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Abstract

Natural compounds offer interesting pharmacological perspectives for antiviral drug development with regard to broad-spectrum
antiviral properties and novel modes of action. In this study, we have analyzed polysaccharide fractions isolated from Grateloupia

indica. The crude water extract (GiWE) as well as one fraction (F3) obtained by anion exchange chromatography had potent anti-
HSV activity. Their inhibitory concentration 50% (IC50) values (0.12–1.06 lg/ml) were much lower than cytotoxic concentration
50% values (>850 lg/ml). These fractions, which were effective antiviral inhibitors if added only during the adsorption period, had
very low anticoagulant activity. Furthermore, they had no direct inactivating effect on virions in a virucidal assay. Chemical, chro-
matographic and spectroscopic methods showed that the active polysaccharide, which has an apparent molecular mass of 60 kDa
and negative specific rotation ½a�32

D �16� (c 0.2, H2O), contains a-(1! 4)- and a-(1! 3)-linked galactopyranose residues. Sulfate
groups, if present, are located mostly at C-2/6 of (1! 4)- and C-4/6 of (1! 3)-linked galactopyranosyl units, and are essential
for the anti herpetic activity of this polymer.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Seaweeds have been widely used as food for centuries in
Asia (Darcy-Vrillon, 1993; Indergaard and Minsaas, 1991),
but in western countries they are generally employed for
the production of valuable chemicals. The main com-
pounds agars, aligns and carrageenans are used as ingredi-
ents in food, pharmaceuticals and diverse consumer
products and industrial processes (Mazumder, 2006; Renn,
1997; Stephen, 1995; Zilinskas and Lundin, 1993; Skjak-
Braek and Martinsen, 1991; Lewis et al., 1988). Recent
observations have accumulated evidence about the
in vitro activity of algal sulfated polysaccharides against
0031-9422/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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animal viruses including herpes simplex virus types 1
(HSV-1) and 2 (HSV-2), human cytomegalovirus (HCMV),
human immunodeficiency virus type-1 (HIV-1), respiratory
synytial virus (RSV) and influenza virus (Tischer et al.,
2006; Rechter et al., 2006; Matsuhiro et al., 2005; Schaeffer
and Krylov, 2000; Franz et al., 2000; Gunay and Linhardt,
1999; Witvrouw and De Clercq, 1997). Thus, the potential
of polysaccharides extracted from seaweed as antiviral
agents becomes of considerable interest.

We have previously analyzed the structural characteris-
tics and antiviral properties of sulfates polysaccharides
isolated from green and red seaweeds collected on Indian
and South American coasts (Adhikari et al., 2006; Duarte
et al., 2004; Ghosh et al., 2004; Ponce et al., 2003; Car-
lucci et al., 2002; Mazumder et al., 2002). This paper
describes the isolation, purification, structural features

mailto:bimalendu_ray@yahoo.co.uk


K. Chattopadhyay et al. / Phytochemistry 68 (2007) 1428–1435 1429
and antiviral activity of a sulfated galactan present in
the red seaweed Grateloupia indica against HSV-1 and
HSV-2.
2. Results and discussion

2.1. Isolation, purification and structural analysis of the

sulfated galactan from the red seaweed Grateloupia indica

2.1.1. Isolation and composition of polysaccharide fractions

The depigmented algal powder (DAP) from G. indica,
which contained galactose as dominant monosaccharide
(Table 1), was extracted with water as described in the
experimental section. Purification of the water-extracted
fraction was then achieved by repeated precipitation of
the macromolecule from solution with dehydrated ethanol
(4 vol.). This fraction (GiWE), which amounted for 13% of
DAP dry weight, had negative specific rotation ½a�32

D �5� (c
0.2, H2O). The total sugar content of GiWE was 43% with
galactose as the major sugar (Table 1). No methylated sug-
ars were detected during GLC-MS analysis of the derived
alditol acetates. Both TLC analysis of the sugar released
during hydrolysis and GLC analysis of the TMS-deriva-
tives of the generated methyl glycosides confirmed the pres-
ence of glucuronic acid. The uronide content of GiWE was
3% and this fraction contained sulfate (Table 1). The FT-
IR spectrum of GiWE showed an intense absorption band
in the region 1253 cm�1 related to �S@O stretching vibra-
tion of the sulfate group (Lloyd et al., 1961; Turvey and
Williams, 1962), and another band at 830 cm�1 arising
from secondary equatorial sulfate groups of polysaccha-
rides, but the band at 930 cm�1 characteristic of 3,6-anhyd-
rogalactosyl residues was not observed.

