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Abstract: Inflammation is a defense mechanism of the body in response to harmful stimuli such
as pathogens, damaged cells, toxic compounds or radiation. However, chronic inflammation plays
an important role in the pathogenesis of a variety of diseases. Multiple anti-inflammatory drugs
are currently available for the treatment of inflammation, but all exhibit less efficacy. This drives
the search for new anti-inflammatory compounds focusing on natural resources. Marine organisms
produce a broad spectrum of bioactive compounds with anti-inflammatory activities. Several are
considered as lead compounds for development into drugs. Anti-inflammatory compounds have
been extracted from algae, corals, seaweeds and other marine organisms. We previously reviewed
anti-inflammatory compounds, as well as crude extracts isolated from echinoderms such as sea
cucumbers, sea urchins and starfish. In the present review, we evaluate the anti-inflammatory effects
of compounds from other marine organisms, including macroalgae (seaweeds), marine angiosperms
(seagrasses), medusozoa (jellyfish), bryozoans (moss animals), mollusks (shellfish) and peanut worms.
We also present a review of the molecular mechanisms of the anti-inflammatory activity of these
compounds. Our objective in this review is to provide an overview of the current state of research on
anti-inflammatory compounds from marine sources and the prospects for their translation into novel
anti-inflammatory drugs.

Keywords: anti-inflammatory activity; inflammatory pathways; marine drugs; macroalgae; marine
seaweeds; bryozoans; medusozoa; mollusks

1. Introduction

The vast diversity of the marine ecosystem ensures the availability of a wide range
of bioactive compounds with biological effects in various disease conditions. There is a
diverse range of species found in the marine ecosystem. Indeed, 14 out of 35 animal phyla
are exclusively found in the marine environment [1]. This variation creates different marine
habitats that are hotspots of biodiversity. Moreover, this biodiversity is not constant but is
dynamic in nature [2]. Several efforts have been made to make a census of marine biodiver-
sity in different regions of the world so that we can obtain the benefits of region-specific
marine biodiversity. These efforts and challenges have previously been reviewed [3].

Marine biodiversity has motivated researchers across the world to investigate novel
compounds that may be valuable for the treatment of various disease conditions. Bioac-
tive compounds have been identified and extracted from various marine organisms and
shown to be useful in various pathological conditions as described in a recent review [4].
Interestingly, many of these compounds with valuable pharmaceutical properties are in
different phases of preclinical and clinical investigation [5]. Bioactive compounds from
marine sources have shown immunomodulatory effects [6], activity against diseases such
as type 2 diabetes mellitus [7] or anti-cancer properties [8,9]. Many bioactive compounds
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show anti-inflammatory activity [10,11]. For example, Frondanol is a sea-cucumber-derived
intestinal extract that exhibits anti-inflammatory properties in a dextran sodium sulfate
(DSS)-induced colitis mouse model [12]. Notably, several marine-derived compounds
appear valuable in inflammatory bowel disease (IBD) [13].

Bioactive compounds have distinct chemical and functional properties [14]. In a
previous review, we summarized the chemical and anti-inflammatory properties of major
bioactive compounds from echinoderms (sea cucumbers, sea urchins, and starfish) [15].
However, there are other major marine species that produce bioactive compounds and few
of these are approved for clinical use. The current review summarizes the anti-inflammatory
properties of compounds derived from species other than echinoderms.

2. Methods

For this proposed review article preparation, we searched the keywords “Seaweed” +
“ Anti-inflammatory”, “Bryozoans” + “ Anti-inflammatory”, “Jellyfish” + “ Anti-inflammatory”,
“Shellfish” + “Anti-inflammatory” and “Peanut worm” + “Anti-inflammatory” in PubMed,
Scopus, Web of Science, American Chemical Society, Elsevier, MDPI and Springer database
from 2010 to 2023. The inclusion criteria encompassed only original research articles
published in English between 2010 and 2023 that are thoroughly aligned with the theme of
this review article. Updated articles related to the anti-inflammatory activity of bioactive
compounds from various marine organisms (seaweed, bryozoan, jellyfish, shellfish and
peanut worms) species are summarized and subdivided into subsections similar to those
used in our review on anti-inflammatory compounds from echinoderms for the convenience
of the reader [15].

3. Seaweed as a Marine Source for Anti-Inflammatory Activity

Seaweed is a popular food source rich in bioactive compounds, polysaccharides,
fatty acids, peptides, proteins and vitamins. Seaweeds have several potential thera-
peutic activities, including anti-bacterial, anti-viral, anti-cancer, antioxidant and anti-
inflammatory [16,17]. Seaweeds are classified into three groups based on pigment content;
for example, Ochrophyta and Phaeophyceae (brown), Chlorophyta (green) and Rhodophyta
(red) seaweeds containing fucoxanthin, chlorophyll A, chlorophyll B, phycocyanin and
phycoerythrin [18-20]. The most diverse are the red seaweeds, with more than 7000 species,
followed by the brown and green seaweeds, with approximately 2030 and 600 species,
respectively [21]. Researchers have been isolating, purifying and screening the secondary
metabolites from these organism for bioactivity in recent decades. Here, we summarize the

