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Antiviral activity of sulfated sialyl lipid (NMSO3) against human rotavirus (RV) was examined in vitro and
in vivo. NMSO3 inhibited the replication of four major serotypes (G1 to G4) of human rotavirus with a low 50%
effective concentration of 1 to 5 �g/ml and 50% cytotoxic concentration of 153 �g/ml when determined by
plaque assays with MA104 cells. Exposure of NMSO3 to HCl (pH 2.0) for 30 min exhibited no loss of anti-RV
activity. Time-of-addition experiments revealed that NMSO3 inhibited the adsorption of four serotypes of RV
to MA104 cells. Furthermore, an assay of virus binding with radiolabeled RVs revealed that NMSO3 inhibited
the binding of virus to MA104 cells, suggesting that NMSO3 may bind to VP4 and/or VP7. Prophylactic oral
administration of NMSO3 (10 �g three times per day, 4 days) to five suckling mice starting 30 min before
inoculation of MO strain (3 � 106 PFU/mouse) prevented the development of diarrhea. Four of five mice
showed no stool or brown formed stool, and only one mouse showed brown soft stool, while water treatment
caused watery diarrhea in all five mice. The mean titer of antibody to RV in mice which received NMSO3 at
10 �g three times per day for 4 days was significantly lower than that of untreated, infected mice. NMSO3 is
a promising candidate for the prophylactic treatment of human RVs.

Rotavirus, a member of the Reoviridae, is a nonenveloped
virus which has a segmented, double-stranded RNA genome
surrounded by three concentric protein layers. Human rotavi-
ruses (HRV) are the major etiologic agents of severe dehy-
drating gastroenteritis in infants and young children worldwide
(9). They cause more than 850,000 deaths per year in devel-
oping countries (6). To prevent the rotavirus infection, several
attenuated live vaccines have been developed and subjected to
extensive clinical trials. Among them, an oral tetravalent rhe-
sus-human reassortant rotavirus vaccine was first licensed by
the Food and Drug Administration. However, it was with-
drawn from the market because of the rare but severe compli-
cation of intussusception (16).

For the treatment of rotavirus gastroenteritis, intravenous
fluid supply has been used successfully for treatment of dehy-
dration from diarrhea. However, in the case of severe inpa-
tients and immunocompromised hosts who are suffering from
prolonged diarrhea and fever, virus-specific treatment will be
expected, if possible. Biomaterials, several compounds, and
plant extracts have been found to be effective for suppression
of rotavirus infection in vitro (3, 4, 5, 10, 12) and in vivo (17).
Some of them have prevented HRV-induced diarrhea in suck-
ling mice (4, 5) and in humans (14, 15), but none of them has
yet been in clinical use.

NMSO3 is a sulfated sialyl lipid which is chemically synthe-
sized. We have found that NMSO3 had inhibitory activity
against HRV growth. In this report we describe (i) in vitro
anti-HRV activity of NMSO3, (ii) inhibitory mechanism of

NMSO3 against HRV, and (iii) protective efficacy of NMSO3
against HRV-induced diarrhea in a mouse model. (Part of the
information in this report has been presented at the 48th An-
nual Meeting for the Japanese Society for Virologists [13 Oc-
tober, 2000, Mie, Japan]).

MATERIALS AND METHODS

Cells and viruses. MA104 cells (African rhesus monkey kidney cells) were
cultured in Eagle’s minimal essential medium supplemented with 10% fetal calf
serum. HRV strains Wa (serotype G1), S2, DS-1 (G2), MO (G3), and Hochi
(G4) were propagated as described previously (19), and the virus titer was
determined by a plaque assay. For experiments with the mouse diarrhea model,
the MO strain was used and purified as previously described (2) with modifica-
tions. In brief, after two freeze-thaw cycles, MO strain-infected cells were cen-
trifuged at 3,000 � g for 30 min and the supernatant was ultracentrifuged at
100,000 �g for 3 h. The pellet was suspended in phosphate-buffered saline (PBS)
containing a 1 mM concentration each of CaCl2 and MgCl2 and stored in aliquots
at �80°C until use.

