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Abstract: Recently, people worldwide have experienced several outbreaks caused by viruses that
have attracted much interest globally, such as HIV{ Zika, Ebolaj and the one being faced, SARS-
CoV-2 viruses. Unfortunately, the availability of drugs giving satisfying outcomes in curing those
diseases is limited. Therefore, it is necessary to'dig deeper to provide compounds that can tackle the
causative viruses. Meanwhile, the efforts to€xplore marine natural products have been gaining great
interest as the products have consistently shewn several promising biological activities, including
antiviral activity. This review summarizes some proeduets extracted from marine organisms, such as
seaweeds, seagrasses, sponges, and marine bacteria, reported in recent years to have potential anti-
viral activities tested through several methods. The mechanisms by which those compounds exert
their antiviral effects are alsoddescribed here, with several main mechanisms closely associated with
the ability of the products«to, block the.entry of the viruses into the host cells, inhibiting replication
or transcription of thehwviral genetic material, and disturbing the assembly of viral components. In
addition, the structure-activity relationship of the compounds is also highlighted by focusing on six
groups of marine compoundsnamely sulfated polysaccharides, phlorotannins, terpenoids, lectins,
alkaloids, and flavonoids. In conclusion, due to their uniqueness compared to substances extracted
from terrestrial sources, marine organisms provide abundant products having promising activities as
antiviral agents that.an be-explored to tackle virus-caused outbreaks.
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1. INTRODUCTION

As the largest habitat on earth with approximately 70%
coverage of the earth’s surface, oceans are where a large
number and variety of marine organisms live and interact
with their environment. Given that the marine environment
is different from the terrestrial condition, it is plausible that
marine organisms develop various unique ways to support
their adaption in such an environment [1]. At this point, the

secretion of secondary metabolites is one of the critical
mechanisms marine organisms develop with either support-
ive or protective functions.

The efforts for exploring the marine environment for the
sake of the discovery of new drug candidates are increasing
continuously [2, 3]. This is driven by the fact that several
diseases being faced by human beings have not been cured
yet because of the lack of drugs giving satisfying outcomes.
Many of those diseases are related to viral infections. Sever-
al infections caused by viruses, such as human immunodefi-
ciency virus (HIV) and severe acute respiratory syndrome
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coronavirus-2 (SARS-CoV-2), cannot be eradicated yet as
to date since no drug of choice with better efficacy and less
toxicity has been reported. This condition leads experts and
related parties to intensively explore and utilize metabolites
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isolated from marine organisms to provide alternatives for
curing viral-related diseases [4, 5].

However, many obstacles limit the success of bringing a
marine-derived compound into the market. Consequently, to
date, only thirteen marine-derived drugs have been market-
ed after getting approval either from Food and Drug Admin-
istration (FDA) or European Medicines Agency (EMA) [4].
Of those, only one drug, vidarabine, is used to treat viral
infection caused by herpes simplex and varicella zoster vi-
ruses [4]. Recently, thirty-two compounds (either of the
marine origin or as derivatives of a marine compound) have
been underway in clinical trials (twenty in phase I, eight in
phase 11, and four compounds in phase Il trials). However,
none is indicated for treating viral-related infections [4].

Since the beginning of this century, several viruses have
become the causative agents responsible for the viral out-
break. After the outbreak of SARS-CoV in 2002, followed
by Middle-East Respiratory Syndrome Coronavirus (MERS-
CoV) in 2012, some viral outbreaks remain. In 2013, a viral
hemorrhagic disease caused by the Ebola virus (EBOV)
affected many countries in the western part of Africa [6].
Zika virus (ZIKV) triggered another viral outbreak which
was first recorded in Brazil and spread to other parts of the
globe during 2015-2016 [7]. From 2019 until now, people
worldwide have been facing a big viral outbreak caused by
SARS-CoV-2 with its variants of concern. Data released by
World Health Organization (WHO) on 14 January 2022
stated that more than 5 million people had died globally
after contracting coronavirus disease 2019 (COVID-19)[8].
To make it worse, the risk of COVID-19 reinfection/[9] and
the emergence of omicron, a newly reported variant of
SARS-CoV-2, at the end of November 2021 [10] have put
global citizens under constant threat.

To date, those aforementioned outbreaks still<threaten
the world since no effective drug has been(developed to
eradicate the causative viruses. Moreover, other outbreaks
caused by emerging and/or reemerging viruses might also
happen. Meanwhile, the drugs developed have some limita-
tions in their efficacy or availability. Based on these condi-
tions, the exploration of marine resources for new antiviral
drugs is important.

This review summarizes several metabolites isolated
from marine organisms, such as algae, bacteria, fungi,
sponges, seaweeds, seagrasses, etc., having activity as po-
tential antiviral agents. The antiviral activity of those me-
tabolites is determined by several methods, e.g., preclinical
(in vivo, in vitro, and in silico) and clinical trials. Due to the
space limitation, we only focus on four viruses associated
with the recent outbreaks, i.e., HIV, ZIKV, EBOV, and
SARS-CoV-2. First, we describe briefly the pathophysiolog-
ical aspects of the infections caused by those viruses. Then,
we list marine natural products potentially used as antiviral
agents for tackling infections. We select some metabolites
of choice from the list to be explained deeper regarding their
mechanism of action, chemical structure, and structure-
activity relationship (SAR).
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2. PATHOPHYSIOLOGY
2.1. HIV Infection

Structurally, HIV is an enveloped lentivirus with two
single positive strands of RNA. Although several genes
have been successfully identified from the HIV genome,
three major HIV genes, gag, pol, and env, seem to be the
critical genes supporting viral replication and infectivity.
The structural proteins (capsid, matrix, nucleocapsid) are
encoded by a gag, while pol and env encode viral enzymes
(integrase, protease, reverse transcriptase) and viral glyco-
proteins (gp120 and gp41l), respectively [11]. HIV entry and
membrane fusion are facilitated by glycoproteins, while the
proteins encoded by gag and pol genes play pivotal roles in
viral replication, assembly, budding, and maturation pro-
cesses [11].

In addition to sexual transmission, HIV can also be
transmitted through placental, gastrointestinal, and blood-
stream routes [12]. Following, exposure, HIV begins the
entry process to several cell 'targets, i.e., CD4+ T helper
cells, macrophages, and dendritic cells, where the former is
the main target of HIV sSpecifically, CD4+ cells are a criti-
cal component of the,adaptive immune system and regulate
both humoral and cellular immune responses. Thus, HIV
infection can cause the failure of the body to produce an
adequate defense’ mechanism system which is further asso-
ciated withthe emergence of opportunistic infections [11].

The entry process of HIV is initiated by gp120 binding
to the CD4 receptor, which is subsequently followed by an
interaction between gp120 and the chemokine coreceptors,
either CCR5 or CXCR4 [13]. While CCR5 can be found in
both macrophages and T cells, CXCR4 is mainly expressed
by the latter [14]. Based on the interaction between gp120
and the coreceptors, two strains of HIV have been recog-
nized, the CCR5 (R5) and CXCR4 (X4) strains. While the
R5 strain (also known as the M-tropic strain) prefers to oc-
cupy CCRb5 to assist the entry, the X4 strain (T-tropic strain)
tends to interact with CXCR4 as its coreceptor [15]. In addi-
tion to the key contributions of CD4 as the primary receptor
and coreceptors, some other components also play specific
roles in facilitating HIV entry. For example, CD26 (dipep-
tidyl peptidase 1V) can act as a cofactor for assisting the
entry of HIV because of its protease activity at gp120 [16].
Overall, the dependency of HIV on CD4 coreceptors and
cofactors has a plausible consequence in terms of discover-
ing and developing anti-HIV drugs targeting these compo-
nents.

Moreover, the interaction between gp120 and the corre-
sponding coreceptors is followed by conformational chang-
es, which are critical for supporting gp41 in initiating viral
membrane fusion with the host cellular membrane [11]. Fi-
nally, the virus finds a way to release its contents into the
target cell. Several drugs working as HIV fusion inhibitors
have been developed, and most of those drugs block gp41
action [13].

As the contents of HIV, including single-stranded RNA,
have reached the cytosol, reverse transcription processes
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begin by transcribing the viral RNA into double-stranded
DNA catalyzed by the reverse transcriptase enzyme, which
is mostly expressed in retroviruses. Following this step, the
viral DNA is transported into the nucleus and needs to be
integrated into the host genome. The process of integration
is catalyzed by an enzyme called integrase. It is noteworthy
that the insertion of viral DNA into the host genes, referred
to as HIV provirus, could bring problems in eradicating the
virus because of the ability of the virus to evade the surveil-
lance of the immune system [11]. Recently, no satisfying
approach has been used to address the issue of HIV provirus
latency. However, Zhu and co-workers reported the CRISPR/
Cas9 system's potential role in deactivating the provirus's
latency after experimenting with the latently infected Jurkat
cells [17]. This finding is in line with other studies utilizing
different models, i.e., HeLa and 293 T cells [18, 19].

The transcription, translation, and assembly phases sub-
sequently occur following the integration phase. Transcrip-
tion is a process where the integrated proviral DNA is tran-
scribed into viral RNAs by utilizing the host RNA polymer-
ase Il enzyme [20]. Using the host machinery system, the
products of transcription of proviral DNA experience
spliced, transported to the cytoplasm, and translated [20]. In
the splicing process, unspliced, partially spliced, and fully
spliced mRNAs are generated, where each of these MRNASs
encodes different products of translation. While the gag and
the precursors of gag-pol proteins are encoded by unspliced
RNA, env and several other proteins (e.g., vpr, vpu) are
translated from the partially spliced RNA. The fully spliced
RNA encodes several major proteins, i.e., tat, rev, and nef
[11]. While tat is responsible for RNA elongation<andimod-
ulating the transcription process, rev and nef are involved in
transporting unspliced and partially spliced RNAs to the
cytoplasm and evading immune surveillances[11].

Once all viral proteins and RNA are generated,they are
transported to the cellular plasma membrane, where the viral
assembly is carried out through a complex and intricate pro-
cess. Once the assembly is completed, the budding step oc-
curs, where the immature progenies,of HIV are released
from the cells. Through the action of the viral protease,
these immature HIV progenies are activated and become
infectious shortly after the budding process [11]. In the clin-
ical setting, the HIV protease can be inhibited by a group of
drugs called protease inhibitors (e.g., ritonavir, lopinavir,
and indinavir) [21].

As described above, the translation of viral proteins
needs the host machinery system, including the host signal-
ing pathways. For example, it has been reported that the
synthesis of gag proteins needs an mTOR signaling pathway
which can be obtained by hijacking the host mTOR path-
way, which is critical for regulating cellular proliferation
and fighting noxious molecules [22, 23]. This signaling
pathway is also involved in HIV latency. A study indicated
the role of mTOR in the reactivation of latent HIV, and it
has been demonstrated that the administration of Torin-1, an
inhibitor of MTOR, could prevent the activation of HIV in
CDA4+ T cells [24, 25]. As the latency of HIV is one major
problem often experienced in eradicating the virus, targeting
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the activated mTOR pathway should be considered as one of
the therapeutic strategies. However, it is noteworthy that
inhibiting this pathway may also lead to side effects for the
host cells. Many questions regarding this issue remain unan-
swered.

Other signaling pathways are also involved in supporting
the HIV life cycle or increasing its infectivity, e.g., toll-like
receptor (TLR) [26], notch [27], wnt [28], and MAPK [29]
pathways. Due to space limitations, this review will not de-
scribe the deeper role of these pathways in HIV infection.
However, targeting these pathways is rational in discovering
HIV treatment in the future.

Although many drugs have been used clinically as anti-
HIV, efforts to discover and develop novel anti-HIV candi-
dates are being carried on to produce more effective drugs
or to anticipate cases of HIV resistance. One of the efforts is
to explore biological products extracted from marine organ-
isms, which have been known to have unique properties
compared to those extracted from terrestrial organisms. The
marine natural products' anti-HIV activity and chemical
structures are summarized, in Table 1 and Supplementary
Fig. S1, respectively.

2.2. ZIRV Infection

ZIKV shareSfa similar structure with other flaviviruses,
such as the dengue virus and West Nile virus. It is an envel-
oped single-stranded RNA virus with a positive-sense struc-
ture, [56]. Its genome encodes 3 structural proteins (capsid,
envelope, and precursor membrane proteins) and 7 non-
structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B,
and NS5) [57]. Those proteins play different functions to
support the ZIKV life cycle. For example, while the attach-
ment of ZIKV to the host cell is mediated by the envelope
and precursor membrane proteins, the assembly of viral par-
ticles is facilitated by the capsid proteins [56]. The devel-
opment of ZIKV vaccines often targets the envelope and
precursor membrane proteins [58]. Nonstructural proteins
are also critical for ZIKV as they function fundamentally in
several aspects, e.g., viral replication, ZIKV infectivity, and
evasion from host immune response [59-62]. Given that
these proteins are critical for ZIKV, developing anti-ZIKV
drugs often targets those proteins.

Several transmission routes facilitate the exposure of
ZIKV to the body with the bite of a mosquito is the most
common route [63]. In addition, vertical transmission de-
scribing a transmission route in which the infected mothers
transmit the virus to their fetuses, has also been reported
[64]. To date, the question regarding the mechanism by
which the ZIKV crosses the blood-placental barrier remains
undeciphered. Sexual activities also play a certain role in
transmitting ZIKV. Several reports have demonstrated that
the virus could be detected in semen and vaginal samples of
either humans or laboratory animals [65-68]. A study
demonstrated that blood transfusion also brought a certain
risk for being a mode of virus transmission [69]. Further-
more, ZIKV is also detected in urine, saliva, conjunctival
fluid, and cerebrospinal fluid samples [70-73].
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Table 1. Summary of the selected anti-HIV from marine sources.
MecAh;r;(l)sr:n of Compound SAR Source I(E:?::(J)r CCs Model used Refs.
No cytotoxic effect | . €8166 cell line
was observed at any infected to HIV-1-
Chaetopterus | 0.0043 - . me. MTT assay was
cVL i variopedatus | 0.073 uM concentrations performed to 0]
tested (0.003 - 1.67 L
determine its
uM) cytotoxic effect.
CEM-SS cell line
infected to HIV-
Its anti-HIV activity is closely 1ge. XTT assay was
. associated with the unique amino| Neamphius performed to
Neamphamide A acids, i.e., 3, 4-diMeGIn and huxleyi 0.028 1M 026 M determine the (31]
BOMeTyr in its structure. cytotoxicity of the
compounds against
the host cells.
1Cs was
The anti-HIV activity of this 0.04-0.14 determined after
compound is related to the HM' 1.8 +40.8 M (TZM- the neutralization
presence of 4-chlorohomoproline, siliquariaspong (neutralizati bl cell line) and fusion assays
Mirabamide A B-methoxytyrosine 4'-O-a-L- ia mirabilis onassay) W 04 uM using the T-tropic | [32]
rhamnopyranoside structures and 0.041 UM : Y and macrophage-
a unique aliphatic hydroxy acid (fusion (HCT-116 cell line) | yropic-infected
in its N-terminal. assay) TZM-bl cells and
HCT-11.
HIv-1- CEM-SS, U937,
G!yc9pr9teln No lethal effect was| MT-2 cell lines.
inhibition observed on the | Each cell line was
The presence of disulfide bonds 0.0001- uninfected CEM-SS infected with
Cyanovirin-N is importantin determining thé <, Cyanobacteria 0 0658 M cells after exposure | different laboratory | [33, 34]
antiviral activity of cyanovirin-N ' toeither 3pM or 9 | strains of HIV-1
UM of cyanovirin-N | (i.e., RF, 11IB, MN,
for 48-h. G910-6, A17, 214,
SK1, 205, G1).
The anti-HIV/activity of SPMG
is closely related to the presence
ofisulfated groups, as these
Sulfated groups are important for .
polymannuroguluro| mediating its binding to gp120. | Brown algae - - HC!Z&B;QTQEI?;? [35, 36]
nate (SPMG) The presence and composition of
saccharides are also vital. SPMG
with more than 15-16 saccharides
could bind to multiple gp120.
Sulfate contents determine the
activity of the compounds as anti- -I\;::STthEL;S::
HIV. The compound having Grateloupia .
lower sulfate contents shows less |  longifolia, [0.002 - 0.01 peripheral blood
Galactan sulfate . . . . >7.5 uM mononuclear cells [37]
anti-HIV-1 activity. Alkali Grateloupia uM (PBMCs) treated
modification of sulfate content in filicina -
with several

C6, but not in C2, generates
lower anti-HIV-1 activity.

sulfated galactans.

(Table 1) contd...
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Mechanism of 1Cs Or
Action Compound SAR Source ECq CCs Model used Refs.
In general, the antiviral activity -
of sulfated polysaccharides No cytotoxicity at
concentrations of 2
depends on the sulfate contents Sarqassum /mL (fucoidans
and positions [38]. However, the gassu HY U373-CD4-CXCR4
L e - mcclurei, from Sargassum IIs infected
antiviral activity of fucoidans cells intecte
. . Sargassum 0.33-0.7 polycystum and .
Fucoidans isolated from Sargassum ) by luciferase- [39]
mcclurei, Sargassum polycystum polycystum, png/mL Turbinara ornata) tacaed viral X4:
19 A 'l Turbinara and 20 pg/mL 99 '
and Turbinara ornata is not ] HEK?293T cells
L . ornata (fucoidans from
correlated significantly with the
- Sargassum
sulfate contents and positions -
mcclurei)
[39].
No cytotoxicity Tested on se\{eral
effect was observed target cells, i.e.,
on any host cells CEM-SS, human
e e 0.000043 - | used after being PBMC, and
Griffithsin - Griffithsia sp. - macrophage [40]
0.00063 uM| exposed to higher | . :
. infected to either
concentrations of HIV-1 laborator
griffithsin (0.0783 - : y
strain or HIV-
0.783 uM) ) )
primary isolates.
0.36 uM
The dimer structure of (CCR5- The model used
polyhydroxy xanthone of tfopic was the infected
. . penicillixanthone A may be . Strath TZM-bl cell line.
Iggsg}g);évéi] Penicillixanthone A|  responsible for its anti-HIV A}Eﬁ?irg;ilegs ) 20.6 pM CCso Was [41]
activity through a hydrophobic or g 026 uM determined after
electrostatic interaction with the (CXCR4- running the XTT
coreceptors. tropic assay.
strain)
Dolabelladienetriol | The anti-HIV activity of marine 6.2 uM
) diterpenes might be correlated
Dolabelladienol A | \yith (1) the presence of H-bond 2.9 M
donors and H-bond acceptors; (2)
lipophilicity. A compotndwith a MT-2
higher cLogP and lower PSA | Dictyota pfaffii 1,345-1,456 uM | lymphocyte tumor | [42, 43]
. shows no anti-HIV/activity; (3) cells
Dolabelladienol B the configurations of thé 4.1pM
diterpenes. The S configuration
gives a lower IC50ithan the R
configuration.
PBMC and C8166
cells (anti-
cytopathic studies);
S0 uM HIV-1 reverse
8. 4m-dieckol ~(91% >1,000 M transcriptase [44]
Reve_rse ' |nh|b_|t|on ' enzyme (RT
trfamhs_cbr_lptase ratio) inhibition activity);
inhibition The inhibitory activity of these MTT assay
phlorotannins on RT may be (cytotoxicity assay)
mediated by the presence of
dibenzo[1, 4]dioxin structure. CEM-SS and
However, the anti-RT activity of Ecklonia cava 8166 cells (anti-
8, 8’-bieckol is more powerful 1.07 uM cytopathic studies);
than its counterparts, which may 1.23-1.72 HIV-1 reverse
6, 6°-bieckol be associated with the presence UM (anti- 484 uM transcriptase [45, 46]
of a diphenyl bond in its cytopathic enzyme (RT
structure. effect) inhibition activity);
MTT assay
(cytotoxicity assay)
Not Cyttogsot’ééc atany | v.1 reverse
8, 8’-bieckol 0.51 uM concentrations (6.25 trags;rlr[:]t:se [47, 48]
- 200 uM) 4

(Table 1) contd...
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Mechanism of I1Cs Or
Action Compound SAR Source ECe CCs Model used Refs.
LC5-RIC reporter
cells in the EASY-
25 uM
(9(;10/ HIT and MTT
- . . (] . . .
Oroidin - Stylissa carteri inhibition Not cytotoxic asse:g/\,/el—rlsl‘:/ 1 [49]
t .
rate) transcriptase
enzyme.
Sulfate substitution in C-2 and C- Active at a HIV-1 reverse
Clathsterol 3 may reduce the anti-HIV Clathria sp. |concentratio - transcriptase [50]
activity of clathsterol. n of 10 uM enzyme
Cytotoxicity
The activity of these compounds 10 uM Cvtotoxicity less (U373-MAGI cell
as anti-RT is strongly related to Veronaula (percentage tf?::n 450 a>t/ an line, MTT assay);
Aeroplysinin-1 the presence of the methoxyl . -g of i Y inhibition of [51]
. . . rigida R tested
moiety with two adjacent inhibition concentrations reverse
bromine atoms in their structures. 48%) transcription
(gPCR)
Thalassiolin A The sulfated glucopyranosyl 0.4 uM >800.uM Cytotoxicity (MT2 [52]
. moiety at C-7 is the critical Thalassia .
cells);
Thalassiolin B structure in exerting their anti- testudinum 43uM ~800 uM )
: i integrase enzyme
Integrase Thalassiolin C integrase activity. 28 UM >800 uM g 4
inhibition . . -
Diphlorethohydrox . Not cytotoxic at any Cytotoxicity
The free hydroxyl groups in its .
ycarmalol . . Ishige tested (HUVECs, Neutral
structure are responsible for its 25.2 uM . [53, 54]
anti-inteqrase activit okamurae concentrations (490 Red assay);
g v - 3,910 uM) integrase enzyme
Erythro-N- e These com
pounds . “could
- . . .17 uM (HeL
dodeca.noyl interact with _the  protease 4.80+0.92 | 38.174M (Hela)
docosasphlnga—(4E, through the formation of hy- UM >100 (Vero)
8E)-dienine drogen bonds:
7p-acetoxy-24- |* Compound§ h_avmg aIky_I and Litophyton HIV-_pr.otease;
methylcholesta-5- alkenyl moieties'show-higher arboreum | 4.85+0.18 | 5.3 UM (HeLa) cytotoxicity (HeLa | [55]
24(28)-diene-3, 19- hydrogen bond .sc.ores. my 31.3 (Vero) and Vero cells)
diol e The hydrophobicity of these
compounds determines their
activity™=in inhibiting HIV 72+07 30 uM (HeLa)
Alismol roteases
p : UM 49 pM (Vero)
Protease Not cytotoxic at any Cytotoxicity
inhibition 8 8*-bieckol 81.5+96 tested (primary
' uM concentrations (6.25| macrophage and
-200 uM) RAW 264.7 cells)
PBMC and C8166
The presence of the hydroxyl and cells (anti- (44, 47
aryl moieties may determine the | Ecklonia cava cytopathic studies); 4’8] '
HIV protease activity. 269+ 65.4 HIV-1 protease
+
8, 4”-dieckol ' T\/I ' >1, 000 uM enzyme (protease
H inhibition
activity);s
MTT assay

(cytotoxicity assay)

Note. ICso (half-maximal inhibitory concentration) is a concentration of a compound required to inhibit the tested virus by half; ECso (half-maximal effective concentration) is a
concentration of a compound required to produce its maximal effect by half; CCso (half-maximal cytotoxicity concentration) is a concentration of a compound required to produce
its cytotoxic effect by half.
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Several receptors have been proposed as the main targets
utilized by ZIKV to get into the cells, including AXL family
receptors, C-type lectins, and receptors related to T cell TIM
(transmembrane, immunoglobulin, and mucin) [74, 75].
These receptors can be found in various tissues or organs in
humans, including nervous system, skin, reproductive sys-
tem, and embryonic brain tissues, explaining the multiple
symptoms manifested in ZIKV-infected patients [76].
Thrombocytopenia, Guillain-Barre Syndrome, hearing loss,
visual problems, and microcephaly are several symptoms
that are often monitored [76]. Nevertheless, most of the pa-
tients contracting ZIKV were reported to have either only
mild symptoms or asymptomatic [76-79]. Upon the occupa-
tion of the receptors, the virus starts to perform sequential
basic events, i.e., viral RNA translation and replication, as-
sembly of viral particles, and release of the virus from the
host cell [74]. Although there is still a controversy regarding
the exact mechanisms by which those putative receptors
facilitate the entry of ZIKV, the key point is that those
ZIKV entry receptors are potential targets for treating ZIKV
infection.

Of those symptoms mentioned above, neurological and
brain disturbances attract extensive attention. Although
ZIKV can infect most cells residing in the brain, including
glial cells [80, 81], microvascular endothelial cells [82],
pericytes [81], and neurons [83], its ability to infect neural
progenitor cells plays a pivotal role in impairing brain de-
velopment which may lead to microcephaly and other neu-
rological disruptions [84, 85].

Some signaling pathways may be involved in ZIKM in-
fectivity e.g., TLRs [85], Notch [86], JAK/STAT [87],
apoptosis [88], Akt-mTOR [89], and p53 signaling path-
ways [90]. Modulation of these pathways byaZIKV eligits
various effects, as described below. Furthermore, these
pathways are potentially targeted in the case of anti-ZIKV
drug development.

It has been proposed that the Toll-like receptor 3 (TLR3)
signaling pathway plays a certain role_in,mediating the
emergence of ZIKV-induced neurological symptoms [85,
91], while another group proposed the role of the Notch
signaling pathway in neurogenesis‘dysregulation induced by
ZIKV [86]. The upregulation of TLR3 has been observed in
several models exposed to ZIKV, and this activation per-
turbs 41 genes related to neural development [85, 92-94]. In
an organoid model, ZIKV-activated TLR3 is linked to the
decrease of the organoid volume, which may relate to the
pathogenesis of microcephaly in the clinical setting [85]. It
has also been found that the viral titers determine the level
of organoid volume reduction, which indicates that TLR3
activation supports ZIKV replication [85]. It is interesting
that TLR3, as a part of the nonspecific immunity, enhances
viral replication; the exact explanation is still unclear. These
findings suggest suppressing the TLR3 signaling pathway is
a potential strategy to restrain ZIKV replication. Dang and
colleagues demonstrated that the inhibition of TLR3 by thi-
ophenecarboxamidopropionate, a competitive inhibitor of
TLR3, attenuated the phenotypic effects induced by ZIKV,
while the exposure of the agonist of TLR3 to the brain or-
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ganoid model caused brain volume reduction as seen in
ZIKV-induced microcephaly [85].

Furthermore, the emergence of inflammation following
the ZIKV-activated TLR3 pathway should also be moni-
tored closely. ZIKV-induced inflammation could be detri-
mental as some studies reported the occurrence of cytokine
storms in the models used [95-97]. Therefore, the admin-
istration of anti-inflammatory compounds should also be
considered in the ZIKV drug regimen. A study reported that
the administration of nonsteroidal anti-inflammatory drugs
inhibited ZIKV replication, which is mediated by their ac-
tion on degrading AXL [98].

The role of the Akt-mTOR signaling pathway in mediat-
ing the neuropathological effects of ZIKV infection has also
been studied, which could be linked to the modulation of
autophagy. A report suggested that the inhibition of the Akt-
mTOR signaling pathway by ZIKV resulted in the inhibition
of neurogenesis and induction of autophagy [89]. Further-
more, other groups indicated«that the inhibition of autopha-
gy led to the limitation of vertical transmission and limited
ZIKV replication [99, 100]. The administration of chloro-
quine, 3-methyladening; and bafilomycin A1, recognized as
autophagy. inhibitors, limits the replication of ZIKV [99].
Conversely, autophagy inducers, such as rapamycin and
Torin 1, stimulate ZIKV replication [99]. Based on these
findings, autophagy inhibition could be proposed as one of
the strategies'to inhibit ZIKV infection [92].

Apoptosis inhibition is another proposed strategy uti-
lized for limiting ZIKV replication and infection. It has been
demonstrated that ZIKV could induce apoptosis by upregu-
lating caspase-3, a critical apoptosis effector protein [88,
101]. Other studies reported that p53 was involved in ZIKV-
induced apoptosis, and the inhibition of this tumor suppres-
sor protein could suppress apoptosis of neural progenitor
cells induced by the virus [90, 102]. Following ZIKV-
activated p53, several genes responsible for promoting
apoptosis are activated, such as bax, puma, and noxa, while
antiapoptotic genes (e.g., survivin) are inhibited [103-105].
A recent study in neural progenitor cells found that ZIKV
could interact with p53 protein in neural progenitor cells via
its non-structural protein 5 (NS5) [106].

The endoplasmic reticulum (ER) is a pivotal organelle
responsible for protein folding and maturation in eukaryotic
cells. In a viral infection, as seen in ZIKV infection, ER is
the main site for the assembly of viral particles, and this
potentially disturbs the normal function of ER [74]. The
excessive synthesis of viral proteins could lead to ER stress,
a condition induced by an accumulation of misfolded pro-
teins [107]. Following this accumulation, the unfolded pro-
tein response (UPR) signaling pathway is activated, and the
signal is transmitted from the ER to the cytosol via UPR
activators. Several key UPR activators have been identified,
e.g., PERK and IRE1 [92, 107]. In the case of ZIKV infec-
tion, it has been found that the UPR pathway is induced, and
the use of PERK inhibitors is reported to have a beneficial
effect on reversing the impaired neurogenesis caused by
ZIKV [108]. Furthermore, it is also demonstrated that IRE1
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MecAh?tr;(l)s:w of Compound SAR Source ICs0r ECs CCs Model used Refs.
Dolabellanes 12+01 M 530 uM
(compound 2) (compound 2) ytooxiciy (v
750 pM otoxicity (Vero
. The S epimers at C-13 show 0.92£0.08 M d cells, MTT assay).
Blockage of viral : Brown algae | (compound 9) (compound 9) ) O
target receptors more potent anti-ZIKV and soft corals 580 uM Anti-ZIKV activity [111]
Dolastanes | activity than their R epimers. 12+01pM B (Vero cells infected
(compound 12) | (compound 12) with ZIKV)
18+0.1uM 730 uM
(compound 18) (compound 18)
F-6 fraction The abundant contents of 2.80 pg/mL 592 pg/mL Cytotoxicity (Vero
Inhibiting ZIKV acetylated diterpenes in these . cells, MTT assay).
S ; Dictyota . .
binding to the ) fractions are suggested to menstrualis Anti-ZIKV activity [112]
entry receptors | Fac-2 fraction | play a pivotal role in their 0.81 pg/mL 482 pg/mL (Vero cells infected
anti-ZIKV activity. with ZIKV)
Compared to the other
cyclodepsipeptides,
destruxins show more potent At the .
anti-ZIKV activity. The concentrationsof Cytotoxicity (A549
derivatives of destruxins Beauveria 10 uM§ ZIKV. cells, MTT assay)
Destruxins - ; R % >100 pM Anti-ZIKV activity [113]
possessing halogen felina replication is L
. Y o (virus-infected A549
substituents have more potent inhibited cells)
activity than those having significantly.
hydroxyl or carboxyl
substituents.
Inhibition of viral —
replication, virus Cytotoxicity (Vero
i i cells, MTT assay).
fusion and' NS5 Dolastane ) Canlst_rocar'pus 0/95 UM 935 uM . _ y) [111, 114]
production cervicornis Anti-ZIKV (virus-
infected Vero cells
The F-ring in the structureis
vital for anti-ZIKV activity. ( 75 HMd 2
i compoun )
TI_1e furan form of the F-ring ) . Not showing | A549 adenocarcinoma
Indole gives the tested compounds {Marine-derived 42 uM i
. L . significant human alveolar basal [115]
alkaloids | the most potent activity. The | Fusariumsp. | (compound 9) L o -
. cytotoxicity. epithelial cell line
B- and C-rings are also 5.0 uM
important _fo.r antiviral (compound 15)
activity.

