, (iii) inhibition of viral capping
(by inhibition of [viral or cellular] guanylyltransferase activity
by ribavirin 5�-triphosphate), and (iv) induction of error catas-
trophe as a result of accumulation of mutations (some of them
lethal) in the viral genome. Although none of these mecha-
nisms may be mutually exclusive, one (or more) mechanism(s)
may be predominantly responsible for the antiviral activity of
ribavirin.

The aim of this study was to assess to what extent inhibition
of intracellular GTP pools contributes to the antiviral activity
of ribavirin. For model viruses, we employed a plus-strand
single-stranded RNA (ssRNA) virus (i.e., the yellow fever virus
17D vaccine strain [YFV 17D]) and a minus-strand ssRNA
virus (i.e., the human parainfluenza virus 3 [hPIV3]; ATCC
VR-93). 5-Ethynyl-1-�-D-ribofuranosylimidazole-4-carboxam-
ide (EICAR) and mycophenolic acid (MPA) were selected for

comparison with ribavirin because of the following. (i) EICAR
(Fig. 1), which is the 5-ethynyl imidazole analogue of ribavirin,
has the same spectrum of antiviral activity as ribavirin but is 20-
to 60-fold more potent (9, 14). Furthermore, the 5�-monophos-
phate metabolite of EICAR, like ribavirin 5�-monophosphate,
has proven to be an inhibitor of IMPDH and is at least 10-fold
more potent than ribavirin in inhibiting IMPDH and thus re-
ducing intracellular GTP pools (2, 3). (ii) MPA [6-(4-hydroxy-
6-methoxy-7-methyl-3-oxo-5-phthalanyl)-4-methyl-4-hexenoic
acid] (Fig. 1) is clinically used by way of its prodrug mycophe-
nolate mofetil (CellCept) as a second-line immunosuppressive
agent to avert acute graft rejection in organ transplant patients
(for a review, see reference 4). MPA is also endowed with
potent antiviral activity against flaviviruses (10, 14, 16) and
paramyxoviruses (our unpublished observations) among other
viruses. MPA is a highly potent uncompetitive inhibitor of
IMPDH and unlike ribavirin and EICAR, does not need to be
metabolically activated (21).

First, the dose-response effects of ribavirin, EICAR, and
MPA on the replication of YFV 17D and hPIV3 were deter-
mined. One-day-old confluent Vero cell monolayers, grown in
96-well microtiter plates, were infected with either YFV 17D
(Stamaril; Aventis Pasteur MSD, Brussels, Belgium) or hPIV3
at a multiplicity of infection (MOI) of �0.1 in the absence or
presence of serial dilutions of the respective compounds. Cul-
tures were incubated at 37°C for 5 days, when infected, un-
treated cultures exhibited an obvious cytopathic effect (CPE).
For each condition, the supernatant from two to four wells was
pooled, and then total RNA was extracted (QIAamp viral
RNA mini kit; QIAGEN, Leusden, The Netherlands). Viral
RNA was quantified using one-step reverse transcription-
quantitative PCR (RT-qPCR). For YFV 17D, TaqMan one-
step RT-PCR master mix reagent kit, a forward primer (TGG
CAT ATT CCA GTC AAC CTT CT), reverse primer (GAA
GCC CAA GAT GGA ATC AAC T), and 6-carboxyfluo-
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rescine (FAM)–6-carboxytetramethylrhodamine (TAMRA)
probe (TTC CAC ACA ATG TGG CAT GTC ACA AGA G)
were used. For hPIV3, SYBR green RT-PCR reagent kit, a
forward primer (GGA GGT GCA CGT CTG GTC TT), and a
reverse primer (ACA GTC GTT GGC ATG GCT AAT A;
Applied Biosystems, Lennik, Belgium) were used.

Each of the compounds (ribavirin, EICAR, and MPA)
caused a concentration-dependent inhibition of synthesis of
both YFV 17D and hPIV3 RNA (Fig. 2A and B). MPA proved
to be the most potent compound, and ribavirin was the least
potent compound (for YFV, the EC50 for inhibition of RNA
synthesis [EC50 RNA] of ribavirin, 12.3 � 5.6 �g/ml; EC50 RNA

of EICAR, 0.35 � 0.23 �g/ml; EC50 RNA of MPA, 0.020 �
0.013 �g/ml; for hPIV3, EC50 RNA of ribavirin, 9.4 � 6.1 �g/ml;
EC50 RNA of EICAR, 0.27 � 0.22 �g/ml; EC50 RNA of MPA,
0.015 � 0.007 �g/ml).