Chemicals. NMSO3, sodium [2,2-bis(docosyl-oxymethyl)propyl-5-acetoamido-
3,5-dideoxyl-4,7,8,9-tetra-O-(sodium-oxy sulfonyl)-D-glycero-�-D-galacto-2-
nonulopyranosid]onate (molecular weight, 1458.7), is a sulfated sialyl lipid, and
its structural formula is shown in Fig. 1. NMSO3 was chemically synthesized and
purified to more than 98% purity at the Central Research Institute of Nissin
Food Products Co. Ltd. (Kusatsu, Shiga, Japan).

Antiviral assays. The inhibitory effect of NMSO3 on the replication of rota-
virus was determined by the inhibition of virus-induced cytotoxicity in MA104
cells. In brief, a confluent monolayer culture of MA104 cells was infected with
the Wa strain of rotavirus (100 PFU/well) with various concentrations of NMSO3
in a 96-well microplate and cultured for 3 days. The number of viable cells was
indirectly determined colorimetrically by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) as described previously (19). The 50% effective
concentration (EC50), 50% cytotoxic concentration (CC50), and selectivity index
(SI) were defined as previously described (19).

FFU assay. The titer of virus of the Wa strain was also determined by an FFU
assay. MA104 cells in a 96-well plate were infected with 10-fold serial dilutions
of trypsin-treated virus stock and cultured for 24 h. The cells were fixed with
methanol, washed with PBS, and reacted with 10,000-fold dilutions of rabbit
anti-rotavirus (KU strain) serum for 30 min at room temperature. After washing,
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the cells were reacted with goat anti-rabbit immunoglobulin (IgG) antibody
conjugated with horseradish peroxidase. Rotavirus-infected cells were visualized
by diaminobenzidine, and the number of infected cells (�focus) was determined
by microscopy to determine the FFU titer of the virus stock.

Time of addition experiments. MA104 cells in a 96-well plate were pretreated
with various concentrations of NMSO3 before virus adsorption (100 FFU/well)
for 1 h or treated with NMSO3 during or after virus adsorption. The cells were
cultured for 24 h, and virus-infected cells were visualized and counted as de-
scribed above. The EC50 was defined as the concentration of NMSO3 required
for reducing the number of focuses by 50%.

Plaque reduction assay. The inhibitory effect of NMSO3 was also examined by
plaque reduction assay in six-well plates as previously described (19). NMSO3
was added in the culture during the time of adsorption. The EC50 was defined as
the concentration of NMSO3 required for reducing the number of plaques by 50%.

Virus binding assay. Virus binding assay was performed with radio labeled
purified Wa strain. Wa strain-infected MA104 cells were radiolabeled with 100
�Ci of 35S-methionine for 12 h until a massive cytopathic effect was observed.
The radiolabeled virus was purified with CsCl gradient by ultracentrifugation as
described previously (2). Fractions of 100-�l aliquots were tested for virus titer
by an FFU assay and for radioactivity. For a virus binding assay, a confluent
monolayer of MA104 cells in a 96-well microplate was incubated with the 48
FFU of radiolabeled virus (2 � 104 cpm) in the presence or absence of NMSO3
for 1 h on ice, after which cells were washed free of medium and excess labeled
virus. The cells were lysed with lysis solution (1% Triton-X, 0.15 M NaCl, 10 mM
Tris-HCl), and bound virus was counted in a liquid scintillation counter (Aloka,
Tokyo Japan). The percentage of bound viruses was calculated as (cpm. of
membrane-bound virus/cpm. of total input Wa strain in medium) � 100.

Animals. ICR suckling mice were purchased from Clea Japan, Inc. (Tokyo,
Japan) and maintained in a laminar flow hood in the Animal Experiment Facility
of the Fukushima Medical University. Animal experimentation guidelines of the
Fukushima Medical University were followed.