Note. 1Cso (half-maximal inhibitory concentration)“is\@ concentration of a compound required to inhibit the tested virus by half; ECso (half-maximal effective concentration) is a
concentration of a compound required to produce.its maximal effect by half; CCso (half-maximal cytotoxicity concentration) is a concentration of a compound required to produce

its cytotoxic effect by half.

could inhibit ZIKV replication [108]. Overall, alleviation of
ER stress possesses potency as another approach for treating
ZIKV infection.

When pathogens, such as viruses, reach the cytoplasm,
they are sensed by pattern-recognition receptors (PRRs),
followed by the activation of downstream events, including
cytokine production. Several PRRs have been elucidated,
e.g., TLRs, nucleotide oligomerization domain (NOD)-like
receptors (NLRs), and RIG-I (retinoic acid-inducible gene-
1)-like receptors (RLRs) [109]. While TLRs can sense broad
antigens, such as cell wall components of microbes and viral
proteins, NLRs and RLRs recognize bacterial peptidoglycan
and viral nucleic acids in the cytoplasm. The ability of
ZIKV to evade the surveillance of the host immune system
has also attracted much interest. ZIKV has developed an

ability to block the PRRs. It has been reported that NS4A of
ZIKV inhibits the action of the RLRs [62]. Another non-
structural protein, NS5, also shows the ability to inhibit the
RIG-I pathway leading to the disrupted activation of the
host's innate immune responses [110].

The sustainable efforts to discover and develop new po-
tential candidates having anti-ZIKV activity are important,
although several drugs have been used to cure the infection
in the clinical setting. The exploration of candidates sourced
from marine organisms has been attracting interest. Com-
pared to anti-HIV, the effort to explore potential candidates
displaying anti-ZIKV action in marine is lower. The sum-
mary of marine natural products' anti-ZIKV activity and
their chemical structures is shown in Table 2 and Supple-
mentary Fig. S2, respectively.
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2.3. EBOV Infection

Direct contact with the bodily fluids of the infected indi-
viduals is the main route of EBOV transmission, followed
by viral movement through the skin or mucosal surfaces
[116]. Although some varied symptoms are often observed
during the initial stage of the infection, such as fever, myal-
gia, gastrointestinal-, and respiratory-related symptoms, the
final stage of infection is signed by the emergence of mas-
sive tissue failure, increased vascular permeability, failure to
activate the coagulation cascade, and hemorrhage. Finally,
death occurs due to shock and multiorgan failure [116-118].

EBOV genome encodes 9 proteins, i.e., glycoproteins
(full-length glycoprotein, soluble glycoprotein, and small
soluble glycoprotein), RNA-dependent RNA polymerase,
nucleoprotein, and four viral proteins (VP - VP24, VP30,
VP35, and VP40) [116, 119]. Each protein is critical in sup-
porting the pathogenicity of EBOV. While full-length gly-
coprotein is important for mediating EBOV binding to host
cell receptors and facilitating membrane fusion, the soluble
glycoprotein is secreted abundantly from the infected cells
during infection [119, 120]. As to the small soluble glyco-
proteins, no clear function has been identified. Although
nucleoprotein is needed as the structural unit of the viral
nucleocapsid, it is also involved in viral replication and
transcription, as the main function of the RNA-dependent
RNA polymerase. The viral proteins have various main
functions, e.g., maintenance of viral membrane integrity
(VP40), formation of the viral nucleocapsid (VP24, VP30,
VP35), supporting viral polymerase catalytic function
(VP30, VP35), and evading host immune action (VP24,
VP35) [116, 119, 121, 122]. Given that those proteins are
critical for EBOV infectivity, destruction of thesexproteins
can potentially eradicate viral replication, For.example;-a
report from Mateo and colleagues indicated-that the knock-
down of VP24 of EBOV led to the failure of nucleocapsid
formation, resulting in the suppression of EBQV: replication
[121]. Another study reported that EBOV lacking'VP35 lost
its virulence, and this mutant protected a“non-human pri-
mate model from the wild-type EBOV,[123].

Lectin family receptors are the anain receptors involved
in providing a site of entry for EBOV. Those are, e.g., asi-
aloglycoprotein found mostly in the liver cell and macro-
phage C-type lectin  specific for  galactose/N-
acetylgalactosamine found in monocytes and macrophages
[116, 124-126]. Although the dendritic cell-specific, inter-
cellular adhesion molecule 3-grabbing non-integrin receptor
presented mainly in dendritic cells, macrophages, and endo-
thelial cells, it is proposed as one of the EBOV entry recep-
tors, the role of this receptor in facilitating the entry of the
virus is still controversial. While other studies proposed that
this innate immune receptor acts directly by binding to
EBOV glycoprotein [127, 128], another study suggested this
receptor acts indirectly by promoting EBOV attachment to
the host cell [129]. Folate receptor-a is also another receptor
that is critical as a cofactor for cellular entry of EBOV
[130]. Upon binding between the EBOV glycoprotein and
the receptor, the virus gains entry to the host cell by an en-
docytosis mechanism, which is then followed by the fusion
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of the virus and the host membrane to mediate the release of
EBOV into the cytoplasm [131, 132]. Once the virus reach-
es the cytoplasm, it begins to perform its sequential life cy-
cle by hijacking cellular and organelle machinery. Viral
RNA translation and replication mostly occur in the cyto-
plasm, while the reticulum, endoplasmic, and Golgi bodies
are critical for viral glycoprotein modification [116]. The
assembly of viral particles occurs at the plasma membrane,
which is then followed by the release of the virus from the
host cell [116].

EBOV initially infected several cells, e.g., dendritic
cells, monocytes, and macrophages. EBOV infection on
dendritic cells averts T cell activation leading to dysfunc-
tionality of the lymphocytes in producing an adequate anti-
body response for tackling the virus. Meanwhile, EBOV
attacks on monocytes and macrophages may produce exces-
sive pro-inflammatory factors [133, 134]. It has been known
that proinflammatory factors, such as cytokines and reactive
oxygen species, can induce apeptosis, which may ultimately
result in T cell death [116, 135, 136]. These proinflammato-
ry cytokines are responsiblesfor vascular leakage and even-
tually lead to failure insseveral critical points, such as kid-
ney, liver,“and endothelial cells [116]. The effects of those
cytokines ‘are exacerbated by systemic dissemination of
EBOV.to those organs, resulting in the emergence of
EBOV-related symptoms [137]. The key role of proinflam-
matory ¢ytoKines in promoting EBOV pathogenicity should
be considered as a therapeutic strategy in minimizing the
severe impacts caused by EBOV-induced excessive cyto-
kine production.

In a recent study, Furuyama and colleagues reported that
the action of the soluble glycoprotein mediated the patho-
genicity of the Ebola virus via activation of the MAPK sig-
naling pathway [119]. Hence, the administration of MAPK
inhibitors should be considered a potential strategy for treat-
ing EBOV. Johnson and group have demonstrated that the
administration of a MAPK inhibitor, pyridinyl imidazole,
suppressed EBOV replication in macrophages and dendritic
cells and blocked the entry of EBOV into dendritic cells,
reduced EBOV-induced cytokine production [138]. It has
been found that PI3K/Akt signaling pathway is also im-
portant for facilitating EBOV entry into host cells [139].
Thus, blockage of this signaling pathway is also potentially
used for treating EBOV infection.

EBOV also activates TLRs, especially TLR4 a signaling
pathway, and begins the excessive production of proin-
flammatory cytokines and chemokines, which is detrimental
[140]. At this point, EBOV-like particles have been utilized
for vaccine development. Several studies indicated that
EBOV-like particles could induce the innate immune re-
sponse through their activity in activating the TLR pathway
[140-142]. In addition, VP35 of EBOV can antagonize the
RLRs signaling pathway. Accordingly, the enhancement of
RLRs activity by administering certain compounds, such as
nitazoxanide and EBOV-like particles, has been explored to
limit EBOV replication and increase antigen presentation to
antigen-presenting cells, respectively [143, 144].
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Table 3.  Summary of the selected anti-EBOV from marine sources.
MeCAhgt?;T of Compound SAR Source ICso0r ECs CCs Model used Refs.
Gymnastatin G - - In silico study using
. AutoDock Vina as the
Sorbicillactone - - docking tool and matrix
A protein /P40 (PDB ID:
Marizomib _ _ 1ES6) as the target
The presence of the protein.
Inhibition of s?rﬁi{ﬁ?j?st;omndolrrt]atnhteflcr)r Symbiont bacteria Binding 'energy:
EBOV VP40 cur portant in the sponge Gymnastatin G (-5.3 [147]
. stabilizing the interaction . keal/mol
protein ) . . ) Cliona sp. cal/mol)
with the interacting amino .
. acid residues of VP40. Sorbicillactone A (-5.9
Daryamide C - - kcal/mol)
Marizomib (-5.7
kcal/mol)
Daryamide C (-5.3
kcal/mol)
The Vero E6 cells.
The presence of disulfide ~01uM con;pound Cytotoxicity (neutral red | [34, 148]
B S . shows
. Cyanovirin-N bonds is important in > assay).
Tarlgect(;ngr;oltzel?rgv determining the antiviral | Cyanobacteria cytotoxicity,at
glycop activity of scytovirin and 0as4pM |2 level of ~ 4 Vero E6 cells.
cyanovirin-N HM Cytotoxicity (ATP-based | [34, 149]
Scytovirin 0.041 pM. [£710.3 pm assay)
The presence of the
thiazolidinone group and a v 4
. . 1 pMinhibits
Latrunculin A | etrahydropyranringmay | - Latruneulia — [.g0,. Not [150-152]
play a critical role in magnifica ehtrv & fusion determined
interrupting actin v
filaments.
Inhibition of L uM inhibi
EBOV cell entry ] lakinolid 3 @ . p‘gs(;n .I Ilts Not HEK293T cells, HelLa [151’ 153,
by interrupting asplakinolide - asplIs Jo nstoni ~ (1) Vlré determined Ce"s’ and HelLa- 154]
activity of actin entry & fusion CD4 cells
filaments kb
Cytochalasin B In cytochalasans, the | Helmiwthosporium 2{532'/”;'/:\:2'“5 Not
yt hydroxyl groups at C7'and|  dematioideum 0 fusi determined
C18 play a vitdl role in entry & fusion [151, 154,
disrupting the actin. No o 20 M inhibits 155]
Cytochalasin D | &ffect wasobserved when Metarrhizium 17y 500, ical Not
these droups were absent. anisopliae entry & fusion determined

Note. 1Cso (half-maximal inhibitory concentration) is a concentration of a compound required to inhibit the tested virus by half; ECso (half-maximal effective concentration) is a
concentration of a compound required to produce its maximal effect by half; CCso (half-maximal cytotoxicity concentration) is a concentration of a compound required to produce its

cytotoxic effect by half.

Recently, no drugs have been approved to treat EBOV
infection [145]. Thus, efforts to discover promising anti-
EBOV candidates must be strengthened, given that EBOV
and other filoviruses usually emerge and cause health prob-
lems periodically [146]. One alternative effort is to do an in-
depth investigation on metabolites produced by marine or-
ganisms. The summary of anti-EBOV compounds extracted
from marine and their chemical structures is provided in
Table 3 and Supplementary Fig. S3, respectively.

2.4. SARS-CoV-2 Infection

SARS-CoV-2 belongs to the genus of beta coronavirus,
in which SARS-CoV and MERS-CoV are also grouped.

Structurally, it has four structural proteins (S = spike; E =
envelope; M = membrane; and N = nucleocapsid) and six-
teen nonstructural proteins have been identified recently
(nsdpd - nspl6) [156, 157]. To get into the cells, SARS-
CoV-2 utilizes the host angiotensin-converting enzyme 2
(ACE2) as the main entry receptor bound to the spike gly-
coprotein of the virus [158]. ACE2 is expressed widely
within the body, which may explain the emergence of vari-
ous symptoms when someone contracts SARS-CoV-2 [159].
Gastrointestinal-related symptoms [160], respiratory-related
symptoms [161], cardiovascular-related symptoms [162],
and disturbances in the nervous system [163] are several
symptoms often displayed by COVID-19 patients.
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Following the occupation of ACE2 by the spike protein
S1 subunit, the subsequent basic steps of the viral life cycle
occur, including membrane fusion followed by endocytosis
involving the role of S protein S2 subunit and the host pro-
teases (e.g., furin and TMPRSS2), release of the SARS-
CoV-2 RNA into the host cytoplasm, translation of the viral
RNA into viral proteases and replicate, RNA transcription,
translation of the RNA into viral structural proteins taking
place in the endoplasmic reticulum (ER) and cytoplasm,
assembly, and budding steps [164, 165]. Theoretically, each
of these steps of the SARS-CoV-2 life cycle could be tar-
geted to discover promising drugs for COVID-19 treatment.
Several strategies have been developed for tackling SARS-
CoV-2 infection, e.g., blockage of entry and fusion of
SARS-CoV-2; interference with viral proteases and poly-
merase; and inhibition of replication, transcription and
translation of viral genomic material [165].

The dysfunctionality of the ACE2 receptor by the virus
plays a critical role in the pathophysiological aspects of
COVID-19. This is reasonable given that ACE2 is inherent-
ly linked to the renin-angiotensin-aldosterone system
(RAAS), which is an important system in the human body
due to its pleiotropic effects. It has been known that ACE
catalyzes the conversion of Ang I into Ang Il, which is then
bound to the AT1 receptor to exert its physiological effects.
The excessive activity of the ACE/Ang II/AT1R axis, which
can be caused by SARS-CoV-2 perturbation on the
ACE2/Ang (1-7)/Mas axis, may produce detrimental effects
on the body [166]. For example, the elevated level of Angall
can cause excessive vasoconstriction, which can lead to
some cardiovascular disturbances (e.g., hypertension. and
hemorrhagic stroke) [167]. Moreover, the abundance of Ang
Il can induce the excessive release of proinflammatory cy-
tokines, cell proliferation, fibrosis, and thrombosis [165].
Conversely, these harmful effects may be alleviated once
the level of Ang Il is normalized [165, 168].

Furthermore, following the invasion of SARS-CoV-2,
the immune system is then activated, and the immune cells
migrate to the site of infection wheresthe excessive amount
of proinflammatory cytokines, e.g.{ interleukin-1p (IL-1p),
interleukin-6 (IL-6), and tumor necrosis factor-alpha (TNF-
a), is released. This condition, if not controlled, could
emerge as a cytokine storm [169]. At this point, anti-
inflammatory drugs (e.g., dexamethasone, tocilizumab,
etoposide) may help COVID-19 patients prevent the fatal
outcome caused by the cytokine storm [170].

Excessive production of proinflammatory cytokines is
essential in inducing tissue and organ damage during
COVID-19 contraction. For example, TNF-a, IL-1, and IL-
6 can induce the activity of matrix metalloproteinases
(MMPs), which function to degrade the extracellular matrix
(ECM) [171-173]. This would increase vascular permeabil-
ity and subsequently cause extravasation of blood contents.
In the context of the blood-brain barrier, ECM degradation
damages the barrier integrity, resulting in increased brain
vulnerability to many harmful compounds circulating in the
blood. This is exacerbated by the ability of those cytokines
to disturb the formation of junctional proteins, which have a
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critical duty for maintaining the homeostasis of the blood-
brain barrier by preventing the entry of various substances
via paracellular clefts between two adjacent endothelial
cells. Voirin and colleagues indicated that the exposure of
bEnd.3 endothelial cells to TNF-a and IL-6 increased the
permeability of the BBB linked to the downregulation of
zonula occludens-1 (ZO-1) and claudin expression, which
are essential proteins in tight junction structure [174]. Other
studies reported similar findings using different proinflam-
matory cytokines and models [175-177]. In addition to the
blood-brain barrier, excessive production of proinflammato-
ry cytokines can cause the emergence of COVID-19-related
symptoms in other organs, e.g., lungs [178], intestines
[169], and neuromuscular organs [163, 179].

Various signaling pathways are involved in facilitating
the damaging effects of SARS-CoV-2. For example, it has
been demonstrated that patients' gastrointestinal symptoms
are often associated with the ability of SARS-CoV-2 to indi-
rectly inhibit the mTOR signaling pathway leading to the
emergence of dysbiosis [180]. Furthermore, in the case of
hemorrhagic stroke related t0.COVID-19, SARS-CoV-2 can
indirectly inhibit PI3K/AKT signaling pathway after its oc-
cupation.on” ACE2+[181, 182]. Moreover, a computational
study .suggested that' SARS-CoV-2 also targeted various
signaling pathways, including NF-xB, JAK/STAT, and
TGE-B [183]. Although many questions remain unanswered
regarding, the exact molecular mechanisms involved in the
modulation of the pathways by SARS-CoV-2, these signal-
ing\pathways may become alternative targets for developing
anti-COVID-19 drugs.

As the world is still fighting the pandemic caused by
SARS-CoV-2, the causative coronavirus disease 2019
(COVID-19) virus, no definitive treatments have been dis-
covered to eradicate this virus recently. In addition to the
health aspect, this pandemic has affected other aspects, in-
cluding economic and social aspects. For more than two
years, experts around the globe have conducted many stud-
ies to find and bring potential candidates from many sources
to the public that can end this pandemic, including the
promising candidates extracted from marine organisms. A
summary of marine natural products having potential activi-
ty in eradicating SARS-CoV-2 and in alleviating the patho-
logical effects caused by COVID-19 contraction is shown in
Table 4. The chemical structures of these compounds are
given in Supplementary Fig. S4.

3. MARINE NATURAL PRODUCTS OF CHOICE

This section describes the relationship between the struc-
tural aspects of several marine-derived compounds from
various phytochemical groups and their promising antiviral
activities. We have summarized this in Fig. (1).

3.1. Sulfated Polysaccharide

Sulfated polysaccharides (SPs), such as fucoidans and
SPMG, are mostly found in marine algae as these com-
pounds function as one of the important components of their
cell walls [205]. In addition, SPs are also detected in other
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Table 4. Summary of the selected anti-SARS-CoV-2 from marine sources.
Mechar?lsm of Compound Source Binding Ent_elrgy Docking Tool |Selected Target Protein Refs.
Action (kcal.mol™)
Griffithsin
ECs
0.61 pug/mL (SARS-CoV) L
Griffithsia sp - - - [184]
< 0.0032 pg/mL (HCoV-NL63)
0.16 pg/ mL (HCoV-229E)
0.16 ug/mL (HCoV-OC43)
Inorganic polyphosphates
(polyP) _ _
1Cx Marine bacteria and i i i (185, 186]
sponges
34 £ 15 pg/mL (polyPa4)
7.8 £ 12 pg/mL (Na-polyPs)
Sea cucumber sulfated
polysaccharide
Stichopus japonicus - - - [187]
1Cs
9.10 pg/mL
Inhibition of viral
t Phycoerythrobilin -7.45 Autodock Vina
entry yeoeryt SARS-CoV-2 spike
Phycocyanobilin Arthrospira -10.35 AutodockVina protein (from PDB: [188]
. ) 6LZG)
Phycourobilin -71.25 Autodock Vina
Scedapin C =9.40
Norquinadoline A Scedosporium -8.30 AutoDock Vina |Spike domain binding to [189]
Quinadolin B apiospermum 10.50 112 GRP78
Scequinadoline A -8.50
Phlorofucofuroeckol A Ulva clathrata -9.73
Thalassodendrone Cymodoceaceae -8.65
Dieckol Eckloniatava -10.23 AutoDock Vina | ACE-2 Receptor (PDB [190]
& alassi 4.2 ID: 1R42)
Thalassioline D alassia -8.21
testudinum
Prunolide A Synoicum prunum -9.16
15 alphas .
Hyrtios sp. -7.15
methoxypuupehenol
Macrolactin A Marine bacteria -7.60 Chymotrypsin-like
Autodock 4.2.6 protease [191]
ili i - utodock 4.2.
Phycocyanobilin Arthrospira 7.11 complexed with GC376
Avarol Disidea avara -8.05 (PDB ID: 7D1M)
Dictyota
Main protease AcDa-1 mens?r/ualis -1.74
inhibition
Phlorofucofuroeckol A Ulva clathrata -9.43
Thalassodendrone Cymodoceaceae -7.91
. . . SARS-CoV-2 PLpro
Dieckol Ecklonia cava -9.77 AUtOchzk Vina (PDB ID: 5TL6) and [190]
i ' Mpro (PDB ID: 6LU7
Thalassioline D ThaIa'SSIa -7.20 pro( )
testudinum
Prunolide A Synoicum prunum -7.73

(Table 4) contd...
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Mechanism of

Binding Energy

Action Compound Source (keal.mol ) Docking Tool |Selected Target Protein Refs.
Caulerpin Caulerpa racemose -9.28
- Exophyllum wentii;
Gl | lipid . -9.25
ycoglycerolipids Sargassum hornerii
Sargassum SARS-CoV-2-3CL main
Kjellmanianone 9 -9.22 protease
naozhouense ADT and MGL
Sargassum tools Mol a'nd [192, 193]
Loliolide 9 9.02 SARS-CoV-2 main
naozhouense protease (PDB IDs:
B-sitosterol Eucheuma cottonii -8.02 2GTB and 3TNT)
Saringosterols Sargassum muticum -7.55
Oleic acid Fucus sp. -7.24
Scedapin C -8.60 Papain-like protease
) ) . . (PDB ID: 6W9C) and
Sced - AutoDock V Lo
Norquinadoline A aceiogszfr:lljrr: 8.10 uto 10162 ina Chymotrypsin-like [189]
. i piosp o protease (PDB ID:
Quinadolin B -8.30 6LU7)
Axinella of SARS-CoV-2 main
Esculetin ethyl ester ' -8.42 Autodock4.2:6 protease (PDB ID: [194]
corrugata
6LU7)
Hipbosponaia SARS-CoV-2 papain-
Ilimaquinone PPOSD g -7.1 AutoDock Tools | like protease (PDB ID: [195]
metachromia
4MMB3)
SARS-CoV-2 Mpro
. Cacospongia (PDB ID: 5r7y, 5r7z,
T dT3 N -9:10 AutoDock 4.2.0 196
erpenol mycofijiensis utooc 5r80, 5r81, 5r82, 5r83, [196]
5r84, 6lu7 and 6y7m)
Brevione F Penicillium sp: -8.4 [197, 198]
Stachyflin Stachybotrys sp. -8.4 [198, 199]
Xiamycin Bruguler.a -8.4
gymnorrhiza SARS-CoV-2 Mpro
Strongylin - 8.3 AutoDock 42| ohe 1o sww)
Thyrsiferol Laurencia venusta -8.2 [198]
Capillobenzofuranol - -8.0
Epitaondi - -8.0
Crambescidin 786 -8.05 Molecular SARS-CoV-2 main
Poecilosclerida Operating protease (PDB ID: [200]
Crambescidin 826 -7.99 Environment 6LU7)
Halichondria SAR.S_COV_Z RNA-
. . . . directed RNA
Alteramide A okadai - associated -9.0 AutoDock Vina [201]
Alteromonas s polymerase (PDB ID:
. 7BV2)
RdRp inhibition Scedapin C -9.20
— SARS-CoV-2 RNA-
Norquinadoline A Scedosporium -8.50 AutoDock Vina dependent RNA [189]
Quinadolin B apiospermum 9.80 1.1.2 polymerase (PDB ID:
6M71)
Scequinadoline A -9.10

(Table 4) contd...
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Mechani f Binding E . .
& ar.usmo Compound Source icing n_elrgy Docking Tool |Selected Target Protein Refs.
Action (kcal.mol™)
Xiamycin Brugwer.a -9.3
gymnorrhiza
Thyrsiferol Laurencia venusta -9.2
Liouvilloside B Staurocucumis -8.9 SARS-CoV-2- RNA-
iouvillosi liouvillei dependent RNA [198, 199
Liouvilloside A -8.8 pen » 199,
AutoDock 4.2
utoBoc polymerase (PDB ID: | 202-204]
Stachyflin Stachybotrys sp. -8.7 7BW4)
Venustatriol Laurencia venusta -8.7
Brevione F Penicillium sp. -8.6
Thyrsiferyl-23-acetate Laurencia venusta -8.6

Ebola
Sulfated polysaccharides Phlorotannins
- Degree of sulfation - The numberof hydroxyl moieties
- Sulfate position in the structure ~The presence of cyclopentane ring
- Molecular size - The'number of dibenzo-1,4-dioxin structures
- Cationic replacement - Hydrophilicy and lipophilicity
- The presence of hydrophobic bonds
Leeti
Terpenoids
- The presence of disulfide bonds
- The presence of H-bond donors and H-bond acceptors - Oligomerization states
- Hydrophilicy and lipophilicity
- The number of hydroxyl moieties
- Epoxidizing modifications Alkaloids
- Stereochemical a i
spects (S & R configuration) _ The side chain Tength
. - Hydrophilicity and lipophilicity
Flavonoids - The presence of the F-ring in the structure
- The B and C rings also pivotal

- The presence of a pair of hydroxyl groups

- Types of substituents on hydroxyl moieties

- Sulfated glycosylation states

- The presence and the number of hydrogen bonds

Fig. (1). The putative structural factors are important in exerting antiviral activities of several groups of marine-derived compounds (created
with BioRender.com). (A higher resolution / colour version of this figure is available in the electronic copy of the article).

sources, e.g., microorganisms and marine animals, such as
clams [206]. Several reports have demonstrated the biologi-
cal activities of SPs, including their activity as antiviral
agents. As displayed in Table 1, fucoidans have anti-HIV
activity as these SPs can interfere with viral glycoproteins
(gp120 and gp41), which can lead to the entry and inhibition
of HIV into the host cells [39, 207]. SPs also show good
activity in inhibiting other viruses, such as herpes simplex
virus and chikungunya virus. Recently, several studies have
reported the potency of SPs as candidates for tackling
SARS-CoV-2 [208, 209].

It has been demonstrated that the degree of sulfation
plays a fundamental role in determining the antiviral activity

of SPs. The SPs having more than 20% of sulfate contents
tend to have antiviral activity, while the best activity is
shown by those having approximately 35-60% sulfate con-
tents compared to the total sugar groups, as seen in the SPs
isolated from seaweed [38]. The interaction could mediate
this activity between the anionic sulfate molecules and the
cationic areas in viral glycoprotein [38]. Conversely, both
carbonyl and carboxylic moieties do not support the activity
of SPs as antiviral agents. This can be seen in the case of
uronic acid in SPs structure. As known, uronic acid has both
carbonyl and carboxylic groups in its structure. It has been
reported that uronic acid at 22-42% in urunofucan isolated
from Adenocystis utricularis shows less antiviral activity
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compared to galactofucan from the same seaweed having
only 4-5% of uronic acid [210].

In addition, the sulfate position also seems pivotal for
SPs in exerting their antiviral activities. This could be seen
in the case of 5 types of chondroitin sulfates (types A - E)
which can be classified according to the sulfate groups dis-
tribution in their backbones. Of these types, chondroitin
sulfate E shows relatively more potent antiviral activity than
the other types, and this might be attributed to the presence
of sulfate moieties at positions 4 and 6 in each disaccharide
[38, 211-213].

However, a more recent study by Thuy et al. concluded
a different result regarding the role of sulfate contents in
exerting the antiviral activity of SPs. This group isolated
three fucoidans from brown seaweeds (Sargassum mcclurei,
Sargassum polycystum, and Turbinara ornate) and these
fucoidans gave a potent activity as anti-HIV with 1Cs rang-
ing from 0.33 - 0.7 pug/mL. However, this activity is not
linked closely to the sulfate contents or the positions of
those sulfates in the compounds [39]. These findings indi-
cate that other structural mechanisms might be involved in
mediating fucoidans' antiviral activity.

Moreover, the molecular weight of the SPs is also im-
portant in exerting their antiviral activity. In a study,
Witvrouw and De Clercq reviewed several semisynthetic
SPs with various molecular weights (1 kDa - 500 kDa), and
this group concluded that those with higher molecular
weight gave higher antiviral activities. However, this activi-
ty is not always linearly correlated as no further incréased
antiviral activity was observed in the SPs with molecular
weight above 100 kDa. A study by Liu and colleagues indi-
cated that the size of sulfated polymannuroguluronate
(SPMG) saccharides positively correlates with their.canti-
HIV activity with SPMG with more than 15-16 saccharides
could bind to multiple gp120 [36].

Interestingly, the effect of molecular weight in influenc-
ing the SPs' antiviral potency seems to_be more powerful
than the effect of sulfate density. This.eould be valid in
comparing chondroitin sulfate E fand, standard heparin in
inhibiting herpes simplex virus. It'is demonstrated that alt-
hough heparin has a higher ratio of sulfate/disaccharide (ap-
proximately 2.7), its antiviral activity is lower than chon-
droitin sulfate E, having a lower ratio of sulfate/disaccharide
(approximately 1.7). This might be attributed to the molecu-
lar weight difference between these compounds (chondroitin
sulfate E = 70 kDa; heparin = 12.5 kDa) [38, 211]. The po-
tent antiviral activity displayed by the SPs with larger chains
might be associated with their higher possibility to interact
and bind to viral entry proteins in multiple sites [38]. How-
ever, it is noteworthy that the SPs with lower molecular
weight could also exert their antiviral activity through an-
other mechanism. It has been suggested that the SPs with
low molecular weight could inhibit the transmission and
spread of a virus as these compounds could penetrate to
infected sites, which the SPs cannot reach with higher mo-
lecular weight [214].
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Other structural determinants may also affect the activity
of SPs as an antivirus. These include the role of cationic
replacement and the presence of hydrophobic bonds in the
structural backbone of SPs. Lee and colleagues investigated
the effect of cationic exposure on the structure of spirulan
and an SP extracted from Spirulina platensis. This group
found that the presence of either Cd* or Ag* in the structure
would decrease the antiviral activity of spirulan against the
herpes simplex virus, while the presence of Na* would give
an opposite effect [215]. Regarding the role of hydrophobic
bonds, in some cases, the presence of hydrophobic moieties
could increase the antiviral activity of SPs. It is confirmed
by several studies suggesting that the presence of alkyl
chains increased the anti-HIV activity of the tested SP,
while the introduction of hydrophilic groups decreased the
activity [216, 217].

Based on the previous antiviral activity of other viruses,
SPs are proposed to have potential efficacy in inhibiting or
killing SARS-CoV-2. The putative mechanisms of action of
these compounds in tackling the life cycle of SARS-CoV-2
are briefly described belowFour stages of the viral life cy-
cle could be affected bysthe SPs. In addition to their ability
to inhibit.viral attachment to host receptors, e.g., ACE2, SPs
could .also> block the activity of serine proteases, which
could lead to the inhibition of viral penetration and fusion.
Some studies ‘linked these activities to the existence of sul-
fate groups-in the SPs structure [205, 218, 219]. These nega-
tively©.charged molecules would bind to the positively
charged residues in the viral glycoproteins. Another mecha-
nism stated that the sulfate groups could also bind to the
cationic sites in the host receptor, resulting in the protection
of this receptor from the occupation of the virus [218, 219].

