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Diverse classes of sulfated polysaccharides obtained from the red seaweeds (Rhodophyta) Grateloupia
indica, Scinaia hatei and Gracilaria corticata, the brown seaweeds (Phaeophyta) Stoechospermum margina-
tum and Cystoseira indica and the green seaweed (Chlorophyta) Caulerpa racemosa were assayed for
antiviral activity against the four serotypes of dengue virus (DENV). DENV-2 was the most susceptible

serotype to all polysulfates, with inhibitory concentration 50% values in the range 0.12-20 p.g/mL. The
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antiviral potency of the sulfated polysaccharides depended on the sulfate content, the position of sulfate
group, the sugar composition, and the molar mass. Independently of the sugar composition, the antiviral
effect was mainly exerted during DENV-2 adsorption and internalization.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Dengue virus (DENV) is a member of the family Flaviviridae
transmitted to human by two species of mosquitoes, Aedes aegypti
and Aedes albopictus. The virion is an enveloped particle containing
a single positive-stranded RNA genome and three structural pro-
teins. Human DENV infection can be asymptomatic or present a
range of clinical manifestations from the self-limited febrile illness
called dengue fever to the more severe forms of dengue hemor-
rhagic fever and dengue shock syndrome, with a high degree of
lethality [1]. There are four serotypes (DENV-1 to DENV-4) which
co-circulate in tropical and subtropical regions. Currently, dengue
is endemic in more than 100 countries in Southeast Asia, the
Western Pacific, America, Africa and the Middle East and is con-
sidered the most prevalent arthropod-borne disease worldwide
[2,3].

Despite this threat for human health, no specific chemother-
apy or safe vaccination for DENV infection is currently available
[4,5]. The only treatment for patients is supportive therapy. There-
fore, there is a requirement for effective antiviral agents and
therapeutic strategies for DENV infection. Since the first report
about the role of heparan sulfate (HS) in the initial interac-
tion for DENV attachment to vertebrate cells, diverse HS-like
glycosaminoglycans were evaluated as antiviral agents against
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DENV [6-11]. Within this field, seaweeds represent a natural
source rich in sulfated polysaccharides, compounds mimicking
HS produced at low cost and with few adverse effects. Dif-
ferent types of hybrid pL-galactans and carrageenans obtained
from red seaweeds are the most extensively studied class of
algal polysaccharides analyzed against DENV infections and were
found to be very potent and selective inhibitors of DENV-2
multiplicationin mammalian cells[12-16]. A few studies have eval-
uated other type of natural polysaccharides with variable results
[17-20].

The aim of the present study was to evaluate comparatively the
antiviral activity against DENV of different structural classes of sul-
fated polysaccharidesisolated from red, brown and green seaweeds
collected in the Arabian Sea. These polysulfates proved previously
to be potent and selective inhibitors of herpes simplex virus types
1 (HSV-1) and 2 (HSV-2) interfering with virus binding to the host
cell [21-26]. Here we report their in vitro effectiveness against all
DENV serotypes and the mode of action to block the infection of
DENV-2 in Vero cells.

2. Materials and methods
2.1. Sulfated polysaccharides

The extraction and fractionation of the sulfated polysaccharides
from the Rhodophyta Grateloupia indica, Gracilaria corticata and
Scinaia hatei, the Phaeophyta Cystoseira indica and Stoechospermun
marginatum, and the Chlorophyta Caulerpa racemosa, all collected
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from the Gujarat coast of the Arabian Sea in India, were previously
described [21-26]. Briefly, each depigmented algal powder was
extracted with cold (25-35°C) or hot water (80°C) to obtain the
crude water extracts GiWE, GcWE, ShWE, SmWE, CiWE and CtHWE
from G. indica, G. corticata, S. hatei, C. indica, S. marginatum, and
C. racemosa, respectively. Then, the purified fractions GiF3, GcF3,
SmF3 and CiF3 were obtained by anion exchange chromatography
from GIWE, GCWE, SmWE and CiWE, respectively, whereas the
fraction ShF1 was obtained by size exclusion chromatography
from ShWE.