Mouse diarrhea model. We used a previously developed mouse model of
rotavirus gastroenteritis to study the effect of NMSO3 on the development of
diarrhea (4). Litters of 7-day-old mice were orally inoculated (50 �l) with 3 � 106

PFU of the MO strain by a gavage. Stools were examined daily for characteristics
of diarrhea by gentle abdominal palpation beginning at one day after inoculation
for 5 days. A six-point rating system was used to characterize diarrhea: 1, no
stool; 2, normal brown formed stool; 3, soft brown stool; 4, soft-mucous brown-
yellow stool; 5, muddy-mucous yellow stool; 6, liquid-mucous yellow stool. To
determine the effective amount of NMSO3 for prevention of rotavirus-induced
diarrhea, NMSO3 was given orally by a gavage (50 �l) three times per day (at
9 a.m., 3 p.m., and 9 p.m.) for 4 days starting 30 min before virus inoculation. To
evaluate the initiation time of treatment, treatment with NMSO3 started 6, 9, 12,
or 18 h after virus inoculation. In both experiments stools were examined and
scored daily as described above, and the efficacy of NMSO3 was evaluated based
on the prevention of development of diarrhea. Body weight of mice was mea-
sured every morning during experiments.

Immunofluorescence. Mouse titers of antibody to the MO strain of HRV were
determined by immunofluorescence. Mice were anesthesized, and blood was
collected from the axillary artery 14 days after HRV inoculation. MA104 cells
were cultured on 24-well multispotted glass slides and infected with MO strain at
a multiplicity of infection of 0.5 for 24 h. Slides were washed with PBS, dried, and
fixed with cold acetone. The infected cells were reacted with twofold serial
dilutions of the serum for 30 min at room temperature. After two washes with
PBS, cells were incubated with fluorescent isothiocyanate-conjugated rabbit anti-
mouse IgG antibody (1:200; DAKO JAPAN, Kyoto, Japan). After washing, the

titer of antibody was determined by fluorescence microscopy. The antibody titer
was expressed as the highest serum dilution showing a detectable signal.

Statistical analysis. Statistical analyses have been performed by SPSS (SPSS
Inc., Chicago Ill.). Analysis of variance was used to examine the difference in se-
rum IgG titer to HRV among infected mice receiving various doses of NMSO3.

RESULTS

Inhibitory effect of NMSO3 on the HRV replication. Inhib-
itory effect of NMSO3 on the HRV (Wa strain) replication was
examined by MTT assays. NMSO3 showed highly inhibitory
activity against HRV with an EC50 of 0.82 �g/ml, moderately
low cytotoxicity with a CC50 of 153 �g/ml, and an acceptable SI
of 186. For the strategy to be of value in a clinical application,
it was determined whether exposure of NMSO3 to HCl (pH 2)
may cause loss of activity or not. The inhibitory activity of
NMSO3 was not reduced on prior exposure of NMSO3 to HCl
for 30 min at pH 2 (EC50, 0.82 �g/ml; CC50, 153 �g/ml; SI, 186).

Inhibitory effect of NMSO3 on virus adsorption. To explore
the inhibitory mechanism of NMSO3 to HRV (Wa strain),
time-of-addition experiments were performed by FFU assays
in which only one cycle of virus replication occurs. Various
concentrations of NMSO3 were added to MA104 cells before
(pretreatment), during, or after virus adsorption when it is
assumed the nonadsorbed virus has been removed, and the
inhibitory effects were evaluated by EC50. As shown in Table 1,
NMSO3 significantly inhibited the virus replication at the EC50

of 5.2 �g/ml when added during virus adsorption compared
with addition before or after virus adsorption (P � 0.01 or P �
0.05, respectively [t test]). Treatment of MA104 cells with
NMSO3 after virus adsorption also significantly inhibited the
virus growth at an EC50 of 14 �g/ml compared with the case of
pretreatment (EC50, 57 �g/ml; P � 0.01 [t test]).

Inhibitory effect of NMSO3 on growth of four serotypes of
HRV. Since there are four major serotypes of HRV which
cause gastroenteritis in humans worldwide, we further exam-
ined the inhibitory effect of NMSO3 on adsorption of the four
serotypes of HRV by a plaque reduction assay. As shown in

TABLE 1. Time-of-addition experiment with NMSO3 in FFU assay

Time of addition
of NMSO3 (h) EC50 (�g/ml)a P value

�1–0e 57 � 6.0 �0.01b

0–1.5 5.2 � 0.55 �0.05c

1.5–24 14 � 3.6 �0.01d

a EC50s were determined by three independent experiments.
b Compared with the case treated during 0 to 1.5 h.
c Compared with the case treated during 1.5 to 24 h.
d Compared with the case treated during �1 to 0 h.
e 0 h, time of rotavirus inoculation.