Anion exchange chromatography on a DEAE Sephar-
ose column separated the water-extracted polymers of G.

indica into three sub-fractions (F1, F2 and F3). F1, which
accounted for 7% of the total sugars recovered from the
anion exchanger, was the minor component of GiWE. It
contained mostly galactose (>92%) together with small
amounts of xylose, glucose and fucose residues (Table 1).
Sugar composition of F2 was very similar to F1. The differ-
Table 1
Sugar composition (mol %) of fractions obtained from Grateloupia indica

(see text for the identification of fractions)

DAP GiWE GiWE-D F1 F2 F3 F3D

Sulfatea nd 11 1 9 12 16 1
NSa 39 40 48 38 37 41 50
UAa 4 3 4 3 5 2 nd
Fucb 1 1 2 1 1 tr –
Xylb 1 2 3 4 3 tr –
Galb 84 94 93 92 93 99 100
Glcb 14 3 2 3 3 tr –

nd, not determined; tr, trace; –; not detected.
a Percent weight of fraction dry weight.
b mol percent of neutral sugars. NS = neutral sugar UA = uronic acid.
ential elution of F1 and F2 was due to the level of uronic
acid and sulfate. In the major sub-fraction F3, galactose
accounted for more than 99% of the neutral sugars. This
sub-fraction amounted to 73% of the total carbohydrates
recovered from the column and contained 2% (w/w) of uro-
nic acid. It is, therefore, essentially a galactan that might
contain high amount of sulfate group, as indicated by its
late elution. Indeed, the high charge density of this polysac-
charide was confirmed by its high sulfate content (16%, w/
w). This purified galactan sulfate had negative specific rota-
tion ½a�32

D �16� (c 0.2, H2O) and was used for further
analysis.

2.1.2. Molecular mass
Size exclusion chromatography of F3 on Sephacryl S-

300 suggests that the polymer is homogeneous. Based on
calibration with standard dextrans, the apparent molecular
weight of the galactan present in F3 would be 60 kDa. It
should, however, be noted that polysaccharides containing
sulfate groups, due to intramolecular electrostatic repul-
sions by charge effects, may have a different hydrodynamic
volume than dextrans and, therefore, elute at a different
rate than expected on the basis of their molecular weight.

2.1.3. Desulfation

The crude (GiWE) and the purified (F3) galactan sul-
fates were desulfated by solvolysis in dimethyl sulfoxide
(Falshaw and Furneaux, 1998). Preliminary experiments
(data not shown) showed a higher recovery with this
method compared to methanol–HCl and auto-desulfation
methods (Percival and Wold, 1963). Desulfation of GiWE
and F3 had a recovery yield of 49% and 43%, respectively.
Notably the sugar composition of GiWE and F3 and their
desulfated derivatives (GiWED and F3D) were nearly sim-
ilar (Table 1). The IR spectrum of F3 was similar to that of
GiWE, with bands at 1253 and 830 cm�1, whereas in the
IR spectrum of the desulfated galactan F3D these bands
became weak.

2.1.4. Linkage analysis

Methylation analysis of desulfated F3D revealed the
presence of 2,4,6- and 2,3,6-tri-O-methyl galactose in the
ratios of 44.9:49.7, indicating the presence of (1! 3)-
and (1! 4)-linked galactopyranosyl residues, respectively
(Table 2). Small proportions of 1,3,4-linked galactose resi-
dues (2.7%) as well as terminal galactose residues (2.7%)
have also been detected, indicative of a branched polysac-
charide. Possibly these derivatives came from non desulf-
ated units and/or from minor structural components.

Linkage analysis of F3 yielded a variety of mono-, di-
and trimethylated products (Table 2). The results of this
study also suggest that sulfate groups, when present, reside
mostly at O-2/6 of (1! 4)- and O-4/6 of (1! 3)-linked
galactopyranosyl units. This result is similar to those
obtained from sulfated galactans of red algae and seag-
rasses (Aquino et al., 2005; Farias et al., 2000; Painter,
1983), but differs from the report of Sen et al. (1994) where



Table 2
Partially methylated galactitol acetates derived from sulfated galactan
(F3) of Grateloupia indica and its desulfated derivative (F3D)

Methylation products Peak areaa

F3 F3D

2,3,4,6-Galb – 2.7
2,4,6-Gal 24.3 44.9
2,3,6-Gal 8.3 49.7
2,6-Gal 20.0 2.7
3,6-Gal 7.2 –
2,3-Gal 17.7 –
2,4-Gal 8.0 –
2-Gal 3.1 –
4-Gal 3.4 –
Gal 7.8 –

–, not detected.
a Percentage of total area of the identified peaks.
b 2,3,4,6-Gal denotes 1,5-di-O-acetyl-2,3,4,6-tetra-O-methylgalactitol,

etc.