Two commercial products, dextran sulfate with an average
molecular weight of 8000 (DS8000) and heparin (Sigma-Aldrich
Co., U.S.A.) were also tested as control compounds.

2.2. Cells and viruses

Vero (African green monkey kidney) cells were grown in Eagle’s
minimum essential medium (MEM) (GIBCO) supplemented with
5% calf serum. For maintenance medium (MM), the serum con-
centration was reduced to 1.5%. For plaquing medium (PM),
methylcellulose was added to a final concentration of 1%. The
C6/36 mosquito cell line from Aedes albopictus, adapted to
grow at 33°C, was cultured in L-15 Medium (Leibovitz) supple-
mented with 0.3% tryptose phosphate broth, 0.02% glutamine,
1% MEM non-essential amino acids solution and 5% fetal bovine
serum.

DENV-1 strain Hawaii was obtained from Instituto Nacional
de Enfermedades Virales Humanas (INEVH) Dr. ]J. Maiztegui
(Pergamino, Argentina). DENV-2 strain NGC, DENV-3 strain H87
andDENV-4 strain 8124 were provided by Dr. A.S. Mistchenko (Hos-
pital de Nifios Dr. Ricardo Gutiérrez, Buenos Aires, Argentina). Virus
stocks were prepared in C6/36 cells and titrated by plaque forma-
tion on Vero cells.

2.3. Cytotoxicity assay

Vero cell viability was measured by the MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide;
Sigma-Aldrich Co., U.S.A.) method. Confluent cultures in 96-
well plates were exposed to different concentrations of the
polysaccharides, with three wells for each concentration, using
incubation conditions equivalent to those used in the antiviral
assays. Then 10 nL of MM containing MTT (final concentration
0.5 mg/mL) was added to each well. After 2 h of incubation at 37 °C,
the supernatant was removed and 200 pL of ethanol was added
to each well to solubilize the formazan crystals. After vigorous
shaking, absorbance was measured in a microplate reader at
595 nm. The cytotoxic concentration 50% (CCsg) was calculated as
the compound concentration required to reduce cell viability by
50%.

2.4. Antiviral assay

Antiviral activity was evaluated by a virus plaque reduction
assay. Vero cell monolayers grown in 24-well plates were infected
with about 50 PFU/well in the absence or presence of various con-
centrations of the compounds. After 1h of adsorption at 37°C,
residual inoculum was replaced by MM containing 1% methyl-
cellulose and the corresponding dose of each compound. Plaques
were counted after 6-12 days of incubation at 37 °C, according to
virus serotype. The inhibitory concentration 50% (ICsq) was cal-
culated as the compound concentration required to reduce virus
plaques by 50%. All determinations were performed twice and each
in duplicate.

2.5. Virucidal activity

ADENV-2 suspension containing 6 x 10°> PFU/mL was incubated
with an equal volume of MM with or without different concentra-
tions of GIWE, CrHWE and SmWE, for 1 h at 37 °C. Then, the samples
were diluted in MM and the remaining infectivity was titrated by
plaque formation. The sample dilution effectively reduced the drug
concentration to be incubated with the cells at least 100-fold to
assess that titer reduction was only due to cell-free virion inac-
tivation. The virucidal concentration 50% (VCsg), defined as the
concentration required to inactivate virions by 50%, was then cal-
culated.