The inhibition of viral endocytosis and uncoating pro-
cesses is another mechanism by which SPs exert their anti-
viral effect [220]. These mechanisms cause the failure of the
virus to release its genomic contents into the host cytoplasm
to be inserted into the host machinery system. Finally, the
SPs also attack the viral replication, transcription, transla-
tion, budding, and maturation stages [205]. These actions
are mainly attributed to SPs' ability to inhibit the catalyzing
effects of viral-specific enzymes, e.g., reverse transcriptase
[221]. We provide the chemical structure of several sulfated
polysaccharides in the Supplementary Figs. (S1-S4).

3.2. Phlorotannins

Phlorotannins are classified as polyphenols and are
mainly found in brown algae, e.g., Eisenia bicyclis, Eck-
lonia cava, and Ecklonia kurome [222]. From those algae,
several phlorotannins are identified, including phloroglu-
cinol, eckol, phlorofucofuroeckol A, 8, 4’-dieckol, 6, 6’-
bieckol, and 8, 8’-bieckol [222, 223]. We have provided the
chemical structure of several phlorotannin members in the
Supplementary Figs. (S1-S4). In addition to their potent
antiviral activity, it has been demonstrated that phlorotan-
nins possess several other biological actions, such as antidi-
abetic, neuroprotective, antioxidant, and anti-inflammatory
activities [47, 224, 225].
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As stated above, one of the potential uses of phlorotan-
nins is associated with their effects on tackling viral infec-
tions. Several viruses could be inhibited by phlorotannins,
including HIV [47], porcine epidemic diarrhea virus [226],
SARS-CoV [227], and SARS-CoV-2 [190]. The activities of
phlorotannins as antiviral agents could be mediated by their
ability to disturb several critical phases of the viral life cy-
cle, e.g., viral entry, transcription, replication, transcription,
and viral maturation [47, 226, 228].

A study using Vero cells as the model found that the
number of phloroglucinol groups correlated with the number
of hydroxyl moieties in the phlorotannins structure was im-
portant for their ability to block the entry of the virus into
the host cells [226]. This study indicated that single
phloroglucinol produced no antiviral activity against the
porcine epidemic diarrhea virus, while phlorotannins with
more phloroglucinols gave lower 1Csy values [226]. Intri-
guingly, although the number of phloroglucinol moieties in
the dieckol structure is more than those had by phlorofuco-
furoeckol A, the ICsq of the latter is lower than that shown
by the former phlorotannin indicating the superior antiviral
activity of phlorofucofuroeckol A [226, 228]. This leads to
another conclusion regarding the critical existence of the
cyclopentane ring in mediating the antiviral activities of
phlorotannins [226]. Furthermore, the activity of dieckol
and phlorofucofuroeckol A in inhibiting murine norovirus
exposed to RAW 264.7 cells has also been observed with
both compounds giving similar activity as seen in their I1Cso
(0.9 uM) [225].

However, the superiority of phlorofucofuroeckol A ever
dieckol is not consistently displayed. A study investigating
the role of various phlorotannins in inhibiting the main
protease of SARS-CoV demonstrated that dieckol wasthe
most potent phlorotannin with 1Cso 2.7 ‘uM¥comparéd <o
phlorofucofuroeckol A with ICsy 16.7 "uM and’.other
phlorotannins having less dibenzo-1, 4-diexin ‘moieties
[227]. This indicates that the number of dibenzo-1, 4-dioxin
structures in phlorotannins may play a significant role in
their antiviral activity.

The presence of polyhydroxyl.groups in the phlorotannin
structure is noteworthy due to their hydrophilic properties.
This could lead to a challenge in terms of developing them
as antiviral drugs administered orally [229]. Therefore,
structural modifications, such as the esterification of those
hydroxyl groups, could enhance the lipophilicity of phlorot-
annins. However, it should be realized that this modification
could impact the antiviral activity of phlorotannins, which
further investigations could only confirm.

3.3. Terpenoids

Terpenes (monoterpenes, sesquiterpenes, diterpenes, and
triterpenes) have various biological activities. Of those
activities, the antiviral activities of terpenes have attracted
much interest recently in seeking new anti-SARS-CoV-2
candidates. Due to space limitations, we only focus on the
antiviral properties of marine diterpenes such as dolastane
and dolabelladienetriol (see Supplementary Figs. S1-S4 for
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the chemical structures of the compounds), which have been
found to have potent antiviral activities. Structurally, diterp-
enes (C20) contain four-isoprene (2-methyl-1, 3-butadiene).
They can be found naturally in terrestrial and marine
sources such as various animals, plants, fungi, soft corals,
and algae [114, 230].

The antiviral activities of diterpenes isolated from marine
sources have been reported in some studies. For example,
two fractions generated from Dictyota menstrualis, F-6 and
Fac-2 fractions, rich in cyclic diterpenes, produce anti-ZIKV
activity [112]. Another diterpene isolated from the seaweed
Canistrocarpus cervicornis, dolastane, also gives anti-ZIKV
activity, which might be related to its ability to inhibit viral
replication [114]. A more recent study reported the ability of
dolabellatrienone, dolabellane, and dolastane to inhibit
ZIKV and chikungunya virus replications [111]. Marine
diterpenes also target other viruses, including herpes,
dengue, and coronavirus, which have been reviewed
elsewhere [230]. The anti-HI\/,activity of dolabellanes and
dolabelladienols isolated from the coral Eunicea laciniata
and algae Dictyota pfaffiiy respectively, has also been
recorded [231]. Theseaditerpenes act by binding to the
allosteric, Sites of the reverse transcriptase leading to the
dysfunctionality of this viral critical enzyme [43].

Analysis of 'the structure-activity relationship reveals
that the anti-HIV activity of marine diterpenes might be
correlatedywith the presence of H-bond donors and H-bond
acceptors[43]. Specifically, the H-bond donor groups might
be responsible for perturbing the functionality of the reverse
transcriptase [43]. Related to this, lipophilicity could also
affect the antiviral activity of marine diterpenes. This is
represented by cLogP and (polar surface (PSA) values. The
study revealed that those with higher cLogP and lower PSA
had no anti-HIV activity [43].

Furthermore, hydroxyl group addition also plays a
certain role in increasing -anti-HIV activity. This could be
seen in the case of 13- keto-1(R), 11(S)-dolabella-3(E),
7(E), 12(18)-triene isolated from the coral Eunicea laciniata
having low anti-HIV activity. However, when this diterpene
structure is modified by adding one hydroxyl group, the
activity increases a hundred times [43]. Moreover, the
epoxidized and epoxided forms of the 13- keto-1(R), 11(S)-
dolabella-3(E), 7(E), 12(18)-triene display superior anti-
HIV activity compared to their parent compound [43].

Moreover, the S and R configurations of marine diter-
penes produce different influences on supporting the antivi-
ral activity of the diterpenes. This might be seen in the case
of dolabelladienol A (IC50 = 2.9 uM) and dolabelladienol B
(Ie50 = 4.1 uM), which display S and R configurations,
respectively [42]. The S configuration gives lower ICsp (2.9
uM) indicating more potent activity than the R configuration
(ICs0 = 4.1 uM) [42, 43].

In addition to diterpenes, other marine terpenes also
possess potency as antiviral agents. Some of them are
avarol, brevione F, and stachyflin, which potentially inhibit
the main protease of coronavirus [191, 198]. Others, such as
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xiamycin, thyrsiferol, and liouvillosides, have activity as
RNA-dependent RNA polymerase (RdRp) inhibitors [198].

3.4. Lectins

Lectins are proteins that selectively reversibly bind to
carbohydrates, which are typically part of other bigger
molecules. These compounds can be obtained from diverse
sources, either from terrestrial or marine organisms [232].
Some studies have recorded several lectins with potent
antiviral activities. Some of them are griffithsin, cyanovirin-
N, and scytovirin [40, 233, 234]. It has also been reported
that lectins can target various viruses potently, e.g., HIV,
EBOV, and coronaviruses [148, 184, 235].

Lectins exert their antiviral effects through their binding
to viral glycoproteins. A study from Alexandre and co-
workers reported that griffithsin, scytovirin, and cyanovirin-
N could potently bind to specific mannose-rich glycans
found in gp120 of HIV with 1Cs, 0.0004, 0.02 and 0.0018
uM, respectively [233]. In the case of their effect on EBOV,
both cyanovirin-N and scytovirin could also interact with
specific mannose residues in the EBOV envelope leading to
the EBOV entry inhibition. Interestingly, these studies
confirmed that scytovirin (ICsp = 0.041 pM) had more
potent anti-EBOV activity than its counterpart (ICso > 0.1
uM) [148, 149].

Mechanistically, lectins occupy glycosylation sites
which are usually rich in mannose structures in the viral
glycoproteins. Specifically, griffithsin is binding to M4, M7,
and M9 arms of a(1, 2)mannobiose found in HIV gp120
[236]. Although oligomannose is the preferred™ viral
carbohydrate for cyanovirin-N and scytovirin, ‘the ‘former
prefers to bind to D1 and D3 arms, while the preferred sites
for the latter are M1, M5, M8, and M9 arms'[34, 237-239].

This action prevents the conformational changes of the
viral glycoprotein, which are required to facilitate the'virus's
entry and fusion [34]. To support this action; antiviral
lectins have a primary sequence containing a specific
domain responsible for recognizing viral carbohydrates
called the carbohydrate recognition” domain [34]. The
presence of disulfide bonds is observed in the structure of
antiviral lectins such as scytovirin, cyanovirin-N, and
actinohirin, while the other lectins do not possess this
structure [34]. It is also noteworthy that, in some cases,
oligomerization is important in mediating the antiviral
activity of lectins. Some lectins show the ability to form
oligomers (e.g., cyanovirin-N and griffithsin), while others
are sufficient for a monomer structure (e.g., scytovirin,
actinohirin, and microvirin) [34]. For lectins structure,
please see Supplementary Figs. S1-S4.

3.5. Alkaloids

Several alkaloids extracted from marine organisms show
potent activity as antivirus. Scedapin C, quinadoline B,
norquinadoline A, scequinadoline A, and polycyclic
guanidine alkaloids (e.g., crambescidins) are some marine
alkaloids displaying activity against some viruses (see
Supplementary Figs. S1-S4), including herpes simplex
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virus, hepatitis C virus, influenza virus, ZIKV and SARS-
CoV-2 [115, 189, 200].

Their antiviral activities could be mediated by their
effects on several steps of the viral life cycle. The antiviral
alkaloids have the potency to bind to viral spike glyco-
protein, which could mediate the failure of the virus to get
into the host cells [189]. Moreover, the alkaloids possess
activity of binding to several viral enzymes (e.g., papain-
like protease (PLpro), chymotrypsin-like protease (3CLpro),
RdRp) which are critical for the viral life cycle [189, 200].
Furthermore, their ability to disturb viral nonstructural
proteins should also be considered [189].

Analysis of the structure-activity relationship reveals
that the side chain length is an important determinant
influencing the antiviral activity of marine alkaloids. Using
polycyclic guanidine alkaloids as an example, El-Demer-
dash and colleagues demonstrated that alkaloids with a
shorter alkyl side chain (e.g., monanchoradins) gave weaker
affinity to the target receptor«ompared to their counterparts
with a longer side chaint.(e.g., crambescidins) [200].
Intriguingly, when this group compared the lipophilicity of
the tested .compounds,‘ta) their binding effectivity to the
target receptor, they found that the compounds with more
hydrophilicity gave'more effective activity than those with
marelipophilic’properties [200].

After, testing several indole alkaloids extracted from
various, marine sources, Guo and co-workers suggested that
the,presence of an F-ring is essential for exerting anti-ZIKV
activity. This could be seen in the case of JBIR-03 and
emindole SB having structural similarity except for the lack
of F-ring in the latter compound. This group revealed that
the anti-ZIKV of JBIR-03 having furan structure in its F-
ring showed the most anti-ZIKV activity, while emindole
SB produced no activity [115]. Although the influence is not
as big as the F-ring influence, the B- and C-rings are also
important for marine indole alkaloids in their antiviral
activity [115].

3.6. Flavonoids

Several marine flavonoids, such as penicillixanthone A
and thalassiolins (see the structure of the compounds in
Supplementary Figs. S1-S4), display great potency as
antiviral agents. These compounds exhibit activity against
viruses, such as HIV, SARS-CoV, influenza A virus, and
hepatitis C virus, with various putative mechanisms of
action (e.g., blockage of viral entry and inhibition of the
critical viral enzymes) [52, 190, 240, 241].

As shown in Table 1, thalassiolins, a group of glycosy-
lated flavones, can inhibit integrase, a critical enzyme
promoting the integration of the HIV genome into the host
genome. Like other flavonoids, the presence of a pair of
hydroxyl groups in the structure of thalassiolins plays an
important role in facilitating the anti-HIV integrase activity
of thalassiolins [242]. Furthermore, Rowley et al. showed
that thalassiolin A (ICso = 0.4 pg/mL), having two adjacent
hydroxyl groups at C-3” and C-4’, generated more potent
activity in inhibiting integrase compared to its counterpart,
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Fig. (2). General processes in developing a marine natural product (created with BioRender.com). (A higher resolution / colour version of

this figure is available in the electronic copy of the article).

thalassiolin B (1Cso = 43 pg/mL) and thalassiolin C (ICsp =
28 pg/mL) possessing only one hydroxyl group at C-4” with
methoxy substituent and hydrogen atom at C-3°, respec-
tively [52].

It is also indicated that the anti-integrase activity of
thalassiolins is closely linked to the presence of a sulfated
glucopyranosyl group at C-7 [52]. Interestingly, flavone
glycosylation is not always correlated with increased anti-
integrase activity. For example, quercetin glycosylation on
several sugar moieties, e.g., glucose, arabinose, and rham-
nose, decreases quercetin's ability to inhibit viral integrase
[243]. Further studies need to be conducted to decipher the
effect of glycosylation patterns on the antiviral activity of
flavonoids, especially flavones.

Another flavonoid showing potent antiviral activity is
penicillixanthone A. This flavonoid is obtainedsfrom-Asper-
gillus fumigates, a fungus symbiont in jellyfish. A study by
Tan and co-workers demonstrated the petent activity of
penicillixanthone A in inhibiting the M-tfopic and T-tropic
strains of HIV by blocking the bindingbetween those strains
and the CCR5 and CXCR4 coreceptors, respectively [41].
This leads to the blockage of HIV entry into the host cells.
A docking analysis exhibited that four hydrogen bonds
mediate the interaction between penicillixanthone A and the
CCR5 coreceptor, while the interaction between the
compound and the CXCR4 coreceptor is mediated by three
hydrogen bonds [41].

CONCLUSION

The marine products possessing activity as antivirus
come from various groups of compounds, i.e., polysaccha-
rides, alkaloids, terpenes, flavonoids, tannins, and peptides.
Those act as antivirus through their direct activity by inhib-
iting various essential steps involved in the viral life cycle,
e.g., viral entry and fusion, replication, transcription, trans-
lation, and viral release from the host cells. In addition, the
compounds can also exert their antiviral activities by modi-
fying the protective system of the host cell, e.g., by occupy-

ing the host receptor utilized by the virus as the entrance
into the cell, preventing viral*binding to that receptor.

The .oceans provide many natural products showing po-
tency as antiviral (agents. As the world has been facing vi-
rus-caused outbreaks and the available treatments give in-
consistent satisfying outcomes to eradicate the virus, marine
natural products may be a great choice to explore extensive-
ly. Supported by the availability of modern technology, the
processes from sample collection from the depth of the
ocean, until the production of new marine-based drug enti-
ties is not as challenging as faced decades ago.

However, exploring marine natural products should
strongly consider supply sustainability without harming the
marine ecosystem. Compared to natural products collected
from terrestrial sources, the challenges that must be experi-
enced in the effort of collecting marine natural products are
bigger because of some reasons, i.e., 1) it needs sophisticat-
ed and expensive technology; 2) it requires skillful person-
nel to get into the depth of the ocean and collect the samples
properly; 3) as natural products typically present in a minute
concentration, then it needs a large number of samples to be
collected from the depth where this could bring a concern
for handling processes and the diversity of the marine eco-
system; 4) although most of the handling, extraction, or iso-
lation processes of marine samples are the same as the pro-
cesses undertaken for exploring product sourced from ter-
restrial sources, some processes need to be performed deli-
cately given the unique characteristic of the marine samples
(e.g., cleaning and desalting processes, selection of the ap-
propriate solvents, etc.) [3, 244, 245]. We summarize the
general processes developed to extract, isolate, characterize,
and purify natural marine compounds in Fig. (2).

To sum up, various unique metabolites extracted from
marine sources are the potential to be developed as antiviral
agents. As the world always fights against viral outbreaks
and no satisfying outcomes are generated from the available
antiviral drugs, marine natural products should be consid-
ered as the breakthrough.



Promising Marine Natural Products for Tackling Viral Outbreaks

LIST OF ABBREVIATIONS
29799777

777 =

AUTHORS’ CONTRIBUTIONS

M.S. and S.S.M did the conceptualization of the study.
S.S.M. created the methodology. Y.M.E. used the software;
S.S.M. and F.N. did the validation process. M.S. and S.S.M.
worked on the formal analysis; M.S., S.S.M. and Y.M.E.
conducted the investigation together. S.S.M. was responsi-
ble for the resources and data curation; M.S., S.S.M.,
Y.M.E. S.M., T.B.E., H.H., F.N., and J.S-G wrote the origi-
nal draft, which S.S.M. and F.N. reviewed and edited.
S.S.M. was also responsible for visualization; F.N. and J.S-
G were supervising. T.B.E., F.N., and J.S-G were responsi-
ble for project administration; J.S-G made the funding ac-
quisition. All authors have read and agreed to the published
version of the manuscript.

CONSENT FOR PUBLICATION
Not applicable.

AVAILABILITY OF DATA AND MATERIALS
Not applicable.

FUNDING

None.

CONFLICT OF INTEREST

The authors declare no conflict of interest, fihancial or
otherwise.

ACKNOWLEDGEMENTS
Declared none.

SUPPLEMENTARY MATERIAL

Supplementary material is available ‘on the publisher’s
website along with the published article:

REFERENCES

[1] Steele, J.H.; Brink, K.H.; Scott, B.E. Comparison of marine and
terrestrial ecosystems: Suggestions of an evolutionary perspective
influenced by environmental variation. ICES J. Mar. Sci., 2018,
76, 50-59.
http://dx.doi.org/10.1093/icesjms/fsy149

[2] Lu, W-Y.; Li, H-J.; Li, Q-Y.; Wu, Y-C. Application of marine
natural products in drug research. Bioorg. Med. Chem., 2021, 35,
116058.
http://dx.doi.org/10.1016/j.bmc.2021.116058 PMID: 33588288

[3] Malve, H. Exploring the ocean for new drug developments: Ma-
rine pharmacology. J. Pharm. Bioallied Sci., 2016, 8(2), 83-91.
http://dx.doi.org/10.4103/0975-7406.171700 PMID: 27134458

[4] Cappello, E.; Nieri, P. From life in the sea to the clinic: The ma-
rine drugs approved and under clinical trial. Life (Basel), 2021,
11(12), 1390.
http://dx.doi.org/10.3390/1ife11121390 PMID: 34947921

[5] Lindequist, U. Marine-derived pharmaceuticals - challenges and
opportunities. Biomol. Ther. (Seoul), 2016, 24(6), 561-571.
http://dx.doi.org/10.4062/biomolther.2016.181 PMID: 27795450

Current Topics in Medicinal Chemistry, XXXX, Vol. XX, No. XX 19

[6] Cenciarelli, O.; Pietropaoli, S.; Malizia, A.; Carestia, M,
D’Amico, F.; Sassolini, A.; Di Giovanni, D.; Rea, S.; Gabbarini,
V.; Tamburrini, A.; Palombi, L.; Bellecci, C.; Gaudio, P. Ebola vi-
rus disease 2013-2014 outbreak in west Africa: An analysis of the
epidemic spread and response. Int. J. Microbiol., 2015, 2015,
769121-769121.
http://dx.doi.org/10.1155/2015/769121 PMID: 25852754

[7] Lowe, R.; Barcellos, C.; Brasil, P.; Cruz, O.G.; Honorio, N.A;;
Kuper, H.; Carvalho, M.S. The zika virus epidemic in Brazil:
From discovery to future implications. Int. J. Environ. Res. Public
Health, 2018, 15(1), 96.
http://dx.doi.org/10.3390/ijerph15010096 PMID: 29315224

[8] World Health Organization. WHO Coronavirus (COVID-19)
Dashboard. Available from: https://covid19.who.int/ (Accessed
on: 15 January 2022).

[9] Nainu, F.; Abidin, R.S.; Bahar, M.A.; Frediansyah, A.; Emran,
T.B.; Rabaan, A.A.; Dhama, K.; Harapan, H. SARS-CoV-2 rein-
fection and implications for vaccine development. Hum. Vaccin.
Immunother., 2020, 16(12), 3061-3073.
http://dx.doi.org/10.1080/21645515.2020.1830683
PMID: 33393854

[10] Khandia, R.; Singhal, S.; Algahtani, T.; Kamal, M.A.; El-Shall,
N.A.; Nainu, F.; Desingu, P.A.; Dhama, K. Emergence of SARS-
CoV-2 Omicron (B.1.1.529) variant, salient features, high global
health concerns and strategies to counter it amid ongoing COVID-
19 pandemic. Environ. Res.; 2022, 209, 112816.
http://dx.doi.org/10.1016/j.envres.2022.112816 PMID: 35093310

[11] Kirchhoff, F. HIV lifexcycle:‘Overview. In: Encyclopedia of AIDS;
Elsevier, 2013; pp. 1-9.

[12] Shaw,” G.M.;(Hunter, E. HIV transmission. Cold Spring Harb.
Perspect. Med.; 2012, 2(11), a006965.
http://dx.doi:org/10.1101/cshperspect.a006965 PMID: 23043157

[23] Woodham;/A.W.; Skeate, J.G.; Sanna, A.M.; Taylor, J.R.; Da
Silva,sD.M.; Cannon, P.M.; Kast, W.M. Human immunodeficien-
cy viras immune cell receptors, coreceptors, and cofactors: Impli-
cations for prevention and treatment. AIDS Patient Care STDS,
2016, 30(7), 291-306.
http://dx.doi.org/10.1089/apc.2016.0100 PMID: 27410493

[14] Alkhatib, G. The biology of CCR5 and CXCR4. Curr. Opin. HIV
AIDS, 2009, 4(2), 96-103.
http://dx.doi.org/10.1097/COH.0b013e328324bbec
PMID: 19339947

[15] Picchio, G.R.; Gulizia, R.J.; Wehrly, K.; Chesebro, B.; Mosier,
D.E. The cell tropism of human immunodeficiency virus type 1
determines the kinetics of plasma viremia in SCID mice reconsti-
tuted with human peripheral blood leukocytes. J. Virol., 1998,
72(3), 2002-2009.
http://dx.doi.org/10.1128/JV1.72.3.2002-2009.1998
PMID: 9499054

[16] Kameoka, J.; Tanaka, T.; Nojima, Y.; Schlossman, S.F.; Morimo-
to, C. Direct association of adenosine deaminase with a T cell ac-
tivation antigen, CD26. Science, 1993, 261(5120), 466-469.
http://dx.doi.org/10.1126/science.8101391 PMID: 8101391

[17] Zhu, W.; Lei, R.; Le Duff, Y.; Li, J.; Guo, F.; Wainberg, M.A;
Liang, C. The CRISPR/Cas9 system inactivates latent HIV-1 pro-
viral DNA. Retrovirology, 2015, 12, 22.
http://dx.doi.org/10.1186/s12977-015-0150-z PMID: 25808449

[18] Ebina, H.; Misawa, N.; Kanemura, Y.; Koyanagi, Y. Harnessing
the CRISPR/Cas9 system to disrupt latent HIV-1 provirus. Sci.
Rep., 2013, 3, 2510.
http://dx.doi.org/10.1038/srep02510 PMID: 23974631

[19] Wang, G.; Zhao, N.; Berkhout, B.; Das, A.T. A combinatorial
CRISPR-Cas9 attack on HIV-1 DNA extinguishes all infectious
provirus in infected T cell cultures. Cell Rep., 2016, 17(11), 2819-
2826.
http://dx.doi.org/10.1016/j.celrep.2016.11.057 PMID: 27974196

[20] Ohlmann, T.; Mengardi, C.; Lopez-Lastra, M. Translation initia-
tion of the HIV-1 mRNA. Translation, 2014, 2(2), €960242.
http://dx.doi.org/10.4161/2169074X.2014.960242
PMID: 26779410

[21] Lv, Z.; Chu, Y.; Wang, Y. HIV protease inhibitors: A review of
molecular selectivity and toxicity. HIV AIDS (Auckl.), 2015, 7, 95-
104.

PMID: 25897264


http://dx.doi.org/10.1093/icesjms/fsy149
http://dx.doi.org/10.1093/icesjms/fsy149
http://dx.doi.org/10.1093/icesjms/fsy149
http://dx.doi.org/10.1093/icesjms/fsy149
http://dx.doi.org/10.1016/j.bmc.2021.116058
http://dx.doi.org/10.1016/j.bmc.2021.116058
http://dx.doi.org/10.1016/j.bmc.2021.116058
http://www.ncbi.nlm.nih.gov/pubmed/33588288
http://dx.doi.org/10.4103/0975-7406.171700
http://dx.doi.org/10.4103/0975-7406.171700
http://dx.doi.org/10.4103/0975-7406.171700
http://www.ncbi.nlm.nih.gov/pubmed/27134458
http://dx.doi.org/10.3390/life11121390
http://dx.doi.org/10.3390/life11121390
http://dx.doi.org/10.3390/life11121390
http://www.ncbi.nlm.nih.gov/pubmed/34947921
http://dx.doi.org/10.4062/biomolther.2016.181
http://dx.doi.org/10.4062/biomolther.2016.181
http://dx.doi.org/10.4062/biomolther.2016.181
http://www.ncbi.nlm.nih.gov/pubmed/27795450
http://dx.doi.org/10.1155/2015/769121
http://dx.doi.org/10.1155/2015/769121
http://dx.doi.org/10.1155/2015/769121
http://dx.doi.org/10.1155/2015/769121
http://www.ncbi.nlm.nih.gov/pubmed/25852754
http://dx.doi.org/10.3390/ijerph15010096
http://dx.doi.org/10.3390/ijerph15010096
http://dx.doi.org/10.3390/ijerph15010096
http://www.ncbi.nlm.nih.gov/pubmed/29315224
https://covid19.who.int/
http://dx.doi.org/10.1080/21645515.2020.1830683
http://dx.doi.org/10.1080/21645515.2020.1830683
http://dx.doi.org/10.1080/21645515.2020.1830683
http://www.ncbi.nlm.nih.gov/pubmed/33393854
http://dx.doi.org/10.1016/j.envres.2022.112816
http://dx.doi.org/10.1016/j.envres.2022.112816
http://dx.doi.org/10.1016/j.envres.2022.112816
http://dx.doi.org/10.1016/j.envres.2022.112816
http://dx.doi.org/10.1016/j.envres.2022.112816
http://www.ncbi.nlm.nih.gov/pubmed/35093310
http://dx.doi.org/10.1101/cshperspect.a006965
http://dx.doi.org/10.1101/cshperspect.a006965
http://www.ncbi.nlm.nih.gov/pubmed/23043157
http://dx.doi.org/10.1089/apc.2016.0100
http://dx.doi.org/10.1089/apc.2016.0100
http://dx.doi.org/10.1089/apc.2016.0100
http://dx.doi.org/10.1089/apc.2016.0100
http://www.ncbi.nlm.nih.gov/pubmed/27410493
http://dx.doi.org/10.1097/COH.0b013e328324bbec
http://dx.doi.org/10.1097/COH.0b013e328324bbec
http://www.ncbi.nlm.nih.gov/pubmed/19339947
http://dx.doi.org/10.1128/JVI.72.3.2002-2009.1998
http://dx.doi.org/10.1128/JVI.72.3.2002-2009.1998
http://dx.doi.org/10.1128/JVI.72.3.2002-2009.1998
http://dx.doi.org/10.1128/JVI.72.3.2002-2009.1998
http://www.ncbi.nlm.nih.gov/pubmed/9499054
http://dx.doi.org/10.1126/science.8101391
http://dx.doi.org/10.1126/science.8101391
http://dx.doi.org/10.1126/science.8101391
http://www.ncbi.nlm.nih.gov/pubmed/8101391
http://dx.doi.org/10.1186/s12977-015-0150-z
http://dx.doi.org/10.1186/s12977-015-0150-z
http://dx.doi.org/10.1186/s12977-015-0150-z
http://www.ncbi.nlm.nih.gov/pubmed/25808449
http://dx.doi.org/10.1038/srep02510
http://dx.doi.org/10.1038/srep02510
http://dx.doi.org/10.1038/srep02510
http://www.ncbi.nlm.nih.gov/pubmed/23974631
http://dx.doi.org/10.1016/j.celrep.2016.11.057
http://dx.doi.org/10.1016/j.celrep.2016.11.057
http://dx.doi.org/10.1016/j.celrep.2016.11.057
http://dx.doi.org/10.1016/j.celrep.2016.11.057
http://www.ncbi.nlm.nih.gov/pubmed/27974196
http://dx.doi.org/10.4161/2169074X.2014.960242
http://dx.doi.org/10.4161/2169074X.2014.960242
http://dx.doi.org/10.4161/2169074X.2014.960242
http://www.ncbi.nlm.nih.gov/pubmed/26779410
http://www.ncbi.nlm.nih.gov/pubmed/25897264

20 Current Topics in Medicinal Chemistry, XXXX, Vol. XX, No. XX

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Cinti, A. HIV-1 enhances mTORCL activity and repositions lyso-
somes to the periphery by co-opting Rag GTPases. Sci. Rep., 2017,
7,1-14.

http://dx.doi.org/10.1038/s41598-017-05410-0

Akbay, B.; Shmakova, A.; Vassetzky, Y.; Dokudovskaya, S.
Modulation of mTORCL1 signaling pathway by HIV-1. Cells,
2020, 9(5), 1090.

http://dx.doi.org/10.3390/cells9051090 PMID: 32354054

Besnard, E.; Hakre, S.; Kampmann, M.; Lim, H.W.; Hosmane,
N.N.; Martin, A.; Bassik, M.C.; Verschueren, E.; Battivelli, E.;
Chan, J.; Svensson, J.P.; Gramatica, A.; Conrad, R.J.; Ott, M.;
Greene, W.C.; Krogan, N.J.; Siliciano, R.F.; Weissman, J.S.; Ver-
din, E. The mTOR complex controls HIV latency. Cell Host Mi-
crobe, 2016, 20(6), 785-797.
http://dx.doi.org/10.1016/j.chom.2016.11.001 PMID: 27978436
Kumar, B.; Arora, S.; Ahmed, S.; Banerjea, A.C. Hyperactivation
of mammalian target of rapamycin complex 1 by HIV-1 is neces-
sary for virion production and latent viral reactivation. FASEB J.,
2017, 31(1), 180-191.

http://dx.doi.org/10.1096/fj.201600813r PMID: 27702769
Bernard, M.A.; Zhao, H.; Yue, S.C.; Anandaiah, A.; Koziel, H.;
Tachado, S.D. Novel HIV-1 miRNAs stimulate TNFa release in
human macrophages via TLR8 signaling pathway. PLoS One,
2014, 9(9), e106006.
http://dx.doi.org/10.1371/journal.pone.0106006 PMID: 25191859
Sharma, M.; Callen, S.; Zhang, D.; Singhal, P.C.; Vanden Heuvel,
G.B.; Buch, S. Activation of notch signaling pathway in HIV-
associated nephropathy. AIDS, 2010, 24(14), 2161-2170.
http://dx.doi.org/10.1097/QAD.0b013e32833dbc31

PMID: 20706108

Yuan, S-B.; Ji, G.; Li, B.; Andersson, T.; Neugebauer, V.; Tang,
S-J.A. A Whnt5a signaling pathway in the pathogenesis of HIV-1
gp120-induced pain. Pain, 2015, 156(7), 1311-1319.
http://dx.doi.org/10.1097/j.pain.0000000000000177

PMID: 25840108

Gong, J.; Shen, X.H.; Chen, C.; Qiu, H.; Yang, R.G. Down-
regulation of HIV-1 infection by inhibition of the MAPK signaling
pathway. Virol. Sin., 2011, 26(2), 114-122.
http://dx.doi.org/10.1007/s12250-011-3184-y PMID: 21468934
Wang, J-H.; Kong, J.; Li, W.; Molchanova, V.; Chikalovets, I.;
Belogortseva, N.; Luk’yanov, P.; Zheng, Y-T. A B-galactoses
specific lectin isolated from the marine wofm Chaetopterus
variopedatus possesses anti-HIV-1 activity. Comp. BiochemsPhys-
iol. C Toxicol. Pharmacol., 2006, 142(1-2), 111-117.
http://dx.doi.org/10.1016/j.cbpc.2005.10.019 PMID; 16316787
Oku, N.; Gustafson, K.R.; Cartner, L.K.; Wilson, JA.; Shi-
gematsu, N.; Hess, S.; Pannell, L.K.; Boyd, M.R.;"McMahon, J.B.
Neamphamide A, a new HIV-inhibitory depsipeptide from the Pa-
pua New Guinea marine sponge Neamphiusshuxleyi. J. Nat. Prod.,
2004, 67(8), 1407-1411.

http://dx.doi.org/10.1021/np040003f PMID: 15332865

Plaza, A.; Gustchina, E.; Baker; H.L.; Kelly, M.; Bewley, C.A.
Mirabamides A-D, depsipeptides from the sponge Siliquarias
pongia mirabilis that inhibit HIV-1 fusion. J. Nat. Prod., 2007,
70(11), 1753-1760.

http://dx.doi.org/10.1021/np070306k PMID: 17963357

Boyd, M.R.; Gustafson, K.R.; McMahon, J.B.; Shoemaker, R.H.;
O’Keefe, B.R.; Mori, T.; Gulakowski, R.J.; Wu, L.; Rivera, M.l.;
Laurencot, C.M.; Currens, M.J.; Cardellina, J.H., II; Buckheit,
R.W., Jr; Nara, P.L.; Pannell, L.K.; Sowder, R.C., Il; Henderson,
L.E. Discovery of cyanovirin-N, a novel human immunodeficien-
cy virus-inactivating protein that binds viral surface envelope gly-
coprotein gp120: Potential applications to microbicide develop-
ment. Antimicrob. Agents Chemother., 1997, 41(7), 1521-1530.
http://dx.doi.org/10.1128/AAC.41.7.1521 PMID: 9210678
Mitchell, C.A.; Ramessar, K.; O’Keefe, B.R. Antiviral lectins:
Selective inhibitors of viral entry. Antiviral Res., 2017, 142, 37-54.
http://dx.doi.org/10.1016/j.antiviral.2017.03.007 PMID: 28322922
Meiyu, G.; Fuchuan, L.; Xianliang, X.; Jing, L.; Zuowei, Y.;
Huashi, G. The potential molecular targets of marine sulfated
polymannuroguluronate interfering with HIV-1 entry. Interaction
between SPMG and HIV-1 rgp120 and CD4 molecule. Antiviral
Res., 2003, 59(2), 127-135.