1430 K. Chattopadhyay et al. / Phytochemistry 68 (2007) 1428–1435
it had been claimed that the galactan of G. indica is pre-
dominantly (1! 3)-linked.

2.1.5. NMR spectroscopy

The native sulfated galactan (F3) has a very complex 1H
NMR spectrum (Fig. 1a). The presence of at least 16 distin-
guishable anomeric signals suggests heterogeneous sulfa-
tion pattern. The desulfated galactan F3D showed three
anomeric resonances, one at 5.2 and two others around
5.7–5.8 ppm (Fig. 1b). These chemical shift values suggest
that the galactose residues present in the sulfated galactan
Fig. 1. 1H NMR spectra at 500 MHz of (a) the native galactan sulfate of
Grateloupia indica and (b) its desulfated derivative (F3D). The spectrum
was recorded at 70 �C for samples in D2O solution.
of this study are a-linked. Normally, the (1! 3)-linked
galactosyl residues present in the sulfated galactan of mar-
ine red macroalgae are b-linked (Matsuhiro et al., 2005;
Farias et al., 2000; Knutsen et al., 1994; Painter, 1983).
Even the sulfated D-galactan of the seagrass Ruppia
maritima is made up of the following regular tetrasacchari-
derepeating unit! 3)-b-D-Gal-2(OSO3)-(1! 4)- a-D-Gal-
(1! 4)-a-D-Gal-(1! 3)- b-D-Gal-4(OSO3)-(1! (Aquino
et al., 2005). In the 1H NMR spectrum of this galactan
there is a signal at 5.2 ppm for the anomeric proton of
the a-(1! 4)-units and two signals around 4.8 ppm for
the b-(1! 3)-units. In contrast, the (1! 3)-linked galacto-
pyranosyl residues present in the sulfated galactan of
G. indica are a-linked. Notably, the presence of a 2-sul-
fated, 3-linked a-galactan in marine invertebrates has
already been reported (Pereira et al., 2002).

2.2. Pharmacological activities of the sulfated galactans from

the red seaweed G. indica

2.2.1. Antiherpetic activity

Table 3 summarizes the results of the antiviral activity
and selectivity indices of the sulfated galactans of G. indica,
and the corresponding desulfated derivatives in a plaque
reduction assay. GiWE and F3 may be considered potent
inhibitors of HSV-1 (F) and HSV-2 (MS), with values of
IC50 ranging from 0.25 to 0.31 lg/ml. On the other hand,
the desulfated derivatives GiWE-D and F3D were inactive
against these viruses up to a concentration of 50 lg/ml.
The conclusion that can be drawn is that the antiviral activ-
ity of these polysaccharides is linked to the anionic features
of the molecules, given mainly by the high amount of sul-
fate groups.

In order to increase the antiviral activity spectrum, the
sulfated compounds were also tested against two TK� acy-
clovir-resistant variants (B2006 and Field) and two syncy-
tial variants (1C3-syn 13-8 and 1C3-syn 14-1) of HSV-1.
In both cases, GiWE appeared to be more active than F3
for the TK� and syncytial strains. In spite of the small dif-
ferences observed in the IC50 values of the compounds,
GiWE and F3 exhibited high selectivity indices (943–
7083) due to the low toxicity on Vero cells. According to
these values, the sulfated galactans from G. indica repre-
sents a very potent antiherpetic compound among the
diverse types of natural sulfated polysaccharides tested
for antiviral activity (Damonte et al., 2004). They also
showed a higher inhibitory effect when compared with ref-
erence sulfated polysaccharides such as dextran sulfate
8000 and heparin (Table 3).