TABLE 2. Effect of NMSO3 on virus adsorption of four serotypes
of HRV determined by plaque assay

Serotype Strain EC50 (�g/ml)a

1 Wa 2.1 � 0.5
2 DS-1 4.7 � 0.7

S-2 1.7 � 0.4
3 MO 2.2 � 0.7
4 Hosokawa 1.7 � 0.5

3 SA11 (simian RV) 	100

a Mean values were determined for three independent experiments.

FIG. 1. Chemical structure of NMSO3, sodium [2,2-bis(docosyl-
oxymethyl)propyl-5-acetoamido-3,5-dideoxyl-4,7,8,9-tetra-O-(sodium-
oxy sulfonyl)-D-glycero–D-galacto-2-nonulopyranosid]onate. M. W.,
molecular weight.
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Table 2, NMSO3 also inhibited the adsorption of the other
three serotypes of HRV as actively as with the Wa strain, with
EC50s ranging from 1.7 to 4.7 �g/ml. On the other hand,
NMSO3 had no effect on a simian rotavirus, SA11.

Effect of NMSO3 on the binding of the Wa strain to MA104
cells. Since NMSO3 inhibited the virus adsorption step, we
further examined whether NMSO3 inhibits the binding of the
radiolabeled purified Wa strain to MA104 cells, and the result
is shown in Fig. 2. NMSO3 blocked the binding of the Wa
strain to the cells in a dose-dependent manner, and 66% inhi-
bition of control binding occurred at an NMSO3 concentration
of 20 �g/ml.

Protective efficacy of NMSO3 against rotavirus-induced di-

arrhea in a mouse model. Initially groups of four to five pups
were orally inoculated with 3 � 106 PFU of the MO strain.
Water treatment caused diarrhea (diarrhea index [DI] of 4, 5,
or 6) 2 to 3 days after inoculation (Fig. 3A and 4A). Signs of
diarrhea were not seen in all negative controls, which included
sham inoculations with a mock viral purification (data not
shown). To determine the effective amount of NMSO3 for
prevention of rotavirus-induced diarrhea, mice were orally
given 50, 10, 2, or 0.4 �g of NMSO3 three times per day for 4
days. All mice given 10 �g of NMSO3 did not develop diarrhea
(Fig. 4B). Only one of five mice showed a soft brown stool, and
the others showed no stool or a brown formed stool (Fig. 3C)
during the experimental course, indicating that diarrhea in
these mice was prevented. Mice given 50 �g of NMSO3
showed partial protection (Fig. 3B). Two of five mice devel-
oped soft mucous diarrhea (DI of 4), but the others showed
brown formed to brown soft stool during the course. On the
contrary, 2 or 0.4 �g of NMSO3 had little effect on the devel-
opment of diarrhea (Fig. 3D and E). All mice developed soft-
mucous to muddy-mucous diarrhea (DI, 4 or 5) but not liquid
mucous diarrhea (DI, 6). All mice recovered at the fifth day
after inoculation without mortality. There was no significant
difference in the body weight of mice after infection in each
group (data not shown).

To further determine the effective initiation time of treat-
ment with NMSO3 after virus inoculation, mice were treated
with 10 �g of NMSO3 starting 30 min before infection and 6,
12, or 18 h after virus inoculation until the fourth day of
infection. Treatment starting 6, 12, or 18 h after virus inocu-
lation did not prevent the mice from developing diarrhea. All
mice of these groups developed diarrhea with a DI of over 4.

FIG. 2. Effect of NMSO3 on binding of the Wa strain to MA104
cells. Triplicate cultures of MA104 cells were incubated with 35S-
labeled Wa strain in various concentrations of NMSO3. Data repre-
sent mean percentages (� standard deviations) of membrane-bound
virus.

FIG. 3. Protective effect of NMSO3 on HRV-induced diarrhea in suckling mice. Litters of 7-day-old mice were given orally either water (A) or
50 (B), 10 (C), 2 (D), or 0.4 (E) �g of NMSO3 three times a day for 4 days starting 30 min before virus inoculation with 3 � 106 PFU (MO
strain)/mouse. A six-point rating system was used to characterize diarrhea: 1, no stool; 2, brown formed stool; 3, soft brown stool; 4, soft-mucous
brown-yellow stool; 5, muddy-mucous yellow stool; 6, liquid yellow stool.
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All mice treated with NMSO3 starting 30 min before infection
were protected from diarrhea, as is seen in Fig. 3C.