2.6. Effect on virus adsorption and internalization

Vero cells grown in 24-well plates were infected with 500
PFU of DENV-2 following different treatment conditions. Adsorp-
tion: cells were exposed to DENV-2 in the presence of 1, 3 or
30 pg/mL of GIWE, CrHWE or SmWE, respectively. After 1 h at4°C,
both compounds and unadsorbed virus were removed. The cells
were washed with cold phosphate-buffered saline (PBS) and over-
laid with plaquing medium. Internalization: cells were infected in
compound-free MM and after 1h adsorption at 4°C, cells were
washed and further incubated at 37 °C during 1 h in MM containing
1, 3 or 30 pg/mL of GIWE, CrHWE or SmWE, respectively. There-
after, cells were washed with PBS and treated with citrate buffer
(40 mM citric acid, 10 mM KCl, 135 mM NacCl, pH 3) for 1 min to
inactivate adsorbed but not internalized virus. Then, cells were
washed with PBS and covered with MM containing methylcellu-
lose. Always: the compounds were present during adsorption at
4°C and in the medium added after adsorption. For all treatments,
virus plaques were counted after 6 days of incubation at 37°C
and results were expressed as % inhibition of each treatment with
respect to untreated cell control.

3. Results and discussion
3.1. Chemical composition of sulfated polysaccharides

Many viruses display affinity for cell surface HS proteoglycans
with biological relevance to virus entry. This raises the possibility
of the application of sulfated polysaccharides in antiviral therapy.
In this study, we have analyzed the activity of sulfated galactan,
fucan and xylomannan-containing fractions isolated from different
seaweeds against DENV.

The sugar composition, the molecular mass and the degree
of sulfation of the crude and purified fractions were previously
reported in detail [21-26]. A brief summary of the chemical proper-
ties of the different polysaccharides here evaluated for anti-DENV
activity is presented in Table 1.

According to their sugar composition, the sulfated polysac-
charides GiWE, GiF3, GcWE and GcF3 were classified as sulfated
galactans, the products from S. hatei ShWE and ShF1 were sulfated
xylomannans, and the polymers SmWE, SmF3, CiWE and CiF3 were
sulfated fucans. The hot water-extracted fraction from C. racemosa
CrHWE showed a very heterogeneous sugar composition with the
presence of similar amounts of galactose, glucose, arabinose and
xylose, together with smaller amounts of mannose and rhamnose
as minor components and hence it was named as heteropolysac-
charide [21].

3.2. Antiviral activity against DENV-2
The antiviral activity against DENV-2 of the crude and purified

fractions isolated from different seaweeds was evaluated in Vero
cells by a virus plaque reduction assay. Previously, the cytotoxicity
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Table 1

Chemical composition of the sulfated galactans (GIWE and GiF3 from G. indica, and GcWE and GcF3 from G. corticata), the fucans (CiWE and CiF3 from C. indica, and SmWE
and SmF3 from S. marginatum), the xylomannans (ShWE and ShF1 from S. hatei) and the heteropolysaccharide (CrHWE from C. racemosa).

GiWE GiF3 GcWe GcF3 CiWE CiF3 SmWE SmF3 ShWE ShF1 CrHWE
Total sugar? 43 43 34 27 40 40 43 37 39 40 37
Uronic acid? 3 2 Trd Tr 4 2 4 Tr - - 4
Sulfate? 11 16 11.5 10 8 9 10 13 9 8 9
Mol. mass (kDa) Nd¢ 60 Nd 30 Nd 35 Nd 40 Nd 160 70-130
RhaP - - Tr Tr Tr - Tr - - - 1
Fuc® 1 - Tr Tr 75 87 91 96 - - Tr
AraP - - - Tr Tr Tr - - - - 19
XylP 2 - Tr Tr 14 7 3 2 38 23 15
Man® - - - - Tr 1 1 - 62 77 5
6-Me-Gal® - - 33 32 - - - - - - -
Anhy-Gal® - - 20 19 - - - - - - -
GalP 94 100 47 49 11 5 3 2 Tr - 31
GlcP 3 - Tr Tr Tr Tr 2 - Tr - 30

2 Values expressed as percent weight of fraction dry weight.
b Values expressed as mol.% of anhydro sugar.

¢ Nd: not determined.

