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Abstract: The enzymatic depolymerization of fucoidans from brown algae allowed the production of
their standardized derivatives with different biological activities. This work aimed to compare the
antiviral activities of native (FeF) and modified with enzyme (FeHMP) fucoidans from F. evanescens.
The cytotoxicity and antiviral activities of the FeF and FeHMP against herpes viruses (HSV-1, HSV-2),
enterovirus (ECHO-1), and human immunodeficiency virus (HIV-1) in Vero and human MT-4 cell
lines were examined by methylthiazolyltetrazolium bromide (MTT) and cytopathic effect (CPE)
reduction assays, respectively. The efficacy of fucoidans in vivo was evaluated in the outbred mice
model of vaginitis caused by HSV-2. We have shown that both FeF and FeHMP significantly inhibited
virus-induced CPE in vitro and were more effective against HSV. FeF exhibited antiviral activity
against HSV-2 with a selective index (SI) > 40, and FeHMP with SI > 20, when they were added before
virus infection or at the early stages of the HSV-2 lifecycle. Furthermore, in vivo studies showed that
after intraperitoneal administration (10 mg/kg), both FeF and FeHMP protected mice from lethal
intravaginal HSV-2 infection to approximately the same degree (44-56%). Thus, FeF and FeHMP
have comparable potency against several DNA and RNA viruses, allowing us to consider the studied
fucoidans as promising broad-spectrum antivirals.
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1. Introduction

An increase in viral infections among all human infectious diseases and a lack of effective
antivirals is one of the most significant problems of healthcare worldwide. Quite a few of currently
used antivirals have a relatively low antiviral activity with a narrow spectrum of action (<one virus/
one medicine>), and viruses frequently become resistant to such antivirals. Therefore, the search for
antiviral compounds that can effectively block the reproduction of a broad spectrum of human viruses
and the development of new drugs based on such antivirals is quite essential.

Global pharmaceutical experience shows that marine hydrobionts have significant potential as
raw materials for the development of drug products. In recent years, the sulfated polysaccharides from
various marine algae, including fucoidans from brown algae, have attracted researchers” attention.
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The main components of the fucoidans molecule are the sulfated L-fucose residues. In addition to
fucose residues, fucoidans often contain other monosaccharides such as galactose, uronic acids, xylose,
mannose and others [1]. These polysaccharides have various biological activities—anticoagulant,
anti-inflammatory, antitumor, antioxidant, adjuvant, and antiviral [2-5]. Their biological properties are
determined by the structure of the main chain, molecular weight, content, and location of sulfate and
acetate groups [6-9]. A study of the pharmacokinetics and tissue distribution of fucoidans isolated
from different types of brown algae showed that high-molecular-weight fucoidans are determined for
a long time in the blood, mainly accumulating in the spleen, kidneys and liver, and excreted in the
urine [10,11]. Fucoidans are the basis of biologically active compounds [12] used as drug carriers [13,14].
Therapeutic characteristics of fucoidans have been assessed in clinical trials [15,16]. However, despite
the apparent progress in studying the properties of fucoidans, there are no registered fucoidans-based
drug products, in part due to difficulties in obtaining standard polysaccharide samples.

One of the strategies for the development of simpler biologically active fucoidans with a
standardized and reproducible structure is the enzymatic transformation of fucoidans [17,18].
Previously, the enzymatic depolymerization of the native fucoidan from brown alga Fucus evanescens
was carried out using recombinant fucoidanase FFA1 from marine bacteria Formosa algae to obtain
a standardized fragment of fucoidan molecule with the regular structure [19]. In the present study,
we used both fucoidans:—native fucoidan isolated from F. evanescens — FeF (F. evanescens Fucoidan)
and its derivative obtained after enzymatic treatment — FeHMP (F. evanescens High-Molecular-Weight
Product). The FeF (molecular weight 160 kDa), as previously shown, built up from randomly
alternating «-(1—3)- and «-(1—4)-linked residues of sulfated fucose residues [20-22]. The FeHMP
(molecular weight—50.8 kDa) has a regular structure and built from repeating fragments of
([-3)-a-L-Fucp(2,40503-)-(1—4)-a-L-Fucp(20SO3-)-(1-1]n) [19-22].

The aim of this study was the comparative analysis of the antiviral activity of the native fucoidan
from F. evanescens (FeF) and its derivative (FeHMP) with the regular structure against several DNA-
and RNA-containing viruses. Investigation of the antiviral activity of native fucoidan (FeF) with
nonregular structure and standardized fucoidan (FeHMP) can give us the answer of which structural
fragment of these unique polysaccharides is important against viruses.

2. Results

2.1. The Cytotoxicity and In Vitro Antiviral Activity of Fucoidans against DNA and RNA Viruses

The data for cytotoxicity determined by MTT (methylthiazolyltetrazolium bromide) assay showed
low toxicity of the native (FeF) and modified (FeHMP) fucoidans and Acyclovir® against Vero
cells—their 50% cytotoxic concentrations (CCsy) were above 2000 pg/mL, while CCsq of Ribavirin®
was 750 ug/mL. Antiviral activity assay was performed at the concentrations below 500 pg/mL. In the
case of MT-4 cells, the CCs( of fucoidans were 200 ug/mL, and CCsq of the Retrovir® and Epivir® were
50 pug/mL. Thus, their anti-HIV-1 activity was assessed at the concentrations below their CCsy.

The antiviral effect of fucoidans against herpes simplex viruses type 1 and 2 (HSV-1 and HSV-2),
enterovirus (ECHO-1) and human immunodeficiency virus (HIV-1) was assessed using cytopathic
effect (CPE) inhibition assay. To study the inhibitory effect of tested compounds on the stage of virus
infection, the fucoidans were added before virus infection (pretreatment of cells), directly to the virus
suspension (pretreatment of virus), concurrently with the initiation of virus infection (simultaneous
treatment), and after penetration of the virus into host cells (treatment of infected cells), respectively.
The results of the virus-inhibitory activity of tested compounds were used for calculations of the 50%
inhibitory concentration (ICsp) and the selectivity index (SI) for each of the compounds (Table 1).
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Table 1. Spectrum of antiviral activity of fucoidans.