To study the inhibition of GiWE on virus replication an
additional experiment was performed employing immuno-
fluorescence staining of viral proteins. In this experiment,
the reduction in the number of fluorescent viral foci
observed on HSV-1 (F) infected Vero cells and treated with
GiWE was notorious when compared with the viral foci
counted in infected cells in the absence of the compound.
A reduction of 60% and 87% in virus positive foci forma-



Table 3
Antiviral activity against herpes simplex virus and selectivity indices of galactan sulfate isolated from Grateloupia indica and the desulfated derivatives

Virus IC50 (lg/ml)a

GiWE GiWE-D F3 F3D DS 8000 Heparin

HSV-1 0.27 ± 0.03 >50 0.27 ± 0.02 >50 2.12 ± 0.4 1.20 ± 0.48
(F) (3148)b (–) (>3703) (–) (>472) (>833)
HSV-2 0.25 ± 0.05 >50 0.31 ± 0.1 >50 0.57 ± 0.01 0.53 ± 0.12
(MS) (3400) (–) (>3226) (–) (>1754) (>1887)
HSV-1 0.18 ± 0.01 nd 0.89 ± 0.16 nd 2.5 ± 0.11 4.29 ± 0.99
B2006 (4722) (>1123) (>400) (>233)
HSV-1 0.12 ± 0.05 nd 0.87 ± 0.19 nd 2.19 ± 0.75 4.1 ± 1.28
Field (7083) (>1149) (>457) (>244)
HSV-1 0.32 ± 0.08 nd 1.06 ± 0.26 nd 3.6 ± 1.8 7.4 ± 0.5
1C3-syn 13-8 (2656) (>943) (>278) (>135)
HSV-1 0.42 ± 0.14 nd 0.81 ± 0.06 nd 10.9 ± 3.8 9.1 ± 2.7
1C3-syn 14-1 (2024) (>1234) (>92) (>110)

nd, not determined.
a IC50 (Inhibitory concentration 50%): concentration required to reduce plaque number in Vero cells by 50%. Mean of two determinations ±SD.
b SI (Selectivity index): CC50/IC50. CC50 (Cytotoxic concentration 50%): concentration required to reduce 50% the number of viable Vero cells after 48 h

of incubation with the compounds. The values of CC50 (lg/ml) were 850 for GiWE, 958 for GiWE-D and >1000 for F3, F3D, DS 8000 and heparin. DS
8000 (Dextran sulfate MW 8000) and heparin are included as reference substances.
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Fig. 2. Inhibitory effect of GiWE and F3 against HSV-1 (F) during and
after virus adsorption. Vero cells were infected with 50 PFU of virus in a
plaque assay under different treatment conditions. Always: GiWE and F3
(2 lg/ml) were present both during and after the adsorption period; during
adsorption: GiWE and F3 (2 lg/ml) were present only during adsorption;
after adsorption: GiWE and F3 (20 lg/ml) were added in the plaquing
medium after adsorption. After 2 days of incubation at 37 �C, plaques
were counted. Results are expressed as % inhibition respect to untreated
infected control. Each value is the mean of duplicate determinations ± SD.
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tion was achieved when GiWE was present at a concentra-
tion of 0.5 and 2 lg/ml, respectively.

The virucidal concentration (VC50) was also estimated
for GiWE and F3 against HSV-1 (F) in order to elucidate
the possibility that these polysaccharides may act directly
on the virus particles. Preincubation of the virus with the
compounds had no significant direct inactivating effect on
HSV-1 virions up to 40 lg/ml that was the maximum con-
centration assayed (data not shown). Thus, the inhibitory
effect of these sulfated polysaccharides appears to be based
mainly on their ability to interfere with the replication cycle
of HSV-1. The lack of virucidal activity for the galactans
from G. indica is in accordance with previous studies that
found most algal sulfated galactans are not able to produce
significant virion inactivation (Mazumder et al., 2002;
Talarico et al., 2004; Matsuhiro et al., 2005). The k-carra-
geenan form Gigartina skottsbergii, which possesses potent
inactivating properties against HSV-1 (Carlucci et al.,
1999) is, however, an exception.

In order to establish the stage of the virus replication
cycle at which the compounds exert their antiviral activity,
a virus plaque reduction assay for HSV-1 (F) in Vero cells
upon different treatment periods was employed (Fig. 2). A
high level of efficacy was attained if the compounds (2 lg/
ml) were present either only during HSV-1 adsorption or
during the whole period of the plaque assay. When present
only after adsorption, they were no longer effective despite
the fact that their concentration was ten fold higher (20 lg/
ml) for this treatment condition. This result is in agreement
with previous studies that stated that the mode of antiviral
action of the polysaccharides was attributed predominantly
to inhibition of virus binding to the cells (Carlucci et al.,
1997, 1999; Talarico et al., 2004; Matsuhiro et al., 2005)
or, less frequently, to either inhibition of virus-cell fusion
or inhibition of both virus-cell binding and fusion (Hosoya
et al., 1991).
2.2.2. Anticoagulant activity
To evaluate the anticoagulant activity of the sulfated