4 Tr: trace.

¢ —: not detected.

of these products was evaluated in the same cell system and no
alterations were detected in cell viability as determined by MTT
assay at concentrations up to 1000 pwg/mL (data not shown). Then
the CCsg values were considered greater than 1000 pg/mL for all
crude and purified fractions.

As shown in Table 2, all the compounds tested were active
against DENV-2 with ICsg in the range 0.12-20 pg/mL. The most
active compounds were the sulfated galactans GIWE and GiF3
derived from G. indica, with ICsg values around 0.1 p.g/mL, followed
by the sulfated xylomannans from S. hatei and the heterogeneous
sulfated polysaccharides from C. racemosa, with ICsg values in
the range 0.6-1.1 pg/mL. Interestingly, although all the sulfated
galactans showed selectivity toward DENV-2, the polysaccharides
GCcWE and GcF3 obtained from the red seaweed G. corticata exhib-
ited an anti-DENV-2 activity very lower in comparison to the
galactans GIWE and GiF3 from G. indica with ICs¢ values about
100-200-fold higher. The antiviral potency of a sulfated polysac-
charide appears to depend, inter alia, on the position of the sulfate
group, the sugar composition and the molecular mass [27,28].
Fraction GcF3, with a molecular mass of 30kDa, consisted of

Table 2
Antiviral activity of sulfated polysaccharides from different seaweeds against DENV-
2.

Seaweed Fraction ICso (pg/mL)? SIb
Rhodophyta
G. indica GiWE 0.18 £+ 0.06 >5555
GiF3 0.12 + 0.07 >8333
S. hatei ShWE 1.1+02 >909
ShF1 0.6 + 0.1 >1667
G. corticata GCcWE 10.0 £ 0.9 >100
GcF3 20.0 £ 25 >50
Phaeophyta
S. marginatum SmWE 63 +1.0 >158
SmF3 41+13 >246
C. indica CiWE 8.1+27 >124
CiF3 40+ 14 >250
Chlorophyta
C. racemosa CrHWE 0.6 +£ 0.1 >1667
Reference compounds
Heparin 1.9+0.2 >526
DS8000 0.9 + 0.1 >1111

2 1Csp (inhibitory concentration 50%): concentration required to reduce plaque
number in Vero cells by 50%. Mean of two determinations + SD.

bS] (selectivity index): CCsq/ICso. CCso (cytotoxic concentration 50%): concentra-
tion required to reduce 50% the number of viable Vero cells after 6 days of incubation
with the compounds. This concentration was >1000 pg/mL for all the compounds
tested.

a backbone of 3-linked B-p- and 4-linked o-D-galactopyranosyl
residues. This linear galactan contained Gal,Xyly, Gal,AnGal,, Galy
and Me-GalzAnGal, as oligomeric building subunits and sulfate
group when present was located at C-4 of 3-linked galactopyra-
nosyl residues of this polymer [23]. In contrast, the galactan GiF3
from G. indica had higher molecular mass (60 kDa) and the posi-
tions of the sulfate groups were also different [24]. Here, sulfate
groups, if present, were located mostly at C-2/6 of 4-linked and
C-4/6 of 3-linked galactopyranosyl units. Moreover, the presence
of anhydro-galactose residue was not detected. Therefore, these
chemical features justify the higher antiviral potency of GiF3 in
comparison to GcF3.

With respect to the fucans, both fractions derived from S.
marginatum and C. indica showed moderate activity against
DENV-2, with ICsq values between 4.0 and 8.1 pg/mL. The crude
water-extracted fraction SmWE from S. marginatum and the puri-
fied fraction SmF3 obtained by anion exchange chromatography
consisted of a backbone of 4- and 3-linked-a-L-fucopyranosyl
residues sulfated mostly at C-2 and/or C-4 position [22]. On the
other hand, the purified fucan CiF3 isolated from C. indica contained
a backbone of 3-linked a-L-fucopyranosyl residues substituted at
C-2 with fucopyranosyl and xylopyranosyl residues [25]. This sul-
fated fucan, considered the active principle of the C. indica water
extract (CiWE), also contained variously linked xylose and galac-
tose units and glucuronic acid residues. Sulfate groups, if present,
were located mostly at C-4 of 3-linked a-L-fucopyranosyl units.
Perhaps the relatively similar average molecular mass of SmF3
(40kDa) compared to CiF3 (35kDa) and their similar sulfate con-
tents (8-13%, weight/weight) and sugar compositions (L-fucose as
the major sugar) are responsible for exhibiting similar potency
toward DENV-2.