Pretreatment of Virus Pretreatment of Cells Simultaneous Treatment Treatment of Infected Cells

Viruses Compounds
ICs0 (ng/mL) SI ICs0 (ng/mL) SI ICs0 (ng/mL) SI ICs0 (ng/mL) SI

FeF 106 + 13 19+2 53+7 38+4 59 +8 34+4 80+9 25+3

HSV-1 FeHMP 127 + 15 16 £2 100 £ 15 * 20+£2% 95+12* 21 £2% 100 + 13 20+ 2
Acyclovir NA NA 21+03 >950 0.1 +0.01 >20.000

FeF 95 + 10 21 +2 45+ 6 44 +5 50+7 40+5 65+ 8 31+4

HSV-2 FeHMP 110 £ 13 18+2 77 £ 8* 26+ 3% 80+10* 25+3% 85+ 11 24 +3
Acyclovir NA NA 1.6 +0.2 >1200 0.1 +£0.01 >20.000

FeF 710 + 80 2.8+0.2 105 + 12 19+2 90 + 12 22+2 110 £ 13 18+1

ECHO-1 FeHMP 580 + 65 34+0.2 83 +10 24 +£2 85+ 11 24 +2 93 +11 21«2

Ribavirin NA NA >500 <15 >500 <15

FeF 25+3 8+1 25+3 8+1 25+3 8+1 25+3 8+1

HIV-1 FeHMP 25+3 8+1 25+3 8§+1 50+6 4+05 25+3 8§+1
) Retrovir 5+0.6 10+1 NA NA 1.3+0.2 38+4 25+03 20+ 3
Epivir 1.5+0.2 33+4 NA NA 1.5+0.2 33+4 1.5+0.2 33+4

Note: Values represent the means + standard deviations of three or more independent experiments; FeF, native fucoidan from brown alga F. evanescens; FeHMP, modified fucoidan fragment;
Acyclovir, Ribavirin, Retrovir and Epivir were used as positive controls; ICs, concentration that inhibited 50% of virus’s replication; SI, selectivity index (CCsy/ICs0); NA, no activity;

* Statistically significant differences between tested compounds (FeF and FeHMP) (p < 0.05).
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The pretreatment of DNA-containing viruses (HSV-1 and HSV-2) with fucoidans (direct virucidal
action) showed a moderate antiviral activity of FeF and FeHMP (their mean values of SI were ~ 19).
In the case of RNA-containing viruses, the virucidal action of fucoidans against HIV-1 was modest
(SI =8), and minor against nonenveloped RNA-containing ECHO-1 virus (SI~3). This method of
application of fucoidans showed no significant difference between FeF and FeHMP (p > 0.05) (Table 1).

The treatment of cells with fucoidans before infection (preventive effect) and just after the virus
inoculation (0 h) (simultaneous treatment) revealed the highest antiviral activity of tested compounds
(Table 1). The native fucoidan effectively inhibited the replication of both HSV types when compared
with modified fucoidan—SI of FeF was 1.5-1.9 times higher than with FeHMP. In the case of ECHO-1,
the antiviral activity of fucoidans was moderate (SI~22), and the difference between the antiviral
effect of FeF and FeHMP was not significant (p > 0.05). The anti-HIV-1 activity of fucoidans in this
application mode was modest (SI~8).

The application of sulfated polysaccharides after virus adsorption and penetration to cells (at 1 h
postinfection) (treatment of infected cells) showed moderate replication inhibition against HSV-1,
HSV-2, and ECHO-1 (the average SI was 23) and modest virus-inhibitory activity of fucoidans against
HIV-1 (SI~8). The difference between FeF and FeHMP was not significant (p > 0.05) (Table 1).

Our results demonstrated the ability of native and modified fucoidans to inhibit the replication of
HSV-1, HSV-2, ECHO-1, and HIV-1; herpes simplex viruses, especially HSV-2, were the most sensitive
to tested sulfated polysaccharides.

2.2. In Vivo Efficacy of Fucoidans against HSV-2 Infection in a Mouse Vaginitis Model

Having identified the antiviral potency of native and modified fucoidans in vitro, we evaluated
their protective efficacy against the intravaginal HSV-2 challenge in mice. The clinical symptoms of
infection were observed to start on the 5th day postinfection and included loss of body weight, vaginal
swelling, hyperemia, and discharge. Also, the decreased motor activity, food, and water intake were
observed, followed with hind limb paralysis on the 7th day postinfection. The average survival time of
infected animals in the virus group was 9.7 + 2.6 days (Table 2).

Table 2. Effect of fucoidans treatment on the protection of mice from intravaginal herpes simplex virus
2 (HSV-2) infection.

Groups Survivors/Total Protection Index (%)  Average Survival Time (d)
FeF (5 mg/kg/d) 2/10 11.1 11.0+2.1
FeF (10 mg/kg/d) 5/10 * 44.4 141+14*
FeHMP (5 mg/kg/d) 3/10 222 13.4+1.8
FeHMP (10 mg/kg/d) 6/10 * 55.6 16.0+1.3%
Acyclovir (50 mg/kg/d) 10/10 * 100 21.0+05*
Virus group 1/10 - 97126
Normal group 10/10 100 >21

Note: Protection index: (Mv — Mc) / Mv x100%, where Mv and Mc are mortality (%) in the virus and
compounds-treated groups, respectively. The tested drugs were administered intraperitoneally for 5 days
postinfection. * Doses of tested fucoidans (FeF and FeHMP) were comparable with doses of fucoidans from
other brown algae used in experimental viral infections [23,24]. Statistically significant differences between values
in the compounds-treated group and virus group (p < 0.05).

The treatment of HSV-2-infected mice with fucoidans from F. evanescens (FeF and FeHMP) resulted
in a dose-dependent antiviral effect, leading to reduced clinical symptoms and mortality (Table 2,
Figure 1A). Fucoidans (FeF and FeHMP) given intraperitoneally at 10 mg/kg/d provided a survival rate
of 44-56% in infected mice. The average survival time of fucoidans-treated mice increased by 4-6 days
compared to the virus group (p < 0.05). Furthermore, the administration of these doses of fucoidans to
HSV-2-infected animals effectively prevented the loss of their body weight (Figure 1B). The treatment
of infected mice with Acyclovir® (50 mg/kg/d) protected all animals from the lethal outcome, so the
protection index was 100%.
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Figure 1. Antiviral activity of fucoidans (FeF and FeHMP) against HSV-2 infection in a mouse vaginitis
model. (A) Survival analysis of HSV-2-infected and compounds-treated mice; (B) body weight change
of mice after HSV-2 infection; (C) replication of HSV-2 after compound treatment in the mice vaginal
lavages at 5 and 7 days after HSV-2 inoculation. * Significant difference between values of the treated
group and virus group (p < 0.05).

On the 7th day postinfection, the replication of HSV-2 in the vaginal epithelium of mice in the virus
group reached 3.63 + 0.18 Ig TCIDsp/mL (Figure 1C). The intraperitoneal administration of fucoidans
at 10 mg/kg/d significantly reduced virus replication in the infected vagina compared to the virus
group (p < 0.05) (Figure 1C). By the seventh day of the treatment with 10 mg/kg/d of native fucoidan
(FeF), a reduction of HSV-2 titers in the vaginal lavages by 2 1g TCID5o/mL was observed. Similarly,
the modified fucoidan (FeHMP, 10 mg/kg/d) and Acyclovir® (50 mg/kg/d) significantly reduced HSV-2
titers by 3 lg TCIDsp/mL. Based on these data, it can be concluded that fucoidans FeF and FeHMP
effectively protect mice from intravaginal HSV-2 challenge.