A parallel set of samples was titrated six times for infectious
virus content on 1-day-old confluent Vero cell monolayers
grown in 96-well microtiter plates. For each sample, the 50%
cell culture infectious dose (CCID50) was determined by the
method of Reed and Muench (18a). Similar to the experiment
described above, a dose-response effect was observed on the
production of infectious YFV 17D and hPIV3 (data not shown)
(for YFV, the EC50 for inhibition of infectious virus produc-
tion [EC50 CCID50] of ribavirin, 48.5 � 41.3 �g/ml; EC50 CCID50

of EICAR, 0.79 � 0.47 �g/ml; EC50 CCID50 of MPA, 0.079 �
0.053 �g/ml; for hPIV3, EC50 CCID50 of ribavirin, 17.2 � 6.9
�g/ml; EC50 CCID50 of EICAR, 0.7 � 0.9 �g/ml; EC50 CCID50 of
MPA, 0.064 � 0.08 �g/ml). Again, and as was the case for the
RT-qPCR data, MPA was about 10-fold more potent than

EICAR, which in turn was about 50-fold more potent than
ribavirin.

Subsequently, the effect of each compound on GTP pool
depletion was determined. Serial dilutions of compound, iden-
tical to those that were used in the antiviral assays, were added
to 1-day-old confluent Vero cell monolayers grown in 75-cm2

culture flasks. Cells were collected 24 h later, and nucleotides
were extracted from the cells and quantified by anion-exchange
high-performance liquid chromatography (HPLC) as de-
scribed previously (17). The data were corrected for the num-
ber of cells per culture.

Each of the compounds caused a concentration-depen-
dent depletion of intracellular GTP pools (Fig. 2C). MPA
proved to be the most potent in reducing intracellular GTP
pools, EICAR had intermediate activity, and ribavirin was
the least active (EC50 for depletion of the intracellular GTP
pool [EC50 GTP] of ribavirin, 12.8 � 6.0 �g/ml; EC50 GTP of
EICAR,0.48 � 0.33 �g/ml; EC50 GTP of MPA, 0.023 � 0.021
�g/ml). Each compound, at the highest, nontoxic concentra-
tion tested, almost completely reduced intracellular GTP levels
(ribavirin by 100% at 100 �g/�l, EICAR by 87% at 10 �g/ml,
and MPA by 92% at 1 �g/ml). Similar effects of ribavirin and
MPA on GTP pool depletion were also observed in 4-day-old
cultures; the EC50 GTP values at day 4 were 24 and 0.06 �g/ml
for ribavirin and MPA, respectively.

To determine whether ribavirin is preferentially phosphor-
ylated in infected cells, as was suggested by others using cul-
tures infected with the foot-and-mouth disease virus (1), we
determined the levels of intracellular metabolites of ribavirin
in YFV 17D-infected Vero cells at day 3 postinfection (when
cultures exhibited 60% CPE). Cultures were pulse-labeled with
[3H]ribavirin (Moravek, Brea, Calif.) for 6 h, and then meth-
anol extracts were analyzed by HPLC on a Partisil SAX col-
umn. Following correction for the cell number, the levels of the
phosphorylated metabolites of ribavirin, namely, the 5�-mono-
phosphate, 5�-diphosphate, and 5�-triphosphate forms of riba-
virin were 99, 100, and 101%, respectively, compared to those
of parallel uninfected cultures. The levels of intracellular GTP
in YFV 17D-infected Vero cells at day 3 postinfection were 1.5
� 0.1-fold higher than in uninfected cells, and at day 4, GTP
pools were 2.2 � 0.05-fold higher than in uninfected cells.