Heparin and DS 8000, two commercial polysaccharides known
for their antiviral properties against several enveloped viruses,
were simultaneously tested as reference substances showing an
intermediate behavior in relation to the algal extracts.

Given the lack of cytotoxicity of these polymers, high values of
selectivity index (SI), defined as the CCsq/ICsq ratio, were obtained
for all tested fractions (Table 2). Particularly, the products derived
from G. indica presented SI higher than 5000 and could be consid-
ered very effective and selective inhibitors of DENV-2.

Therefore, the anti-DENV-2 activities of the sulfated polysac-
charides of present study are not merely a function of high charge
density, but have distinct structural specificities such as position of
the sulfate groups, the molar mass and constituent sugars which
are undoubtedly important.
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Table 3
Spectrum of antiviral activity of sulfated polysaccharides against DENV serotypes.

Compound ICs0 (g/mL)?
DENV-1 DENV-3 DENV-4

GiWE 25.0+25 6.25 + 0.7 >200

ShWE 25.0+2.3 6.25 + 1.0 69.8+6.5
SmWE >100 100.0 + 2.2 >100

CrWE >100 16.5 £ 2.3 >100
Heparin >100 108 £2.5 >100
DS8000 >100 183+ 1.2 31.2+24

2 1Csp (inhibitory concentration 50%): concentration required to reduce plaque
number in Vero cells by 50%. Mean of two determinations + SD.

3.3. Spectrum of antiviral activity against DENV serotypes

Next, the spectrum of antiviral activity against the four
serotypes of DENV was analyzed. To this end, an active sample rep-
resentative of each class of algal sulfated polysaccharide was tested,
together with the reference substances. Interestingly, the sulfated
polysaccharides of present study showed selectivity against differ-
ent serotypes of DENV. As shown in Table 3, DENV-3 was inhibited
by all the sulfated polysaccharides, but the level of antiviral sus-
ceptibility exhibited by this serotype was low in comparison to
DENV-2. In fact, the ICsq values against DENV-3 were 5-35-fold
higher than those corresponding to DENV-2. The reactivity of the
polysulfates with DENV-1 and DENV-4 was still weaker, with either
avery low or a total lack of virus inhibition even at high concentra-
tions of the algal extracts.

The differential susceptibility of DENV serotypes to diverse
classes of sulfated polysaccharides here shown is in agreement
with previous studies about the antiviral activity of heparin,
carrageenans and natural galactans against DENV serotypes in
mammalian cells, reporting the high susceptibility of DENV-2
and the resistance of DENV-1 [7,14,16]. The structural differences
among sulfated polysaccharides here tested did not appear to be
the sole factor that influences their variable effectiveness against
DENV serotypes. These variations may be probably ascribed to the
differences in virus—cell interactions during entry of DENV-1 and
DENV-2 into Vero cells [29], and may represent a disadvantage for
the future possibilities of these compounds to be used as anti-DENV
therapeutic agents, due to the co-circulation of the four serotypes
in endemic regions [2,3].