3. Discussion

It is well-known that fucoidans from different brown algae have antiviral activity against
DNA-containing [24-26] and RNA viruses [27-30], and are promising candidates for the development
of fucoidan-based drug products. In the meantime, the standardization of fucoidan extraction is a
complicated process [31,32], mainly due to the structural diversity of fucoidans [33] and sometimes
because of biotechnological problems [34]. Therefore, the critical task is the identification of the
structural fucoidans fragments responsible for their biological activity as well as the development of
standardized fucoidan-based drug products with a pronounced antiviral effect.
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Our study aimed to investigate the effect of the native fucoidan and its regular derivative at
the different stages of the virus life cycle, including significant human pathogens HSV-1, HSV-2,
HIV-1, and ECHO-1. The results showed the ability of both fucoidans to increase the resistance to
virus infection (preventive effect), directly affect virus particles (virucidal effect), and inhibit the early
stage of virus replication (virus-inhibiting effect). The multifaceted mechanisms of action of tested
fucoidans are similar to the mechanisms of action of other sulfated polysaccharides from different
algae [35,36]. Nevertheless, we showed some specific features of the antiviral activity of FeF and
FeHMP against the aforementioned viruses. For example, tested fucoidans more effectively inhibited
the replication of the DNA-containing HSV-1 and HSV-2, compared with a moderate antiviral effect
against RNA viruses ECHO-1 and HIV-1. It was found that fucoidans affected different stages of
HSV-1 and HSV-2 replication more effectively at the stage of virus adsorption and penetration to
the host cells, as demonstrated by the treatment of cells with fucoidans before virus infection and
simultaneous treatment of cells with the mixture of fucoidan and virus. We hypothesize that one of
the possible mechanisms of high anti-HSV activity of studied fucoidans can be related to the sulfated
polysaccharides” ability to interact with cells to competitively inhibit binding sites usually used by
herpesviruses for cell entry [35,37,38].

Comparative analysis of antiviral activities of native (FeF) and modified (FeHMP) fucoidans
showed that FeF more effectively inhibits the replication of both types of HSV than FeHMP. On the other
hand, both tested fucoidans had similar antiviral activity against ECHO-1 and HIV-1. It was previously
demonstrated [19] that FeHMP had lower molecular weight and was significantly more sulfated
than FeF. Some authors reported that the antiviral activity of sulfated polysaccharides increased with
molecular weight and sulfate content [37-39]. However, we believe that the revealed differences in the
anti-HSV activity of FeF and FeHMP can be associated with the fine structure of both polysaccharides
rather than with a decrease in the molecular weight or increase in the number of sulfate groups in
FeHMP fucoidan.

It is possible that enzymatic hydrolysis brings about the decrease of structural fragments’ diversity
in the fucoidan molecule, leading to the reduction in the number of potential fucoidan targets on the
cell surface. Presumably, it leads to the lower anti-HSV activity of the modified fucoidan FeHMP
compared with the native fucoidan FeF.

In our opinion, the antiviral activity of tested fucoidans from F. evanescens (FeF and FeHMP)
against nonenveloped RNA viruses (for example, ECHO-1 enterovirus), is very important. Currently,
there are only a few reports concerning the antienteroviral activity of sulfated polysaccharides from
marine algae [40-42]. Our results suggest that mechanisms of anti-ECHO-1 activity of fucoidans can be
related to the inhibition of virus adsorption and early stages of viral infection. It should be noted that
in the case of enterovirus, the fucoidans antiviral effect was greater than that of Ribavirin® (Table 1).

The last ten years were characterized by the appearance of numerous reports about the anti-HIV
activity of sulfated polysaccharides isolated from different algae [43—45]. It is believed that the primary
mechanism of anti-HIV action is the ability of these compounds to block the virus penetration to the
sensitive host cells via binding to positively charged amino acids of virus envelope glycoprotein gp120,
which mediates viral attachment [4,38,46]. Several authors reported inhibition of the HIV-1 life cycle
both before and after virus penetration to cells with some sulfated polysaccharides [47,48]. Our study
results also showed that native and modified fucoidans inhibited different stages of HIV-1 replication
in human T cells (MT-4 cell line) when applied at the same inhibitory concentration (ICsy = 25 pg/mL)
(Table 1).

The high worldwide prevalence of HSV-2 infections, the severity of complications and their
close linkage with cervical cancer and HIV-1 infection allow attributing the diseases caused by
HSV-2 to global healthcare and social issues [49-51]. Therefore, the search for anti-HSV-2 drugs with
different mechanisms of action is still very important. Previously, the anti-HSV-2 activity of sulfated
polysaccharides from seaweed and mushroom was shown in the mouse model of genital herpesvirus
infection [52,53]. In our study, the protective efficacy of tested fucoidans against intravaginal HSV-2
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challenges in mice was demonstrated (Table 2, Figure 1). Intraperitoneal administration of native
fucoidan FeF and its derivative FeHMP significantly improved the survival rate, alleviated symptoms
of the disease, prevented the weight loss, and reduced vaginal virus load induced by HSV-2 infection
compared to the virus group. We assume that the protective antiviral effect of fucoidans is associated
not only with selective influence on a different stage of viral infection but also with antioxidant,
anti-inflammatory, and immunomodulatory properties of these compounds.

The results of our study showed that standardized fucoidan with a regular structure as
well as native fucoidan have comparable potency against a range of DNA- and RNA-containing
viruses associated with severe human pathology. We suggest that the antiviral properties of
these unique polysaccharides may be due to structural features, and in particular, with their
highly sulfated fragment ([—3)-a-L-Fucp(2,40503—)-(1—=4)-«-L-Fucp(205S03-)-(1—])n. Obtaining
standardized fucoidan preparations can be a basis of a successful strategy for the development of
promising broad-spectrum antivirals.

4. Materials and Methods

4.1. Viruses and Cell Cultures

The following viruses were used for the study—herpes simplex virus type 1 (HSV-1) strain VR3
was obtained from the National Collection of US Viruses (Rockville, MD, USA). The herpes simplex
virus type 2 (HSV-2) strain G ATCC VR-734 was obtained from the Smorodintsev Research Institute of
Influenza (Sankt-Petersburg, Russia). The strain IP91 of ECHO-1 enterovirus was obtained from the
Chumakov Federal Scientific Center for Research and Development of Inmune and Biological Products
(Moscow, Russia). The human immunodeficiency virus (HIV-1) strain M070, subtype A6, was from the
collection of HIV strains of the Mechnikov Research Institute of Vaccines and Sera (Moscow, Russia).