galactans, the activated partial thromboplastin time
(APTT) was measured. The APTT value of plasma treated
with PBS was 37 s. For GiWE and F3 a value of 38 s was
recorded when they were tested at a concentration of 2 lg/
ml. On the contrary, heparin at 2 lg/ml showed APTT
value higher than 180 s. These results indicated that both
natural sulfated polysaccharides have no anticoagulant
activity at concentrations 2–20-fold higher than the IC50,
showing a negative correlation between antiviral properties
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and intrinsic coagulation pathways. Several natural poly-
sulfates present this independence between antiviral and
anticoagulant activities, supporting the therapeutic per-
spectives of this class of compounds (Damonte et al.,
2004). However it is noticeable that a preliminary commu-
nication has reported anticoagulant activity of a sulphated
galactan isolated from G. indica (Sen et al., 1994). To our
knowledge, there are no further studies on the biological
properties of G. indica polysaccharides until the present
study. As above mentioned, the structural features of poly-
saccharide preparation used by Sen et al. (1994) for study-
ing anticoagulant activity is different from the galactan of
the present study (see Section 2.1.4). In addition, the dis-
similar results can also be explained considering the param-
eters analyzed to assay the anticoagulant properties: in
present study the APTT was measured, whereas Sen et al.
(1994) determined the prothrombin time and the clotting
time.
3. Experimental

3.1. Isolation and chemical characterization of sulfated

galactan from the red algae Grateloupia indica

3.1.1. Plant material and preliminary treatments

Grateloupia indica (Grateloupiaceae, Rhodophyta), col-
lected from Okha coast of Gujrat, India, in August 1995,
was freed from attached impurities, washed thoroughly
with tap water, dried by forced air circulation (35–40 �C)
and ground to a flour in a Waring Blender. This powdered
seaweed (260 g) was extracted sequentially with benzene
(20 h) and acetone (20 h), in a Soxhlet apparatus to leave
a depigmented algal powder (DAP, yield 164 g).

3.1.2. Extraction of sulfated galactan

Extraction of DAP with water (pH 6.0) at a solute to
solvent ratio of 1:120 (w/v) was conducted at 30–38 �C
for 12 h under constant stirring for three times. Separa-
tion of the residue from the extract was performed by fil-
tration through glass filter (G-3). The residue was briefly
washed with additional distilled water and the wash was
collected to maximize polysaccharide recovery. The solu-
tion was dialyzed against water and lyophilized. The
recovered polymer was re-dissolved in water and then pre-
cipitated with ethanol (4 vol.). This process of dissolution
of the polymers in water and their precipitation with eth-
anol was repeated twice. The final pellet was dissolved in
water and lyophilized to yield water-extracted fraction,
namely GiWE.

3.1.3. Purification of sulfated galactan by anion exchange

chromatography

A solution (20 mL) of the crude water extract (GiWE,
75 mg) in 50 mM sodium acetate (pH 5.5) was applied to
a column (2.6 · 25 cm) of DEAE-Sepharose FF (AcO�).
Thereafter, the column was eluted (0.6 mL min�1) succes-
sively with 0.05-, 0.15-, 0.75- and 2.0-M NaOAc buffer
(pH 5.5) in a stepwise manner. Fractions (20 ml) were col-
lected and analyzed for their total sugar (Dubois et al.,
1956) and uronic acid (Ahmed and Labavitch, 1977) con-
tents. Appropriate fractions were pooled, dialyzed and
lyophilized.

3.1.4. Size exclusion chromatography

Size exclusion chromatography of the sulfated galactan
(F3) on Sephacryl S-300 column (90 · 2.6 cm) using 0.5-
M sodium acetate buffer (pH 5.0) as eluant was done as
described (Adhikari et al., 2006). The column was cali-
brated with standard dextrans (500, 70, 40 and 10 kDa).