3.4. Mode of inhibition of DENV-2

The virucidal activity of GIWE, SmWE and CrHWE against DENV-
2 was first analyzed to elucidate the possibility that these sulfated
polysaccharides may act directly on the virus particles. Although
sulfated polysaccharides/oligosaccharides usually lack virus inacti-
vating properties, there are some reports on this type of substances
asvirucidal agents [12,27,30,31]. After direct incubation of a DENV-
2 suspension with the compounds, the remaining infectivity in
the mixture was determined by plaque formation in Vero cells.
No inactivating effect was observed with GIWE and SmWE at con-
centrations 5-fold exceeding the antiviral ICs5g, whereas for CrtHWE
the VCsg was 2.5 pg/mL, a value nearly 4-fold higher than the ICsq
(0.6 pg/mL). Consequently, even in this last case, the inhibitory
action of these sulfated polysaccharides against DENV-2 may be
mainly ascribed to an interference with any step of the virus mul-
tiplication cycle and not to an interaction with cell-free virions.

Given the probable interference of these algal polysaccharides
with the initial interaction between DENV-2 and the host cell mem-
brane during virus entry [6,14,16], the effect of GIWE, SmWE and
CrWE on the initial steps of virus adsorption and internalization
was studied performing a plaque reduction assay under different
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Fig. 1. Effect of sulfated polysaccharides on DENV-2 adsorption and internaliza-
tion. Vero cells were infected with 500 PFU of DENV-2 in a plaque assay under
different treatment conditions with GIWE (1 wg/mL), CtHWE (3 pg/mL) and SmWE
(30 pg/mL). Adsorption: cells were infected with DENV-2 in MM containing com-
pound and, after 1 h adsorption at 4 °C, were overlaid with compound-free plaquing
medium. Internalization: DENV-2 was adsorbed to cells at 4 °C, then MM containing
compound was added and incubation continued at 37°C for 1h. Then, cells were
treated with citrate buffer and covered with plaquing medium. Always: cells were
infected and maintained with compound during adsorption and throughout all the
incubation period for plaque formation. In all cases, plaques were counted after 6
days of incubation at 37 °C. Results are expressed as % inhibition respect to untreated
infected controls. Each value is the mean of duplicate determinations + SD.

treatment conditions. Vero cells were infected with DENV-2 and the
compounds were exposed to the cells during different periods: (a)
only during virus adsorption (1 hat4°C); (b) only during virus inter-
nalization (1 h at 37 °C, after virus adsorption at 4°C in compound
free-medium); and (c) both during adsorption and throughout all
the incubation period after adsorption. As can be concluded from
data presented in Fig. 1, a strong inhibitory effect was observed
when the three sulfated polysaccharides were present only during
adsorption. Under these treatment conditions, the level of inhibi-
tion was similar to that observed when the compounds were added
during adsorption and maintained throughout the whole incuba-
tion period, indicating that DENV-2 adsorption is the main antiviral
target for the different algal polysaccharides. However, a lower but
significant activity of GIWE, SmWE and CrWE when absent dur-
ing DENV-2 adsorption and present only during the subsequent
step of virus internalization (1 h at 37 °C after adsorption) was also
observed. The amount of virus internalized to the cells in pres-
ence of the polysulfates was reduced in comparison to untreated
cells, showing an inhibition of 18, 32 and 41% for SmMWE, GiWE and
CrHWE, respectively (Fig. 1).

Interference with viral adsorption agrees with our previous
studies about the antiviral activity of these polysulfates against
HSV and consist in blocking virus binding to residues of HS pro-
teoglycans present in the cell [22,24,25]. A similar mode of action
as virus attachment inhibitors was reported for the antiviral activ-
ity of other algal sulfated polysaccharides against HSV and other
enveloped viruses. In contrast, no post-adsorption inhibitory action
against HSV was observed in the above mentioned studies as here
reported for DENV-2 internalization, a disparity probably due to
differences in the internalization process into Vero cells between
both viruses: endocytocis for DENV and fusion at plasma membrane
for HSV.