HSV-1, HSV-2, and ECHO-1 were grown in African green monkey kidney (Vero) cells using
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% Fetal Bovine Sera (FBS) and
100 U/mL of gentamycin at 37 °C in a CO; incubator; in the maintenance medium, the FBS concentration
was decreased to 1%. HIV-1 was propagated in the human T-cell line MT-4 using RPMI-1640 medium
supplemented with 10% FBS, 0.06% L-Glutamine, and 50 U/mL gentamycin.

4.2. Animals

Female outbred mice (16-20 g) were obtained from the Scientific Center for Biomedical Technology
of the Federal Medical and Biological Agency (Andreevka, Moscow Region, Russia) and used for
in vivo experiments. All procedures were performed strictly following the (European Convention for
the Protection of Vertebrate Animals Used for Experimental and other Scientific Purposes) of 18 March
1986. All animal experiments comply with bioethical standards; the study protocol was approved by
the local institutional bioethics committee of the Mechnikov Institute (protocol N 4, of 20.08.2019).

4.3. Studied Compounds

Native fucoidan (FeF)—sulfated polysaccharide from brown algae Fucus evanescens.

Fucoidan from F. evanescens (FeF) was purified as described early [54] and characterized [20-22].
According to NMR spectroscopy data, native fucoidan FeF was built up from alternating
a-(1—3)- and o-(1—4)-linked residues of sulfated fucose residues: (—3)-a-L-Fucp(2,40503—)-(1—4)-
a-L-Fucp(20503-)-(1—) and (—3)-a-L-Fucp(20503—-)-(1—4)-o-L-Fucp (20503 —-)-(1—). Modified
fucoidan (FeHMP)—high molecular weight product (HMP) of enzyme hydrolysis of native fucoidan.

To obtain a fucoidan derivative with a regular structure, we used the method described in [19].
In brief, fucoidan from F. evanescens (FeF, 0.5 g) was dissolved in 49 mL of the buffer (0.04 M Tris-HCl,
pH 7.0 with 5 mM CaCl,) and 1 ml of enzyme (fucoidanase FFA1, 0.1 mg/mL) was added. The reaction
mixture was incubated at 34 °C for 72 h, and then heated at 80 °C for 10 min, and the precipitate was
removed by centrifugation. The high-molecular-weight reaction products (FeHMP) (in supernatant)
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were precipitated with ethanol at the ratio of 1:3 (v/v), and precipitate was separated by centrifugation
at 10,000x g for 40 min. 'H NMR spectra of both native and modified fucoidans are presented in
supplementary data (Figure S1). FeHMP has a regular structure and consists of a repeating fragment:
([—3)--L-Fucp(2,40503—)-(1—=4)-a-L-Fucp(2,40503-)-(1—=1)n [19].

Summarized information with structural characteristics of fucoidans is presented in Table 3.

Table 3. The structure of native (FeF) and modified (FeHMP) fucoidans from Fucus evanescens [19].

Polysaccharide  Molecular Weight, kDa  OSO3~ % Monosaccharide Composition

Fuc Gal Xyl

FeF 160 28 0.9 0.1 0

FeHMP 50.8 40 1.0 0 0
Antivirals used as positive controls: - Acyclovir®, freeze-dried powder for injections (GlaxoSmithKline

Manufacturing, Italy) used for herpes virus infections; - Ribavirin® (Sigma-Aldrich, USA) used for enterovirus
infections; and - Retrovir® (ViiV Healthcare UK Limited, UK), Epivir® (ViiV Healthcare, UK) used for HIV infection.

Fucoidans (FeF and FeHMP) and Acyclovir® for experiments in vitro and in vivo were diluted
in DMEM. Stock solution (10 mg/mL) of Ribavirin® for in vitro experiments was dissolved in
dimethylsulfoxide (DMSO, Sigma, Saint-Louis, MO, USA), stored at —20 °C and was diluted with a
suitable cell culture medium to a final concentration of 0.5% DMSO. Antiretrovirals were diluted with
RPMI-1640 (Pan-Eco, Moscow, Russia).

4.4. Cytotoxicity Assay of the Fucoidans

The cytotoxicity of fucoidans was estimated by MTT assay in Vero cells [55]. Cell monolayers
(1 x 10* cells/well) in the 96-well plates were treated with different concentrations of compounds
(from 0.2 to 2000 pug/mL) and incubated at 37 °C in a CO,-incubator for three days; untreated cells were
used as controls. MTT solution (methylthiazolyltetrazolium bromide, Sigma, Saint-Louis, MO, USA)
was added to cells in the concentration 5 mg/mL, following incubation for 2 h at 37 °C. Then, the MTT
solution was removed, and isopropanol was added to dissolve the insoluble formazan crystals.
The optical density was measured at 540 nm using an ELISA microplate reader (Labsystems Multiskan
RC, Vantaa, Finland). Cytotoxicity was expressed as 50% cytotoxic concentration (CCsp) of each studied
compound that reduced the viability of treated cells by 50% compared with untreated cells and was
calculated using regression analysis of dose-response curve [56].

The cytotoxicity of fucoidans for lymphoblast cell line MT-4 was also assessed by an MTT assay.
The cells were incubated in the 96-well plates, treated with different concentrations of fucoidans
(0.25-250 pg/mL), and cultured at 37 °C in a CO, incubator for five days; the untreated MT-4 cells were
used as controls.

4.5. Antiviral Activity Assay of Fucoidans In Vitro

The antiviral activity of fucoidans against HSV-1, HSV-2, ECHO-1, and HIV-1 was evaluated using
the cytopathic effect (CPE) inhibition assay in the Vero and MT-4 cells, respectively. The monolayers of
Vero cells grown on 96-well plates (1 X 10* cells/well) were infected with 100 TCIDsp/mL (the 50% tissue
culture infectious dose) of the corresponding virus (HSV-1, HSV-2, ECHO-1). Suspension of MT-4 cells
(3 x 10°cells/mL) was cultured in 96-well flat-bottomed plates followed by infection of 100 TCIDso/mL
of HIV-1. Some schemes of fucoidans and appropriate pharmaceutical application were investigated;
each of them was carried out in three independent replicates in triplicate, with different concentrations
of compounds (0.25-250 pg/mL). The plates were incubated at 37 °C in a CO, incubator for 72 h for
HSV-1, HSV-2, and ECHO-1 and 120 h for HIV-1 until 80-90% CPE was observed in virus control
compared with cell control.

The pretreatment of cells with fucoidans. The monolayer of cells was pretreated with different
concentrations of studied compounds for 2 h at 37 °C. After washing, the cells were infected with
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100 TCIDsp/mL of the virus at 37 °C for one hour. Then, unabsorbed virus was removed by washing
with phosphate-buffered saline (PBS), and cells were incubated in the maintenance medium until
CPE appeared.