[36]

[37]

[38]

[39]

[40]

(44

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Salampe et al.

http://dx.doi.org/10.1016/S0166-3542(03)00068-8

PMID: 12895696

Liu, H.; Geng, M.; Xin, X.; Li, F.; Zhang, Z.; Li, J.; Ding, J. Mul-
tiple and multivalent interactions of novel anti-AIDS drug candi-
dates, sulfated polymannuronate (SPMG)-derived oligosaccha-
rides, with gp120 and their anti-HIV activities. Glycobiology,
2005, 15(5), 501-510.

http://dx.doi.org/10.1093/glycob/cwi031 PMID: 15616125

Wang, S.C.; Bligh, S.W.; Shi, S.S.; Wang, Z.T.; Hu, Z.B.; Crowd-
er, J.; Branford-White, C.; Vella, C. Structural features and anti-
HIV-1 activity of novel polysaccharides from red algae
Grateloupia longifolia and Grateloupia filicina. Int. J. Biol. Mac-
romol., 2007, 41(4), 369-375.
http://dx.doi.org/10.1016/j.ijbiomac.2007.05.008

PMID: 17602734

Ghosh, T.; Chattopadhyay, K.; Marschall, M.; Karmakar, P.;
Mandal, P.; Ray, B. Focus on antivirally active sulfated polysac-
charides: From structure-activity analysis to clinical evaluation.
Glycobiology, 2009, 19(1), 2-15.
http://dx.doi.org/10.1093/glycob/cwn092 PMID: 18815291

Thuy, T.T.T.; Ly, B.M.; 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.
http://dx.doi.org/10.1016/j.carbpol.2014.08.068 PMID: 25439876
Mori, T.; O’Keefe, B.R.; Sowder, R.C., Il; Bringans, S.; Gardella,
R.; Berg, S.; Cochrany Py Turpin, J.A.; Buckheit, RW., Jr;
McMahon, J.B.; BoydpM.R “Isolation and characterization of grif-
fithsiny” @ novel HIV=inactivating protein, from the red alga Grif-
fithsia sp. J. Biol. Chem., 2005, 280(10), 9345-9353.
http://dx.doi.org/10.1074/jbc.M411122200 PMID: 15613479

Tan, S.; Yang, B.; Liu, J.; Xun, T.; Liu, Y.; Zhou, X. Penicillixan-
thone A,"a marine-derived dual-coreceptor antagonist as anti-HIV-
lagent. Nat. Prod. Res., 2019, 33(10), 1467-1471.
http://dx.doi.org/10.1080/14786419.2017.1416376

PMID: 29258357

Pardo-Vargas, A.; de Barcelos Oliveira, I.; Stephens, P.R.S;
Cirne-Santos, C.C.; de Palmer Paix&o, I.C.N.; Ramos, F.A.; Jimé-
nez, C.; Rodriguez, J.; Resende, J.A.L.C.; Teixeira, V.L.; Castel-
lanos, L. Dolabelladienols A-C, new diterpenes isolated from Bra-
zilian brown alga Dictyota pfaffii. Mar. Drugs, 2014, 12(7), 4247-
4259,

http://dx.doi.org/10.3390/md12074247 PMID: 25056631
vonRanke, N.; Ribeiro, M.; Miceli, L.; de Souza, N.; Abrahim-
Vieira, B.; Castro, H.; Teixeira, V.; Rodrigues, C.; Souza, A.
Structure-activity relationship, molecular docking, and molecular
dynamic studies of diterpenes from marine natural products with
Anti-HIV activity. J. Biomol. Struct. Dyn., 2022, 40(7), 3185-
3195.

PMID: 33183161

Karadeniz, F.; Kang, K-H.; Park, J.W.; Park, S-J.; Kim, S-K. Anti-
HIV-1 activity of phlorotannin derivative 8, 4"-dieckol from Ko-
rean brown alga Ecklonia cava. Biosci. Biotechnol. Biochem.,
2014, 78(7), 1151-1158.
http://dx.doi.org/10.1080/09168451.2014.923282

PMID: 25229850

Artan, M.; Li, Y.; Karadeniz, F.; Lee, S-H.; Kim, M-M.; Kim, S-
K. Anti-HIV-1 activity of phloroglucinol derivative, 6, 6'-bieckol,
from Ecklonia cava. Bioorg. Med. Chem., 2008, 16(17), 7921-
7926.

http://dx.doi.org/10.1016/j.bmc.2008.07.078 PMID: 18693022
Kim, S-K.; Karadeniz, F. Anti-HIV activity of extracts and com-
pounds from marine algae. Adv. Food Nutr. Res., 2011, 64, 255-
265.
http://dx.doi.org/10.1016/B978-0-12-387669-0.00020-X
22054953

Ahn, M.J.; Yoon, K.D.; Min, S.Y.; Lee, J.S.; Kim, J.H.; Kim,
T.G.; Kim, S.H.; Kim, N.G.; Huh, H.; Kim, J. Inhibition of HIV-1
reverse transcriptase and protease by phlorotannins from the
brown alga Ecklonia cava. Biol. Pharm. Bull., 2004, 27(4), 544-
547.

http://dx.doi.org/10.1248/bpb.27.544 PMID: 15056863

Yang, Y.l.; Jung, S.H.; Lee, K.T.; Choi, J.H. 8, 8-Bieckol, isolat-
ed from edible brown algae, exerts its anti-inflammatory effects

PMID:


http://dx.doi.org/10.1038/s41598-017-05410-0
http://dx.doi.org/10.1038/s41598-017-05410-0
http://dx.doi.org/10.1038/s41598-017-05410-0
http://dx.doi.org/10.3390/cells9051090
http://dx.doi.org/10.3390/cells9051090
http://www.ncbi.nlm.nih.gov/pubmed/32354054
http://dx.doi.org/10.1016/j.chom.2016.11.001
http://dx.doi.org/10.1016/j.chom.2016.11.001
http://www.ncbi.nlm.nih.gov/pubmed/27978436
http://dx.doi.org/10.1096/fj.201600813r
http://dx.doi.org/10.1096/fj.201600813r
http://dx.doi.org/10.1096/fj.201600813r
http://dx.doi.org/10.1096/fj.201600813r
http://www.ncbi.nlm.nih.gov/pubmed/27702769
http://dx.doi.org/10.1371/journal.pone.0106006
http://dx.doi.org/10.1371/journal.pone.0106006
http://dx.doi.org/10.1371/journal.pone.0106006
http://www.ncbi.nlm.nih.gov/pubmed/25191859
http://dx.doi.org/10.1097/QAD.0b013e32833dbc31
http://dx.doi.org/10.1097/QAD.0b013e32833dbc31
http://dx.doi.org/10.1097/QAD.0b013e32833dbc31
http://www.ncbi.nlm.nih.gov/pubmed/20706108
http://dx.doi.org/10.1097/j.pain.0000000000000177
http://dx.doi.org/10.1097/j.pain.0000000000000177
http://dx.doi.org/10.1097/j.pain.0000000000000177
http://www.ncbi.nlm.nih.gov/pubmed/25840108
http://dx.doi.org/10.1007/s12250-011-3184-y
http://dx.doi.org/10.1007/s12250-011-3184-y
http://dx.doi.org/10.1007/s12250-011-3184-y
http://dx.doi.org/10.1007/s12250-011-3184-y
http://www.ncbi.nlm.nih.gov/pubmed/21468934
http://dx.doi.org/10.1016/j.cbpc.2005.10.019
http://dx.doi.org/10.1016/j.cbpc.2005.10.019
http://dx.doi.org/10.1016/j.cbpc.2005.10.019
http://dx.doi.org/10.1016/j.cbpc.2005.10.019
http://www.ncbi.nlm.nih.gov/pubmed/16316787
http://dx.doi.org/10.1021/np040003f
http://dx.doi.org/10.1021/np040003f
http://dx.doi.org/10.1021/np040003f
http://www.ncbi.nlm.nih.gov/pubmed/15332865
http://dx.doi.org/10.1021/np070306k
http://dx.doi.org/10.1021/np070306k
http://dx.doi.org/10.1021/np070306k
http://www.ncbi.nlm.nih.gov/pubmed/17963357
http://dx.doi.org/10.1128/AAC.41.7.1521
http://dx.doi.org/10.1128/AAC.41.7.1521
http://dx.doi.org/10.1128/AAC.41.7.1521
http://dx.doi.org/10.1128/AAC.41.7.1521
http://dx.doi.org/10.1128/AAC.41.7.1521
http://www.ncbi.nlm.nih.gov/pubmed/9210678
http://dx.doi.org/10.1016/j.antiviral.2017.03.007
http://dx.doi.org/10.1016/j.antiviral.2017.03.007
http://dx.doi.org/10.1016/j.antiviral.2017.03.007
http://www.ncbi.nlm.nih.gov/pubmed/28322922
http://dx.doi.org/10.1016/S0166-3542(03)00068-8
http://dx.doi.org/10.1016/S0166-3542(03)00068-8
http://dx.doi.org/10.1016/S0166-3542(03)00068-8
http://dx.doi.org/10.1016/S0166-3542(03)00068-8
http://www.ncbi.nlm.nih.gov/pubmed/12895696
http://dx.doi.org/10.1093/glycob/cwi031
http://dx.doi.org/10.1093/glycob/cwi031
http://dx.doi.org/10.1093/glycob/cwi031
http://dx.doi.org/10.1093/glycob/cwi031
http://dx.doi.org/10.1093/glycob/cwi031
http://www.ncbi.nlm.nih.gov/pubmed/15616125
http://dx.doi.org/10.1016/j.ijbiomac.2007.05.008
http://dx.doi.org/10.1016/j.ijbiomac.2007.05.008
http://dx.doi.org/10.1016/j.ijbiomac.2007.05.008
http://dx.doi.org/10.1016/j.ijbiomac.2007.05.008
http://www.ncbi.nlm.nih.gov/pubmed/17602734
http://dx.doi.org/10.1093/glycob/cwn092
http://dx.doi.org/10.1093/glycob/cwn092
http://dx.doi.org/10.1093/glycob/cwn092
http://www.ncbi.nlm.nih.gov/pubmed/18815291
http://dx.doi.org/10.1016/j.carbpol.2014.08.068
http://dx.doi.org/10.1016/j.carbpol.2014.08.068
http://dx.doi.org/10.1016/j.carbpol.2014.08.068
http://www.ncbi.nlm.nih.gov/pubmed/25439876
http://dx.doi.org/10.1074/jbc.M411122200
http://dx.doi.org/10.1074/jbc.M411122200
http://dx.doi.org/10.1074/jbc.M411122200
http://dx.doi.org/10.1074/jbc.M411122200
http://www.ncbi.nlm.nih.gov/pubmed/15613479
http://dx.doi.org/10.1080/14786419.2017.1416376
http://dx.doi.org/10.1080/14786419.2017.1416376
http://dx.doi.org/10.1080/14786419.2017.1416376
http://dx.doi.org/10.1080/14786419.2017.1416376
http://www.ncbi.nlm.nih.gov/pubmed/29258357
http://dx.doi.org/10.3390/md12074247
http://dx.doi.org/10.3390/md12074247
http://dx.doi.org/10.3390/md12074247
http://www.ncbi.nlm.nih.gov/pubmed/25056631
http://www.ncbi.nlm.nih.gov/pubmed/33183161
http://dx.doi.org/10.1080/09168451.2014.923282
http://dx.doi.org/10.1080/09168451.2014.923282
http://dx.doi.org/10.1080/09168451.2014.923282
http://dx.doi.org/10.1080/09168451.2014.923282
http://www.ncbi.nlm.nih.gov/pubmed/25229850
http://dx.doi.org/10.1016/j.bmc.2008.07.078
http://dx.doi.org/10.1016/j.bmc.2008.07.078
http://dx.doi.org/10.1016/j.bmc.2008.07.078
http://www.ncbi.nlm.nih.gov/pubmed/18693022
http://dx.doi.org/10.1016/B978-0-12-387669-0.00020-X
http://dx.doi.org/10.1016/B978-0-12-387669-0.00020-X
http://dx.doi.org/10.1016/B978-0-12-387669-0.00020-X
http://www.ncbi.nlm.nih.gov/pubmed/22054953
http://dx.doi.org/10.1248/bpb.27.544
http://dx.doi.org/10.1248/bpb.27.544
http://dx.doi.org/10.1248/bpb.27.544
http://dx.doi.org/10.1248/bpb.27.544
http://www.ncbi.nlm.nih.gov/pubmed/15056863
http://dx.doi.org/10.1016/j.intimp.2014.09.019
http://dx.doi.org/10.1016/j.intimp.2014.09.019

Promising Marine Natural Products for Tackling Viral Outbreaks

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

(58]

[59]

[60]

[61]

[62]

through inhibition of NF-kB signaling and ROS production in
LPS-stimulated macrophages. Int. Immunopharmacol., 2014,
23(2), 460-468.

http://dx.doi.org/10.1016/j.intimp.2014.09.019 PMID: 25261704
O’Rourke, A.; Kremb, S.; Bader, T.M.; Helfer, M.; Schmitt-
Kopplin, P.; Gerwick, W.H.; Brack-Werner, R.; Voolstra, C.R.
Alkaloids from the sponge Stylissa carteri present prospective
scaffolds for the inhibition of human immunodeficiency virus 1
(HIV-1). Mar. Drugs, 2016, 14(2), 28.
http://dx.doi.org/10.3390/md14020028 PMID: 26861355

Rudi, A.; Yosief, T.; Loya, S.; Hizi, A.; Schleyer, M.; Kashman,
Y. Clathsterol, a novel anti-HIV-1 RT sulfated sterol from the
sponge Clathria species. J. Nat. Prod., 2001, 64(11), 1451-1453.
http://dx.doi.org/10.1021/np010121s PMID: 11720531
Gomez-Archila, L.G.; Zapata, W.; Galeano, E.; Martinez, A.M;
Diaz, F.J.; Rugeles, M.T. Bromotyrosine derivatives from marine
sponges inhibit the HIV-1 replication in vitro. Vitae-revista De La
Facultad De Quimica Farmaceutica, 2014, 21, 114-125.

Rowley, D.C.; Hansen, M.S.; Rhodes, D.; Sotriffer, C.A.; Ni, H.;
McCammon, J.A.; Bushman, F.D.; Fenical, W. Thalassiolins A-C:
New marine-derived inhibitors of HIV cDNA integrase. Bioorg.
Med. Chem., 2002, 10(11), 3619-3625.
http://dx.doi.org/10.1016/S0968-0896(02)00241-9

PMID: 12213478

Ahn, M.J.; Yoon, K.D.; Kim, C.Y.; Kim, J.H.; Shin, C.G.; Kim, J.
Inhibitory activity on HIV-1 reverse transcriptase and integrase of
a carmalol derivative from a brown Alga, Ishige okamurae. Phy-
tother. Res., 2006, 20(8), 711-713.
http://dx.doi.org/10.1002/ptr.1939 PMID: 16775811

Heo, S-J.; Hwang, J-Y.; Choi, J-1.; Han, J-S.; Kim, H-J.; Jeon, Y-
J. Diphlorethohydroxycarmalol isolated from Ishige okamurae, a
brown algae, a potent a-glucosidase and a-amylase inhibitor, alle-
viates postprandial hyperglycemia in diabetic mice. Eur. J. Phar-
macol., 2009, 615(1-3), 252-256.
http://dx.doi.org/10.1016/j.ejphar.2009.05.017 PMID: 19482018
Ellithey, M.S.; Lall, N.; Hussein, A.A.; Meyer, D. Cytotoxig,
cytostatic and HIV-1 PR inhibitory activities of the soft coral Lito-
phyton arboreum. Mar. Drugs, 2013, 11(12), 4917-4936.
http://dx.doi.org/10.3390/md11124917 PMID: 24336129

Tan, T.Y.; Fibriansah, G.; Kostyuchenko, V.A.; Ng,/T-S.; Lim, X-
X.; Zhang, S.; Lim, X-N.; Wang, J.; Shi, J.; Morais, MiC.; Cortig
D.; Lok, S.M. Capsid protein structure in Zikadvirus reveals.the
flavivirus assembly process. Nat. Commun.,2020, 11(1), 895.
http://dx.doi.org/10.1038/s41467-020-14647-9 PMID: 32060358
Rana, J.; Slon Campos, J.L.; Leccese, G.; Francolini, Ms; Bestag-
no, M.; Poggianella, M.; Burrone, O.R. Role ofapsid anchor in
the morphogenesis of Zika virus. J. Virol., 2018, 92(22), e01174-
€01118.

http://dx.doi.org/10.1128/JV1.01174-18 PMID: 30158295

Li, A;; Yu, J,; Lu, M; Ma, Y.; Attia, Z; Shan, C.; Xue, M.; Liang,
X.; Craig, K.; Makadiya, N.; He,“J.J; Jennings, R.; Shi, P.Y.;
Peeples, M.E.; Liu, S.L.; Boyaka; P.N.;'Li, J. A Zika virus vaccine
expressing premembrane-envelope-NS1 polyprotein. Nat. Com-
mun., 2018, 9(1), 3067.
http://dx.doi.org/10.1038/s41467-018-05276-4 PMID: 30076287
Garcia-Blanco, M.A.; Vasudevan, S.G.; Bradrick, S.S.; Nicchitta,
C. Flavivirus RNA transactions from viral entry to genome repli-
cation. Antiviral Res., 2016, 134, 244-249.
http://dx.doi.org/10.1016/j.antiviral.2016.09.010 PMID: 27666184
Li, Z.; Brecher, M.; Deng, Y-Q.; Zhang, J.; Sakamuru, S.; Liu, B.;
Huang, R.; Koetzner, C.A.; Allen, C.A.; Jones, S.A.; Chen, H.;
Zhang, N.N.; Tian, M.; Gao, F.; Lin, Q.; Banavali, N.; Zhou, J.;
Boles, N.; Xia, M.; Kramer, L.D.; Qin, C.F.; Li, H. Existing drugs
as broad-spectrum and potent inhibitors for Zika virus by targeting
NS2B-NS3 interaction. Cell Res., 2017, 27(8), 1046-1064.
http://dx.doi.org/10.1038/cr.2017.88 PMID: 28685770
Puerta-Guardo, H.; Tabata, T.; Petitt, M.; Dimitrova, M.; Glasner,
D.R.; Pereira, L.; Harris, E. Zika virus nonstructural protein 1 dis-
rupts glycosaminoglycans and causes permeability in developing
human placentas. J. Infect. Dis., 2020, 221(2), 313-324.
http://dx.doi.org/10.1093/infdis/jiz331 PMID: 31250000

Ma, J.; Ketkar, H.; Geng, T.; Lo, E.; Wang, L.; Xi, J.; Sun, Q.;
Zhu, Z.; Cui, Y.; Yang, L.; Wang, P. Zika virus non-structural pro-

Current Topics in Medicinal Chemistry, XXXX, Vol. XX, No. XX 21

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

tein 4A blocks the RLR-MAVS signaling. Front. Microbiol.,
2018, 9, 1350.

http://dx.doi.org/10.3389/fmich.2018.01350 PMID: 29988497
Olagnier, D.; Muscolini, M.; Coyne, C.B.; Diamond, M.S,
Hiscott, J. Mechanisms of Zika virus infection and neuropatho-
genesis. DNA Cell Biol., 2016, 35(8), 367-372.
http://dx.doi.org/10.1089/dna.2016.3404 PMID: 27348136

Brasil, P.; Calvet, G.A.; Siqueira, A.M.; Wakimoto, M.; de Se-
queira, P.C.; Nobre, A.; Quintana, Mde.S.; Mendonca, M.C.; Lupi,
O.; de Souza, R.V.; Romero, C.; Zogbi, H.; Bressan, Cda.S.;
Alves, S.S.; Lourengo-de-Oliveira, R.; Nogueira, R.M.; Carvalho,
M.S.; de Filippis, A.M.; Jaenisch, T. Zika virus outbreak in Rio de
Janeiro, Brazil: clinical characterization, epidemiological and viro-
logical aspects. PLoS Negl. Trop. Dis., 2016, 10(4), €0004636.
http://dx.doi.org/10.1371/journal.pntd.0004636 PMID: 27070912
Mead, P.S.; Duggal, N.K.; Hook, S.A.; Delorey, M.; Fischer, M.;
Olzenak McGuire, D.; Becksted, H.; Max, R.J.; Anishchenko, M.;
Schwartz, A.M.; Tzeng, W.P.; Nelson, C.A.; McDonald, E.M;
Brooks, J.T.; Brault, A.C.; Hinckley, A.F. Zika virus shedding in
semen of symptomatic infected men. N. Engl. J. Med., 2018,
378(15), 1377-1385.

http://dx.doi.org/10.1056/NEJMo0al1711038 PMID: 29641964
Yockey, L.J.; Varela, L.; Rakib, T.; Khoury-Hanold, W.; Fink,
S.L.; Stutz, B.; Szigeti-Bucky K.; Van den Pol, A.; Lindenbach,
B.D.; Horvath, T.L. Vaginal exposure to Zika virus during preg-
nancy leads to fetal brain infection. Cell, 2016, 166, 1247-1256.
http://dx.doi.org/10.1016/j.cell.2016.08.004

Musso, D.; Roche, €y Robin, E.; Nhan, T.; Teissier, A.; Cao-
lormeau, V-Ma Potential sexual transmission of Zika virus.
Emerg. Infect! Dis., 2015, 21(2), 359-361.
http://dx.doi.org/10.3201/eid2102.141363 PMID: 25625872
Sherley, My Ong, C-W. Sexual transmission of Zika virus: A
literature review. Sex. Health, 2018, 15(3), 183-199.
http://dx.doi.org/10.1071/SH17046 PMID: 29268073
Barjas-Castro, M.L.; Angerami, R.N.; Cunha, M.S.; Suzuki, A;;
Nogueira, J.S.; Rocco, I.M.; Maeda, A.Y.; Vasami, F.G.; Katz, G.;
Boin, I.F.; Stucchi, R.S.; Resende, M.R.; Esposito, D.L.; de Souza,
R.P.; da Fonseca, B.A.; Addas-Carvalho, M. Probable transfusion-
transmitted Zika virus in Brazil. Transfusion, 2016, 56(7), 1684-
1688.

http://dx.doi.org/10.1111/trf.13681 PMID: 27329551

Gourinat, A-C.; O’Connor, O.; Calvez, E.; Goarant, C.; Dupont-
Rouzeyrol, M. Detection of Zika virus in urine. Emerg. Infect.
Dis., 2015, 21(1), 84-86.
http://dx.doi.org/10.3201/eid2101.140894 PMID: 25530324
Musso, D.; Roche, C.; Nhan, T-X.; Robin, E.; Teissier, A.; Cao-
Lormeau, V-M. Detection of Zika virus in saliva. J. Clin. Virol.,
2015, 68, 53-55.

http://dx.doi.org/10.1016/j.jcv.2015.04.021 PMID: 26071336

Sun, J.; Wu, D.; Zhong, H.; Guan, D.; Zhang, H.; Tan, Q.; Ke, C.
Presence of Zika virus in conjunctival fluid. JAMA Ophthalmol.,
2016, 134(11), 1330-1332.
http://dx.doi.org/10.1001/jamaophthalmol.2016.3417

PMID: 27632055

Aid, M.; Abbink, P.; Larocca, R.A.; Boyd, M.; Nityanandam, R.;
Nanayakkara, O.; Martinot, A.J.; Moseley, E.T.; Blass, E.; Bor-
ducchi, E.N. Zika virus persistence in the central nervous system
and lymph nodes of rhesus monkeys. Cell, 2017, 169, 610-620.
http://dx.doi.org/10.1016/j.cell.2017.04.008

Christian, K.M.; Song, H.; Ming, G.L. Pathophysiology and
mechanisms of Zika virus infection in the nervous system. Annu.
Rev. Neurosci., 2019, 42, 249-269.
http://dx.doi.org/10.1146/annurev-neuro-080317-062231
31283901

Hasan, S.S.; Sevvana, M.; Kuhn, R.J.; Rossmann, M.G. Structural
biology of Zika virus and other flaviviruses. Nat. Struct. Mol. Bi-
ol., 2018, 25(1), 13-20.
http://dx.doi.org/10.1038/s41594-017-0010-8 PMID: 29323278
Gorshkov, K.; Shiryaev, S.A.; Fertel, S.; Lin, Y-W.; Huang, C-T;
Pinto, A.; Farhy, C.; Strongin, A.Y.; Zheng, W.; Terskikh, A.V.
Zika virus: Origins, pathological action, and treatment strategies.
Front. Microbiol., 2019, 9, 3252.
http://dx.doi.org/10.3389/fmich.2018.03252 PMID: 30666246