4. Conclusions

In conclusion, the results reported here demonstrate that
diverse classes of sulfated polysaccharides isolated from red, brown
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or green seaweeds are potent and selective inhibitors of DENV-2.
The reactivity of the most active compounds was variable against
the other three DENV serotypes, with an effective inhibitory action
against DENV-3 and a weak effect or lack of inhibition against
DENV-1 and DENV-4. Independently of the sugar composition,
these polysaccharides were found to be competitors of host cell
membrane components involved in virus entry since the anti-DENV
activity here described might be attributed mainly to a blockade in
virus adsorption and also a minor inhibitory effect in virus inter-
nalization. Furthermore, this novel work opens new avenues for
related studies on sulfated polysaccharides from other seaweeds,
also increasing the library of knowledge and lead compounds for
antiviral studies.

Acknowledgments

Research was supported by grants to E.B.D. from Agencia
Nacional de Promocién Cientifica y Tecnoldgica, Consejo Nacional
de Investigaciones Cientificas y Técnicas (CONICET) and Univer-
sidad de Buenos Aires, Argentina and by Department of Science
and Technology (SR/S1/0C-50/2007) to B.R. E.B.D. and C.A.P. are
members from CONICET.

References

[1] A.L. Rothman, Journal of Clinical Investigation 113 (2004) 946-951.

[2] J.L. Kyle, E. Harris, Annual Review of Microbiology 62 (2008) 71-92.

[3] M.G. Guzman, S.B. Halstead, H. Artsob, P. Buchy, J. Farrar, D.J. Gubler, E. Hun-
sperger, A. Kroeger, H.S. Margolis, E. Martinez, M.B. Nathan, J.L. Pelegrino,
C. Simmons, S. Yoksan, R.W. Peeling, Nature Reviews Microbiology 8 (2010)
S7-S16.

[4] C.G. Noble, Y.-L. Chen, H. Dong, F. Gu, S.P. Lim, W. Schul, Q.-Y. Wang, P.-Y. Shi,
Antiviral Research 85 (2010) 450-462.

[5] S.S. Whitehead, J.E. Blaney, A.P. Durbin, B.R. Murphy, Nature Reviews Microbi-
ology 5 (2007) 518-528.

[6] Y.Chen, T.Maguire, R.E. Hileman, J.R. Fromm, J.D. Esko, R.J. Linhardt, R.M. Marks,
Nature Medicine 3 (1997) 866-871.

[7] Y.L Lin, H.Y. Lei, Y.S. Lin, T.M. Yeh, S.H. Chen, H.S. Liu, Antiviral Research 56
(2002) 93-96.

[8] R.M. Marks, H. Lu, R. Sundaresan, T. Toida, A. Suzuki, T. Imanari, M.]. Hernaiz,
RJ. Linhardt, Journal of Medicinal Chemistry 44 (2001) 2178-2187.

[9] R. Germi, .M. Crance, D. Garin, J. Guimet, H. Lortat-Jacob, RW. Ruigrok, J.P.
Zarski, E. Drouet, Virology 292 (2002) 162-168.

[10] B.K. Thaisomboonsuk, E.T. Clayson, S. Pantuwatana, D.W. Vaughn, T.P.
Endy, American Journal of Tropical Medicine and Hygiene 72 (2005)
375-383.

[11] D. Kato, S. Era, I. Watanabe, M. Arihara, N. Sugiura, K. Kimata, Y. Suzuki, K.
Morita, K.I.P.J. Hidari, T. Suzuki, Antiviral Research 88 (2010) 236-243.

[12] C.A. Pujol, J.M. Estevez, M.J. Carlucci, M. Ciancia, A.S. Cerezo, E.B. Damonte,
Antiviral Chemistry and Chemotherapy 13 (2002) 83-89.

[13] M.C. Rodriguez, E.R. Merino, C.A. Pujol, E.B. Damonte, A.S. Cerezo, M.C. Mat-
ulewicz, Carbohydrate Research 340 (2005) 2742-2751.

[14] L.B. Talarico, C.A. Pujol, R.G.M. Zibetti, P.C.S. Faria, M.D. Noseda, M.E.R. Duarte,
E.B. Damonte, Antiviral Research 66 (2005) 103-110.