For each compound, for both viruses and over the entire
concentration range studied, data on inhibition of viral RNA
replication were plotted against the data on GTP depletion
(data not shown). The following linear correlations were cal-
culated for YFV 17D (R2 � 0.966 for ribavirin, R2 � 0.954 for
EICAR, and R2 � 0.974 for MPA) as well as for hPIV3 (R2 �
0.885 for ribavirin, R2 � 0.943 for EICAR, and R2 � 0.982 for
MPA). This indicates a strong relationship between the anti-
viral activity of each of these three compounds and their effect
on GTP depletion. Similar linear correlations were calculated
when the data on reduction of viral infectivity were plotted
against the data on GTP depletion (data not shown) (for YFV
17D, R2 � 0.868 for ribavirin, R2 � 0.797 for EICAR, and R2

� 0.982 for MPA; for hPIV3, R2 � 0.846 for ribavirin; R2 �
0.859 for EICAR, and R2 � 0.983 for MPA).

Finally, when the EC50 RNA values for antiviral activity of
each of the three compounds were plotted against the respec-
tive EC50 GTP values for GTP depletion, a linear correlation
was noted. The calculated curve had an intercept of nearly 1 on

FIG. 1. Structural formulas of ribavirin, EICAR, and mycophenolic
acid (MPA).
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FIG. 2. (A) Antiviral activities of ribavirin (black), EICAR (grey), and MPA (white) against YFV 17D in Vero cells as assessed by RT-qPCR
and presented as a percentage of the value for infected, untreated controls. The concentrations of the three compounds are shown on the x axis.
Data are means � standard deviations (error bars) obtained from five independent experiments. (B) Antiviral activities of ribavirin (black), EICAR
(grey), and MPA (white) against hPIV3 in Vero cells as assessed by RT-qPCR and presented as a percentage of the value for infected, untreated
controls. Data are mean values � standard deviations (error bars) obtained from six independent experiments. (C) Inhibition of intracellular GTP
pools in Vero cells by ribavirin (black), EICAR (grey), and MPA (white) and presented as a percentage of the value for untreated controls. Data
are mean values � standard deviations (error bars) obtained from three independent experiments.
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both axes and a slope of nearly 1 (Fig. 3, R2 � 0.998 for YFV
in panel A and R2 � 0.999 for hPIV3 in panel B). Plotting the
EC50 CCID50 values against the respective EC50 GTP values
yielded similar R2 values (data not shown) (R2 � 0.982 for
YFV; R2 � 0.997 for hPIV3). To further corroborate these
findings, EC50s for inhibition of viral replication (YFV 17D;
CPE assay) were generated using different MOIs and were
then plotted against the EC50s for GTP depletion. At an MOI
of 1, R2 was 0.95; at an MOI of 0.1, R2 was 0.93, and at a MOI
of 0.01 R2 was 0.92.

We then determined whether a similar correlation also holds
for other flaviviruses and paramyxoviruses. Respiratory syncy-
tial virus (RSV) (strain Long) was selected as another member
of the paramyxoviruses. The replication of RSV in HeLa cells
and the effects of the compounds on GTP pools were studied.
The EC50 for inhibition of RSV-induced CPE in HeLa cells by
ribavirin was 3.74 � 0.87 �g/ml (n � 10), which is almost
identical to the EC50 for GTP pool depletion in this cell line by
ribavirin (3.80 � 0.14 [n � 2]). The EC50 for inhibition of
RSV-induced CPE in HeLa cells by MPA was 0.095 � 0.022
�g/ml (n � 5), which is almost identical to the EC50 for GTP
pool depletion in these cells (0.14 � 0.09 �g/ml [n � 2]). Thus,
both for hPIV3 in Vero cells and for RSV in HeLa cells, there
is a strong correlation between GTP depletion and antiviral
activity.

We reported earlier on the antiviral activities of ribavirin,
EICAR, and MPA on the replication of four different flavivi-
ruses (dengue virus [type 2], YFV 17D, Modoc virus, and
Montana myotis leukoencephalitis virus) in Vero cells (5, 15).
Using this set of data (obtained in CPE reduction assays), the
following R2 values were calculated between the EC50s for
antiviral activity and the EC50s for GTP pool depletion in Vero
cells for the three compounds: R2 � 0.991 for dengue virus,
R2 � 0.994 for YFV 17D, R2 � 0.999 for Modoc virus, and R2

� 0.987 for Montana myotis leukoencephalitis virus.
To further corroborate that depletion of intracellular GTP

pools is the predominant mechanism of antiviral activity of
ribavirin (and EICAR and MPA) against YFV 17D and
hPIV3, the effect of exogenously added guanosine on the an-
tiviral activity of the compounds was studied (Table 1).
Guanosine at a concentration of 25 �g/ml efficiently reversed
the antiviral activities of ribavirin, EICAR, and MPA against
YFV 17D and hPIV3. A dose-dependent effect was observed
when lower concentrations were used.