The pretreatment of the virus with fucoidans. An infectious dose of virus (100 TCID5p/mL) was
mixed with different concentrations of studied compounds at a ratio 1:1 (v/v), incubated for one hour
at 37 °C; then, the mixture was applied to the monolayer of cells. After 1 h adsorption at 37 °C, the cells
were washed with PBS, overlaid by the maintenance medium, and followed by incubation until CPE
was observed.

The simultaneous treatment of the cells with fucoidans and viruses. The monolayer of cells was
infected with the virus (100 TCIDsp/mL) and simultaneously treated by different concentrations of
the studied compounds (virus: compound, 1:1 v/v) for one hour at 37 °C. After virus adsorption,
the mixture was removed; the cells were washed with PBS and incubated in maintenance medium
until CPE appeared.

The treatment of virus-infected cells with fucoidans. The monolayer of cells was infected with
the virus (100 TCIDsp/mL) at 37 °C for 1 h, and then the cells were washed with PBS and treated with
different concentrations of the studied compounds and incubated before apparent CPE.

After the incubation, the cell supernatants were collected, virus titers were calculated using
the Reed-Muench method [57] and expressed as TCIDsp/mL. The antiviral effect of fucoidans was
determined by the difference of viral titers between the treated infected cells and untreated infected
cells and expressed as virus inhibition rate (IR, %). IR was calculated according to the following
formula [58]: IR = (1 — T/C) x 100%, where T is the antilog of the compound-treated viral titers, and C
is the antilog of the control (without compound) viral titers. The fifty per cent inhibitory concentration
(ICs0) of each compound was determined as the compound concentration that inhibited virus-mediated
CPE by 50% and was calculated using a regression analysis of the dose-response curve [56]. Selectivity
index (SI) was calculated as the ratio of CCsq to ICsq for each compound.

4.6. Antiviral Activity Assay of Fucoidans against HSV-2 In Vivo

To evaluate the anti-HSV-2 activity of fucoidans in vivo, we used a mouse vaginitis model by
vaginal infection with the HSV-2. Female outbred mice (1620 g) were randomly divided into 7 groups
with 10 mice in each group as follows—normal group (control uninfected mice), virus group (infected
and untreated mice), and infected and treated groups, including FeF-treated (5 mg/kg/d and 10 mg/kg/d),
FeHMP-treated (5 mg/kg/d and 10 mg/kg/d), and Acyclovir-treated (50 mg/kg/d). The mice in the
normal and virus groups were administered saline.

Genital herpes virus infection of mice was established by vaginal inoculation of 30 uL HSV-2
(10° TCIDsp/mL). At 1 h postinoculation and subsequently once a day for five consecutive days,
all tested compounds were administered intraperitoneally, and the animals were observed daily for
21 days to calculate the survival rate, death protection, average survival time, and body weight change.

Also, the change of virus titer was analyzed—vaginal lavages were collected from the animals in
each group on the 5™ and 7 days postinfection. Briefly, 30 uL precooled DMEM was introduced to
the vagina of infected mice and pipetted, collected vaginal lavages were adjusted to 150 pL by DMEM
and centrifuged (500 g, 10 min). Following this, 10-fold dilutions of supernatants were placed on Vero
cells monolayer in 96-well plates, incubated for three days at 37 °C in a CO,-incubator, and virus titer
(lg TCIDsg/mL) was determined by the Reed-Muench method [57].

4.7. Statistical Analysis

Statistical analysis was done with Statistica 10.0 software (StatSoft Inc, Tulsa, OK, USA). The results
are given as mean + standard deviation (SD). The differences between parameters of control and
experimental groups were estimated using the Wilcoxon test. Differences were considered significant
atp <0.05.



Mar. Drugs 2020, 18, 224 10 of 13

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/18/4/224/s1,
Figure S1: 'H NMR spectra of native fucoidan FeF from F. evanescence (A) and its derivative FeHMP obtained
after treatment with fucoidanase FFA1 from marine bacterium Formosa algae (B).

Author Contributions: N.VK,, S.PE., VEL., M.N.N. and T.S.Z. planned and summarized the work and manuscript
preparation; N.V.K. wrote the manuscript; A.S.S. prepared fucoidans; G.G.K., O.VI. and L.K.E. investigated the
HSV antiviral activity; M.N.N. examined the HIV antiviral activity; I.A.L., N.V.K. and I.N.F. examined in vivo the
HSV-2 antiviral activity. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Ministry of Science and Education of the Russian Federation
(2019/Ne 0545-2019-0006).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Usov, A.L; Bilan, M.I. Fucoidans-sulfated polysaccharides of brown algae. Success Chem. 2009, 78, 846-862.
[CrossRef]

2. Rabanal, M.; Ponce, N.\M.A.; Navarro, D.A.; Gémez, R.M.; Stortz, C.A. The system of fucoidans from
the brown seaweed Dictyota dichotoma: Chemical analysis and antiviral activity. Carbohydr. Polym. 2014,
101, 804-811. [CrossRef] [PubMed]

3.  Cunha, L,; Grenha, A. Sulfated Seaweed Polysaccharides as Multifunctional Materials in Drug Delivery
Applications. Mar. Drugs 2016, 14, 42. [CrossRef] [PubMed]

4. Wang, Y; Xing, M,; Cao, Q.; Ji, A.; Liang, H.; Song, S. Biological Activities of Fucoidan and the Factors
Mediating Its Therapeutic Effects: A Review of Recent Studies. Mar. Drugs 2019, 17, 183. [CrossRef]

5. Sanina, N. Vaccine Adjuvants Derived from Marine Organisms. Biomolecules 2019, 9, 340. [CrossRef]

6.  Cumashi, A.; Ushakova, N.A.; Preobrazhenskaya, M.E.; D'Incecco, A.; Piccoli, A.; Totani, L. A comparative
study of the anti-inflammatory, anticoagulant, antiangiogenic, and antiadhesive activities of nine different
fucoidans from brown seaweeds. Glycobiology 2007, 17, 541-552. [CrossRef]

7. Li, B;; Lu, F; Wei, X.J.; Zhao, R.X. Fucoidan: Structure and bioactivity. Molecules 2008, 13, 1671. [CrossRef]

8. Imbs, T.I; Krasovskaya, N.P.; Ermakova, S.P.; Makarieva, T.N.; Shevchenko, N.M.; Zvyagintseva, T.N.
Comparative study of chemical composition and antitumor activity of aqueous-ethanol extracts of brown
algae Laminaria cichorioides, Costaria costata, and Fucus evanescens. Russ. ]. Mar. Biol. 2009, 35, 164-170.
[CrossRef]

9. Ale, M.T.; Mikkelsen, J.D.; Meyer, A.S. Important determinants for fucoidan bioactivity: A critical review of
structure-function relations and extraction methods for fucose-containing sulfated polysaccharides from
brown seaweeds. Mar. Drugs 2011, 9, 2106-2130. [CrossRef]

10. Pozharitskaya, O.N.; Shikov, A.N.; Faustova, N.M.; Obluchinskaya, E.D.; Kosman, V.M.; Vuorela, H.;
Makarov, V.G. Pharmacokinetic and tissue distribution of fucoidan from Fucus vesiculosus after oral
administration to rats. Mar. Drugs 2018, 16, 132. [CrossRef]

11. Pozharitskaya, O.N.; Shikov, A.N.; Obluchinskaya, E.D.; Vuorela, H. The pharmacokinetics of fucoidan after
topical application to rats. Mar. Drugs 2019, 17, 687. [CrossRef] [PubMed]

12.  Sagawa, T1.H.; Kato, I. Fucoidan as functional foodstuff. Structure and biological potency. Japan J. Phycol.
(Sorui) 2003, 51, 19-25.

