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Abstract
The activity of inosine-5 -monophosphate dehydrogenase (IMPDH) inhibitors, mizoribine and ribavirin, against severe acute respiratory
syndrome (SARS)-associated coronavirus (SARS-CoV) was determined by plaque reduction and yield reduction assays. Mizoribine and
ribavirin selectively inhibited replication of SARS-CoV. The 50% inhibitory concentration (IC50 ) of mizoribine for SARS-CoV Frankfurt-1
and SARS-CoV HKU39849, as determined by plaque reduction was 3.5 g/ml and 16 g/ml, respectively, and the IC50 of ribavirin for SARSCoV Frankfurt-1 and SARS-CoV HKU39849 was 20 g/ml and 80 g/ml, while the 50% cytotoxic concentration of mizoribine and ribavirin
for Vero E6 cells exceeded 200 g/ml. In a yield reduction assay, mizoribine (10 g/ml) and ribavirin (40 g/ml) inhibited the replication of
SARS-CoV and reduced the infectious SARS-CoV titers to one-tenth or less. Mizoribine inhibited replication of SARS-CoV more strongly
than ribavirin. However, neither drug could completely inhibit replication of SARS-CoV even at concentrations up to 100 g/ml.
© 2005 Elsevier B.V. All rights reserved.
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The first outbreak of severe acute respiratory syndrome
(SARS) occurred in the Guangdong Province, in Southern
China, in November 2002, and then spread through humanto-human infection from there to other areas of China, as
well as Vietnam, Singapore, Canada and some 30 countries
(Lee et al., 2003; Poutanen et al., 2003; Tsang et al., 2003).
Approximately 8000 SARS patients have been reported and
about 800 patients died in the outbreak from November 2002
and July 2003. SARS-associated coronavirus (SARS-CoV)
has been identified as the causative agent for SARS (Drosten
et al., 2003; Ksiazek et al., 2003).
In the present study, inhibitory effect of mizoribine
(4-carbamoyl-1-␤-d-ribofuranosylimidazolium-5-olate, Mw
259.22) and ribavirin (1-␤-d-ribofuranosyl-1,2,4-triazole-3carboxamide, Mw 244.2) on the replication of SARS-CoV
was evaluated. Mizoribine, an imidazole nucleoside, is an
immunosuppressive agent used for renal transplantation,
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autoimmune diseases and steroid-resistant nephrotic syndrome in Japan. Mizoribine is phosphorylated by adenosine kinase and converted its active form, mizoribine 5 monophosphate. This activated form of mizoribine acts as an
inhibitor of the enzyme, inosine 5 -monophosphate dehydrogenase (IMPDH) and guanosine monophosphate synthetase,
both enzymes being essential to the synthesis of guanosine
monophosphate from inosine monophosphate through the
de novo pathway (Yokota, 2002). Furthermore, mizoribine
possesses in vitro anti-viral activities against herpes simplex virus, cytomegalovirus, respiratory syncytial virus, influenza viruses, and bovine viral diarrhea virus (Shiraki
et al., 1990; Hosoya et al., 1993; Shigeta, 2000; Pancheva
et al., 2002; Stuyver et al., 2002). Ribavirin is a well-known
broad-spectrum antiviral agent. Ribavirin 5 -monophosphate,
a metabolite of ribavirin, also acts as an inhibitor of IMPDH.
Mizoribine and ribavirin were supplied from Yamasashouyu Co., Ltd., Choshi, Chiba, Japan. The cytotoxic effect, cytotoxic concentration (CC) of mizoribine and ribavirin
for Vero E6 cells (American Type Cell Collection, Manas-
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Fig. 1. Cytotoxicity (A), inhibitory effect on plaque formation of SARS-CoV Frankfurt-1 (B) and HKU39849 (D) in a plaque reduction assay and inhibitory
effect on replication of SARS-CoV Frankfurt-1 (C) and HKU39849 (E) in yield reduction assay. The symbols, “䊉” and “” represent mizoribine and ribavirin,
respectively. The vertical bar indicates 1 S.D. One hundred percent of plaque numbers in (B) and (D) correspond to the control (no compound). The SARS-CoV
titers at 0 g/ml of drugs are not shown in these figures, as these titers were not significantly different from those at a concentration of 0.1 g/ml.