PMID:


http://dx.doi.org/10.1016/j.intimp.2014.09.019
http://dx.doi.org/10.1016/j.intimp.2014.09.019
http://dx.doi.org/10.1016/j.intimp.2014.09.019
http://www.ncbi.nlm.nih.gov/pubmed/25261704
http://dx.doi.org/10.3390/md14020028
http://dx.doi.org/10.3390/md14020028
http://dx.doi.org/10.3390/md14020028
http://dx.doi.org/10.3390/md14020028
http://www.ncbi.nlm.nih.gov/pubmed/26861355
http://dx.doi.org/10.1021/np010121s
http://dx.doi.org/10.1021/np010121s
http://dx.doi.org/10.1021/np010121s
http://www.ncbi.nlm.nih.gov/pubmed/11720531
http://dx.doi.org/10.1016/S0968-0896(02)00241-9
http://dx.doi.org/10.1016/S0968-0896(02)00241-9
http://dx.doi.org/10.1016/S0968-0896(02)00241-9
http://www.ncbi.nlm.nih.gov/pubmed/12213478
http://dx.doi.org/10.1002/ptr.1939
http://dx.doi.org/10.1002/ptr.1939
http://dx.doi.org/10.1002/ptr.1939
http://www.ncbi.nlm.nih.gov/pubmed/16775811
http://dx.doi.org/10.1016/j.ejphar.2009.05.017
http://dx.doi.org/10.1016/j.ejphar.2009.05.017
http://dx.doi.org/10.1016/j.ejphar.2009.05.017
http://dx.doi.org/10.1016/j.ejphar.2009.05.017
http://www.ncbi.nlm.nih.gov/pubmed/19482018
http://dx.doi.org/10.3390/md11124917
http://dx.doi.org/10.3390/md11124917
http://dx.doi.org/10.3390/md11124917
http://dx.doi.org/10.3390/md11124917
http://www.ncbi.nlm.nih.gov/pubmed/24336129
http://dx.doi.org/10.1038/s41467-020-14647-9
http://dx.doi.org/10.1038/s41467-020-14647-9
http://dx.doi.org/10.1038/s41467-020-14647-9
http://www.ncbi.nlm.nih.gov/pubmed/32060358
http://dx.doi.org/10.1128/JVI.01174-18
http://dx.doi.org/10.1128/JVI.01174-18
http://dx.doi.org/10.1128/JVI.01174-18
http://www.ncbi.nlm.nih.gov/pubmed/30158295
http://dx.doi.org/10.1038/s41467-018-05276-4
http://dx.doi.org/10.1038/s41467-018-05276-4
http://dx.doi.org/10.1038/s41467-018-05276-4
http://www.ncbi.nlm.nih.gov/pubmed/30076287
http://dx.doi.org/10.1016/j.antiviral.2016.09.010
http://dx.doi.org/10.1016/j.antiviral.2016.09.010
http://dx.doi.org/10.1016/j.antiviral.2016.09.010
http://www.ncbi.nlm.nih.gov/pubmed/27666184
http://dx.doi.org/10.1038/cr.2017.88
http://dx.doi.org/10.1038/cr.2017.88
http://dx.doi.org/10.1038/cr.2017.88
http://dx.doi.org/10.1038/cr.2017.88
http://www.ncbi.nlm.nih.gov/pubmed/28685770
http://dx.doi.org/10.1093/infdis/jiz331
http://dx.doi.org/10.1093/infdis/jiz331
http://dx.doi.org/10.1093/infdis/jiz331
http://dx.doi.org/10.1093/infdis/jiz331
http://www.ncbi.nlm.nih.gov/pubmed/31250000
http://dx.doi.org/10.3389/fmicb.2018.01350
http://dx.doi.org/10.3389/fmicb.2018.01350
http://dx.doi.org/10.3389/fmicb.2018.01350
http://www.ncbi.nlm.nih.gov/pubmed/29988497
http://dx.doi.org/10.1089/dna.2016.3404
http://dx.doi.org/10.1089/dna.2016.3404
http://dx.doi.org/10.1089/dna.2016.3404
http://www.ncbi.nlm.nih.gov/pubmed/27348136
http://dx.doi.org/10.1371/journal.pntd.0004636
http://dx.doi.org/10.1371/journal.pntd.0004636
http://dx.doi.org/10.1371/journal.pntd.0004636
http://dx.doi.org/10.1371/journal.pntd.0004636
http://www.ncbi.nlm.nih.gov/pubmed/27070912
http://dx.doi.org/10.1056/NEJMoa1711038
http://dx.doi.org/10.1056/NEJMoa1711038
http://dx.doi.org/10.1056/NEJMoa1711038
http://www.ncbi.nlm.nih.gov/pubmed/29641964
http://dx.doi.org/10.1016/j.cell.2016.08.004
http://dx.doi.org/10.1016/j.cell.2016.08.004
http://dx.doi.org/10.1016/j.cell.2016.08.004
http://dx.doi.org/10.3201/eid2102.141363
http://dx.doi.org/10.3201/eid2102.141363
http://dx.doi.org/10.3201/eid2102.141363
http://www.ncbi.nlm.nih.gov/pubmed/25625872
http://dx.doi.org/10.1071/SH17046
http://dx.doi.org/10.1071/SH17046
http://dx.doi.org/10.1071/SH17046
http://www.ncbi.nlm.nih.gov/pubmed/29268073
http://dx.doi.org/10.1111/trf.13681
http://dx.doi.org/10.1111/trf.13681
http://dx.doi.org/10.1111/trf.13681
http://www.ncbi.nlm.nih.gov/pubmed/27329551
http://dx.doi.org/10.3201/eid2101.140894
http://dx.doi.org/10.3201/eid2101.140894
http://www.ncbi.nlm.nih.gov/pubmed/25530324
http://dx.doi.org/10.1016/j.jcv.2015.04.021
http://dx.doi.org/10.1016/j.jcv.2015.04.021
http://www.ncbi.nlm.nih.gov/pubmed/26071336
http://dx.doi.org/10.1001/jamaophthalmol.2016.3417
http://dx.doi.org/10.1001/jamaophthalmol.2016.3417
http://www.ncbi.nlm.nih.gov/pubmed/27632055
http://dx.doi.org/10.1016/j.cell.2017.04.008
http://dx.doi.org/10.1016/j.cell.2017.04.008
http://dx.doi.org/10.1016/j.cell.2017.04.008
http://dx.doi.org/10.1146/annurev-neuro-080317-062231
http://dx.doi.org/10.1146/annurev-neuro-080317-062231
http://dx.doi.org/10.1146/annurev-neuro-080317-062231
http://www.ncbi.nlm.nih.gov/pubmed/31283901
http://dx.doi.org/10.1038/s41594-017-0010-8
http://dx.doi.org/10.1038/s41594-017-0010-8
http://dx.doi.org/10.1038/s41594-017-0010-8
http://www.ncbi.nlm.nih.gov/pubmed/29323278
http://dx.doi.org/10.3389/fmicb.2018.03252
http://dx.doi.org/10.3389/fmicb.2018.03252
http://dx.doi.org/10.3389/fmicb.2018.03252
http://www.ncbi.nlm.nih.gov/pubmed/30666246

22 Current Topics in Medicinal Chemistry, XXXX, Vol. XX, No. XX

(771

[78]

[79]

(80]

(81]

(82]

(83]

[84]

[85]

(86]

(87]

(88]

[89]

Fréour, T.; Mirallié, S.; Hubert, B.; Splingart, C.; Barriére, P.;
Maquart, M.; Leparc-Goffart, |. Sexual transmission of Zika virus
in an entirely asymptomatic couple returning from a Zika epidemic
area, France, April 2016. Euro Surveill., 2016, 21(23), 30254.
http://dx.doi.org/10.2807/1560-7917.ES.2016.21.23.30254 PMID:
27311680

Gallian, P.; Cabié, A.; Richard, P.; Paturel, L.; Charrel, R.N.;
Pastorino, B.; Leparc-Goffart, I.; Tiberghien, P.; de Lamballerie,
X. Zika virus in asymptomatic blood donors in Martinique. Blood,
2017, 129(2), 263-266.
http://dx.doi.org/10.1182/blood-2016-09-737981

PMID: 27827826

Haby, M.M.; Pinart, M.; Elias, V.; Reveiz, L. Prevalence of
asymptomatic Zika virus infection: A systematic review. Bull.
World Health Organ., 2018, 96(6), 402-413D.
http://dx.doi.org/10.2471/BLT.17.201541 PMID: 29904223

Chen, J,; Yang, Y.F,; Yang, Y.; Zou, P.; Chen, J.; He, Y.; Shui,
S.L.; Cui, Y.R.; Bai, R; Liang, Y.J.; Hu, Y.; Jiang, B.; Lu, L,
Zhang, X.; Liu, J.; Xu, J. AXL promotes Zika virus infection in as-
trocytes by antagonizing type | interferon signalling. Nat. Micro-
biol., 2018, 3(3), 302-309.
http://dx.doi.org/10.1038/s41564-017-0092-4 PMID: 29379210
Kim, J.; Alejandro, B.; Hetman, M.; Hattab, E.M.; Joiner, J.;
Schroten, H.; Ishikawa, H.; Chung, D-H. Zika virus infects peri-
cytes in the choroid plexus and enters the central nervous system
through the blood-cerebrospinal fluid barrier. PLoS Pathog., 2020,
16(5), €1008204.

http://dx.doi.org/10.1371/journal.ppat.1008204 PMID: 32357162
Papa, M.P.; Meuren, L.M.; Coelho, S.V.A,; Lucas, C.G.O.; Mus-
tafa, Y.M.; Lemos Matassoli, F.; Silveira, P.P.; Frost, P.S.; Pez-
zuto, P.; Ribeiro, M.R.; Tanuri, A.; Nogueira, M.L.; Campanati,
L.; Bozza, M.T.; Paula Neto, H.A.; Pimentel-Coelho, P.M.;
Figueiredo, C.P.; de Aguiar, R.S.; de Arruda, L.B. Zika virus in-
fects, activates, and crosses brain microvascular endothelial cells,
without barrier disruption. Front. Microbiol., 2017, 8, 2557.
http://dx.doi.org/10.3389/fmich.2017.02557 PMID: 29312238

Oh, Y.; Zhang, F.; Wang, Y.; Lee, E.M.; Choi, L.Y.; Lim, H;
Mirakhori, F.; Li, R.; Huang, L.; Xu, T.; Wu, H.; Li, C.; Qin; C.F.;
Wen, Z.; Wu, Q.F.; Tang, H.; Xu, Z.; Jin, P.; Songy Hi; Ming,
G.L.; Lee, G. Zika virus directly infects peripheral neurons and in-
duces cell death. Nat. Neurosci., 2017, 20(9), 1209-1212¢
http://dx.doi.org/10.1038/nn.4612 PMID: 28758997

Tang, H.; Hammack, C.; Ogden, S.C.; Wen, Z:;Qian, X.; Li,*Y.;
Yao, B.; Shin, J.; Zhang, F.; Lee, E.M.; Christian, K.M.; Didier,
R.A.; Jin, P.; Song, H.; Ming, G.L. Zika virus infects human corti-
cal neural progenitors and attenuates their growth: Cell Stem Cell,
2016, 18(5), 587-590.
http://dx.doi.org/10.1016/j.stem.2016.02.016 PMID: 26952870
Dang, J.; Tiwari, S.K.; Lichinchi, G.; QingY.; Patil, V.S.; Erosh-
kin, A.M.; Rana, T.M. Zika virus depletes.neural progenitors in
human cerebral organoids through activation of the innate immune
receptor TLR3. Cell Stem Cell, 2016, 19(2), 258-265.
http://dx.doi.org/10.1016/j.stem.2016.04.014 PMID: 27162029
Ferraris, P.; Cochet, M.; Hamel, R.; Gladwyn-Ng, I.; Alfano, C.;
Diop, F.; Garcia, D.; Talignani, L.; Montero-Menei, C.N.; Nou-
gairede, A.; Yssel, H.; Nguyen, L.; Coulpier, M.; Missé, D. Zika
virus differentially infects human neural progenitor cells according
to their state of differentiation and dysregulates neurogenesis
through the Notch pathway. Emerg. Microbes Infect., 2019, 8(1),
1003-1016.

http://dx.doi.org/10.1080/22221751.2019.1637283

PMID: 31282298

Harsh, S.; Fu, Y.; Kenney, E.; Han, Z.; Eleftherianos, 1. Zika virus
non-structural protein NS4A restricts eye growth in Drosophila
through regulation of JAK/STAT signaling. Dis. Model. Mech.,
2020, 13(4), dmm040816.

http://dx.doi.org/10.1242/dmm.040816 PMID: 32152180

Ho, C.Y.; Ames, H.M.; Tipton, A.; Vezina, G.; Liu, J.S.; Scafidi,
J.; Torii, M.; Rodriguez, F.J.; du Plessis, A.; DeBiasi, R.L. Differ-
ential neuronal susceptibility and apoptosis in congenital Zika vi-
rus infection. Ann. Neurol., 2017, 82(1), 121-127.
http://dx.doi.org/10.1002/ana.24968 PMID: 28556287

Liang, Q.; Luo, Z.; Zeng, J.; Chen, W.; Foo, S-S.; Lee, S-A.; Ge,
J.; Wang, S.; Goldman, S.A.; Zlokovic, B.V.; Zhao, Z.; Jung, J.U.

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

Salampe et al.

Zika virus NS4A and NS4B proteins deregulate Akt-mTOR sig-
naling in human fetal neural stem cells to inhibit neurogenesis and
induce autophagy. Cell Stem Cell, 2016, 19(5), 663-671.
http://dx.doi.org/10.1016/j.stem.2016.07.019 PMID: 27524440
Ghouzzi, V.E.; Bianchi, F.T.; Molineris, I.; Mounce, B.C.; Berto,
G.E.; Rak, M.; Lebon, S.; Aubry, L.; Tocco, C.; Gai, M.; Chiotto,
A.M.; Sgro, F.; Pallavicini, G.; Simon-Loriere, E.; Passemard, S.;
Vignuzzi, M.; Gressens, P.; Di Cunto, F. ZIKA virus elicits P53
activation and genotoxic stress in human neural progenitors simi-
lar to mutations involved in severe forms of genetic microcephaly.
Cell Death Dis., 2016, 7(10), e2440-e2440.
http://dx.doi.org/10.1038/cddis.2016.266 PMID: 27787521
Santos, C.N.O.; Ribeiro, D.R.; Cardoso Alves, J.; Cazzaniga,
R.A.; Magalhées, L.S.; de Souza, M.S.F.; Fonseca, A.B.L.; Bispo,
AJ.B.; Porto, R.L.S.; Santos, C.A.D.; da Silva, A.M.; Teixeira,
M.M.; de Almeida, R.P.; de Jesus, A.R. Association between Zika
virus microcephaly in newborns with the rs3775291 variant in
Toll-like receptor 3 and rs1799964 variant at Tumor Necrosis Fac-
tor-a gene. J. Infect. Dis., 2019, 220(11), 1797-1801.
http://dx.doi.org/10.1093/infdis/jiz392 PMID: 31352487

Ojha, C.R.; Rodriguez, M.; Karuppan, M.K.M.; Lapierre, J;
Kashanchi, F.; El-Hage, N. Toll-like receptor 3 regulates Zika vi-
rus infection and associated host inflammatory response in prima-
ry human astrocytes. PLoS One, 2019, 14(2), €0208543.
http://dx.doi.org/10.1371/journal.pone.0208543 PMID: 30735502
de Aradjo, T.V.B.; Rodrigues, L.C.; de Alencar Ximenes, R.A.; de
Barros Miranda-Filho; D.;*Montarroyos, U.R.; de Melo, AP.L,;
Valongueiro, S.; de Albuquerque, M.F.P.M.; Souza, W.V.; Braga,
Ct;. Filho, S.P.Bs; “‘Cordeiro, M.T.; Vazquez, E.; Di Cavalcanti
Souza Cruz, (D.; Henriques, C.M.P.; Bezerra, L.C.A.; da Silva
Castanha, P.M.;*Dhalia, R.; Marques-Junior, E.T.A.; Martelli,
C.M.T. Association between Zika virus infection and microceph-
aly in_Brazil, January to May, 2016: Preliminary report of a case-
control'study. Lancet Infect. Dis., 2016, 16(12), 1356-1363.
http://dx.doi.org/10.1016/S1473-3099(16)30318-8

PMID: 27641777

Rasmussen, S.A.; Jamieson, D.J.; Honein, M.A.; Petersen, L.R.
Zika virus and birth defects—reviewing the evidence for causality.
N. Engl. J. Med., 2016, 374(20), 1981-1987.
http://dx.doi.org/10.1056/NEJMsr1604338 PMID: 27074377
Bayless, N.L.; Greenberg, R.S.; Swigut, T.; Wysocka, J.; Blish,
C.A. Zika virus infection induces cranial neural crest cells to pro-
duce cytokines at levels detrimental for neurogenesis. Cell Host
Microbe, 2016, 20(4), 423-428.
http://dx.doi.org/10.1016/j.chom.2016.09.006 PMID: 27693308
Maucourant, C.; Queiroz, G.A.N.; Samri, A.; Grassi, M.F.R;;
Yssel, H.; Vieillard, V. Zika virus in the eye of the cytokine storm.
Eur. Cytokine Netw., 2019, 30(3), 74-81.

PMID: 31957701

Park, C.; Lee, S.; Cho, I.H.; Lee, H.K.; Kim, D.; Choi, S.Y.; Oh,
S.B.; Park, K.; Kim, J.S.; Lee, S.J. TLR3-mediated signal induces
proinflammatory cytokine and chemokine gene expression in as-
trocytes: Differential signaling mechanisms of TLR3-induced IP-
10 and IL-8 gene expression. Glia, 2006, 53(3), 248-256.
http://dx.doi.org/10.1002/glia.20278 PMID: 16265667

Pan, T.; Peng, Z.; Tan, L.; Zou, F.; Zhou, N.; Liu, B.; Liang, L.;
Chen, C.; Liu, J.; Wu, L.; Liu, G.; Peng, Z.; Liu, W.; Ma, X,
Zhang, J.; Zhu, X.; Liu, T.; Li, M.; Huang, X.; Tao, L.; Zhang, Y.;
Zhang, H. Nonsteroidal anti-inflammatory drugs potently inhibit
the replication of Zika viruses by inducing the degradation of
AXL. J. Virol., 2018, 92(20), e01018-e01018.
http://dx.doi.org/10.1128/JV1.01018-18 PMID: 30068645

Cao, B.; Parnell, L.A.; Diamond, M.S.; Mysorekar, 1.U. Inhibition
of autophagy limits vertical transmission of Zika virus in pregnant
mice. J. Exp. Med., 2017, 214(8), 2303-2313.
http://dx.doi.org/10.1084/jem.20170957 PMID: 28694387

Peng, H.; Liu, B.; Yves, T.D.; He, Y.; Wang, S.; Tang, H.; Ren,
H.; Zhao, P.; Qi, Z.; Qin, Z. Zika virus induces autophagy in hu-
man umbilical vein endothelial cells. Viruses, 2018, 10(5), 259.
http://dx.doi.org/10.3390/v10050259 PMID: 29762492

Olmo, I.G.; Carvalho, T.G.; Costa, V.V.; Alves-Silva, J.; Ferrari,
C.Z.; lzidoro-Toledo, T.C.; da Silva, J.F.; Teixeira, A.L.; Souza,
D.G.; Marques, J.T.; Teixeira, M.M.; Vieira, L.B.; Ribeiro, F.M.
Zika virus promotes neuronal cell death in a non-cell autonomous


http://dx.doi.org/10.2807/1560-7917.ES.2016.21.23.30254
http://dx.doi.org/10.2807/1560-7917.ES.2016.21.23.30254
http://dx.doi.org/10.2807/1560-7917.ES.2016.21.23.30254
http://dx.doi.org/10.2807/1560-7917.ES.2016.21.23.30254
http://www.ncbi.nlm.nih.gov/pubmed/27311680
http://dx.doi.org/10.1182/blood-2016-09-737981
http://dx.doi.org/10.1182/blood-2016-09-737981
http://www.ncbi.nlm.nih.gov/pubmed/27827826
http://dx.doi.org/10.2471/BLT.17.201541
http://dx.doi.org/10.2471/BLT.17.201541
http://dx.doi.org/10.2471/BLT.17.201541
http://www.ncbi.nlm.nih.gov/pubmed/29904223
http://dx.doi.org/10.1038/s41564-017-0092-4
http://dx.doi.org/10.1038/s41564-017-0092-4
http://dx.doi.org/10.1038/s41564-017-0092-4
http://www.ncbi.nlm.nih.gov/pubmed/29379210
http://dx.doi.org/10.1371/journal.ppat.1008204
http://dx.doi.org/10.1371/journal.ppat.1008204
http://dx.doi.org/10.1371/journal.ppat.1008204
http://dx.doi.org/10.1371/journal.ppat.1008204
http://www.ncbi.nlm.nih.gov/pubmed/32357162
http://dx.doi.org/10.3389/fmicb.2017.02557
http://dx.doi.org/10.3389/fmicb.2017.02557
http://dx.doi.org/10.3389/fmicb.2017.02557
http://dx.doi.org/10.3389/fmicb.2017.02557
http://www.ncbi.nlm.nih.gov/pubmed/29312238
http://dx.doi.org/10.1038/nn.4612
http://dx.doi.org/10.1038/nn.4612
http://dx.doi.org/10.1038/nn.4612
http://www.ncbi.nlm.nih.gov/pubmed/28758997
http://dx.doi.org/10.1016/j.stem.2016.02.016
http://dx.doi.org/10.1016/j.stem.2016.02.016
http://dx.doi.org/10.1016/j.stem.2016.02.016
http://www.ncbi.nlm.nih.gov/pubmed/26952870
http://dx.doi.org/10.1016/j.stem.2016.04.014
http://dx.doi.org/10.1016/j.stem.2016.04.014
http://dx.doi.org/10.1016/j.stem.2016.04.014
http://dx.doi.org/10.1016/j.stem.2016.04.014
http://www.ncbi.nlm.nih.gov/pubmed/27162029
http://dx.doi.org/10.1080/22221751.2019.1637283
http://dx.doi.org/10.1080/22221751.2019.1637283
http://dx.doi.org/10.1080/22221751.2019.1637283
http://dx.doi.org/10.1080/22221751.2019.1637283
http://dx.doi.org/10.1080/22221751.2019.1637283
http://www.ncbi.nlm.nih.gov/pubmed/31282298
http://dx.doi.org/10.1242/dmm.040816
http://dx.doi.org/10.1242/dmm.040816
http://dx.doi.org/10.1242/dmm.040816
http://dx.doi.org/10.1242/dmm.040816
http://www.ncbi.nlm.nih.gov/pubmed/32152180
http://dx.doi.org/10.1002/ana.24968
http://dx.doi.org/10.1002/ana.24968
http://dx.doi.org/10.1002/ana.24968
http://dx.doi.org/10.1002/ana.24968
http://www.ncbi.nlm.nih.gov/pubmed/28556287
http://dx.doi.org/10.1016/j.stem.2016.07.019
http://dx.doi.org/10.1016/j.stem.2016.07.019
http://dx.doi.org/10.1016/j.stem.2016.07.019
http://dx.doi.org/10.1016/j.stem.2016.07.019
http://www.ncbi.nlm.nih.gov/pubmed/27524440
http://dx.doi.org/10.1038/cddis.2016.266
http://dx.doi.org/10.1038/cddis.2016.266
http://dx.doi.org/10.1038/cddis.2016.266
http://dx.doi.org/10.1038/cddis.2016.266
http://dx.doi.org/10.1038/cddis.2016.266
http://www.ncbi.nlm.nih.gov/pubmed/27787521
http://dx.doi.org/10.1093/infdis/jiz392
http://dx.doi.org/10.1093/infdis/jiz392
http://dx.doi.org/10.1093/infdis/jiz392
http://dx.doi.org/10.1093/infdis/jiz392
http://dx.doi.org/10.1093/infdis/jiz392
http://www.ncbi.nlm.nih.gov/pubmed/31352487
http://dx.doi.org/10.1371/journal.pone.0208543
http://dx.doi.org/10.1371/journal.pone.0208543
http://dx.doi.org/10.1371/journal.pone.0208543
http://dx.doi.org/10.1371/journal.pone.0208543
http://www.ncbi.nlm.nih.gov/pubmed/30735502
http://dx.doi.org/10.1016/S1473-3099(16)30318-8
http://dx.doi.org/10.1016/S1473-3099(16)30318-8
http://dx.doi.org/10.1016/S1473-3099(16)30318-8
http://dx.doi.org/10.1016/S1473-3099(16)30318-8
http://www.ncbi.nlm.nih.gov/pubmed/27641777
http://dx.doi.org/10.1056/NEJMsr1604338
http://dx.doi.org/10.1056/NEJMsr1604338
http://dx.doi.org/10.1056/NEJMsr1604338
http://www.ncbi.nlm.nih.gov/pubmed/27074377
http://dx.doi.org/10.1016/j.chom.2016.09.006
http://dx.doi.org/10.1016/j.chom.2016.09.006
http://dx.doi.org/10.1016/j.chom.2016.09.006
http://www.ncbi.nlm.nih.gov/pubmed/27693308
http://www.ncbi.nlm.nih.gov/pubmed/31957701
http://dx.doi.org/10.1002/glia.20278
http://dx.doi.org/10.1002/glia.20278
http://dx.doi.org/10.1002/glia.20278
http://dx.doi.org/10.1002/glia.20278
http://dx.doi.org/10.1002/glia.20278
http://www.ncbi.nlm.nih.gov/pubmed/16265667
http://dx.doi.org/10.1128/JVI.01018-18
http://dx.doi.org/10.1128/JVI.01018-18
http://dx.doi.org/10.1128/JVI.01018-18
http://dx.doi.org/10.1128/JVI.01018-18
http://www.ncbi.nlm.nih.gov/pubmed/30068645
http://dx.doi.org/10.1084/jem.20170957
http://dx.doi.org/10.1084/jem.20170957
http://dx.doi.org/10.1084/jem.20170957
http://dx.doi.org/10.1084/jem.20170957
http://www.ncbi.nlm.nih.gov/pubmed/28694387
http://dx.doi.org/10.3390/v10050259
http://dx.doi.org/10.3390/v10050259
http://dx.doi.org/10.3390/v10050259
http://www.ncbi.nlm.nih.gov/pubmed/29762492
http://dx.doi.org/10.3389/fimmu.2017.01016

Promising Marine Natural Products for Tackling Viral Outbreaks

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

manner by triggering the release of neurotoxic factors. Front. Im-
munol., 2017, 8, 1016.
http://dx.doi.org/10.3389/fimmu.2017.01016 PMID: 28878777
Zhang, F.; Hammack, C.; Ogden, S.C.; Cheng, Y.; Lee, E.M.;
Wen, Z.; Qian, X.; Nguyen, H.N.; Li, Y.; Yao, B.; Xu, M.; Xu, T;
Chen, L.; Wang, Z.; Feng, H.; Huang, W.K.; Yoon, K.J.; Shan, C,;
Huang, L.; Qin, Z.; Christian, K.M.; Shi, P.Y.; Xu, M.; Xia, M.;
Zheng, W.; Wu, H.; Song, H.; Tang, H.; Ming, G.L.; Jin, P. Mo-
lecular signatures associated with ZIKV exposure in human corti-
cal neural progenitors. Nucleic Acids Res., 2016, 44(18), 8610-
8620.

http://dx.doi.org/10.1093/nar/gkw765 PMID: 27580721

Amaral, J.D.; Xavier, J.M.; Steer, C.J.; Rodrigues, C.M. The role
of p53 in apoptosis. Discov. Med., 2010, 9(45), 145-152.

PMID: 20193641

Aubrey, B.J.; Kelly, G.L.; Janic, A.; Herold, M.J.; Strasser, A.
How does p53 induce apoptosis and how does this relate to p53-
mediated tumour suppression? Cell Death Differ., 2018, 25(1),
104-113.

http://dx.doi.org/10.1038/cdd.2017.169 PMID: 29149101

Han, X.; Wang, J.; Yang, Y.; Qu, S.; Wan, F.; Zhang, Z.; Wang,
R.; Li, G.; Cong, H. Zika virus infection induced apoptosis by
modulating the recruitment and activation of proapoptotic protein
bax. J. Virol., 2021, 95, e01445-01420.
http://dx.doi.org/10.1128/JV1.01445-20

Li, P.; Jiang, H.; Peng, H.; Zeng, W.; Zhong, Y.; He, M.; Xie, L.;
Chen, J.; Guo, D.; Wu, J.; Li, C.M. Non-structural protein 5 of
Zika virus interacts with p53 in human neural progenitor cells and
induces p53-mediated apoptosis. Virol. Sin., 2021, 36(6), 1411-
1420.

http://dx.doi.org/10.1007/s12250-021-00422-7 PMID: 34224111
Adams, C.J.; Kopp, M.C.; Larburu, N.; Nowak, P.R.; Ali, M.M.U.
Structure and molecular mechanism of ER stress signaling by the
unfolded protein response signal activator IRE1. Front. Mol. Bi-
osci., 2019, 6, 11.

http://dx.doi.org/10.3389/fmolb.2019.00011 PMID: 30931312
Gladwyn-Ng, 1.; Cordén-Barris, L.; Alfano, C.; Creppe, C,;
Couderc, T.; Morelli, G.; Thelen, N.; America, M.; Bessiéres, B.;
Encha-Razavi, F.; Bonniere, M.; Suzuki, I.K.; Flamand, "M.;
Vanderhaeghen, P.; Thiry, M.; Lecuit, M.; Nguyen; L. Stress-
induced unfolded protein response contributes 10 Zika virus<
associated microcephaly. Nat. Neurosci., 2018, 24(1), 63-71.
http://dx.doi.org/10.1038/s41593-017-0038-4 PMID: 29230053
Matsumiya, T.; Stafforini, D.M. Function and regulation of retin-
oic acid-inducible gene-I. Crit Rev Immunol., 2010, 30(6), 489-
513.

Lundberg, R.; Melén, K.; Westenius, V.; Jiang, M.; Osterlund, P.;
Khan, H.; Vapalahti, O.; Julkunen, I.; Kakkola, L. Zika virus non-
structural protein NS5 inhibits the RIG-I_pathway and interferon
lambda 1 promoter activation by targeting. IKK epsilon. Viruses,
2019, 11(11), 1024.

http://dx.doi.org/10.3390/v11111024 PMID: 31690057

Amaya Garcia, F.; Cirne-Santos, C.; de Souza Barros, C.; Pinto,
A.M.; Sanchez Nunez, M.L.; Laneuville Teixeira, V.; Resende,
JA.LL.C.; Ramos, F.A.; Paixdo, I.C.N.P.; Castellanos, L. Semisyn-
thesis of dolabellane diterpenes: Oxygenated analogues with in-
creased activity against zika and chikungunya viruses. J. Nat.
Prod., 2021, 84(4), 1373-1384.
http://dx.doi.org/10.1021/acs.jnatprod.1c00199 PMID: 33822611
Cirne-Santos, C.C. In vitro antiviral activity against zika virus
from a natural product of the Brazilian brown seaweed Dictyota
menstrualis. Nat. Prod. Commun., 2019, 14, 7.
http://dx.doi.org/10.1177/1934578X19859128

Yuan, B.; Wu, Z.; Ji, W.; Liu, D.; Guo, X.; Yang, D.; Fan, A; Jia,
H.; Ma, M,; Lin, W. Discovery of cyclohexadepsipeptides with an-
ti-Zika virus activities and biosynthesis of the nonproteinogenic
building block (3S)-methyl-I-proline. J. Biol. Chem., 2021, 297(1),
100822.

http://dx.doi.org/10.1016/j.jbc.2021.100822 PMID: 34029593
Cirne-Santos, C.C.; de Souza Barros, C.; de Oliveira, M.C.; Rabe-
lo, V.W-H.; Azevedo, R.C.; Teixeira, V.L.; Ferreira, D.F.; de
Palmer Paix&o, I.C.N. In vitro studies on the inhibition of replica-
tion of zika and chikungunya viruses by dolastane isolated from
seaweed canistrocarpus cervicornis. Sci. Rep., 2020, 10(1), 8263.

Current Topics in Medicinal Chemistry, XXXX, Vol. XX, No. XX 23

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

http://dx.doi.org/10.1038/s41598-020-65357-7 PMID: 32427940
Guo, Y.W.; Liu, X.J.; Yuan, J.; Li, H.J.; Mahmud, T.; Hong, M.J.;
Yu, J.C.; Lan, W.J. I-tryptophan induces a marine-derived Fusari-
um sp. to produce indole alkaloids with activity against the Zika
virus. J. Nat. Prod., 2020, 83(11), 3372-3380.
http://dx.doi.org/10.1021/acs.jnatprod.0c00717 PMID: 33180497
Rivera, A.; Messaoudi, I. Molecular mechanisms of Ebola patho-
genesis. J. Leukoc. Biol., 2016, 100(5), 889-904.
http://dx.doi.org/10.1189/jlb.4R10316-099RR PMID: 27587404
Formenty, P.; Hatz, C.; Le Guenno, B.; Stoll, A.; Rogenmoser, P.;
Widmer, A. Human infection due to Ebola virus, subtype Cote
d’Ivoire: clinical and biologic presentation. J. Infect. Dis., 1999,
179(Suppl. 1), S48-S53.

http://dx.doi.org/10.1086/514285 PMID: 9988164

Goeijenbier, M.; van Kampen, J.J.; Reusken, C.B.; Koopmans,
M.P.; van Gorp, E.C. Ebola virus disease: A review on epidemiol-
ogy, symptoms, treatment and pathogenesis. Neth. J. Med., 2014,
72(9), 442-448.