13.  Sezer, A.D.; Akbuga, J. Fucosphere - new microsphere carriers for peptide and protein delivery: Preparation
and in vitro characterization. J. Microencapsul. 2006, 23, 513-522. [CrossRef] [PubMed]

14. Manivasagan, P; Hoang, G.; Santha Moorthy, M.; Mondal, S.; Minh Doan, V.H.; Kim, H.; Vy Phan, T.T.;
Nguyen, T.P; Oh, J. Chitosan/fucoidan multilayer coating of gold nanorods as highly efficient near-infrared
photothermal agents for cancer therapy. Carbohydr. Polym. 2019, 211, 360-369. [CrossRef] [PubMed]

15. Irhimeh, M.R,; Fitton, ].H.; Lowenthal, R.M. Pilot clinical study to evaluate the anticoagulant activity of
fucoidan. Blood Coagul. Fibrinolysis. 2009, 20, 607-610. [CrossRef]

16. Fitton, ].H.; Stringer, D.N.; Park, A.Y.; Karpiniec, S.S. Therapies from fucoidan: New developments.
Mar. Drugs 2019, 17, 571. [CrossRef]

17.  Silchenko, A.S.; Kusaykin, M.L; Kurilenko, V.V,; Zakharenko, A.M.; Isakov, V.V.; Zaporozhets, T.S. Hydrolysis
of fucoidan by fucoidanase isolated from the marine bacterium, Formosa algae. Mar. Drugs 2013, 11, 2413-2430.
[CrossRef]


http://www.mdpi.com/1660-3397/18/4/224/s1
http://dx.doi.org/10.1070/RC2009v078n08ABEH004063
http://dx.doi.org/10.1016/j.carbpol.2013.10.019
http://www.ncbi.nlm.nih.gov/pubmed/24299842
http://dx.doi.org/10.3390/md14030042
http://www.ncbi.nlm.nih.gov/pubmed/26927134
http://dx.doi.org/10.3390/md17030183
http://dx.doi.org/10.3390/biom9080340
http://dx.doi.org/10.1093/glycob/cwm014
http://dx.doi.org/10.3390/molecules13081671
http://dx.doi.org/10.1134/S1063074009020084
http://dx.doi.org/10.3390/md9102106
http://dx.doi.org/10.3390/md16040132
http://dx.doi.org/10.3390/md17120687
http://www.ncbi.nlm.nih.gov/pubmed/31817687
http://dx.doi.org/10.1080/02652040600687563
http://www.ncbi.nlm.nih.gov/pubmed/16980273
http://dx.doi.org/10.1016/j.carbpol.2019.01.010
http://www.ncbi.nlm.nih.gov/pubmed/30824100
http://dx.doi.org/10.1097/MBC.0b013e32833135fe
http://dx.doi.org/10.3390/md17100571
http://dx.doi.org/10.3390/md11072413

Mar. Drugs 2020, 18, 224 11 of 13

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Kusaykin, M.L; Silchenko, A.S.; Zakharenko, A.M.; Zvyagintseva, T.N. Fucoidanases. Glycobiology 2016,
26,3-12.

Silchenko, A.S.; Rasin, A.B.; Kusaykin, M.I,; Malyarenko, O.S.; Shevchenko, N.M.; Zueva, A.O,;
Kalinovsky, A.L; Zvyagintseva, T.N.; Ermakova, S.P. Modification of native fucoidan from Fucus evanescens
by recombinant fucoidanase from marine bacteria Formosa algae. Carbohydr. Polym. 2018, 193, 189-195.
[CrossRef]

Zvyagintseva, T.N.; Shevchenko, N.M.; Nazarova, L.V.; Scobun, A.S.; Luk’yanov, P.A.; Elyakova, L.A.
Water-soluble polysaccharides of some far-eastern brown seaweeds. Distribution, structure, and their
dependence on the developmental conditions. J. Exp. Mar. Biol. Ecol. 2003, 294, 1-13. [CrossRef]
Anastyuk, S.D.; Shevchenko, N.M.; Dmitrenok, P.S.; Zvyagintseva, T.N. Structural similarities of fucoidans
from brown algae Silvetia babingtonii and Fucus evanescens, determined by tandem MALDI-TOF mass
spectrometry. Carbohydr. Res. 2012, 358, 78-81. [CrossRef] [PubMed]

Menshova, R.V.; Shevchenko, N.M.; Imbs, T.I.; Zvyagintseva, T.N.; Malyarenko, O.S.; Zaporoshets, T.S.;
Besednova, N.N.; Ermakova, S.P. Fucoidans from brown alga Fucus evanescens: Structure and biological
activity. Front Mar. Sci. 2016, 3, 129. [CrossRef]

Makarenkova, I.D.; Krylova, N.V,; Leonova, G.N.; Besednova, N.N.; Zvyagintseva, T.N.; Shevchenko, N.M.
The protective effect of fucoidan from brown alga Laminaria japonica in experimental tick-borne encephalitis.
Pac. Med. ]. 2009, 3, 89-92.

Hayashi, K.; Nakano, T.; Hashimoto, M.; Kanekiyo, K.; Hayashi, T. Defensive effects of a fucoidan from
brown alga Undaria pinnatifida against herpes simplex virus infection. Int. Immunopharmacol. 2008, 8, 109-116.
[CrossRef]

Jung-Bum, L.; Hayashi, K.; Hashimoto, M.; Nakano, T.; Hayashi, T. Novel antiviral fucoidan from sporophyll
of Undaria pinnatifida (Mekabu). Chem. Pharm. Bull. 2004, 52, 1091-1094.