sas, VA.) was measured using a WST-1 cytotoxicity assay
kit (Roche Diagnositics, Mannheim, Germany), according to
the manufacturer’s instructions. The CC50 and CC20 were
defined as the concentration at which the viability of Vero
E6 cells decreased to 50% and 80% of that of cells cultured without the addition of antiviral drugs, respectively.
In the cytotoxicity assay, Vero E6 cells were cultured in Eagle’s minimum essential medium (MEM) containing 2% fetal
bovine serum (FBS), penicillin G, and streptomycin (MEM2FBS), which was the same medium for growth of SARSCoV. Briefly, approximately 104 of Vero E6 cells per well
were inoculated in each well in a 96-well microplate and
let stand for 4 h to allow the cells to adhere to the bottom
of the wells. The culture medium was then replaced by the
MEM-2FBS with or without drug. The cells were cultured
for 3 days in a CO2 incubator under humidified condition,
and then evaluated for cytotoxicity using the WST-1 kit. The
level of Vero E6 cells’ viability at different concentration of
either drug is shown in Fig. 1A. The CC50 of mizoribine and
ribavirin exceed at 200 g/ml, and the CC20 of mizoribine
and ribavirin was 200 and 40 g/ml, respectively.
In the present study, two strains of SARS-CoV (Frankfurt1 and HKU39849) were used. SARS-CoV (Frankfurt-1) and
SARS-CoV (HKU39849) were kindly provided by Dr. John
Ziebuhr of the Institute of Virology and Immunology, University of Wuerzburg, Wuerzburg, Germany, and Dr. J.S. Malik
Peiris, Department of Microbiology, Hong Kong University,
HKSAR, respectively. The anti-SARS-CoV activity of these

drugs was firstly measured by a plaque reduction assay in
Vero E6 cells. Vero E6 cell monolayers seeded in 24-well
microplates were inoculated with 0.2 ml of SARS-CoV stock
solution at 100 plaque formation unit (p.f.u.)/ml. After a 1h incubation, the inocula were removed and the cells were
washed with phosphate-buffered saline solution (PBS). The
cells were then cultured in MEM-2FBS with a designated
concentration of each compound and 0.5% methylcellulose
for 48 h in a CO2 incubator under humidified conditions. The
culture medium was then removed and the cells in the culture
plate were fixed with a 10% formalin solution and stained
with crystal violet solution. The plaque number was then
counted. The incubation time was set at 48 h, because the
plaque size became too large to be counted when the incubation time was set at 3 days or more. The experiment was performed in duplicate. The 50% inhibitory concentration (IC50 )
was defined as the concentration at which the plaque number
decreased to half of that in cells cultured without addition of
antiviral drugs. The same experiment was performed three
times independently for each drug and the IC50 values were
calculated as the average ± standard deviation (SD) of the
three experiments. The 20% inhibitory concentration (IC20 )
and 80% inhibitory concentration (IC80 ) were determined
as well. The inhibitory effect of mizoribine and ribavirin on
SARS-CoV (Frankfurt-1 and HKU39849)-plaque formation
is shown in Fig. 1B and D, respectively. The IC50 , IC20 and
IC80 values of mizoribine and ribavirin for SARS-CoV are
shown in Table 1, and so are the cytotoxic concentrations. Re-
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Table 1
Inhibitory concentrations of mizoribine and ribavirin on SARS-CoV Frankfurt-1 and HKU39849 strains
Drug

SARS-CoV strain

Inhibitory concentration (g/ml)