PMID: 25387613

Furuyama, W.; Shifflett, K.; Feldmann, H.; Marzi, A. The Ebola
virus soluble glycoprotein contributes to viral pathogenesis by ac-
tivating the MAP kinase signaling pathway. PLoS Pathog., 2021,
17(9), e1009937.

http://dx.doi.org/10.1371/journal.ppat.1009937 PMID: 34529738
Wolf, K.; Beimforde, N.; Falzarano, D.; Feldmann, H.; Schnittler,
H-J. The Ebola virus soluble glycoprotein (sGP) does not affect
lymphocyte apoptosistand-adhesion to activated endothelium. J.
Infect. Dis., 2011, 204(Suppl<3), S947-S952.
hitp/idx.doi.org/10.1093/infdis/jir322 PMID: 21987774

Mateo, M.; Carbonnelle, C.; Martinez, M.J.; Reynard, O.; Page,
A.; Volchkova, W.A.; Volchkov, V.E. Knockdown of Ebola virus
/P24 impairs viral nucleocapsid assembly and prevents virus rep-
lication. J: Infect. Dis., 2011, 204(Suppl. 3), S892-S896.
http:/fdx.doi.org/10.1093/infdis/jir311 PMID: 21987766

Zhu,W.; Banadyga, L.; Emeterio, K.; Wong, G.; Qiu, X. The roles
of-ebola virus soluble glycoprotein in replication, pathogenesis,
and countermeasure development. Viruses, 2019, 11(11), 999.
http://dx.doi.org/10.3390/v11110999 PMID: 31683550

Woolsey, C.; Menicucci, A.R.; Cross, R.W.; Luthra, P.; Agans,
K.N.; Borisevich, V.; Geisbert, J.B.; Mire, C.E.; Fenton, K.A,;
Jankeel, A. A A VP35 mutant Ebola virus lacks virulence but can
elicit protective immunity to wild-type virus challenge. Cell Re-
ports, 2019, 28, 3032-3046.
http://dx.doi.org/10.1016/j.celrep.2019.08.047

Higashi, N.; Fujioka, K.; Denda-Nagai, K.; Hashimoto, S.; Nagai,
S.; Sato, T.; Fujita, Y.; Morikawa, A.; Tsuiji, M.; Miyata-
Takeuchi, M.; Sano, Y.; Suzuki, N.; Yamamoto, K.; Matsushima,
K.; Irimura, T. The macrophage C-type lectin specific for galac-
tose/N-acetylgalactosamine is an endocytic receptor expressed on
monocyte-derived immature dendritic cells. J. Biol. Chem., 2002,
277(23), 20686-20693.

http://dx.doi.org/10.1074/jbc.M202104200 PMID: 11919201
Takada, A.; Fujioka, K.; Tsuiji, M.; Morikawa, A.; Higashi, N.;
Ebihara, H.; Kobasa, D.; Feldmann, H.; Irimura, T.; Kawaoka, Y.
Human macrophage C-type lectin specific for galactose and N-
acetylgalactosamine promotes filovirus entry. J. Virol., 2004,
78(6), 2943-2947.
http://dx.doi.org/10.1128/JV1.78.6.2943-2947.2004

PMID: 14990712

Dahlmann, F.; Biedenkopf, N.; Babler, A.; Jahnen-Dechent, W.;
Karsten, C.B.; Gnir, K.; Schneider, H.; Wrensch, F,;
O’Callaghan, C.A.; Bertram, S.; Herrler, G.; Becker, S.; Poh-
Imann, S.; Hofmann-Winkler, H. Analysis of Ebola virus entry in-
to macrophages. J. Infect. Dis., 2015, 212(Suppl. 2), S247-S257.
http://dx.doi.org/10.1093/infdis/jiv140 PMID: 25877552

Alvarez, C.P.; Lasala, F.; Carrillo, J.; Mufiiz, O.; Corbi, A.L.;
Delgado, R. C-type lectins DC-SIGN and L-SIGN mediate cellular
entry by Ebola virus in cis and in trans. J. Virol., 2002, 76(13),
6841-6844.

http://dx.doi.org/10.1128/JV1.76.13.6841-6844.2002

PMID: 12050398

Simmons, G.; Reeves, J.D.; Grogan, C.C.; Vandenberghe, L.H.;
Baribaud, F.; Whitbeck, J.C.; Burke, E.; Buchmeier, M.J;
Soilleux, E.J.; Riley, J.L.; Doms, R.W.; Bates, P.; Péhimann, S.


http://dx.doi.org/10.3389/fimmu.2017.01016
http://dx.doi.org/10.3389/fimmu.2017.01016
http://www.ncbi.nlm.nih.gov/pubmed/28878777
http://dx.doi.org/10.1093/nar/gkw765
http://dx.doi.org/10.1093/nar/gkw765
http://dx.doi.org/10.1093/nar/gkw765
http://dx.doi.org/10.1093/nar/gkw765
http://www.ncbi.nlm.nih.gov/pubmed/27580721
http://www.ncbi.nlm.nih.gov/pubmed/20193641
http://dx.doi.org/10.1038/cdd.2017.169
http://dx.doi.org/10.1038/cdd.2017.169
http://dx.doi.org/10.1038/cdd.2017.169
http://www.ncbi.nlm.nih.gov/pubmed/29149101
http://dx.doi.org/10.1128/JVI.01445-20
http://dx.doi.org/10.1128/JVI.01445-20
http://dx.doi.org/10.1128/JVI.01445-20
http://dx.doi.org/10.1128/JVI.01445-20
http://dx.doi.org/10.1007/s12250-021-00422-7
http://dx.doi.org/10.1007/s12250-021-00422-7
http://dx.doi.org/10.1007/s12250-021-00422-7
http://dx.doi.org/10.1007/s12250-021-00422-7
http://www.ncbi.nlm.nih.gov/pubmed/34224111
http://dx.doi.org/10.3389/fmolb.2019.00011
http://dx.doi.org/10.3389/fmolb.2019.00011
http://dx.doi.org/10.3389/fmolb.2019.00011
http://www.ncbi.nlm.nih.gov/pubmed/30931312
http://dx.doi.org/10.1038/s41593-017-0038-4
http://dx.doi.org/10.1038/s41593-017-0038-4
http://dx.doi.org/10.1038/s41593-017-0038-4
http://dx.doi.org/10.1038/s41593-017-0038-4
http://www.ncbi.nlm.nih.gov/pubmed/29230053
http://dx.doi.org/10.3390/v11111024
http://dx.doi.org/10.3390/v11111024
http://dx.doi.org/10.3390/v11111024
http://dx.doi.org/10.3390/v11111024
http://www.ncbi.nlm.nih.gov/pubmed/31690057
http://dx.doi.org/10.1021/acs.jnatprod.1c00199
http://dx.doi.org/10.1021/acs.jnatprod.1c00199
http://dx.doi.org/10.1021/acs.jnatprod.1c00199
http://dx.doi.org/10.1021/acs.jnatprod.1c00199
http://www.ncbi.nlm.nih.gov/pubmed/33822611
http://dx.doi.org/10.1177/1934578X19859128
http://dx.doi.org/10.1177/1934578X19859128
http://dx.doi.org/10.1177/1934578X19859128
http://dx.doi.org/10.1177/1934578X19859128
http://dx.doi.org/10.1016/j.jbc.2021.100822
http://dx.doi.org/10.1016/j.jbc.2021.100822
http://dx.doi.org/10.1016/j.jbc.2021.100822
http://dx.doi.org/10.1016/j.jbc.2021.100822
http://www.ncbi.nlm.nih.gov/pubmed/34029593
http://dx.doi.org/10.1038/s41598-020-65357-7
http://dx.doi.org/10.1038/s41598-020-65357-7
http://dx.doi.org/10.1038/s41598-020-65357-7
http://dx.doi.org/10.1038/s41598-020-65357-7
http://www.ncbi.nlm.nih.gov/pubmed/32427940
http://dx.doi.org/10.1021/acs.jnatprod.0c00717
http://dx.doi.org/10.1021/acs.jnatprod.0c00717
http://dx.doi.org/10.1021/acs.jnatprod.0c00717
http://dx.doi.org/10.1021/acs.jnatprod.0c00717
http://www.ncbi.nlm.nih.gov/pubmed/33180497
http://dx.doi.org/10.1189/jlb.4RI0316-099RR
http://dx.doi.org/10.1189/jlb.4RI0316-099RR
http://dx.doi.org/10.1189/jlb.4RI0316-099RR
http://www.ncbi.nlm.nih.gov/pubmed/27587404
http://dx.doi.org/10.1086/514285
http://dx.doi.org/10.1086/514285
http://dx.doi.org/10.1086/514285
http://www.ncbi.nlm.nih.gov/pubmed/9988164
http://www.ncbi.nlm.nih.gov/pubmed/25387613
http://dx.doi.org/10.1371/journal.ppat.1009937
http://dx.doi.org/10.1371/journal.ppat.1009937
http://dx.doi.org/10.1371/journal.ppat.1009937
http://dx.doi.org/10.1371/journal.ppat.1009937
http://www.ncbi.nlm.nih.gov/pubmed/34529738
http://dx.doi.org/10.1093/infdis/jir322
http://dx.doi.org/10.1093/infdis/jir322
http://dx.doi.org/10.1093/infdis/jir322
http://www.ncbi.nlm.nih.gov/pubmed/21987774
http://dx.doi.org/10.1093/infdis/jir311
http://dx.doi.org/10.1093/infdis/jir311
http://dx.doi.org/10.1093/infdis/jir311
http://dx.doi.org/10.1093/infdis/jir311
http://www.ncbi.nlm.nih.gov/pubmed/21987766
http://dx.doi.org/10.3390/v11110999
http://dx.doi.org/10.3390/v11110999
http://dx.doi.org/10.3390/v11110999
http://dx.doi.org/10.3390/v11110999
http://www.ncbi.nlm.nih.gov/pubmed/31683550
http://dx.doi.org/10.1016/j.celrep.2019.08.047
http://dx.doi.org/10.1016/j.celrep.2019.08.047
http://dx.doi.org/10.1016/j.celrep.2019.08.047
http://dx.doi.org/10.1074/jbc.M202104200
http://dx.doi.org/10.1074/jbc.M202104200
http://dx.doi.org/10.1074/jbc.M202104200
http://dx.doi.org/10.1074/jbc.M202104200
http://www.ncbi.nlm.nih.gov/pubmed/11919201
http://dx.doi.org/10.1128/JVI.78.6.2943-2947.2004
http://dx.doi.org/10.1128/JVI.78.6.2943-2947.2004
http://dx.doi.org/10.1128/JVI.78.6.2943-2947.2004
http://www.ncbi.nlm.nih.gov/pubmed/14990712
http://dx.doi.org/10.1093/infdis/jiv140
http://dx.doi.org/10.1093/infdis/jiv140
http://dx.doi.org/10.1093/infdis/jiv140
http://www.ncbi.nlm.nih.gov/pubmed/25877552
http://dx.doi.org/10.1128/JVI.76.13.6841-6844.2002
http://dx.doi.org/10.1128/JVI.76.13.6841-6844.2002
http://dx.doi.org/10.1128/JVI.76.13.6841-6844.2002
http://www.ncbi.nlm.nih.gov/pubmed/12050398

24 Current Topics in Medicinal Chemistry, XXXX, Vol. XX, No. XX

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

DC-SIGN and DC-SIGNR bind ebola glycoproteins and enhance
infection of macrophages and endothelial cells. Virology, 2003,
305(1), 115-123.

http://dx.doi.org/10.1006/vir0.2002.1730 PMID: 12504546

Marzi, A.; Mdller, P.; Hanna, S.L.; Harrer, T.; Eisemann, J.;
Steinkasserer, A.; Becker, S.; Baribaud, F.; P6himann, S. Analysis
of the interaction of Ebola virus glycoprotein with DC-SIGN
(dendritic cell-specific intercellular adhesion molecule 3-grabbing
nonintegrin) and its homologue DC-SIGNR. J. Infect. Dis., 2007,
196(Suppl. 2), S237-S246.

http://dx.doi.org/10.1086/520607 PMID: 17940955

Chan, S.Y.; Empig, C.J.; Welte, F.J.; Speck, R.F.; Schmaljohn, A,;
Kreisberg, J.F.; Goldsmith, M.A. Folate receptor-o is a cofactor
for cellular entry by Marburg and Ebola viruses. Cell, 2001,
106(1), 117-126.
http://dx.doi.org/10.1016/S0092-8674(01)00418-4

PMID: 11461707

Weissenhorn, W.; Calder, L.J.; Wharton, S.A.; Skehel, J.J.; Wiley,
D.C. The central structural feature of the membrane fusion protein
subunit from the Ebola virus glycoprotein is a long triple-stranded
coiled coil. Proc. Natl. Acad. Sci. USA, 1998, 95(11), 6032-6036.
http://dx.doi.org/10.1073/pnas.95.11.6032 PMID: 9600912
Wool-Lewis, R.J.; Bates, P. Characterization of Ebola virus entry
by using pseudotyped viruses: identification of receptor-deficient
cell lines. J. Virol., 1998, 72(4), 3155-3160.
http://dx.doi.org/10.1128/JV1.72.4.3155-3160.1998

PMID: 9525641

Hensley, L.E.; Young, H.A.; Jahrling, P.B.; Geisbert, T.W. Proin-
flammatory response during Ebola virus infection of primate mod-
els: Possible involvement of the tumor necrosis factor receptor su-
perfamily. Immunol. Lett., 2002, 80(3), 169-179.
http://dx.doi.org/10.1016/S0165-2478(01)00327-3

PMID: 11803049

Gupta, M.; Mahanty, S.; Ahmed, R.; Rollin, P.E. Monocyte-
derived human macrophages and peripheral blood mononuclear
cells infected with ebola virus secrete MIP-1a and TNF-o and in-
hibit poly-IC-induced IFN-a in vitro. Virology, 2001, 284(1), 20-
25.

http://dx.doi.org/10.1006/vir0.2001.0836 PMID: 11352664
Grunnet, L.G.; Aikin, R.; Tonnesen, M.F.; Paraskevas, S.;
Blaabjerg, L.; Sterling, J.; Rosenberg, L.; Billestrup, N4
Maysinger, D.; Mandrup-Poulsen, T. Proinflammatory cytokines
activate the intrinsic apoptotic pathway in B-cells. Diabetes;2009,
58(8), 1807-1815.

http://dx.doi.org/10.2337/db08-0178 PMID: 19470609

Chang, S-H.; Park, C-G. Allogeneic ADSCs induce CD8 T cell-
mediated cytotoxicity and faster cell death after exposure to xeno-
geneic serum or proinflammatory cytokines. Exp. Mol. Med.,
2019, 51(3), 1-10.

http://dx.doi.org/10.1038/s12276-019-0231-5 PMID: 30858365
Martines, R.B.; Ng, D.L.; Greer, ,P.W.; Rollin, P.E.; Zaki, S.R.
Tissue and cellular tropism, pathology and pathogenesis of Ebola
and Marburg viruses. J. Pathol., 2015, 235(2), 153-174.
http://dx.doi.org/10.1002/path.4456 PMID: 25297522

Johnson, J.C.; Martinez, O.; Honko, A.N.; Hensley, L.E.; Olinger,
G.G.; Basler, C.F. Pyridinyl imidazole inhibitors of p38 MAP ki-
nase impair viral entry and reduce cytokine induction by Zaire
ebolavirus in human dendritic cells. Antiviral Res., 2014, 107,
102-109.

http://dx.doi.org/10.1016/j.antiviral.2014.04.014 PMID: 24815087
Saeed, M.F.; Kolokoltsov, A.A.; Freiberg, A.N.; Holbrook, M.R.;
Davey, R.A. Phosphoinositide-3 kinase-Akt pathway controls cel-
lular entry of Ebola virus. PLoS Pathog., 2008, 4(8), €1000141.
http://dx.doi.org/10.1371/journal.ppat.1000141 PMID: 18769720
Okumura, A.; Pitha, P.M.; Yoshimura, A.; Harty, R.N. Interaction
between Ebola virus glycoprotein and host toll-like receptor 4
leads to induction of proinflammatory cytokines and SOCS1. J.
Virol., 2010, 84(1), 27-33.

http://dx.doi.org/10.1128/JV1.01462-09 PMID: 19846529

Ayithan, N.; Bradfute, S.B.; Anthony, S.M.; Stuthman, K.S.; Dye,
J.M.; Bavari, S.; Bray, M.; Ozato, K. Ebola virus-like particles
stimulate type | interferons and proinflammatory cytokine expres-
sion through the toll-like receptor and interferon signaling path-
ways. J. Interferon Cytokine Res., 2014, 34(2), 79-89.

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[249]

[150]

[151]

[152]

[153]

[154]

[155]

Salampe et al.

http://dx.doi.org/10.1089/jir.2013.0035 PMID: 24102579

Martins, K.A.; Steffens, J.T.; van Tongeren, S.A.; Wells, J.B.;
Bergeron, A.A.; Dickson, S.P.; Dye, J.M.; Salazar, A.M.; Bavari,
S. Toll-like receptor agonist augments virus-like particle-mediated
protection from Ebola virus with transient immune activation.
PLoS One, 2014, 9(2), e89735.
http://dx.doi.org/10.1371/journal.pone.0089735 PMID: 24586996
Jasenosky, L.D.; Cadena, C.; Mire, C.E.; Borisevich, V.; Haridas,
V.; Ranjbar, S.; Nambu, A.; Bavari, S.; Soloveva, V.; Sadukhan,
S.; Cassell, G.H.; Geisbert, T.W.; Hur, S.; Goldfeld, A.E. The
FDA-approved oral drug nitazoxanide amplifies host antiviral re-
sponses and inhibits Ebola virus. iScience, 2019, 19, 1279-1290.
http://dx.doi.org/10.1016/j.isci.2019.07.003 PMID: 31402258
Martinez, O.; Ngu, M.K.E.; Warneke, P. Transduction of retinoic
acid-inducible gene 1 by Ebola virus-like particles enhances anti-
gen-presentation. 2019.

Bixler, S.L.; Duplantier, A.J.; Bavari, S. Discovering drugs for the
treatment of Ebola virus. Curr. Treat. Options Infect. Dis., 2017,
9(3), 299-317.

http://dx.doi.org/10.1007/s40506-017-0130-z PMID: 28890666
Edwards, M.R.; Basler, C.F. Current status of small molecule drug
development for Ebola virus and other filoviruses. Curr. Opin. Vi-
rol., 2019, 35, 42-56.
http://dx.doi.org/10.1016/j.coviro.2019.03.001 PMID: 31003196
Skariyachan, S.; Acharya,CA'B.; Subramaniyan, S.; Babu, S,
Kulkarni, S.; Narayanappa, \R. Secondary metabolites extracted
from marine sponge® associated Comamonas testosteroni and
Citrobacter freundii asipotential antimicrobials against MDR path-
ogens-and hypothetical leads for VP40 matrix protein of Ebola vi-
rus:An in vitro and in silico investigation. J. Biomol. Struct. Dyn.,
2016, 34(9), 1865-1883.
http://dx.doi:org/10.1080/07391102.2015.1094412

PMID;, 26577929

Barrientos, L.G.; O’Keefe, B.R.; Bray, M.; Sanchez, A.; Gronen-
born, A.M.; Boyd, M.R. Cyanovirin-N binds to the viral surface
glycoprotein, GP1, 2 and inhibits infectivity of Ebola virus. Antivi-
ral Res., 2003, 58(1), 47-56.
http://dx.doi.org/10.1016/S0166-3542(02)00183-3

PMID: 12719006

Garrison, A.R.; Giomarelli, B.G.; Lear-Rooney, C.M.; Saucedo,
C.J; Yellayi, S.; Krumpe, L.R.; Rose, M.; Paragas, J.; Bray, M.;
Olinger, G.G., Jr; McMahon, J.B.; Huggins, J.; O’Keefe, B.R. The
cyanobacterial lectin scytovirin displays potent in vitro and in vivo
activity against Zaire Ebola virus. Antiviral Res., 2014, 112, 1-7.
http://dx.doi.org/10.1016/j.antiviral.2014.09.012 PMID: 25265598
Kashman, Y.; Groweiss, A.; Shmueli, U. Latrunculin, a new 2-
thiazolidinone macrolide from the marine sponge Latrunculia
magnifica. Tetrahedron Lett., 1980, 21, 3629-3632.
http://dx.doi.org/10.1016/0040-4039(80)80255-3

Yonezawa, A.; Cavrois, M.; Greene, W.C. Studies of ebola virus
glycoprotein-mediated entry and fusion by using pseudotyped hu-
man immunodeficiency virus type 1 virions: Involvement of cyto-
skeletal proteins and enhancement by tumor necrosis factor alpha.
J. Virol., 2005, 79(2), 918-926.
http://dx.doi.org/10.1128/JV1.79.2.918-926.2005 PMID: 15613320
Khanfar, M.A.; Youssef, D.T.; El Sayed, K.A. Semisynthetic
latrunculin derivatives as inhibitors of metastatic breast cancer:
Biological evaluations, preliminary structure-activity relationship
and molecular modeling studies. ChemMedChem, 2010, 5(2), 274-
285.

http://dx.doi.org/10.1002/cmdc.200900430 PMID: 20043312
Crews, P.; Manes, L.V.; Boehler, M. Jasplakinolide, a cyclodep-
sipeptide from the marine sponge, Jaspis SP. Tetrahedron Lett.,
1986, 27, 2797-2800.
http://dx.doi.org/10.1016/S0040-4039(00)84645-6

Kretz, R.; Wendt, L.; Wongkanoun, S.; Luangsa-Ard, J.J.; Surup,
F.; Helaly, S.E.; Noumeur, S.R.; Stadler, M.; Stradal, T.E.B. The
effect of cytochalasans on the actin cytoskeleton of eukaryotic
cells and preliminary structure activity relationships. Biomole-
cules, 2019, 9(2), E73.

http://dx.doi.org/10.3390/biom9020073 PMID: 30791504
Aldridge, D.; Armstrong, J.; Speake, R.; Turner, W. The cyto-
chalasins, a new class of biologically active mould metabolites.
Chem. Commun. (Camb.), 1967, 26-27.


http://dx.doi.org/10.1006/viro.2002.1730
http://dx.doi.org/10.1006/viro.2002.1730
http://dx.doi.org/10.1006/viro.2002.1730
http://www.ncbi.nlm.nih.gov/pubmed/12504546
http://dx.doi.org/10.1086/520607
http://dx.doi.org/10.1086/520607
http://dx.doi.org/10.1086/520607
http://dx.doi.org/10.1086/520607
http://dx.doi.org/10.1086/520607
http://www.ncbi.nlm.nih.gov/pubmed/17940955
http://dx.doi.org/10.1016/S0092-8674(01)00418-4
http://dx.doi.org/10.1016/S0092-8674(01)00418-4
http://dx.doi.org/10.1016/S0092-8674(01)00418-4
http://www.ncbi.nlm.nih.gov/pubmed/11461707
http://dx.doi.org/10.1073/pnas.95.11.6032
http://dx.doi.org/10.1073/pnas.95.11.6032
http://dx.doi.org/10.1073/pnas.95.11.6032
http://dx.doi.org/10.1073/pnas.95.11.6032
http://www.ncbi.nlm.nih.gov/pubmed/9600912
http://dx.doi.org/10.1128/JVI.72.4.3155-3160.1998
http://dx.doi.org/10.1128/JVI.72.4.3155-3160.1998
http://dx.doi.org/10.1128/JVI.72.4.3155-3160.1998
http://dx.doi.org/10.1128/JVI.72.4.3155-3160.1998
http://www.ncbi.nlm.nih.gov/pubmed/9525641
http://dx.doi.org/10.1016/S0165-2478(01)00327-3
http://dx.doi.org/10.1016/S0165-2478(01)00327-3
http://dx.doi.org/10.1016/S0165-2478(01)00327-3
http://dx.doi.org/10.1016/S0165-2478(01)00327-3
http://dx.doi.org/10.1016/S0165-2478(01)00327-3
http://www.ncbi.nlm.nih.gov/pubmed/11803049
http://dx.doi.org/10.1006/viro.2001.0836
http://dx.doi.org/10.1006/viro.2001.0836
http://dx.doi.org/10.1006/viro.2001.0836
http://dx.doi.org/10.1006/viro.2001.0836
http://dx.doi.org/10.1006/viro.2001.0836
http://www.ncbi.nlm.nih.gov/pubmed/11352664
http://dx.doi.org/10.2337/db08-0178
http://dx.doi.org/10.2337/db08-0178
http://dx.doi.org/10.2337/db08-0178
http://www.ncbi.nlm.nih.gov/pubmed/19470609
http://dx.doi.org/10.1038/s12276-019-0231-5
http://dx.doi.org/10.1038/s12276-019-0231-5
http://dx.doi.org/10.1038/s12276-019-0231-5
http://dx.doi.org/10.1038/s12276-019-0231-5
http://www.ncbi.nlm.nih.gov/pubmed/30858365
http://dx.doi.org/10.1002/path.4456
http://dx.doi.org/10.1002/path.4456
http://dx.doi.org/10.1002/path.4456
http://www.ncbi.nlm.nih.gov/pubmed/25297522
http://dx.doi.org/10.1016/j.antiviral.2014.04.014
http://dx.doi.org/10.1016/j.antiviral.2014.04.014
http://dx.doi.org/10.1016/j.antiviral.2014.04.014
http://dx.doi.org/10.1016/j.antiviral.2014.04.014
http://www.ncbi.nlm.nih.gov/pubmed/24815087
http://dx.doi.org/10.1371/journal.ppat.1000141
http://dx.doi.org/10.1371/journal.ppat.1000141
http://dx.doi.org/10.1371/journal.ppat.1000141
http://www.ncbi.nlm.nih.gov/pubmed/18769720
http://dx.doi.org/10.1128/JVI.01462-09
http://dx.doi.org/10.1128/JVI.01462-09
http://dx.doi.org/10.1128/JVI.01462-09
http://dx.doi.org/10.1128/JVI.01462-09
http://www.ncbi.nlm.nih.gov/pubmed/19846529
http://dx.doi.org/10.1089/jir.2013.0035
http://dx.doi.org/10.1089/jir.2013.0035
http://dx.doi.org/10.1089/jir.2013.0035
http://dx.doi.org/10.1089/jir.2013.0035
http://dx.doi.org/10.1089/jir.2013.0035
http://www.ncbi.nlm.nih.gov/pubmed/24102579
http://dx.doi.org/10.1371/journal.pone.0089735
http://dx.doi.org/10.1371/journal.pone.0089735
http://dx.doi.org/10.1371/journal.pone.0089735
http://www.ncbi.nlm.nih.gov/pubmed/24586996
http://dx.doi.org/10.1016/j.isci.2019.07.003
http://dx.doi.org/10.1016/j.isci.2019.07.003
http://dx.doi.org/10.1016/j.isci.2019.07.003
http://dx.doi.org/10.1016/j.isci.2019.07.003
http://www.ncbi.nlm.nih.gov/pubmed/31402258
http://dx.doi.org/10.1007/s40506-017-0130-z
http://dx.doi.org/10.1007/s40506-017-0130-z
http://dx.doi.org/10.1007/s40506-017-0130-z
http://www.ncbi.nlm.nih.gov/pubmed/28890666
http://dx.doi.org/10.1016/j.coviro.2019.03.001
http://dx.doi.org/10.1016/j.coviro.2019.03.001
http://dx.doi.org/10.1016/j.coviro.2019.03.001
http://www.ncbi.nlm.nih.gov/pubmed/31003196
http://dx.doi.org/10.1080/07391102.2015.1094412
http://dx.doi.org/10.1080/07391102.2015.1094412
http://dx.doi.org/10.1080/07391102.2015.1094412
http://dx.doi.org/10.1080/07391102.2015.1094412
http://dx.doi.org/10.1080/07391102.2015.1094412
http://dx.doi.org/10.1080/07391102.2015.1094412
http://www.ncbi.nlm.nih.gov/pubmed/26577929
http://dx.doi.org/10.1016/S0166-3542(02)00183-3
http://dx.doi.org/10.1016/S0166-3542(02)00183-3
http://dx.doi.org/10.1016/S0166-3542(02)00183-3
http://www.ncbi.nlm.nih.gov/pubmed/12719006
http://dx.doi.org/10.1016/j.antiviral.2014.09.012
http://dx.doi.org/10.1016/j.antiviral.2014.09.012
http://dx.doi.org/10.1016/j.antiviral.2014.09.012
http://dx.doi.org/10.1016/j.antiviral.2014.09.012
http://www.ncbi.nlm.nih.gov/pubmed/25265598
http://dx.doi.org/10.1016/0040-4039(80)80255-3
http://dx.doi.org/10.1016/0040-4039(80)80255-3
http://dx.doi.org/10.1016/0040-4039(80)80255-3
http://dx.doi.org/10.1016/0040-4039(80)80255-3
http://dx.doi.org/10.1128/JVI.79.2.918-926.2005
http://dx.doi.org/10.1128/JVI.79.2.918-926.2005
http://dx.doi.org/10.1128/JVI.79.2.918-926.2005
http://dx.doi.org/10.1128/JVI.79.2.918-926.2005
http://dx.doi.org/10.1128/JVI.79.2.918-926.2005
http://www.ncbi.nlm.nih.gov/pubmed/15613320
http://dx.doi.org/10.1002/cmdc.200900430
http://dx.doi.org/10.1002/cmdc.200900430
http://dx.doi.org/10.1002/cmdc.200900430
http://dx.doi.org/10.1002/cmdc.200900430
http://dx.doi.org/10.1002/cmdc.200900430
http://www.ncbi.nlm.nih.gov/pubmed/20043312
http://dx.doi.org/10.1016/S0040-4039(00)84645-6
http://dx.doi.org/10.1016/S0040-4039(00)84645-6
http://dx.doi.org/10.1016/S0040-4039(00)84645-6
http://dx.doi.org/10.3390/biom9020073
http://dx.doi.org/10.3390/biom9020073
http://dx.doi.org/10.3390/biom9020073
http://dx.doi.org/10.3390/biom9020073
http://www.ncbi.nlm.nih.gov/pubmed/30791504

Promising Marine Natural Products for Tackling Viral Outbreaks

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

Wang, M-Y.; Zhao, R.; Gao, L-J.; Gao, X-F.; Wang, D-P.; Cao, J-
M. SARS-CoV-2: Structure, biology, and structure-based thera-
peutics development. Front. Cell. Infect. Microbiol., 2020, 10,
587269.

http://dx.doi.org/10.3389/fcimb.2020.587269 PMID: 33324574
Nagvi, A.A.T.; Fatima, K.; Mohammad, T.; Fatima, U.; Singh,
I.K.; Singh, A.; Atif, S.M.; Hariprasad, G.; Hasan, G.M.; Hassan,
M.I. Insights into SARS-CoV-2 genome, structure, evolution,
pathogenesis and therapies: Structural genomics approach. Bio-
chim. Biophys. Acta Mol. Basis Dis., 2020, 1866(10), 165878.
http://dx.doi.org/10.1016/j.bbadis.2020.165878 PMID: 32544429
Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Kriger, N.;
Herrler, T.; Erichsen, S.; Schiergens, T.S.; Herrler, G.; Wu, N.-H.;
Nitsche, A. SARS-CoV-2 cell entry depends on ACE2 and
TMPRSS2 and is blocked by a clinically proven protease inhibitor.
Cell, 2020, 181, 271-280.