[15] P.C.deS.F-Tischer, L.B. Talarico, M.D. Noseda, S.M.P.B. Guimaraes, E.B. Damonte,
M.E.R. Duarte, Carbohydrate Polymers 63 (2006) 459-465.

[16] L.B. Talarico, E.B. Damonte, Virology 363 (2007) 473-485.

[17] L. Ono, W. Wollinger, .M. Rocco, T.L. Coimbra, P.A. Gorin, M.R. Sierakowski,
Antiviral Research 60 (2003) 201-208.

[18] E. Lee, M. Pavy, N. Young, C. Freeman, M. Lobigs, Antiviral Research 69 (2006)
31-38.

[19] H. Qiu, W. Tang, X. Tong, K. Ding, J. Zuo, Carbohydrate Research 342 (2007)
2230-2236.

[20] K.I. Hidari, N. Takahashi, M. Arihara, M. Nagaoka, K. Morita, T. Suzuki, Biochem-
ical and Biophysical Research Communications 376 (2008) 91-95.

[21] P. Ghosh, S. Masumdar, P.K. Ghosal, C.A. Pujol, M.J. Carlucci, E.B. Damonte, B.
Ray, Phytochemistry 65 (2004) 3151-3157.

[22] U. Adhikari, C.G. Mateu, K. Chattopadhyay, C.A. Pujol, E.B. Damonte, B. Ray,
Phytochemistry 67 (2006) 2474-2482.

[23] K. Chattopadhyay, T. Ghosh, C.A. Pujol, M]. Carlucci, E.B. Damonte,
B. Ray, International Journal of Biological Macromolecules 43 (2008)
346-351.

[24] K. Chattopadhyay, C.G. Mateu, P. Mandal, C.A. Pujol, E.B. Damonte, B. Ray, Phy-
tochemistry 68 (2007) 1428-1435.

[25] P.Mandal, C.G. Mateu, K. Chattopadhyay, C.A. Pujol, E.B. Damonte, B. Ray, Antivi-
ral Chemistry and Chemotherapy 18 (2007) 153-162.

[26] P. Mandal, C.A. Pujol, MJJ. Carlucci, K. Chattopadhyay, E.B. Damonte, B. Ray,
Phytochemistry 69 (2008) 2193-2199.

[27] E.B. Damonte, M.C. Matulewicz, A.S. Cerezo, Current Medicinal Chemistry 11
(2004) 2399-2419.

[28] T. Ghosh, K. Chattopadhyay, M. Marschall, P. Karmakar, P. Mandal, B. Ray, Gly-
cobiology 19 (2009) 2-15.

[29] E.G. Acosta, V. Castilla, E.B. Damonte, Cellular Microbiology 11 (2009)
1533-1549.

[30] N.D. Christensen, C.A. Reed, T.D. Culp, P.L. Hermonat, M.K. Howett, RA.
Anderson, L.J.D. Zaneveld, Antimicrobial Agents and Chemotherapy 45 (2001)
3427-3432.

[31] M. Ekblad, B. Adamiak, T. Bergstrom, K.D. Johnstone, T. Karoli, L. Liu, V. Ferro,
E. Trybala, Antiviral Research 86 (2010) 196-203.



	Antiviral activity against dengue virus of diverse classes of algal sulfated polysaccharides
	1 Introduction
	2 Materials and methods
	2.1 Sulfated polysaccharides
	2.2 Cells and viruses
	2.3 Cytotoxicity assay
	2.4 Antiviral assay
	2.5 Virucidal activity
	2.6 Effect on virus adsorption and internalization

	3 Results and discussion
	3.1 Chemical composition of sulfated polysaccharides
	3.2 Antiviral activity against DENV-2
	3.3 Spectrum of antiviral activity against DENV serotypes
	3.4 Mode of inhibition of DENV-2

	4 Conclusions
	Acknowledgments
	References