Cytotoxic concentration (g/ml)

IC20

IC50

IC80

CC20

CC50

Mizoribine

Frankfurt-1
HKU39849

2.2 ± 2.0
1.4 ± 0.6

3.5 ± 2.9
16 ± 2.8

>100
>100

200

>200

Ribavirin

Frankfurt-1
HKU39849

8.9 ± 6.3
15 ± 1.4

20 ± 15
80 ± 28

>100
>100

40

>200

duction in the number of plaques was demonstrated in cells
cultured in medium to which mizoribine or ribavirn were
added. However, IC80 values of both drugs could not be determined, because plaque formation by SARS-CoV Frankfurt-1
and HKU39849 was not completely inhibited even at a concentration of 100 g/ml of each drug (Fig. 1B and D). As
shown in Fig. 1B and D, mizoribine inhibited plaque formation by SARS-CoV more strongly than ribavirin in plaque
reduction assay. The size of plaques was significantly decreased at a concentration of 10 g/ml or greater for each
drug (data not shown).
The inhibitory effects of mizoribine and ribavirin on
SARS-CoV replication were further evaluated by a yield reduction assay. Vero E6 cells seeded in 6-well microplates
were inoculated with SARS-CoV solution for 1 h to allow infection with SARS-CoV at a multiplicity of infection (m.o.i.)
of 0.01 p.f.u./cell. After 1 h, the inocula were removed and
the cells were washed twice with PBS and cultured in MEM2FBS with or without drug for 20 h. The time between inoculation of SARS-CoV and harvesting samples was 20 h,
because the preliminary study revealed that the growth of
SARS-CoV was so fast that 2 or more days-incubation made
it difficult to assess an inhibitory effect of mizoribine and ribavirin on SARS-CoV replication. Therefore, a 20-h incubation time was set in the yield reduction assays. The medium
was then collected and stored in −80 ◦ C until use. At this
stage, no obvious specific cytopathic effect was observed
(data not shown). In each experiment, two wells were used
at each concentration of the antiviral drugs. The infectious
dose of SARS-CoV was determined by a plaque assay in
Vero E6 cells. The same experiment was conducted three
times independently and the infectious dose was calculated
as the average ± S.D. of the three independent experiments.
Mizoribine inhibited replication of SARS-CoV (Frankfurt-1
and HKU39849), and the infectious viral dose at the concentration of 10 g/ml decreased to one-tenth or less of the
control (Fig. 1C and E). The inhibitory effect of mizoribine
on SARS-CoV replication was greater than that of ribavirin
(Fig. 1C and E).
In both plaque reduction and yield reduction assays, it
was demonstrated that mizoribine inhibited replication of
SARS-CoV more strongly than ribavirin. In order to determine whether the difference in the degree of inhibitory effect
between mizoribine and ribavirin on SARS-CoV was a phenomenon observed only for SARS-CoV, the inhibitory effect
of these drugs on replication of vaccinia virus (Lister strain)