3.1.5. Chemical analysis

Recording of IR spectra and optical rotation measure-
ments were carried out as described previously (Ray,
2006). Total sugars and uronic acids were determined
by the phenol–sulfuric acid (Dubois et al., 1956) and
m-hydroxydiphenyl (Ahmed and Labavitch, 1977) assay,
respectively. For the determination of sugar composition,
the monosaccharide residues released by acid hydrolysis
were converted into their alditol acetate (Blakeney
et al., 1983) and analyzed by GLC (Shimadzu GC-17
A). Monosaccharides were identified by thin-layer
chromatography and gas liquid chromatography–mass
spectrometry (Shimadzu QP 5050 A) as described
(Mazumder et al., 2005). Alternatively, TMS-derivatives
of methyl glycosides were analyzed by gas chromatogra-
phy (York et al., 1985).

3.1.6. Sulfate estimation and desulfation

Estimation of sulfate by the modified barium chloride
method (Craigie et al., 1984) and IR-spectrometry (Rochas
et al., 1986), and solvolytic desulfation by the method of
Falshaw and Furneaux (1998) were carried out as
described (Ghosh et al., 2004).

3.1.7. Linkage analysis

The triethylamine form (Stevenson and Furneaux, 1991)
of native and desulfated galactan (�3 mg of each) was sub-
jected to two rounds of methylation (Blakeney and Stone,
1985). Permethylated samples were hydrolysed, converted
into their partially methylated alditol acetates and analysed
by GLC and GLC/MS (Shimadzu QP 5050 A) as described
(Ray and Lahaye, 1995).

3.1.8. NMR spectroscopy

The 1H NMR spectra of the native and desulfated galac-
tan were recorded on a Bruker ARX 500 spectrometer
operating at 500 MHz for 1H. The sulphated galactan
was converted into sodium salt by passage through a col-
umn (7 mL, Bio-RAD) of Amberlite IR 120 (H+), and all
samples were deuterium-exchanged by lyophilization with
D2O and then examined as 1% solutions in 99.8% D2O.
1H NMR spectra were recorded at 70 �C with HOD sup-
pression by pre-saturation.
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3.2. Evaluation of biological activities

3.2.1. Cells and viruses

Vero (African green monkey kidney) cells were grown in
minimum essential medium (MEM) supplemented with 5%
fetal bovine serum. For maintenance medium (MM),
serum concentration was reduced to 1.5%.

HSV-1 strain F and HSV-2 strain MS were used as ref-
erence strains. B2006 and Field were HSV-1 TK� strains
received from Prof. Dr. E. De Clercq (Rega Institute, Leu-
ven, Belgium). 1C3-syn 13-8 and 1C3-syn 14-1 were HSV-1
syncytial variants arising after serial passages on Vero cells
in the presence of a natural carrageenan obtained from the
red seaweed Gigartina skottsbergii (Carlucci et al., 2002).
Virus stocks were propagated and titrated by plaque for-
mation in Vero cells.

3.2.2. Cytotoxicity test

Vero cell viability was measured by the MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide;
Sigma–Aldrich) method. Confluent cultures in 96-well
plates were exposed to different concentrations of the poly-
saccharide, with three wells for each concentration, using
incubation conditions equivalent to those used in the anti-
viral assays. Then 10 ll of MM containing MTT (final con-
centration 0.5 mg/ml) was added to each well. After 2 h of
incubation at 37 �C, the supernatant was removed and
200 ll 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 cyto-
toxic concentration 50% (CC50) was calculated as the com-
pound concentration required to reduce cell viability by
50%.

3.2.3. Virus plaque reduction assay

Antiviral activity was evaluated by a virus plaque reduc-
tion assay. Vero cell monolayers grown in 24-well plates
were infected with about 50 plaque-forming units (PFU)
of virus/well in the absence or presence of various concen-
trations of the polysaccharide. After 1 h of adsorption at
4 �C, residual inoculum was replaced by MM containing
0.7% methylcellulose and the corresponding dose of com-
pound. Plaques were counted after 2 days of incubation
at 37 �C. The inhibitory concentration 50% (IC50) was cal-
culated as the compound concentration required to reduce
virus plaques by 50%. All determinations were performed
twice and each in duplicate.

3.2.4. Virucidal assay

A virus suspension of HSV-1 (F) containing 4 · 106

PFU was incubated with an equal volume of MM with
or without various concentrations of the compounds for
2 h at 37 �C. The samples were then diluted in cold MM
to determine residual infectivity by plaque formation.
The sample dilution effectively reduced the drug concentra-
tion to be incubated with the cells at least 100-fold to assess
that titer reduction was only due to cell-free virion inactiva-
tion. The virucidal concentration 50% (VC50), defined as
the concentration required to inactivate virions by 50%,
was then calculated.