FIG. 3. (A) Correlation between the EC50 RNA values for antiviral
activity against YFV 17D and EC50 GTP values for GTP depletion in
Vero cells for MPA (F), EICAR (Œ), and ribavirin (■ ). (B) Correla-
tion between the EC50 RNA values for antiviral activity against hPIV3
and EC50 GTP values for GTP depletion in Vero cells for MPA (F),
EICAR (Œ), and ribavirin (■ ).

TABLE 1. Effect of exogeneously added guanosine on the anti-YFV 17D and anti-hPIV3 activity of ribavirin, EICAR,
and MPA in Vero cellsa

Amt (�g/ml) of
guanosine

added

EC50 for antiviral activity

YFV 17Db hPIV3c

Ribavirin EICAR MPA Ribavirin EICAR MPA

0 (control) 40 � 9.0 1.05 � 0.07 0.06 � 0.03 27 � 4.6 1.90 � 0.22 0.055 � 0.005
25 �100 �21 �2.5d �100 �100 �100
10 �100 10 � 5.6 0.15 � 0.06 �100 �100 2.5
2.5 �100 1.5 � 0.1 0.06 � 0.06 60 3.97 0.25
1.0 �86 1.2 � 0.1 0.057 � 0.008 50 1.99 0.059

a Guanosine at the concentrations used had no effect on virus-induced CPE formation.
b Data against YFV 17D are from two independent experiments (and up to eight separate determinations).
c Data against hPIV3 are from one or two independent experiments (and up to three separate determinations in the latter case).
d The highest concentration used in one experiment was 2.5 �g/ml. In another experiment, the EC50 was �100 �g/ml.
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It can be concluded that the predominant mechanism of
antiviral activity of ribavirin and EICAR against flaviviruses
and paramyxoviruses in vitro is mediated by depletion of in-
tracellular GTP pools because of the following. (i) A linear
correlation was calculated between inhibition of replication (as
determined by RT-qPCR, titration for infectious virus content,
and CPE reduction assays) of a plus-strand ssRNA virus as
well as a minus-strand ssRNA virus on the one hand and GTP
pool depletion on the other hand. (ii) A linear correlation was
detected between the EC50s for antiviral activity and the cor-
responding EC50s for GTP depletion. (iii) Exogenously added
guanosine efficiently reversed the antiviral activity of the com-
pounds. (iv) The sole mechanism of action of MPA is inhibi-
tion of IMPDH activity. A shortage of GTP for viral RNA
synthesis is thus predominantly responsible for the antiviral
activity of ribavirin.

Although GTP depletion has long been proposed to be one
of the mechanisms by which ribavirin exerts its antiviral activity
(24), it is still not clear to what extent this mechanism of action
contributes to the antiviral activity of ribavirin. Recently, it has
been proposed that ribavirin-enhanced mutagenesis, leading to
an error catastrophe of the virus population (8), would be the
major mechanism for the in vitro antiviral activity of ribavirin
(1, 7, 13, 19, 20, 25). In contrast to the present study and a
study on the anti-vaccinia virus activity of ribavirin and MPA
(22), none of these studies provided any substantial informa-
tion on the dose-response effect of ribavirin on intracellular
GTP pools in the antiviral concentration range of this mole-
cule.

We have now provided compelling evidence that like MPA,
ribavirin and EICAR cause depletion of the intracellular GTP
pools and that this depletion tightly correlates with the antivi-
ral activity of these compounds (against flavi- and paramyxo-
viruses) in vitro. Thus, the predominant mechanism of antiviral
activity of ribavirin against these viruses in vitro is based on
inhibition of IMPDH activity.
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