and herpes simplex virus type 1 (VR-3 strain), which were
stored in the National Institute of Infectious Diseases, Tokyo,
Japan, was measured as a control by plaque reduction assay
in Vero E6 cells. It has been reported that ribavirin inhibits
replication of vaccinia virus (Kirsi et al., 1983). The plaque
reduction assay for vaccinia virus and HSV-1 was carried
out as described above for SARS-CoV except for the length
of the culture period. In the plaque reduction assay for vaccinia virus and HSV-1, the cells were cultured for 4 days. As
shown in Fig. 2A, ribavirin inhibited replication of vaccinia
virus to the same extent as mizoribine. However, ribavirin
did not show anti-HSV-1 activity in Vero E6 cells, while mizoribine showed an inhibitory effect on the replication of
HSV-1 (Fig. 2B). These results suggested that the difference
in degree of inhibitory effect on viral replication between mizoribine and ribavirin was dependent on the type of virus and
that the mode of antiviral action of mizoribine was not the
same as that of ribavirin, although both drugs act as IMPDH
inhibitors.
During the outbreak of SARS in 2003, several therapeutic strategies for the treatment of SARS were tried, such as
administration of ribavirin, lopinavir/ritonavir (a protease inhibitor), interferon, steroids, and so on, alone or in combination with each other (Ho et al., 2003; Loutfy et al.,
2003; Zhao et al., 2003; Zhaori, 2003; Chu et al., 2004).
However, no efficacious treatments of SARS with antiviral agents have been developed. Several compounds, such
as ribavirin, lopinavir/ritonavir, 6-azauridine, pyrazofurin,
interferon-␣, interferon-␤, glycyrrhizin, niclosamide (antihelminthic drug), aurintricarboxylic acid, nelfinavir (HIV
protease inhibitor), S-nitroso-N-acetylpenicillamine (a nitric oxide donor), and chloroquine (antimalaria drug) were
demonstrated to show anti-SARS-CoV activity in vitro
(Cinatl et al., 2003; Chu et al., 2004; He et al., 2004; Hensley
et al., 2004; Keyaerts et al., 2004; Sainz et al., 2004; Stroher
et al., 2004; Wu et al., 2004; Yamamoto et al., 2004).
Cinatl et al. (2003) reported that ribavirin did not have
anti-SARS-CoV activity in vitro. Also in the present study
ribavirin did not completely inhibit replication of SARS-CoV
even at a concentration of 100 g/ml. However, ribavirin did
possess an inhibitory effect on replication of SARS-CoV, as
demonstrated in our present study as well as that of Chu et al.
(2004). Scoring of cytopathogenicity was performed in the
former study to determine the antiviral activity of the tested
compounds (Cinatl et al., 2003), while plaque reduction assay
was performed in the present studies and those of Chu et al.
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Fig. 2. Inhibitory effect of mizoribine (䊉) and ribavirin () on vaccinia virus (Lister strain) (A) and HSV-1 VR-3 (B) determined by plaque reduction assay.
The vertical bar indicates 1 S.D. calculated from the data obtained by independent three experiments. One hundred percent of plaque numbers correspond to
the control (no compound).

(2004). The reason why an inhibitory effect of ribavirin was
demonstrated in the present study and not in the previous
study by Cinatl et al. (2003) may be attributed to difference
in the procedures used, and, in particular, to the duration of
the incubation times of the cells in the presence of ribavirin.
Ribavirin is phosphorylated to form ribavirin mono-, diand triphosphate. Ribavirin-monophosphate inhibits the enzymatic activity of IMPDH, resulting in decreased intracellular guanosine triphosphate and deoxyguanosine triphosphate
pool levels (Streeter et al., 1973). This alteration in guanosine
triphosphate pool levels causes suppression in cellular DNA,
mRNA and protein synthesis. Possible mechanisms of antiviral activity of ribavirin were reported for rotavirus, vesicular
stomatitis virus, influenza virus and vaccinia virus (Eriksson
et al., 1977; Lowe et al., 1977; Muller et al., 1977; Goswami
et al., 1979; Smee et al., 1982; Kirsi et al., 1983; Toltzis et al.,
1988). As described above, the mode of antiviral action of mizoribine is considered to be similar, but not identical to that
of ribavirin, although both drugs act as IMPDH inhibitors.
The mechanism of anti-SARS-CoV activity of mizoribine
and ribavirin should be addressed in future studies.
In summary, mizoribine and ribavirin possess an inhibitory effect on the replication of SARS-CoV in vitro, but
their anti-SARS-CoV activity is virustatic rather than virucidal. The findings obtained in the present study do not legitimate the use of ribavirin or mizoribine for the treatment of
patients with SARS, but may contribute to the further development of antiviral agents for SARS-CoV and of therapeutic
strategies for SARS.
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