3.2.5. Effect of the incubation time on the activity of GiWE

and F3 against HSV-1(F)
Vero cells grown in 24 well plates were infected with 50

PFU of HSV-1 (F) under different treatment conditions:
exposure to 2 lg/ml of the compounds at 4 �C was
restricted to the virus adsorption phase only (compound
in the inoculum), or to adsorption and post-adsorption
(compound in the inoculum and in the plaquing medium)
or to the post-adsorption period only (20 lg/ml of the com-
pound in the plaquing medium). After 2 days of incubation
at 37 �C, plaques were counted and the IC50 values were
calculated for each treatment.

3.2.6. Indirect immunofluorescence staining

Vero cells grown on glass coverslips were infected with
HSV-1 (F) (multiplicity of infection 0.1), in the absence
or in the presence of 0.5 or 2 lg/ml of GiWE. At 24 h
p.i., cells were washed with PBS and fixed with methanol
for 15 min at �20 �C. Then, cells were washed with PBS
and reacted with DEAE purified anti-HSV-1 IgG from
hyperimmune rabbit serum for 30 min at 37 �C, followed
by incubation with fluorescein-conjugated goat anti-
rabbit IgG (Sigma–Aldrich, USA) for 30 min at 37 �C.
After a final washing with PBS, the cells were counter-
stained with Evans blue at a dilution of 1:10,000 for
3 min at room temperature and mounted in a glycerol
solution containing 1,4-diazabicyclo[2,2,2]octane
(DABCO). The fluorescent virus foci in each preparation
were counted.

3.2.7. Assay for anticoagulant activity

Anticoagulant activity of the galactans was determined
using the activated partial thromboplastine time (APTT)
assay. Briefly, 30 ll of test solution were added to 100 ll
of pooled human plasma and 100 ll of APTT reagent
(Wiener lab, Argentina). The mixture was incubated for
1 min at 37 �C. After the incubation, 70 ll of CaCl2
0.025 M were added and the time to clot formation was
recorded.
4. Conclusion

In conclusion, this is the first report of the antiherpetic
activity of a sulfated polysaccharide derived from the red
seaweed G. indica. The isolated galactan exhibited potent
antiherpetic activity against reference strains, syncytial
variants and TK� ACV resistant strains, mainly affecting
virus adsorption to the host cells. The inhibition of
in vitro HSV replication was observed at concentrations
which do not have any effect on the cell viability. There-
fore, sulfated galactan of G. indica is a good candidate
for further clinical research.



1434 K. Chattopadhyay et al. / Phytochemistry 68 (2007) 1428–1435
Acknowledgements

This work was supported by CSIR to B.R. and CONI-
CET (PIP 5513), UBA (UBACyT X040) and ANPCyT
(PICT 14124) to E.B.D. Standard dextrans was gift from
Dr. Tapani Vuorinen, HUT, Finland. We thank the Direc-
tor, CSMRI for his help during the collection and identifi-
cation of the alga.
References

Adhikari, U., Mateu, C.G., Chattopadhyay, K., Pujol, C.A., Damonte,

E.B., Ray, B., 2006. Structure and antiviral activity of sulfated fucans

from Stoechospermum marginatum. Phytochemistry 67, 2474–2482.

Ahmed, A., Labavitch, J.M., 1977. A simplified method for accurate

determination of cell wall uronide content. Journal of Food Biochem-

istry 1, 361–365.

Aquino, R.S., Landeira-Fernandez, A.M., Valente, A.P., Andrade, L.R.,

Mourao, P.A.S., 2005. Occurrence of sulfated galactans in marine

angiosperms: evolutionary implications. Glycobiology 15, 11–20.

Blakeney, A.B., Harris, P., Henry, R.J., Bruce, A.B., 1983. A simple rapid

preparation of alditol acetates for monosaccharide analysis. Carbo-

hydrate Research 113, 291–299.

Blakeney, A.B., Stone, B.A., 1985. Methylation of carbohydrates with

lithium methylsulphinyl carbanion. Carbohydrate Research 140, 319–

324.

Carlucci, M.J., Scolaro, L.A., Damonte, E.B., 2002. Herpes simplex virus

type 1 variants arising after selection with an antiviral carrageenan:

lack of correlation between drug susceptibility and syn phenotype.

Journal of Medical Virology 68, 92–98.

Carlucci, M.J., Ciancia, M., Matulewicz, M.C., Cerezo, A.S., Damonte,

E.B., 1999. Antiherpetic activity and mode of action of natural

carrageenans of diverse structural types. Antiviral Research 43, 93–

102.