Harden, E.A.; Falshaw, R.; Carnachan, S.M.; Kern, E.R.; Prichard, M.N. Virucidal activity of polysaccharide
extracts from four algal species against herpes simplex virus. Antiviral. Res. 2009, 83, 282-289. [CrossRef]
Hidari, K.I.; Takahashi, N.; Arihara, M.; Nagaoka, M.; Morita, K.; Suzuki, T. Structure and anti-dengue virus
activity of sulfated polysaccharide from a marine alga. Biochem. Biophys. Res. Commun. 2008, 376, 91-95.
[CrossRef]

Elizondo-Gonzalez, R.; Cruz-Suarez, L.E.; Ricque-Marie, D.; Mendoza-Gamboa, E.; Rodriguez-Padilla, C.;
Trejo-Avila, L.M. In vitro characterization of the antiviral activity of fucoidan from Cladosiphon okamuranus
against Newcastle Disease Virus. Virol. J. 2012, 9, 307-316. [CrossRef]

Wang, W.; Wu, J.; Zhang, X.; Hao, C.; Zhao, X,; Jiao, G.; Shan, X.; Tai, W.; Yu, G. Inhibition of influenza
A virus infection by fucoidan targeting viral neuraminidase and cellular EGFR pathway. Sci. Rep. 2017,
7,40760. [CrossRef]

Sanniyasi, E.; Venkatasubramanian, G.; Anbalagan, M.M.; Raj, P.P.; Gopal, R.K. In vitro anti-HIV-1 activity
of the bioactive compound extracted and purified from two different marine macroalgae (seaweeds)
(Dictyota bartayesiana ].V. Lamouroux and Turbinaria decurrens Bory). Sci. Rep. 2019, 9, 12185. [CrossRef]
Yang, C.; Chung, D.; Shin, L.S.; Lee, H.; Kim, J.; Lee, Y.; You, S. Effects of molecular weight and hydrolysis
conditions on anticancer activity of fucoidans from sporophyll of Undaria pinnatifida. Int. |. Biol. Macromol.
2008, 43, 433-437. [CrossRef] [PubMed]

Zayed, A.; Ulber, R. Fucoidan production: Approval key challenges and opportunities. Carbohydr. Polym.
2019, 211, 289-297. [CrossRef] [PubMed]

Preeprame, S.; Lee, ].B.; Hayashi, K.; Sankawa, U. A novel antivirally active fucan sulfate derived from an
edible brown alga, Sargassum horneri. Chem. Pharm. Bull. 2001, 49, 484-485. [CrossRef] [PubMed]

Hahn, T,; Ulber, R.; Lang, S.; Muffler, K. Novel procedures for the extraction of fucoidan from brown algae.
Process Biochem. 2012, 47, 1691-1698. [CrossRef]

Mandal, P.; Mateu, C.G.; Chattopadhyay, K.; Pujol, C.A.; Damonte, E.B.; Ray, B. Structural features and
antiviral activity of sulphated fucans from the brown seaweed Cystoseira indica. Antivir. Chem. Chemother.
2007, 18, 153-162. [CrossRef]

Trejo-Avila, L.M.; Morales-Martinez, M.E.; Ricque-Marie, D.; Cruz-Suarez, L.E.; Zapata-Benavides, P.;
Moran-Santibanez, K.; Rodriguez-Padilla, C. In vitro anti-canine distemper virus activity of fucoidan
extracted from the brown alga Cladosiphon okamuranus. Virus Dis. 2014, 25, 474-480. [CrossRef]


http://dx.doi.org/10.1016/j.carbpol.2018.03.094
http://dx.doi.org/10.1016/S0022-0981(03)00244-2
http://dx.doi.org/10.1016/j.carres.2012.06.015
http://www.ncbi.nlm.nih.gov/pubmed/22824505
http://dx.doi.org/10.3389/fmars.2016.00129
http://dx.doi.org/10.1016/j.intimp.2007.10.017
http://dx.doi.org/10.1016/j.antiviral.2009.06.007
http://dx.doi.org/10.1016/j.bbrc.2008.08.100
http://dx.doi.org/10.1186/1743-422X-9-307
http://dx.doi.org/10.1038/srep40760
http://dx.doi.org/10.1038/s41598-019-47917-8
http://dx.doi.org/10.1016/j.ijbiomac.2008.08.006
http://www.ncbi.nlm.nih.gov/pubmed/18789961
http://dx.doi.org/10.1016/j.carbpol.2019.01.105
http://www.ncbi.nlm.nih.gov/pubmed/30824091
http://dx.doi.org/10.1248/cpb.49.484
http://www.ncbi.nlm.nih.gov/pubmed/11310680
http://dx.doi.org/10.1016/j.procbio.2012.06.016
http://dx.doi.org/10.1177/095632020701800305
http://dx.doi.org/10.1007/s13337-014-0228-6

Mar. Drugs 2020, 18, 224 12 of 13

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Damonte, E.B.; Matulewicz, M.C.; Cerezo, A.S. Sulfated seaweed polysaccharides as antiviral agents.
Curr. Med. Chem. 2004, 11, 2399-2419. [CrossRef]

Ghosh, T.; Chattopadhyay, K.; Marschall, M.; Karmakar, P.; Mandal, P.; Ray, B. Focus on antivirally active
sulfated polysaccharides: From structure-activity analysis to clinical evaluation. Glycobiology 2009, 19, 2-15.
[CrossRef]

Prokofjeva, M.M.; Imbs, T.I; Shevchenko, N.M.; Spirin, P.V,; Horn, S.; Fehse, B.; Zvyagintseva, T.N.;
Prassolov, V.S. Fucoidans as potential inhibitors of HIV-1. Mar. Drugs 2013, 11, 3000-3014. [CrossRef]
Chiu, Y.H.; Chan, Y.L.; Tsai, L.W.; Li, T.L.; Wu, C.J. Prevention of human enterovirus 71 infection by kappa
carrageenan. Antivir. Res. 2012, 95, 128-134. [CrossRef]

Yue, Y,; Li, Z.; Li, P; Song, N.; Li, B.; Lin, W.; Liu, S. Antiviral activity of a polysaccharide from Laminaria
japonica against enterovirus 71. Biomed. Pharmacother. 2017, 96, 256-262. [CrossRef] [PubMed]

Wang, S.; Wang, W.; Hao, C.; Yunjia, Y.; Qin, L.; He, M.; Mao, W. Antiviral activity against enterovirus 71 of
sulfated rhamnan isolated from the green alga Monostroma latissimum. Carbohydr. Polym. 2018, 200, 43-53.
[CrossRef] [PubMed]

Thuy, TT.T,; Ly, BM,; Van, T.T.T,; Quang, N.V.; Tu, H.C.; Zheng, Y.; Seguin-Devaux, C.; Mi, B.; Ai, U. Anti-HIV
activity of fucoidans from three brown seaweed species. Carbohydr. Polym. 2015, 115, 122-128. [CrossRef]
[PubMed]

Besednova, N.N.; Zvyagintseva, T.N.; Kuznetsova, T.A.; Makarenkova, 1.D.; Smolina, T.P.; Fedyanina, L.N.;
Kryzhanovsky, S.P.; Zaporozhets, T.S. Marine algae metabolites as promising therapeutics for the prevention
and treatment of HIV/AIDS. Metabolites 2019, 9, 87. [CrossRef] [PubMed]