Hamming, |.; Timens, W.; Bulthuis, M.; Lely, A.; Navis, G.v.; van
Goor, H. Tissue distribution of ACE2 protein, the functional re-
ceptor for SARS coronavirus. A first step in understanding SARS
pathogenesis. J. Pathol., 2004, 203(2), 631-637.
http://dx.doi.org/10.1002/path.1570 PMID: 15141377

Harapan, H.; Fajar, J.K.; Supriono, S.; Soegiarto, G.; Wulandari,
L.; Seratin, F.; Prayudi, N.G.; Dewi, D.P.; Monica Elsina, M.T ;
Atamou, L. The prevalence, predictors and outcomes of acute liver
injury among patients with COVID-19: A systematic review and
meta-analysis. Rev. Med. Virol., 2021, 2021, e2304.
http://dx.doi.org/10.1002/rmv.2304 PMID: 34643006

Mutiawati, E.; Fahriani, M.; Mamada, S.S.; Fajar, J.K.; Fredian-
syah, A.; Maliga, H.A.; llmawan, M.; Emran, T.B.; Ophinni, Y.;
Ichsan, I.; Musadir, N.; Rabaan, A.A.; Dhama, K.; Syahrul, S.;
Nainu, F.; Harapan, H. Anosmia and dysgeusia in SARS-CoV-2
infection: Incidence and effects on COVID-19 severity and mor-
tality, and the possible pathobiology mechanisms - A systematic
review and meta-analysis. F1000 Res., 2021, 10, 40.
http://dx.doi.org/10.12688/f1000research.28393.1

PMID: 33824716

Syahrul, S.; Maliga, H.A.; llmawan, M.; Fahriani, M.; Mamada,
S.S.; Fajar, J.K.; Frediansyah, A.; Syahrul, F.N.; Imran, I.;/Haris,
S.; Rambe, A.S.; Emran, T.B.; Rabaan, A.A.; Tiwari,.R4'Dhama,
K.; Nainu, F.; Mutiawati, E.; Harapan, H. Hemorrhagic, and is-
chemic stroke in patients with coronavirus disease 2019: Inci<
dence, risk factors, and pathogenesis - A systematic review_ and
meta-analysis. F1000 Res., 2021, 10, 34.
http://dx.doi.org/10.12688/f1000research.42308.1

PMID: 33708378

Fajar, J.K.; llmawan, M.; Mamada, S.S.; Mutiawati, E.; Husnah,
M.; Yusuf, H.; Nainu, F.; Sirinam, S.; Keam, S.; Ophinni, Y.
Global prevalence of persistent neuromusculaf symptoms and the
possible pathomechanisms in COVID-19 recovered individuals: A
systematic review and meta-analysis. Narra,J., 2021, 1(3), 1.

Su, H.; Xu, Y.; Jiang, H. Drug discovery and development target-
ing the life cycle of SARS-CoV-2: Fundamental Res., 2021, 1(2),
151-165.

http://dx.doi.org/10.1016/j.fmre.2021.01.013

Poduri, R.; Joshi, G.; Jagadeesh, G. Drugs targeting various stages
of the SARS-CoV-2 life cycle: Exploring promising drugs for the
treatment of Covid-19. Cell. Signal., 2020, 74, 109721.
http://dx.doi.org/10.1016/j.cellsig.2020.109721 PMID: 32711111
Regenhardt, R.W.; Bennion, D.M.; Sumners, C. Cerebroprotective
action of angiotensin peptides in stroke. Clin. Sci. (Lond.), 2014,
126(3), 195-205.

http://dx.doi.org/10.1042/CS20130324 PMID: 24102099

Wang, H.; Tang, X.; Fan, H.; Luo, Y.; Song, Y.; Xu, Y.; Chen, Y.
Potential mechanisms of hemorrhagic stroke in elderly COVID-19
patients. Aging (Albany NY), 2020, 12(11), 10022-10034.
http://dx.doi.org/10.18632/aging.103335 PMID: 32527987

Bihl, J.C.; Zhang, C.; Zhao, Y.; Xiao, X.; Ma, X.; Chen, Y.; Chen,
S.; Zhao, B.; Chen, Y. Angiotensin-(1-7) counteracts the effects of
Ang Il on vascular smooth muscle cells, vascular remodeling and
hemorrhagic stroke: Role of the NFxkB inflammatory pathway.
Vascul. Pharmacol., 2015, 73, 115-123.
http://dx.doi.org/10.1016/j.vph.2015.08.007 PMID: 26264508
Song, P.; Li, W.; Xie, J.; Hou, Y.; You, C. Cytokine storm induced
by SARS-CoV-2. Clin. Chim. Acta, 2020, 509, 280-287.

Current Topics in Medicinal Chemistry, XXXX, Vol. XX, No. XX 25

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

http://dx.doi.org/10.1016/j.cca.2020.06.017 PMID: 32531256
Miao, Y.; Fan, L.; Li, J-Y. Potential treatments for COVID-19
related cytokine storm-beyond corticosteroids. Front. Immunol.,
2020, 11, 1445.

http://dx.doi.org/10.3389/fimmu.2020.01445 PMID: 32612616
Tsuge, M.; Yasui, K.; Ichiyawa, T.; Saito, Y.; Nagaoka, Y.;
Yashiro, M.; Yamashita, N.; Morishima, T. Increase of tumor ne-
crosis factor-a in the blood induces early activation of matrix met-
alloproteinase-9 in the brain. Microbiol. Immunol., 2010, 54(7),
417-424.

http://dx.doi.org/10.1111/j.1348-0421.2010.00226.x

PMID: 20618688

Mountain, D.J.; Singh, M.; Menon, B.; Singh, K. Interleukin-1p
increases expression and activity of matrix metalloproteinase-2 in
cardiac microvascular endothelial cells: Role of PKCalpha/p1 and
MAPKSs. Am. J. Physiol. Cell Physiol., 2007, 292(2), C867-C875.
http://dx.doi.org/10.1152/ajpcell.00161.2006 PMID: 16987994

Ju, X.; ljaz, T.; Sun, H.; Lejeune, W.; Vargas, G.; Shilagard, T.;
Recinos, A., Ill; Milewicz, D.M.; Brasier, A.R.; Tilton, R.G. IL-6
regulates extracellular matrix remodeling associated with aortic di-
lation in a fibrillin-1 hypomorphic mgR/mgR mouse model of se-
vere Marfan syndrome. J. Am. Heart Assoc., 2014, 3(1), e000476.
http://dx.doi.org/10.1161/JAHA.113.000476 PMID: 24449804
Voirin, A-C.; Perek, N.; Roche, F. Inflammatory stress induced by
a combination of cytokines{(IL=6, IL-17, TNF-a) leads to a loss of
integrity on bEnd.3 endothelial cells in vitro BBB model. Brain
Res., 2020, 1730, 146647.
http://dx.doi.org/10.1016/j:brainres.2020.146647 PMID: 31911168
Cohen; S.S.; Min, "M.; Cummings, E.E.; Chen, X.; Sadowska,
G.B:; ‘Sharma; S.; Stonestreet, B.S. Effects of interleukin-6 on the
expression of “tight junction proteins in isolated cerebral mi-
crovesselsfrom yearling and adult sheep. Neuroimmunomodula-
tion, 2013;.20(5), 264-273.

http://dx.doi.org/10.1159/000350470 PMID: 23867217

Rochfort, K.D.; Collins, L.E.; Murphy, R.P.; Cummins, P.M.
Downregulation of blood-brain barrier phenotype by proinflamma-
tory cytokines involves NADPH oxidase-dependent ROS genera-
tion: Consequences for interendothelial adherens and tight junc-
tions. PLoS One, 2014, 9(7), e101815.
http://dx.doi.org/10.1371/journal.pone.0101815 PMID: 24992685
Ozaki, H.; Ishii, K.; Horiuchi, H.; Arai, H.; Kawamoto, T.; Okawa,
K.; lwamatsu, A.; Kita, T. Cutting edge: combined treatment of
TNF-a and IFN-y causes redistribution of junctional adhesion
molecule in human endothelial cells. J. Immunol., 1999, 163(2),
553-557.

PMID: 10395639

Conti, P.; Caraffa, A.; Gallenga, C.E.; Ross, R.; Kritas, S.K;
Frydas, I.; Younes, A.; Ronconi, G. Coronavirus-19 (SARS-CoV-
2) induces acute severe lung inflammation via IL-1 causing cyto-
kine storm in COVID-19: A promising inhibitory strategy. J. Biol.
Regul. Homeost. Agents, 2020, 34(6), 1971-1975.

PMID: 33016027

Mutiawati, E.; Syahrul, S.; Fahriani, M.; Fajar, J.K.; Mamada,
S.S.; Maliga, H.A.; Samsu, N.; llmawan, M.; Purnamasari, Y.;
Asmiragani, A.A.; Ichsan, I.; Emran, T.B.; Rabaan, A.A.; Masye-
ni, S.; Nainu, F.; Harapan, H. Global prevalence and pathogenesis
of headache in COVID-19: A systematic review and meta-
analysis. F1000 Res., 2020, 9, 1316.
http://dx.doi.org/10.12688/f1000research.27334.1

PMID: 33953911

Yusuf, F.; Fahriani, M.; Mamada, S.S.; Frediansyah, A.; Abuba-
kar, A.; Maghfirah, D.; Fajar, J.K.; Maliga, H.A.; llmawan, M.;
Emran, T.B.; Ophinni, Y.; Innayah, M.R.; Masyeni, S.; Ghouth,
A.S.B.; Yusuf, H.; Dhama, K.; Nainu, F.; Harapan, H. Global
prevalence of prolonged gastrointestinal symptoms in COVID-19
survivors and potential pathogenesis: A systematic review and me-
ta-analysis. F1000 Res., 2021, 10, 301.
http://dx.doi.org/10.12688/f1000research.52216.1

PMID: 34131481

Huang, X.; Liu, G.; Guo, J.; Su, Z. The PI3K/AKT pathway in
obesity and type 2 diabetes. Int. J. Biol. Sci., 2018, 14(11), 1483-
1496.

http://dx.doi.org/10.7150/ijbs.27173 PMID: 30263000


http://dx.doi.org/10.3389/fcimb.2020.587269
http://dx.doi.org/10.3389/fcimb.2020.587269
http://dx.doi.org/10.3389/fcimb.2020.587269
http://www.ncbi.nlm.nih.gov/pubmed/33324574
http://dx.doi.org/10.1016/j.bbadis.2020.165878
http://dx.doi.org/10.1016/j.bbadis.2020.165878
http://dx.doi.org/10.1016/j.bbadis.2020.165878
http://www.ncbi.nlm.nih.gov/pubmed/32544429
http://dx.doi.org/10.1002/path.1570
http://dx.doi.org/10.1002/path.1570
http://dx.doi.org/10.1002/path.1570
http://dx.doi.org/10.1002/path.1570
http://www.ncbi.nlm.nih.gov/pubmed/15141377
http://dx.doi.org/10.1002/rmv.2304
http://dx.doi.org/10.1002/rmv.2304
http://dx.doi.org/10.1002/rmv.2304
http://dx.doi.org/10.1002/rmv.2304
http://www.ncbi.nlm.nih.gov/pubmed/34643006
http://dx.doi.org/10.12688/f1000research.28393.1
http://dx.doi.org/10.12688/f1000research.28393.1
http://dx.doi.org/10.12688/f1000research.28393.1
http://dx.doi.org/10.12688/f1000research.28393.1
http://dx.doi.org/10.12688/f1000research.28393.1
http://www.ncbi.nlm.nih.gov/pubmed/33824716
http://dx.doi.org/10.12688/f1000research.42308.1
http://dx.doi.org/10.12688/f1000research.42308.1
http://dx.doi.org/10.12688/f1000research.42308.1
http://dx.doi.org/10.12688/f1000research.42308.1
http://dx.doi.org/10.12688/f1000research.42308.1
http://www.ncbi.nlm.nih.gov/pubmed/33708378
http://dx.doi.org/10.1016/j.fmre.2021.01.013
http://dx.doi.org/10.1016/j.fmre.2021.01.013
http://dx.doi.org/10.1016/j.fmre.2021.01.013
http://dx.doi.org/10.1016/j.cellsig.2020.109721
http://dx.doi.org/10.1016/j.cellsig.2020.109721
http://dx.doi.org/10.1016/j.cellsig.2020.109721
http://dx.doi.org/10.1016/j.cellsig.2020.109721
http://www.ncbi.nlm.nih.gov/pubmed/32711111
http://dx.doi.org/10.1042/CS20130324
http://dx.doi.org/10.1042/CS20130324
http://dx.doi.org/10.1042/CS20130324
http://www.ncbi.nlm.nih.gov/pubmed/24102099
http://dx.doi.org/10.18632/aging.103335
http://dx.doi.org/10.18632/aging.103335
http://dx.doi.org/10.18632/aging.103335
http://www.ncbi.nlm.nih.gov/pubmed/32527987
http://dx.doi.org/10.1016/j.vph.2015.08.007
http://dx.doi.org/10.1016/j.vph.2015.08.007
http://dx.doi.org/10.1016/j.vph.2015.08.007
http://dx.doi.org/10.1016/j.vph.2015.08.007
http://dx.doi.org/10.1016/j.vph.2015.08.007
http://www.ncbi.nlm.nih.gov/pubmed/26264508
http://dx.doi.org/10.1016/j.cca.2020.06.017
http://dx.doi.org/10.1016/j.cca.2020.06.017
http://dx.doi.org/10.1016/j.cca.2020.06.017
http://www.ncbi.nlm.nih.gov/pubmed/32531256
http://dx.doi.org/10.3389/fimmu.2020.01445
http://dx.doi.org/10.3389/fimmu.2020.01445
http://dx.doi.org/10.3389/fimmu.2020.01445
http://www.ncbi.nlm.nih.gov/pubmed/32612616
http://dx.doi.org/10.1111/j.1348-0421.2010.00226.x
http://dx.doi.org/10.1111/j.1348-0421.2010.00226.x
http://dx.doi.org/10.1111/j.1348-0421.2010.00226.x
http://dx.doi.org/10.1111/j.1348-0421.2010.00226.x
http://www.ncbi.nlm.nih.gov/pubmed/20618688
http://dx.doi.org/10.1152/ajpcell.00161.2006
http://dx.doi.org/10.1152/ajpcell.00161.2006
http://dx.doi.org/10.1152/ajpcell.00161.2006
http://dx.doi.org/10.1152/ajpcell.00161.2006
http://dx.doi.org/10.1152/ajpcell.00161.2006
http://www.ncbi.nlm.nih.gov/pubmed/16987994
http://dx.doi.org/10.1161/JAHA.113.000476
http://dx.doi.org/10.1161/JAHA.113.000476
http://dx.doi.org/10.1161/JAHA.113.000476
http://dx.doi.org/10.1161/JAHA.113.000476
http://dx.doi.org/10.1161/JAHA.113.000476
http://www.ncbi.nlm.nih.gov/pubmed/24449804
http://dx.doi.org/10.1016/j.brainres.2020.146647
http://dx.doi.org/10.1016/j.brainres.2020.146647
http://dx.doi.org/10.1016/j.brainres.2020.146647
http://dx.doi.org/10.1016/j.brainres.2020.146647
http://www.ncbi.nlm.nih.gov/pubmed/31911168
http://dx.doi.org/10.1159/000350470
http://dx.doi.org/10.1159/000350470
http://dx.doi.org/10.1159/000350470
http://dx.doi.org/10.1159/000350470
http://www.ncbi.nlm.nih.gov/pubmed/23867217
http://dx.doi.org/10.1371/journal.pone.0101815
http://dx.doi.org/10.1371/journal.pone.0101815
http://dx.doi.org/10.1371/journal.pone.0101815
http://dx.doi.org/10.1371/journal.pone.0101815
http://dx.doi.org/10.1371/journal.pone.0101815
http://www.ncbi.nlm.nih.gov/pubmed/24992685
http://www.ncbi.nlm.nih.gov/pubmed/10395639
http://www.ncbi.nlm.nih.gov/pubmed/33016027
http://dx.doi.org/10.12688/f1000research.27334.1
http://dx.doi.org/10.12688/f1000research.27334.1
http://dx.doi.org/10.12688/f1000research.27334.1
http://dx.doi.org/10.12688/f1000research.27334.1
http://www.ncbi.nlm.nih.gov/pubmed/33953911
http://dx.doi.org/10.12688/f1000research.52216.1
http://dx.doi.org/10.12688/f1000research.52216.1
http://dx.doi.org/10.12688/f1000research.52216.1
http://dx.doi.org/10.12688/f1000research.52216.1
http://dx.doi.org/10.12688/f1000research.52216.1
http://www.ncbi.nlm.nih.gov/pubmed/34131481
http://dx.doi.org/10.7150/ijbs.27173
http://dx.doi.org/10.7150/ijbs.27173
http://dx.doi.org/10.7150/ijbs.27173
http://www.ncbi.nlm.nih.gov/pubmed/30263000

26 Current Topics in Medicinal Chemistry, XXXX, Vol. XX, No. XX

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

Dandona, P.; Dhindsa, S.; Ghanim, H.; Chaudhuri, A. Angiotensin
Il and inflammation: The effect of angiotensin-converting enzyme
inhibition and angiotensin Il receptor blockade. J. Hum. Hyper-
tens., 2007, 21(1), 20-27.

http://dx.doi.org/10.1038/sj.jhh.1002101 PMID: 17096009
Aydemir, M.N.; Aydemir, H.B.; Korkmaz, E.M.; Budak, M.;
Cekin, N.; Pinarbasi, E. Computationally predicted SARS-COV-2
encoded microRNAs target NFKB, JAK/STAT and TGFB signal-
ing pathways. Gene Rep., 2021, 22, 101012.
http://dx.doi.org/10.1016/j.genrep.2020.101012 PMID: 33398248
O’Keefe, B.R.; Giomarelli, B.; Barnard, D.L.; Shenoy, S.R.; Chan,
P.K.; McMahon, J.B.; Palmer, K.E.; Barnett, B.W.; Meyerholz,
D.K.; Wohlford-Lenane, C.L.; McCray, P.B., Jr Broad-spectrum
in vitro activity and in vivo efficacy of the antiviral protein grif-
fithsin against emerging viruses of the family Coronaviridae. J. Vi-
rol., 2010, 84(5), 2511-2521.
http://dx.doi.org/10.1128/3V1.02322-09 PMID: 20032190

Miiller, W.E.G.; Neufurth, M.; Schepler, H.; Wang, S.; Tolba, E.;
Schroder, H.C.; Wang, X. The biomaterial polyphosphate blocks
stoichiometric binding of the SARS-CoV-2 S-protein to the cellu-
lar ACE2 receptor. Biomater. Sci., 2020, 8(23), 6603-6610.
http://dx.doi.org/10.1039/D0BM01244K PMID: 33231598
Neufurth, M.; Wang, X.; Tolba, E.; Lieberwirth, I.; Wang, S.;
Schroder, H.C.; Muller, W.E.G. The inorganic polymer, polyphos-
phate, blocks binding of SARS-CoV-2 spike protein to ACE2 re-
ceptor at physiological concentrations. Biochem. Pharmacol.,
2020, 182, 114215.

http://dx.doi.org/10.1016/j.bcp.2020.114215 PMID: 32905794
Song, S.; Peng, H.; Wang, Q.; Liu, Z.; Dong, X.; Wen, C.; Ai, C.;
Zhang, Y.; Wang, Z.; Zhu, B. Inhibitory activities of marine sul-
fated polysaccharides against SARS-CoV-2. Food Funct., 2020,
11(9), 7415-7420.

http://dx.doi.org/10.1039/DOFO02017F PMID: 32966484

Petit, L.; Vernes, L.; Cadoret, J.P. Docking and in silico toxicity
assessment of Arthrospira compounds as potential antiviral agents
against SARS-CoV-2. J. Appl. Phycol., 2021, 33(3), 1579-1602.
http://dx.doi.org/10.1007/s10811-021-02372-9 PMID: 33776210
Quimque, M.T.J.; Notarte, K.I.R.; Fernandez, R.A.T.; Mendoza,
M.A.O.; Liman, R.A.D.; Lim, J.A.K.; Pilapil, L. A.E.; Ongypd.KH.;
Pastrana, A.M.; Khan, A.; Wei, D.Q.; Macabeo, A.P.G: Virtual
screening-driven drug discovery of SARS-CoV2 enzyme inhibi<
tors targeting viral attachment, replication, post-translational moed-
ification and host immunity evasion infection‘mechanisms»J."Bi-
omol. Struct. Dyn., 2021, 39(12), 4316-4333.
http://dx.doi.org/10.1080/07391102.2020.1776639

PMID: 32476574

Syahputra, G.; Gustini, N.; Bustanussalam, B.; Hapsari, Y.; Sari,
M.P.; Ardiansyah, A.; Bayu, A.; Putra, M.Y. Molecular docking of
secondary metabolites from Indonesian marineand terrestrial or-
ganisms targeting SARS-CoV-2 ACE<2, M.pro, and PL pro recep-
tors. Pharmacia, 2021, 2021, e68432.
http://dx.doi.org/10.3897/pharmacia.68.e68432

Ghosh, S.; Das, S.; Ahmad, 1.; Patel, H. In silico validation of anti-
viral drugs obtained from marine sources as a potential target
against SARS-CoV-2 M(pro). J. Indian Chem. Soc., 2021, 98,
100272-100272.

http://dx.doi.org/10.1016/j.jics.2021.100272

Abdelrheem, D.A.; Ahmed, S.A.; Abd El-Mageed, H.R.; Mo-
hamed, H.S.; Rahman, A.A.; Elsayed, K.N.M.; Ahmed, S.A. The
inhibitory effect of some natural bioactive compounds against
SARS-CoV-2 main protease: Insights from molecular docking
analysis and molecular dynamic simulation. J. Environ. Sci.
Health Part A Tox. Hazard. Subst. Environ. Eng., 2020, 55(11),
1373-1386.

http://dx.doi.org/10.1080/10934529.2020.1826192

PMID: 32998618

Ahmed, S.A.; Abdelrheem, D.A.; EI-Mageed, H.R.A.; Mohamed,
H.S.; Rahman, A.A.; Elsayed, K.N.M.; Ahmed, S.A. Destabilizing
the structural integrity of COVID-19 by caulerpin and its deriva-
tives along with some antiviral drugs: An in silico approaches for a
combination therapy. Struct. Chem., 2020, 31(6), 1-22.
http://dx.doi.org/10.1007/s11224-020-01586-w PMID: 32837118
Vijayaraj, R.; Altaff, K.; Rosita, A.S.; Ramadevi, S.; Revathy, J.
Bioactive compounds from marine resources against novel corona

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

[206]

[207]

Salampe et al.

virus (2019-nCoV): In silico study for corona viral drug. Nat.
Prod. Res., 2021, 35(23), 5525-5529.
http://dx.doi.org/10.1080/14786419.2020.1791115

PMID: 32643410

Surti, M.; Patel, M.; Adnan, M.; Moin, A.; Ashraf, S.A.; Siddiqui,
A.J.; Snoussi, M.; Deshpande, S.; Reddy, M.N. Illimaquinone (ma-
rine sponge metabolite) as a novel inhibitor of SARS-CoV-2 key
target proteins in comparison with suggested COVID-19 drugs:
Designing, docking and molecular dynamics simulation study.
RSC Advances, 2020, 10(62), 37707-37720.
http://dx.doi.org/10.1039/DORA06379G PMID: 35515150

Sepay, N.; Sekar, A.; Halder, U.C.; Alarifi, A.; Afzal, M. Anti-
COVID-19 terpenoid from marine sources: A docking, admet and
molecular dynamics study. J. Mol. Struct., 2021, 1228, 129433.
http://dx.doi.org/10.1016/j.molstruc.2020.129433

PMID: 33071352

Li, Y.; Ye, D.; Chen, X.; Lu, X.; Shao, Z.; Zhang, H.; Che, Y.
Breviane spiroditerpenoids from an extreme-tolerant Penicillium
sp. isolated from a deep sea sediment sample. J. Nat. Prod., 2009,
72(5), 912-916.

http://dx.doi.org/10.1021/np900116m PMID: 19326880

Sahoo, A.; Fuloria, S.; Swain, S.S.; Panda, S.K.; Sekar, M.;
Subramaniyan, V.; Panda, M.; Jena, A.K.; Sathasivam, K.V.; Fu-
loria, N.K. Potential of marine terpenoids against SARS-CoV-2:
An in silico drug development approach. Biomedicines, 2021,
9(11), 1505.

http://dx.doi.org/10.3390/biomedicines9111505 PMID: 34829734
Minagawa, K.; Kouzuki, S.;¥Yoshimoto, J.; Kawamura, Y.; Tani,
H; Iwata, T.; Terui, Y.;"Nakai, H.; Yagi, S.; Hattori, N.; Fujiwara,
T.; Kamigauchi, T, Stachyflin and acetylstachyflin, novel anti-
influenza A virus substances, produced by Stachybotrys sp. RF-
7260. 1. Isolation, structure elucidation and biological activities. J.
Antibiot.(Tokyo), 2002, 55(2), 155-164.
http://dx.doi.org/10.7164/antibiotics.55.155 PMID: 12002997
El-Demerdash, A.; Metwaly, A.M.; Hassan, A.; Abd El-Aziz,
T:M.; Elkaeed, E.B.; Eissa, I.H.; Arafa, R.K.; Stockand, J.D.
Comprehensive virtual screening of the antiviral potentialities of
marine polycyclic guanidine alkaloids against SARS-CoV-2
(COVID-19). Biomolecules, 2021, 11(3), 460.
http://dx.doi.org/10.3390/biom11030460 PMID: 33808721
Zahran, E.M.; Albohy, A.; Khalil, A.; Ibrahim, AH.; Ahmed,
H.A.; El-Hossary, E.M.; Bringmann, G.; Abdelmohsen, U.R. Bio-
activity potential of marine natural products from scleractinia-
associated microbes and in silico anti-SARS-COV-2 evaluation.
Mar. Drugs, 2020, 18(12), E645.
http://dx.doi.org/10.3390/md18120645 PMID: 33339096

Ding, L.; Minch, J.; Goerls, H.; Maier, A.; Fiebig, H.H.; Lin,
W.H.; Hertweck, C. Xiamycin, a pentacyclic indolosesquiterpene
with selective anti-HIV activity from a bacterial mangrove endo-
phyte. Bioorg. Med. Chem. Lett., 2010, 20(22), 6685-6687.
http://dx.doi.org/10.1016/j.bmcl.2010.09.010 PMID: 20880706
Maier, M.S.; Roccatagliata, A.J.; Kuriss, A.; Chludil, H.; Seldes,
A.M.; Pujol, C.A.; Damonte, E.B. Two new cytotoxic and viruci-
dal trisulfated triterpene glycosides from the Antarctic sea cucum-
ber Staurocucumis liouvillei. J. Nat. Prod., 2001, 64(6), 732-736.
http://dx.doi.org/10.1021/np000584i PMID: 11421733

Sakemi, S.; Higa, T.; Jefford, C.W.; Bernardinelli, G. Venustatriol.
A new, anti-viral, triterpene tetracyclic ether from Laurencia
venusta. Tetrahedron Lett., 1986, 27, 4287-4290.
http://dx.doi.org/10.1016/S0040-4039(00)94254-0

Hans, N.; Malik, A.; Naik, S. Antiviral activity of sulfated poly-
saccharides from marine algae and its application in combating
COVID-19: Mini review. Bioresour. Technol. Rep., 2021, 13,
100623.

http://dx.doi.org/10.1016/j.biteb.2020.100623 PMID: 33521606
Amornrut, C.; Toida, T.; Imanari, T.; Woo, E-R.; Park, H.; Lin-
hardt, R.; Wu, SJ.; Kim, Y.S. A new sulfated $-galactan from
clams with anti-HIV activity. Carbohydr. Res., 1999, 321(1-2),
121-127.