Effect of NMSO3 on serum IgG responses of mice to the
HRV MO strain in a mouse diarrhea model. Serum titers of
IgG specific to the MO strain 14 days after virus inoculation
were determined by immunofluorescence to estimate the ex-
tent of suppression of viral replication in mice treated with
NMSO3 starting 30 min before virus inoculation. The resulting
antibody titers are shown in Table 3. The mean titer of IgG for
the MO strain in the infected mice without NMSO3 treatment
was significantly higher than those in mice treated with
NMSO3, 10 and 50 �g/dose, three times per day (P � 0.05; [t
test]) but not significantly different from a group of mice
treated with 2 �g/dose.

DISCUSSION

In the present study, we have demonstrated that NMSO3, a
sulfated sialyl lipid, has a potent inhibitory activity against four
serotypes (G1 to G4) of HRV in vitro with a low EC50 of 1.5
to 4.7 �g/ml (1.0 to 3.0 �M) and an acceptable SI of 186. These
four serotypes are the major causes of HRV gastroenteritis (1,
18, 20). These EC50s are the lowest values for drugs which have
been reported to be inhibitory to HRV. Time-of-addition ex-
periments whose results are shown in Table 1 suggested that
the primary inhibitory mechanism of NMSO3 is adsorption
inhibition. In addition, experiments on virus binding showed
that NMSO3 blocked the binding of virus to MA104 cells in
concentrations which are consistent with the results of a plaque
assay. Furthermore, pretreatment of MA104 cells with
NMSO3 in the time-of-addition experiment showed little in-
hibitory effect on virus growth. Therefore, taken together,
these findings suggest that NMSO3 inhibits virus attachment to
the cells by binding to VP4 and/or VP7 molecules of the outer
layer of rotavirus, although a possibility of inhibition of virus
attachment by binding of NMSO3 to cell receptor(s) cannot
completely be excluded. As shown in Table 1, NMSO3 also
inhibited focus formation when added after virus adsorption
compared with results when added before virus adsorption.
This inhibitory effect may be due to the binding of NMSO3 to
the viruses which have bound on cell membranes but not yet
been incorporated into the cells, followed by the inhibition of

entry of the viruses. To explore which viral protein NMSO3
would bind to, we have tested whether NMSO3 could inhibit a
binding of some VP4- or VP7-specific monoclonal antibodies
to Wa-infected MA104 cells. However, the binding of none of
the VP4- or VP7-specific monoclonal antibodies in our hands
was inhibited by NMSO3 (data not shown).

The mechanism of binding of NMSO3 to VP4 and/or VP7 is
unknown. NMSO3 may bind to the specific sites of VP4 and/or
VP7 of HRVs by either hydrophobic association of lipid chains
or negative charge of sulfate residues of NMSO3 followed by
an interference with the binding of VP4 and/or VP7 to cellular
receptor(s) by steric hindrance. On the contrary, NMSO3 did
not inhibit growth of the SA11 strain. The reason is unknown.
NMSO3 may not bind to VP4 and/or VP7 of SA11, since there
are approximately 28.7 and 25.2% differences between SA11
and HRV G3 in amino acid sequences of VP4 and VP7, re-
spectively (sequence data obtained from GenBank). Another
interpretation is that NMSO3 may bind to a site other than the
receptor binding site of VP4 and/or VP7 of both viruses, and
the NMSO3-bound viral protein(s) of the MO strain but not of
SA11 could not bind to the receptor, probably because of the
conformational change.

We have recently defined that NMSO3 also has potent in-
hibitory activities against respiratory syncytial virus, with an
EC50 of 0.12 to 0.32 �M (plaque reduction assay) (11), and
adenoviruses, with an EC50 of approximately 1 �M (MTT
assay) (8). On the other hand, NMSO3 did not inhibit growth
of influenza virus A, parainfluenza virus 2, coxsackie B3 virus,
cytomegalovirus, or herpes simplex virus 1 (EC50, 	100 �M;

TABLE 3. Effect of NMSO3 administration on serum IgG
responses to HRV in mice inoculated with the MO strain.