Luthuli, S.;; Wu, S.; Cheng, Y.; Zheng, X.; Wu, M.; Tong, H. Therapeutic effects of fucoidan: A review on
recent studies. Mar. Drugs 2019, 17, 487. [CrossRef]

Wang, W.; Wang, S5.X.; Guan, H.S. The Antiviral activities and mechanisms of marine polysaccharides:
An overview. Mar. Drugs 2012, 10, 2795-2816. [CrossRef]

Paskaleva, E.E.; Lin, X.; Li, W,; Cotter, R.,; Klein, M.T.; Roberge, E.; Yu, EK.; Clark, B.; Veille, ].C,;
Liu, Y,; et al. Inhibition of highly productive HIV-1 infection in T cells, primary human macrophages,
microglia, and astrocytes by Sargassum fusiforme. AIDS Res. Ther. 2006, 3, 15. [CrossRef]

Zhang, R.; Zhang, X.; Tang, Y.; Mao, J. Composition, isolation, purification and biological activities of
Sargassum fusiforme polysaccharides: A review. Carbohydr. Polym. 2020, 228, 115381. [CrossRef]

Lehtinen, M.; Koskela, P.; Jellum, E.; Bloigu, A.; Anttila, T.; Hallmans, G.; Luukkaala, T.; Thoresen, S.;
Youngman, L.; Dillner, ]. Herpes simplex virus and risk of cervical cancer: A longitudinal, nested case-control
study in the Nordic countries. Am. J. Epidemiol. 2002, 156, 687-692. [CrossRef]

Corey, L.; Wald, A.; Celum, C.L.; Quinn, T.C. The effects of herpes simplex virus-2 on HIV-1 acquisition and
transmission: A review of two overlapping epidemics. J. Acquir. Immune Defic. Syndr. 2004, 35, 435—445.
[CrossRef]

Freeman, E.E.; Weiss, H.A.; Glynn, J.R.; Cross, P.L.; Whitworth, J.A.; Hayes, R.J. Herpes simplex virus 2
infection increases HIV acquisition in men and women: systematic review and meta-analysis of longitudinal
studies. AIDS (London England) 2006, 20, 73-83. [CrossRef] [PubMed]

Carlucci, M.].; Scolaro, L.A.; Noseda, M.D.; Cerezo, A.S.; Damonte, E.B. Protective effect of a natural
carrageenan on genital herpes simplex virus infection in mice. Antivirial Res. 2004, 64, 137-141. [CrossRef]
[PubMed]

Cardozo, FT.G.S,; Larsen, 1.V,; Carballo, E.V.; Jose, G.; Stern, R.A.; Brummel, R.C.; Camelini, C.M.; Rossi, M.].;
Simées, C.M.O.; Brandt, C.R. In Vivo anti-herpes simplex virus activity of a sulfated derivative of Agaricus
brasiliensis mycelial polysaccharide. Antimicrob. Agents Chemother. 2013, 57, 2541-2549. [CrossRef] [PubMed]
Kusaykin, ML.L; Chizhov, A.O.; Grachev, A.A.; Alekseeva, S.A.; Bakunina, 1.Y.; Nedashkovskaya, O.L;
Sova, V.V,; Zvyagintseva, T.N. A comparative study of specificity of fucoidanases from marine microorganisms
and invertebrates. J. Appl. Phycol. 2006, 18, 369-373. [CrossRef]

Mosmann, T. Rapid colorimetric assay for cellular growth and survival: Application to proliferation and
cytotoxicity assays. J. Immunol. Methods 1983, 65, 55-63. [CrossRef]

Weislow, O.S.; Kiser, R.; Fine, D.L.; Bader, J.; Shoemaker, R.H.; Boyd, M.R. New soluble-formazan assay
for HIV-1 cytopathic effects: Application to high-flux screening of synthetic and natural products for
AlDS-antiviral activity. J. Natl. Cancer Inst. 1989, 81, 577-586. [CrossRef]


http://dx.doi.org/10.2174/0929867043364504
http://dx.doi.org/10.1093/glycob/cwn092
http://dx.doi.org/10.3390/md11083000
http://dx.doi.org/10.1016/j.antiviral.2012.05.009
http://dx.doi.org/10.1016/j.biopha.2017.09.117
http://www.ncbi.nlm.nih.gov/pubmed/28987950
http://dx.doi.org/10.1016/j.carbpol.2018.07.067
http://www.ncbi.nlm.nih.gov/pubmed/30177184
http://dx.doi.org/10.1016/j.carbpol.2014.08.068
http://www.ncbi.nlm.nih.gov/pubmed/25439876
http://dx.doi.org/10.3390/metabo9050087
http://www.ncbi.nlm.nih.gov/pubmed/31052506
http://dx.doi.org/10.3390/md17090487
http://dx.doi.org/10.3390/md10122795
http://dx.doi.org/10.1186/1742-6405-3-15
http://dx.doi.org/10.1016/j.carbpol.2019.115381
http://dx.doi.org/10.1093/aje/kwf098
http://dx.doi.org/10.1097/00126334-200404150-00001
http://dx.doi.org/10.1097/01.aids.0000198081.09337.a7
http://www.ncbi.nlm.nih.gov/pubmed/16327322
http://dx.doi.org/10.1016/j.antiviral.2004.07.001
http://www.ncbi.nlm.nih.gov/pubmed/15498610
http://dx.doi.org/10.1128/AAC.02250-12
http://www.ncbi.nlm.nih.gov/pubmed/23507287
http://dx.doi.org/10.1007/s10811-006-9042-x
http://dx.doi.org/10.1016/0022-1759(83)90303-4
http://dx.doi.org/10.1093/jnci/81.8.577

Mar. Drugs 2020, 18, 224 13 of 13

57. Reed, L.J.; Muench, H. A simple method of estimating fifty percent’s endpoints. Am. J. Hyg. 1938, 27, 493-497.
58. Astani, A.; Schnitzler, P. Antiviral activity of monoterpenes beta-pinene and limonene against herpes simplex
virus in vitro. Iran J. Microbiol. 2014, 6, 149-155.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	The Cytotoxicity and In Vitro Antiviral Activity of Fucoidans against DNA and RNA Viruses 
	In Vivo Efficacy of Fucoidans against HSV-2 Infection in a Mouse Vaginitis Model 

	Discussion 
	Materials and Methods 
	Viruses and Cell Cultures 
	Animals 
	Studied Compounds 
	Cytotoxicity Assay of the Fucoidans 
	Antiviral Activity Assay of Fucoidans In Vitro 
	Antiviral Activity Assay of Fucoidans against HSV-2 In Vivo 
	Statistical Analysis 

	References