http://dx.doi.org/10.1016/S0008-6215(99)00188-3

PMID: 10612006

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


http://dx.doi.org/10.1038/sj.jhh.1002101
http://dx.doi.org/10.1038/sj.jhh.1002101
http://dx.doi.org/10.1038/sj.jhh.1002101
http://dx.doi.org/10.1038/sj.jhh.1002101
http://www.ncbi.nlm.nih.gov/pubmed/17096009
http://dx.doi.org/10.1016/j.genrep.2020.101012
http://dx.doi.org/10.1016/j.genrep.2020.101012
http://dx.doi.org/10.1016/j.genrep.2020.101012
http://dx.doi.org/10.1016/j.genrep.2020.101012
http://www.ncbi.nlm.nih.gov/pubmed/33398248
http://dx.doi.org/10.1128/JVI.02322-09
http://dx.doi.org/10.1128/JVI.02322-09
http://dx.doi.org/10.1128/JVI.02322-09
http://dx.doi.org/10.1128/JVI.02322-09
http://www.ncbi.nlm.nih.gov/pubmed/20032190
http://dx.doi.org/10.1039/D0BM01244K
http://dx.doi.org/10.1039/D0BM01244K
http://dx.doi.org/10.1039/D0BM01244K
http://dx.doi.org/10.1039/D0BM01244K
http://www.ncbi.nlm.nih.gov/pubmed/33231598
http://dx.doi.org/10.1016/j.bcp.2020.114215
http://dx.doi.org/10.1016/j.bcp.2020.114215
http://dx.doi.org/10.1016/j.bcp.2020.114215
http://dx.doi.org/10.1016/j.bcp.2020.114215
http://www.ncbi.nlm.nih.gov/pubmed/32905794
http://dx.doi.org/10.1039/D0FO02017F
http://dx.doi.org/10.1039/D0FO02017F
http://dx.doi.org/10.1039/D0FO02017F
http://www.ncbi.nlm.nih.gov/pubmed/32966484
http://dx.doi.org/10.1007/s10811-021-02372-9
http://dx.doi.org/10.1007/s10811-021-02372-9
http://dx.doi.org/10.1007/s10811-021-02372-9
http://dx.doi.org/10.1007/s10811-021-02372-9
http://www.ncbi.nlm.nih.gov/pubmed/33776210
http://dx.doi.org/10.1080/07391102.2020.1776639
http://dx.doi.org/10.1080/07391102.2020.1776639
http://dx.doi.org/10.1080/07391102.2020.1776639
http://dx.doi.org/10.1080/07391102.2020.1776639
http://dx.doi.org/10.1080/07391102.2020.1776639
http://www.ncbi.nlm.nih.gov/pubmed/32476574
http://dx.doi.org/10.3897/pharmacia.68.e68432
http://dx.doi.org/10.3897/pharmacia.68.e68432
http://dx.doi.org/10.3897/pharmacia.68.e68432
http://dx.doi.org/10.3897/pharmacia.68.e68432
http://dx.doi.org/10.3897/pharmacia.68.e68432
http://dx.doi.org/10.1016/j.jics.2021.100272
http://dx.doi.org/10.1016/j.jics.2021.100272
http://dx.doi.org/10.1016/j.jics.2021.100272
http://dx.doi.org/10.1016/j.jics.2021.100272
http://dx.doi.org/10.1080/10934529.2020.1826192
http://dx.doi.org/10.1080/10934529.2020.1826192
http://dx.doi.org/10.1080/10934529.2020.1826192
http://dx.doi.org/10.1080/10934529.2020.1826192
http://dx.doi.org/10.1080/10934529.2020.1826192
http://www.ncbi.nlm.nih.gov/pubmed/32998618
http://dx.doi.org/10.1007/s11224-020-01586-w
http://dx.doi.org/10.1007/s11224-020-01586-w
http://dx.doi.org/10.1007/s11224-020-01586-w
http://dx.doi.org/10.1007/s11224-020-01586-w
http://dx.doi.org/10.1007/s11224-020-01586-w
http://www.ncbi.nlm.nih.gov/pubmed/32837118
http://dx.doi.org/10.1080/14786419.2020.1791115
http://dx.doi.org/10.1080/14786419.2020.1791115
http://dx.doi.org/10.1080/14786419.2020.1791115
http://www.ncbi.nlm.nih.gov/pubmed/32643410
http://dx.doi.org/10.1039/D0RA06379G
http://dx.doi.org/10.1039/D0RA06379G
http://dx.doi.org/10.1039/D0RA06379G
http://dx.doi.org/10.1039/D0RA06379G
http://dx.doi.org/10.1039/D0RA06379G
http://www.ncbi.nlm.nih.gov/pubmed/35515150
http://dx.doi.org/10.1016/j.molstruc.2020.129433
http://dx.doi.org/10.1016/j.molstruc.2020.129433
http://dx.doi.org/10.1016/j.molstruc.2020.129433
http://dx.doi.org/10.1016/j.molstruc.2020.129433
http://www.ncbi.nlm.nih.gov/pubmed/33071352
http://dx.doi.org/10.1021/np900116m
http://dx.doi.org/10.1021/np900116m
http://dx.doi.org/10.1021/np900116m
http://www.ncbi.nlm.nih.gov/pubmed/19326880
http://dx.doi.org/10.3390/biomedicines9111505
http://dx.doi.org/10.3390/biomedicines9111505
http://dx.doi.org/10.3390/biomedicines9111505
http://www.ncbi.nlm.nih.gov/pubmed/34829734
http://dx.doi.org/10.7164/antibiotics.55.155
http://dx.doi.org/10.7164/antibiotics.55.155
http://dx.doi.org/10.7164/antibiotics.55.155
http://dx.doi.org/10.7164/antibiotics.55.155
http://www.ncbi.nlm.nih.gov/pubmed/12002997
http://dx.doi.org/10.3390/biom11030460
http://dx.doi.org/10.3390/biom11030460
http://dx.doi.org/10.3390/biom11030460
http://dx.doi.org/10.3390/biom11030460
http://www.ncbi.nlm.nih.gov/pubmed/33808721
http://dx.doi.org/10.3390/md18120645
http://dx.doi.org/10.3390/md18120645
http://dx.doi.org/10.3390/md18120645
http://dx.doi.org/10.3390/md18120645
http://dx.doi.org/10.3390/md18120645
http://www.ncbi.nlm.nih.gov/pubmed/33339096
http://dx.doi.org/10.1016/j.bmcl.2010.09.010
http://dx.doi.org/10.1016/j.bmcl.2010.09.010
http://dx.doi.org/10.1016/j.bmcl.2010.09.010
http://dx.doi.org/10.1016/j.bmcl.2010.09.010
http://www.ncbi.nlm.nih.gov/pubmed/20880706
http://dx.doi.org/10.1021/np000584i
http://dx.doi.org/10.1021/np000584i
http://dx.doi.org/10.1021/np000584i
http://dx.doi.org/10.1021/np000584i
http://www.ncbi.nlm.nih.gov/pubmed/11421733
http://dx.doi.org/10.1016/S0040-4039(00)94254-0
http://dx.doi.org/10.1016/S0040-4039(00)94254-0
http://dx.doi.org/10.1016/S0040-4039(00)94254-0
http://dx.doi.org/10.1016/S0040-4039(00)94254-0
http://dx.doi.org/10.1016/j.biteb.2020.100623
http://dx.doi.org/10.1016/j.biteb.2020.100623
http://dx.doi.org/10.1016/j.biteb.2020.100623
http://dx.doi.org/10.1016/j.biteb.2020.100623
http://www.ncbi.nlm.nih.gov/pubmed/33521606
http://dx.doi.org/10.1016/S0008-6215(99)00188-3
http://dx.doi.org/10.1016/S0008-6215(99)00188-3
http://dx.doi.org/10.1016/S0008-6215(99)00188-3
http://www.ncbi.nlm.nih.gov/pubmed/10612006
http://dx.doi.org/10.1038/s41598-019-47917-8
http://dx.doi.org/10.1038/s41598-019-47917-8

Promising Marine Natural Products for Tackling Viral Outbreaks

[208]

[209]

[210]

[211]

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]

[220]

macroalgae (seaweeds) (Dictyota bartayesiana J.V. Lamour-
oux and Turbinaria decurrens Bory). Sci. Rep., 2019, 9(1), 12185.
http://dx.doi.org/10.1038/s41598-019-47917-8 PMID: 31434919
Kwon, P.S.; Oh, H.; Kwon, S.J.; Jin, W.; Zhang, F.; Fraser, K.;
Hong, J.J.; Linhardt, R.J.; Dordick, J.S. Sulfated polysaccharides
effectively inhibit SARS-CoV-2 in vitro. Cell Discov., 2020, 6(1),
50.

http://dx.doi.org/10.1038/s41421-020-00192-8 PMID: 32714563
Salih, A.E.M.; Thissera, B.; Yaseen, M.; Hassane, AS.l; El-
Seedi, H.R.; Sayed, A.M.; Rateb, M.E. Marine sulfated polysac-
charides as promising antiviral agents: A comprehensive report
and modeling study focusing on SARS CoV-2. Mar. Drugs, 2021,
19(8), 406.

http://dx.doi.org/10.3390/md 19080406 PMID: 34436245

Ponce, N.M.; Pujol, C.A.; Damonte, E.B.; Flores, M.L.; Stortz,
C.A. Fucoidans from the brown seaweed Adenocystis utricularis:
Extraction methods, antiviral activity and structural studies. Car-
bohydr. Res., 2003, 338(2), 153-165.
http://dx.doi.org/10.1016/S0008-6215(02)00403-2

PMID: 12526839

Bergefall, K.; Trybala, E.; Johansson, M.; Uyama, T.; Naito, S.;
Yamada, S.; Kitagawa, H.; Sugahara, K.; Bergstrém, T. Chon-
droitin sulfate characterized by the E-disaccharide unit is a potent
inhibitor of herpes simplex virus infectivity and provides the virus
binding sites on gro2C cells. J. Biol. Chem., 2005, 280(37),
32193-32199.

http://dx.doi.org/10.1074/jbc.M503645200 PMID: 16027159
Banfield, B.W.; Leduc, Y.; Esford, L.; Visalli, R.J.; Brandt, C.R;;
Tufaro, F. Evidence for an interaction of herpes simplex virus with
chondroitin sulfate proteoglycans during infection. Virology, 1995,
208(2), 531-539.

http://dx.doi.org/10.1006/vir0.1995.1184 PMID: 7747425
Marchetti, M.; Trybala, E.; Superti, F.; Johansson, M.; Bergstrom,
T. Inhibition of herpes simplex virus infection by lactoferrin is de-
pendent on interference with the virus binding to glycosaminogly-
cans. Virology, 2004, 318(1), 405-413.
http://dx.doi.org/10.1016/j.virol.2003.09.029 PMID: 14972565
Nyberg, K.; Ekblad, M.; Bergstrém, T.; Freeman, C.; Parish{ C.R.;
Ferro, V.; Trybala, E. The low molecular weight heparan sulfate-
mimetic, P1-88, inhibits cell-to-cell spread of herpes simplex virus.
Antiviral Res., 2004, 63(1), 15-24.
http://dx.doi.org/10.1016/j.antiviral.2004.01.001 PMID: 15196816
Lee, J-B.; Srisomporn, P.; Hayashi, K.; Tanakay T.; Sankawa, U.;
Hayashi, T. Effects of structural modification of calcium Spirulan,
a sulfated polysaccharide from Spirulina platensis, on antiviral ac-
tivity. Chem. Pharm. Bull. (Tokyo), 2001, 49(1), 108-110.
http://dx.doi.org/10.1248/cpb.49.108 PMID: 11201213

Katsuraya, K.; lIkushima, N.; Takahashi, N.; Shoji, T.; Nakashima,
H.; Yamamoto, N.; Yoshida, T.; Uryu, T. Synthesis of sulfated al-
kyl malto- and laminara-oligosaccharides with potent inhibitory
effects on AIDS virus infection. Carbohydr. Res., 1994, 260(1),
51-61.

http://dx.doi.org/10.1016/0008-6215(94)80021-9 PMID: 8062289
Katsuraya, K.; Nakashima, H.; Yamamoto, N.; Uryu, T. Synthesis
of sulfated oligosaccharide glycosides having high anti-HIV ac-
tivity and the relationship between activity and chemical structure.
Carbohydr. Res., 1999, 315(3-4), 234-242.
http://dx.doi.org/10.1016/S0008-6215(98)00315-2

PMID: 10399296

Sepulveda-Crespo, D.; Cefa-Diez, R.; Jiménez, J.L.; Angeles
Mufioz-Fernandez, M. Mechanistic studies of viral entry: An
overview of dendrimer-based microbicides as entry inhibitors
against both hiv and hsv-2 overlapped infections. Med. Res. Rev.,
2017, 37(1), 149-179.

http://dx.doi.org/10.1002/med.21405 PMID: 27518199

Wang, W.; Wang, S-X.; Guan, H-S. The antiviral activities and
mechanisms of marine polysaccharides: An overview. Mar.
Drugs, 2012, 10(12), 2795-2816.
http://dx.doi.org/10.3390/md10122795 PMID: 23235364

Mercer, J.; Schelhaas, M.; Helenius, A. Virus entry by endocyto-
sis. Annu. Rev. Biochem., 2010, 79, 803-833.
http://dx.doi.org/10.1146/annurev-biochem-060208-104626
PMID: 20196649

Current Topics in Medicinal Chemistry, XXXX, Vol. XX, No. XX 27

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

[230]

[231]

[232]

[233]

[234]

Queiroz, K.C.; Medeiros, V.P.; Queiroz, L.S.; Abreu, L.R.; Rocha,
H.A.; Ferreira, C.V.; Jucd, M.B.; Aoyama, H.; Leite, E.L. Inhibi-
tion of reverse transcriptase activity of HIV by polysaccharides of
brown algae. Biomed. Pharmacother., 2008, 62(5), 303-307.
http://dx.doi.org/10.1016/j.biopha.2008.03.006 PMID: 18455359
Venkatesan, J.; Keekan, K.K.; Anil, S.; Bhatnagar, I.; Kim, S-K.
Phlorotannins. In: Encyclopedia of food chemistry; Elsevier, 2019;
pp. 515.

Shibata, T.; Kawaguchi, S.; Hama, Y.; Inagaki, M.; Yamaguchi,
K.; Nakamura, T. Local and chemical distribution of phlorotannins
in brown algae. J. Appl. Phycol., 2004, 16, 291-296.
http://dx.doi.org/10.1023/B:JAPH.0000047781.24993.0a
Shrestha, S.; Zhang, W.; Smid, S.D. Phlorotannins: A review on
biosynthesis, chemistry and bioactivity. Food Biosci., 2021, 39,
100832.

http://dx.doi.org/10.1016/j.fhio.2020.100832

Eom, S-H.; Moon, S-Y.; Lee, D-S.; Kim, H-J.; Park, K.; Lee, E-
W.; Kim, T.H.; Chung, Y-H.; Lee, M-S.; Kim, Y-M. In vitro anti-
viral activity of dieckol and phlorofucofuroeckol-A isolated from
edible brown alga Eisenia bicyclis against murine norovirus. Al-
gae, 2015, 30, 241-246.
http://dx.doi.org/10.4490/algae.2015.30.3.241

Kwon, H-J.; Ryu, Y.B.; Kim, Y-M.; Song, N.; Kim, C.Y.; Rho,
M-C.; Jeong, J-H.; Cho, K-Os; Lee, W.S.; Park, S-J. In vitro anti-
viral activity of phlorotannins isolated from Ecklonia cava against
porcine epidemic diarrhea Coronavirus infection and hemaggluti-
nation. Bioorg. Med. Chem.; 2013, 21(15), 4706-4713.
http://dx.doi.org/10.1016/j:bmc.2013.04.085 PMID: 23746631
Park, J-Y.; Kimgd.H.;, Kwon, J.M.; Kwon, H-J.; Jeong, H.J.; Kim,
Y.M.;"Kim, D.; Lee, W.S.; Ryu, Y.B. Dieckol, a SARS-CoV
3CL(pro) inhibitor, isolated from the edible brown algae Ecklonia
cava. Bigorg. Med. Chem., 2013, 21(13), 3730-3737.
http://dx:doitorg/10.1016/j.bmc.2013.04.026 PMID: 23647823
Cho/H:M.; Doan, T.P.; Ha, T.K.Q.; Kim, H.W.; Lee, B.W.; Pham,
H.T.T% Cho, T.O.; Oh, W.K. Dereplication by High-Performance
Liguid Chromatography (HPLC) with quadrupole-time-of-flight
mass spectroscopy (QTOF-MS) and antiviral activities of phloro-
tannins from Ecklonia cava. Mar. Drugs, 2019, 17(3), 149.
http://dx.doi.org/10.3390/md17030149 PMID: 30836593
Langarizadeh, M.A.; Abiri, A.; Ghasemshirazi, S.; Foroutan, N.;
Khodadadi, A.; Faghih-Mirzaei, E. Phlorotannins as HIV Vpu in-
hibitors, an in silico virtual screening study of marine natural
products. Biotechnol. Appl. Biochem., 2021, 68(4), 918-926.
http://dx.doi.org/10.1002/bab.2014 PMID: 32860447

Wardana, A.P.; Aminah, N.S.; Rosyda, M.; Abdjan, M.1.; Kris-
tanti, A.N.; Tun, K.N.W.; Choudhary, M.l.; Takaya, Y. Potential
of diterpene compounds as antivirals, a review. Heliyon, 2021,
7(8), e07777.

http://dx.doi.org/10.1016/j.heliyon.2021.e07777 PMID: 34405122
Cirne-Santos, C.C.; Teixeira, V.L.; Castello-Branco, L.R.; Frugul-
hetti, 1.C.; Bou-Habib, D.C. Inhibition of HIV-1 replication in
human primary cells by a dolabellane diterpene isolated from the
marine algae Dictyota pfaffii. Planta Med., 2006, 72(4), 295-299.
http://dx.doi.org/10.1055/s-2005-916209 PMID: 16557468
Hwang, H-J.; Han, J-W.; Jeon, H.; Cho, K.; Kim, J.H.; Lee, D-S;
Han, J.W. Characterization of a novel mannose-binding lectin with
antiviral activities from red alga, Grateloupia chiangii. Biomole-
cules, 2020, 10(2), 333.

http://dx.doi.org/10.3390/biom10020333 PMID: 32092955
Alexandre, K.B.; Gray, E.S.; Lambson, B.E.; Moore, P.L.; Choge,
ILA.; Mlisana, K.; Karim, S.S.A.; McMahon, J.; O’Keefe, B.;
Chikwamba, R.; Morris, L. Mannose-rich glycosylation patterns
on HIV-1 subtype C gp120 and sensitivity to the lectins, Grif-
fithsin, Cyanovirin-N and Scytovirin. Virology, 2010, 402(1), 187-
196.

http://dx.doi.org/10.1016/j.virol.2010.03.021 PMID: 20392471
Molchanova, V.; Chikalovets, I.; Chernikov, O.; Belogortseva, N.;
Li, W.; Wang, J-H.; Yang, D-Y.O.; Zheng, Y-T.; Lukyanov, P. A
new lectin from the sea worm Serpula vermicularis: Isolation,
characterization and anti-HIV activity. Comp. Biochem. Physiol. C
Toxicol. Pharmacol., 2007, 145(2), 184-193.
http://dx.doi.org/10.1016/j.cbpc.2006.11.012 PMID: 17258940


http://dx.doi.org/10.1038/s41598-019-47917-8
http://dx.doi.org/10.1038/s41598-019-47917-8
http://dx.doi.org/10.1038/s41598-019-47917-8
http://www.ncbi.nlm.nih.gov/pubmed/31434919
http://dx.doi.org/10.1038/s41421-020-00192-8
http://dx.doi.org/10.1038/s41421-020-00192-8
http://dx.doi.org/10.1038/s41421-020-00192-8
http://www.ncbi.nlm.nih.gov/pubmed/32714563
http://dx.doi.org/10.3390/md19080406
http://dx.doi.org/10.3390/md19080406
http://dx.doi.org/10.3390/md19080406
http://dx.doi.org/10.3390/md19080406
http://www.ncbi.nlm.nih.gov/pubmed/34436245
http://dx.doi.org/10.1016/S0008-6215(02)00403-2
http://dx.doi.org/10.1016/S0008-6215(02)00403-2
http://dx.doi.org/10.1016/S0008-6215(02)00403-2
http://www.ncbi.nlm.nih.gov/pubmed/12526839
http://dx.doi.org/10.1074/jbc.M503645200
http://dx.doi.org/10.1074/jbc.M503645200
http://dx.doi.org/10.1074/jbc.M503645200
http://dx.doi.org/10.1074/jbc.M503645200
http://dx.doi.org/10.1074/jbc.M503645200
http://www.ncbi.nlm.nih.gov/pubmed/16027159
http://dx.doi.org/10.1006/viro.1995.1184
http://dx.doi.org/10.1006/viro.1995.1184
http://dx.doi.org/10.1006/viro.1995.1184
http://www.ncbi.nlm.nih.gov/pubmed/7747425
http://dx.doi.org/10.1016/j.virol.2003.09.029
http://dx.doi.org/10.1016/j.virol.2003.09.029
http://dx.doi.org/10.1016/j.virol.2003.09.029
http://dx.doi.org/10.1016/j.virol.2003.09.029
http://www.ncbi.nlm.nih.gov/pubmed/14972565
http://dx.doi.org/10.1016/j.antiviral.2004.01.001
http://dx.doi.org/10.1016/j.antiviral.2004.01.001
http://dx.doi.org/10.1016/j.antiviral.2004.01.001
http://www.ncbi.nlm.nih.gov/pubmed/15196816
http://dx.doi.org/10.1248/cpb.49.108
http://dx.doi.org/10.1248/cpb.49.108
http://dx.doi.org/10.1248/cpb.49.108
http://dx.doi.org/10.1248/cpb.49.108
http://www.ncbi.nlm.nih.gov/pubmed/11201213
http://dx.doi.org/10.1016/0008-6215(94)80021-9
http://dx.doi.org/10.1016/0008-6215(94)80021-9
http://dx.doi.org/10.1016/0008-6215(94)80021-9
http://dx.doi.org/10.1016/0008-6215(94)80021-9
http://www.ncbi.nlm.nih.gov/pubmed/8062289
http://dx.doi.org/10.1016/S0008-6215(98)00315-2
http://dx.doi.org/10.1016/S0008-6215(98)00315-2
http://dx.doi.org/10.1016/S0008-6215(98)00315-2
http://dx.doi.org/10.1016/S0008-6215(98)00315-2
http://dx.doi.org/10.1016/S0008-6215(98)00315-2
http://www.ncbi.nlm.nih.gov/pubmed/10399296
http://dx.doi.org/10.1002/med.21405
http://dx.doi.org/10.1002/med.21405
http://dx.doi.org/10.1002/med.21405
http://dx.doi.org/10.1002/med.21405
http://www.ncbi.nlm.nih.gov/pubmed/27518199
http://dx.doi.org/10.3390/md10122795
http://dx.doi.org/10.3390/md10122795
http://dx.doi.org/10.3390/md10122795
http://www.ncbi.nlm.nih.gov/pubmed/23235364
http://dx.doi.org/10.1146/annurev-biochem-060208-104626
http://dx.doi.org/10.1146/annurev-biochem-060208-104626
http://dx.doi.org/10.1146/annurev-biochem-060208-104626
http://www.ncbi.nlm.nih.gov/pubmed/20196649
http://dx.doi.org/10.1016/j.biopha.2008.03.006
http://dx.doi.org/10.1016/j.biopha.2008.03.006
http://dx.doi.org/10.1016/j.biopha.2008.03.006
http://dx.doi.org/10.1016/j.biopha.2008.03.006
http://www.ncbi.nlm.nih.gov/pubmed/18455359
http://dx.doi.org/10.1023/B:JAPH.0000047781.24993.0a
http://dx.doi.org/10.1023/B:JAPH.0000047781.24993.0a
http://dx.doi.org/10.1023/B:JAPH.0000047781.24993.0a
http://dx.doi.org/10.1016/j.fbio.2020.100832
http://dx.doi.org/10.1016/j.fbio.2020.100832
http://dx.doi.org/10.1016/j.fbio.2020.100832
http://dx.doi.org/10.4490/algae.2015.30.3.241
http://dx.doi.org/10.4490/algae.2015.30.3.241
http://dx.doi.org/10.4490/algae.2015.30.3.241
http://dx.doi.org/10.4490/algae.2015.30.3.241
http://dx.doi.org/10.1016/j.bmc.2013.04.085
http://dx.doi.org/10.1016/j.bmc.2013.04.085
http://dx.doi.org/10.1016/j.bmc.2013.04.085
http://dx.doi.org/10.1016/j.bmc.2013.04.085
http://dx.doi.org/10.1016/j.bmc.2013.04.085
http://www.ncbi.nlm.nih.gov/pubmed/23746631
http://dx.doi.org/10.1016/j.bmc.2013.04.026
http://dx.doi.org/10.1016/j.bmc.2013.04.026
http://dx.doi.org/10.1016/j.bmc.2013.04.026
http://dx.doi.org/10.1016/j.bmc.2013.04.026
http://www.ncbi.nlm.nih.gov/pubmed/23647823
http://dx.doi.org/10.3390/md17030149
http://dx.doi.org/10.3390/md17030149
http://dx.doi.org/10.3390/md17030149
http://dx.doi.org/10.3390/md17030149
http://dx.doi.org/10.3390/md17030149
http://www.ncbi.nlm.nih.gov/pubmed/30836593
http://dx.doi.org/10.1002/bab.2014
http://dx.doi.org/10.1002/bab.2014
http://dx.doi.org/10.1002/bab.2014
http://dx.doi.org/10.1002/bab.2014
http://www.ncbi.nlm.nih.gov/pubmed/32860447
http://dx.doi.org/10.1016/j.heliyon.2021.e07777
http://dx.doi.org/10.1016/j.heliyon.2021.e07777
http://dx.doi.org/10.1016/j.heliyon.2021.e07777
http://www.ncbi.nlm.nih.gov/pubmed/34405122
http://dx.doi.org/10.1055/s-2005-916209
http://dx.doi.org/10.1055/s-2005-916209
http://dx.doi.org/10.1055/s-2005-916209
http://dx.doi.org/10.1055/s-2005-916209
http://www.ncbi.nlm.nih.gov/pubmed/16557468
http://dx.doi.org/10.3390/biom10020333
http://dx.doi.org/10.3390/biom10020333
http://dx.doi.org/10.3390/biom10020333
http://www.ncbi.nlm.nih.gov/pubmed/32092955
http://dx.doi.org/10.1016/j.virol.2010.03.021
http://dx.doi.org/10.1016/j.virol.2010.03.021
http://dx.doi.org/10.1016/j.virol.2010.03.021
http://dx.doi.org/10.1016/j.virol.2010.03.021
http://www.ncbi.nlm.nih.gov/pubmed/20392471
http://dx.doi.org/10.1016/j.cbpc.2006.11.012
http://dx.doi.org/10.1016/j.cbpc.2006.11.012
http://dx.doi.org/10.1016/j.cbpc.2006.11.012
http://dx.doi.org/10.1016/j.cbpc.2006.11.012
http://www.ncbi.nlm.nih.gov/pubmed/17258940

28 Current Topics in Medicinal Chemistry, XXXX, Vol. XX, No. XX

[235]

[236]

[237]

[238]

[239]

[240]

Sato, T.; Hori, K. Cloning, expression, and characterization of a
novel anti-HIV lectin from the cultured cyanobacterium, Oscilla-
toria agardhii. Fish. Sci., 2009, 75, 743-753.
http://dx.doi.org/10.1007/s12562-009-0074-4

Moulaei, T.; Shenoy, S.R.; Giomarelli, B.; Thomas, C.; McMahon,
J.B.; Dauter, Z.; O’Keefe, B.R.; Wlodawer, A. Monomerization of
viral entry inhibitor griffithsin elucidates the relationship between
multivalent binding to carbohydrates and anti-HIV activity. Struc-
ture, 2010, 18(9), 1104-1115.
http://dx.doi.org/10.1016/j.str.2010.05.016 PMID: 20826337
Moulaei, T.; Botos, L.; Ziotkowska, N.E.; Bokesch, H.R.; Krumpe,
L.R.; McKee, T.C.; O’Keefe, B.R.; Dauter, Z.; Wlodawer, A.
Atomic-resolution crystal structure of the antiviral lectin scytovi-
rin. Protein Sci., 2007, 16(12), 2756-2760.
http://dx.doi.org/10.1110/ps.073157507 PMID: 17965185
Bolmstedt, A.J.; O’Keefe, B.R.; Shenoy, S.R.; McMahon, J.B.;
Boyd, M.R. Cyanovirin-N defines a new class of antiviral agent
targeting N-linked, high-mannose glycans in an oligosaccharide-
specific manner. Mol. Pharmacol., 2001, 59(5), 949-954.
http://dx.doi.org/10.1124/mol.59.5.949 PMID: 11306674

Bewley, C.A.; Otero-Quintero, S. The potent anti-HIV protein
cyanovirin-N contains two novel carbohydrate binding sites that
selectively bind to Man(8) D1D3 and Man(9) with nanomolar af-
finity: Implications for binding to the HIV envelope protein
gp120. J. Am. Chem. Soc., 2001, 123(17), 3892-3902.
http://dx.doi.org/10.1021/ja004040e PMID: 11457139

Riccio, G.; Ruocco, N.; Mutalipassi, M.; Costantini, M.; Zupo, V.;
Coppola, D.; de Pascale, D.; Lauritano, C. Ten-year research up-

[241]

[242]

[243]

[244]

[245]

Salampe et al.

date review: Antiviral activities from marine organisms. Biomole-
cules, 2020, 10(7), 1007.

http://dx.doi.org/10.3390/biom10071007 PMID: 32645994
Mohammed, M.M.; Hamdy, A-H.A.; El-Fiky, N.M.; Mettwally,
W.S.; El-Beih, A.A.; Kobayashi, N. Anti-influenza A virus activi-
ty of a new dihydrochalcone diglycoside isolated from the Egyp-
tian seagrass Thalassodendron ciliatum (Forsk.) den Hartog. Nat.
Prod. Res., 2014, 28(6), 377-382.
http://dx.doi.org/10.1080/14786419.2013.869694

PMID: 24443884

Fesen, M.R.; Kohn, K.W.; Leteurtre, F.; Pommier, Y. Inhibitors of
human immunodeficiency virus integrase. Proc. Natl. Acad. Sci.
USA, 1993, 90(6), 2399-2403.
http://dx.doi.org/10.1073/pnas.90.6.2399 PMID: 8460151

Fesen, M.R.; Pommier, Y.; Leteurtre, F.; Hiroguchi, S.; Yung, J.;
Kohn, K.W. Inhibition of HIV-1 integrase by flavones, caffeic ac-
id phenethyl ester (CAPE) and related compounds. Biochem.
Pharmacol., 1994, 48(3), 595-608.
http://dx.doi.org/10.1016/0006-2952(94)90291-7 PMID: 7520698
Sosa-Herndndez, J.E.; Escobedo-Avellaneda, Z.; Igbal, H.M.N,;
Welti-Chanes, J. State-of-the-art extraction methodologies for bio-
active compounds from algal biome to meet bio-economy chal-
lenges and opportunities. Molecules, 2018, 23(11), E2953.
http://dx.doi.org/10.3390/molecules23112953 PMID: 30424551
Getachew, A.T.; Jacobsen, C;;"Holdt, S.L. Emerging technologies
for the extraction of marine phenolics: Opportunities and chal-
lenges. Mar. Drugs, 2020, 18(8), E389.
http://dx.doi.org/10.3390/md18080389 PMID: 32726930

DISCLAIMER: The above article has been published, as is, ahead-of-print, to provide early visibility but is not the final ver-
sion. Major publication processes like copyediting, proofing, typesetting and further review are still to be done and may lead
to changes in the final published version, if it is.eventually‘published. All legal disclaimers that apply to the final published
article also apply to this ahead-of-print version:


http://dx.doi.org/10.1007/s12562-009-0074-4
http://dx.doi.org/10.1007/s12562-009-0074-4
http://dx.doi.org/10.1007/s12562-009-0074-4
http://dx.doi.org/10.1007/s12562-009-0074-4
http://dx.doi.org/10.1016/j.str.2010.05.016
http://dx.doi.org/10.1016/j.str.2010.05.016
http://dx.doi.org/10.1016/j.str.2010.05.016
http://dx.doi.org/10.1016/j.str.2010.05.016
http://www.ncbi.nlm.nih.gov/pubmed/20826337
http://dx.doi.org/10.1110/ps.073157507
http://dx.doi.org/10.1110/ps.073157507
http://dx.doi.org/10.1110/ps.073157507
http://www.ncbi.nlm.nih.gov/pubmed/17965185
http://dx.doi.org/10.1124/mol.59.5.949
http://dx.doi.org/10.1124/mol.59.5.949
http://dx.doi.org/10.1124/mol.59.5.949
http://dx.doi.org/10.1124/mol.59.5.949
http://www.ncbi.nlm.nih.gov/pubmed/11306674
http://dx.doi.org/10.1021/ja004040e
http://dx.doi.org/10.1021/ja004040e
http://dx.doi.org/10.1021/ja004040e
http://dx.doi.org/10.1021/ja004040e
http://dx.doi.org/10.1021/ja004040e
http://dx.doi.org/10.1021/ja004040e
http://www.ncbi.nlm.nih.gov/pubmed/11457139
http://dx.doi.org/10.3390/biom10071007
http://dx.doi.org/10.3390/biom10071007
http://dx.doi.org/10.3390/biom10071007
http://www.ncbi.nlm.nih.gov/pubmed/32645994
http://dx.doi.org/10.1080/14786419.2013.869694
http://dx.doi.org/10.1080/14786419.2013.869694
http://dx.doi.org/10.1080/14786419.2013.869694
http://dx.doi.org/10.1080/14786419.2013.869694
http://www.ncbi.nlm.nih.gov/pubmed/24443884
http://dx.doi.org/10.1073/pnas.90.6.2399
http://dx.doi.org/10.1073/pnas.90.6.2399
http://dx.doi.org/10.1073/pnas.90.6.2399
http://www.ncbi.nlm.nih.gov/pubmed/8460151
http://dx.doi.org/10.1016/0006-2952(94)90291-7
http://dx.doi.org/10.1016/0006-2952(94)90291-7
http://dx.doi.org/10.1016/0006-2952(94)90291-7
http://www.ncbi.nlm.nih.gov/pubmed/7520698
http://dx.doi.org/10.3390/molecules23112953
http://dx.doi.org/10.3390/molecules23112953
http://dx.doi.org/10.3390/molecules23112953
http://dx.doi.org/10.3390/molecules23112953
http://www.ncbi.nlm.nih.gov/pubmed/30424551
http://dx.doi.org/10.3390/md18080389
http://dx.doi.org/10.3390/md18080389
http://dx.doi.org/10.3390/md18080389
http://dx.doi.org/10.3390/md18080389
http://www.ncbi.nlm.nih.gov/pubmed/32726930