Dose of NMSO3
(�3/day, 4 days) (�g) na Serum IgG geometric mean

titerb (0.1) (2mean � SD)

None 7 24.3 � 1.8

2 5 23.8 � 1.6

10 7 21.2 � 1.6c

50 5 20.8 � 1.3c

a n, no. of mice.
b Antibody titers were determined by immunofluorescence.
c P � 0.05 compared with results for untreated group.

FIG. 4. Effect of NMSO3 on HRV-induced diarrhea in suckling mice. Seven-day-old mice were given orally either water (A) or 10 �g of
NMSO3 (B) three times a day for 4 days starting 30 min before virus inoculation with 3 � 106 PFU (MO strain)/mouse. Stool was inspected 2 days
after virus inoculation.
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Takahashi and Terada, unpublished data). Since NMSO3 in-
hibited the adsorption and penetration step of RSV and ade-
novirus, it was suggested that NMSO3 would bind F and/or G
proteins of RSV and the fiber and/or capsomer of adenovirus.
It is of interest to define whether these viral outer-layer pro-
teins commonly have characteristics similar to those of the
structure to which NMSO3 may bind.

In the present HRV-induced diarrhea model in mice, pro-
phylactic oral administration of NMSO3 to suckling mice start-
ing 30 min before inoculation of the MO strain prevented the
development of diarrhea. This result suggests that NMSO3
would not be inactivated in the gastrointestinal tract and would
prevent the virus from attaching to intestinal mucosal cells by
binding to the virus. Administration of NMSO3 at a dosage of
even 50 �g three times per day proved less effective, with mild
diarrhea developing in two of five mice, than at 10 �g three
times per day. The reason for this decreased effectiveness is
unknown. Further mouse studies on a large scale will be nec-
essary to answer this question. Administration of NMSO3 after
virus inoculation did not prevent mice from developing diar-
rhea. This finding suggests that in this mouse diarrhea model it
would be essential to block the initial infection in the intestine
to prevent diarrhea. Namely, completion of the initial infection
would be sufficient for the development of diarrhea.

To investigate whether NMSO3 really inhibits viral growth
in the murine gastrointestinal tract, we initially examined the
titer of virus in the whole intestines of mice at short time
intervals after infection with 3 � 106 PFU of the MO strain as
described by Gouvea et al. (7). However, we could not obtain
any infectious virus from the intestine by plaque assay. There-
fore, we measured levels of IgG to whole virus in serum by an
immunofluorescence assay because low levels of viral growth
may reflect a low-level antibody response. The mean titer of
antibody for mice which received NMSO3 at a dosage of 10 or
50 �g, three times per day for 4 days, was significantly lower
than that for untreated, infected mice (Table 3), suggesting
that NMSO3 inhibited viral replication in the intestines of the
treated mice, which was followed by low-level antibody re-
sponses.

Among anti-HRV agents previously investigated in vitro and
in vivo, several agents prevented the development of HRV-
induced diarrhea in mouse models or reduced HRV-induced
diarrhea in humans (14, 15). These agents include egg yolk
anti-HRV immunoglobulins (4), Polysaccharide-Kureha, a
protein-bound polysaccharide prepared from the extract of the
mycelia of Coriolus versicolor of Basidiomycetes (4), a cysteine
protease inhibitor, ovocystatin, and a serine protease inhibitor,
aprotinin (5). However, none of them has yet been approved
for clinical use. To our knowledge, NMSO3 is the first chem-
ically synthesized adsorption inhibitor which could prevent
HRV-induced diarrhea in mice.

In the present mouse diarrhea model, prophylactic admin-
istration of NMSO3 prevented the development of diarrhea.
Therefore, prophylactic use of NMSO3 in cases of epidemics in
a nursery would be expected if NMSO3 shows no toxicity for
humans. In considering clinical application in HRV gastroen-
teritis, therapeutic treatment should be necessary. Since in
infantile HRV gastroenteritis HRVs continue to be excreted
into the stool for 4 to 5 days after onset (13), there should be

several cycles of viral replication in the intestine for 4 to 5 days.
Therefore, in humans it would be possible for NMSO3 to
inhibit viral replication in the intestine, and it could shorten
the duration of fever and diarrhea. NMSO3 would be a prom-
ising candidate for the treatment of HRV infections in hu-
mans.
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