Carlucci, M.J., Scolaro, L.A., Errea, M.I., Matulewicz, M.C., Damonte,

E.B., 1997. Antiviral activity of natural sulphated galactans on herpes

virus multiplication in cell culture. Planta Medica 63, 429–432.

Craigie, J.S., Wen, Z.C., van der Meer, J.P. 1984. Interspecific, intraspe-

cific and nutritionally-determined variations in the composition of

agars from Gracilaria spp. Botanica Marina XXVII, 55–61.

Damonte, E.B., Matulewicz, M.C., Cerezo, A.S., 2004. Sulfated seaweed

polysaccharides as antiviral agents. Current Medicinal Chemistry 11,

2399–2419.

Darcy-Vrillon, B., 1993. Nutritional aspects of the developing use of

marine macroalgae for the human food industry. International Journal

of Food Science & Nutrition 44, S23–S35.

Duarte, M.E.R., Cauduro, J.P., Noseda, D.G., Noseda, M.D.,

Goncalves, A.G., Pujol, C.A., Damonte, E.B., Cerezo, A.S.,

2004. The structure of the agaran sulfate from Acanthophora

spicifera (Rhodomelaceae, Ceramiales) and its antiviral activity.

Relation between structure and antiviral activity in agarans..

Carbohydrate Research 339, 335–347.

Dubois, M., Gilles, K.A., Hamilton, J.K., Rebers, P.A., Smith, F., 1956.

Colorimetric method for determination of sugars and related sub-

stances. Analytical Chemistry 28 (3), 350–366.

Falshaw, R., Furneaux, R.H., 1998. Structural analysis of carrageenans

from the tetrasporic stages of the red algae, Gigartina lanceata and

Gigartina chapmanii (Gigartinaceae, Rhodophyta). Carbohydrate

Research 07, 325–331.

Farias, W.R.L., Valente, A.-P., Pereira, M.S., Mourao, P.A.S., 2000.

Structure and anticoagulant activity of sulfated galactans Isolation of

a unique sulfated galactan from the red algae Botryocladia occidentalis

and comparison of its anticoagulant action with that of sulfated

galactans from invertebrates. The Journal of Biological Chemistry 275,

29299–29307.
Franz, G., Paper, D., Alban, S., 2000. In: Paulsen, B.S. (Ed.), Bioactive

Carbohydrate Polymers. Kluwer Academic Publishers, Dordrecht, pp.

47–58.

Ghosh, P., Adhikari, U., Ghosal, P., Pujol, C.A., Carlucci, M.J.,

Damonte, E.B., Ray, B., 2004. In vitro anti-herpetic activity of

sulfated polysaccharide fractions from Caulerpa racemosa. Phyto-

chemistry 65, 3151–3157.

Gunay, N.S., Linhardt, R.J., 1999. Heparinoids: structure, biological

activities and therapeutic applications. Planta Medica 65, 301–306.

Hosoya, M., Balzarini, J., Shigeta, S., De Clercq, E., 1991.

Differential inhibitory effects of sulfated polysaccharides and

polymers on the replication of various myxoviruses and retrovi-

ruses, depending on the composition of the target amino acid

sequences of the viral envelope glycoproteins. Antimicrobial

Agents Chemother 35, 2515–2520.

Indergaard, M., Minsaas, J., 1991. Animal and human nutrition. In:

Guiry, M.D., Blunden, G. (Eds.), Seaweed Resources in Europe: Uses

and Potential. Wiley, Chichester, pp. 21–64.

Knutsen, S.H., Myslabodsky, D.E., Larsen, B., Usov, A.I., 1994. A

modified system of nomenclature for red algal galactans. Botanica

Marina 37, 163–169.

Lewis, J.G., Stanley, N.F., Guist, G.G., 1988. In: Lembi, C.A., Waaland,

J.R. (Eds.), Algae and Human Affairs. Cambridge University Press,

New York, pp. 205–236.

Lloyd, A.G., Dodgson, K.S., Price, R.B., Rose, F.A., 1961. I. Polysac-

charide Sulphates. Biochimica et Biophysica Acta 46, 108–115.

Matsuhiro, B., Conte, A.F., Damonte, E.B., Kolender, A.A., Matulewicz,

M.C., Mejı́as, E.G., Pujol, C.A., Zúñiga, E.A., 2005. Structural
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