anti-inflammatory activity of compounds isolated from various seaweed species (Figure 1
and Table 1).
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Figure 1. Main classes of seaweed bioactive compounds.
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Table 1. Anti-inflammatory bioactive substances derived from seaweed.
Bioactive Compounds/
Species Extracts/ Model Anti-Inflammatory Activity Ref.
Purified Compounds
Suppresses LPS-induced nitric oxide (NO)
Phlorofucofuroeckol A Lipopolysaccharide production at 10 pg/mL. In this study, 10
TR (compound purified by (LPS)-stimulated uM AMT
Eisenia bicyelis HPLC and RAW 264.7 2-amino-5,6-dihydro-6-methyl-4H-1,3- 221
characterized by NMR). macrophages. thiazine was used as a
positive control.
Inhibits secretion of tumor necrosis factor
Phlorofucofuroeckol B (TNF) -«, interleukin (IL)—1[%~ a{ld IL-6,
Ecklonia (compound purified by LPS-stimulated downregulates the transcription of
. . . cycloxygenase (COX)-2 and iNOS [23]
stolonifera HPLC and microglial cells. S
characterized by NMR) synthase, inhibits IkB-/NF-«B and
' Akt/ERK/JNK pathways at
concentrations of 10 pM—40 pM.
Suppresses LPS-induced mRNA
expression of inflammatory mediators
Ecklonia D1fe§kol (compound LPS-stimulated COX-2 anq iNOS and NO production at
cava purified by HPLC and microglial cells concentrations 50 pug/mL to 300 pg/mL. [24]
characterized by NMR). & : Inhibits IL-1p and TNFa production.
Reduces mRNA expression of NF-«B and
p38 MAPK.
Dieckol inhibits carrageenan-triggered
) Dieckol . inflammation, leukocyte infiltration and
Ecklonia S . Carrageenan-triggered . )
cava (commercial dieckol is inflammation in mice formation of pro-inflammatory regulators [25]
used in this study). ’ such as TNFe, IL1j3, IL6, etc. at dosages
from 5 mg/kg-20 mg/kg bodyweight.
Diphloretho- Downregulates mRNA expression of
hydroxycarmalol LPS-induced RAW pro-inflammatory cytokines, reduces NO
Ishige purified from aqueous 264.7 cells and production and reduces protein [26]
okamurae methanol extract TNF-a-stimulated expression of NF-kB and p38 MAPK at
through HPLC and C2C12 myotubes. concentration ranges from
characterized by NMR. 6 to 200 pg/mL.
h S;ESIZZiﬁziol Downregulates IkB-oc and NF-«B protein
Ishice uri}f]ie d fr}:)m AQUEOUS LPS-stimulated expression and inhibits IL-6 production
S P d RAW 264.7 by downregulating STATS5 activation and [27]
okamurae methanol extract . .
macrophages. SOCS1 augmentation at concentration
through HPLC and ranges from 12.5 to 100 uM
characterized by NMR. & ’ A
CpG- stimulated
O.c.taphlorethol A C57BL/6 mice Exhibits anti-inflammatory activity by
. purified from aqueous . L
Ishige . bone-marrow-derived octaphlorethol A by transcriptional
. ethanolic extract and . [28]
foliacea . macrophages and regulation of NF-kB through MAPK at
characterized by bone-marrow-derived concentration ranges from 1.5 to 50 uM
LC/MS and NMR. © 8 : KM
dendritic cells.
LPS-stimulated Reduces the production Qf NO and
. o downregulates the expression of MAPK
. Fucoidan purified from RAW 264.7 . -
Saccharina othanolic extract b macrophages and (including p38, ENK and JNK) and NF-kB [29]
japonica y phag (including p65 and IkBx/ IkBf) signaling

dialysis and HPLC.

LPS-induced zebrafish
embryonic cells.

pathways at concentration ranges from
12.5 to 50 ug/mL.
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Table 1. Cont.
Bioactive Compounds/
Species Extracts/ Model Anti-Inflammatory Activity Ref.
Purified Compounds
Fucoidan purified from  In vitro NO scavenging Prevents paracetamol-induced hepatic
) ethanol:formaldehyde:water ~assay and RBC 1L .
Colpomenia ) oxidative stress and decreases NO, iNOS,
! solvent system through hemolysis and L. . [30]
sinuosa . . . . TNFe, IL-18 and IL-6 in liver tissue at a
acid extraction and PCM-induced hepatic -
e PR concentration of 10 to 50 ug/mL.
purification. injury in rat.
LPS-stimulated
Fucus Fucoidan from Fucus RAW 264.7 Decreases secretion of NO, prostaglandin
vesiculosus vesiculosus purchased macrophages and (PG) E2, TNFa and IL-1$ at concentration [31]
from Sigma. LPS-induced zebrafish ranges from 0.5 to 10 pg/mL.
embryonic cells.
UV-induced Decreases production of NO, PGE2, IL-13
Fucus vesiculosus Fucoidan crude hot inflammation in HaCaT and TNF«, and inhibits NF-kB, Akt, ERK, [32]
water extract. cells p38 MAPK and JNK pathways regulated
' by nc886-PKR.
Suppresses production of NO, TNF«,
. IL-1p and IL-6, downregulates expression
Sulfated LPEZ"i]rrélgLa;ed of iNOS and COX-2 in LPS-stimulated
Sargassum polysaccharides ) RAW 264.7 cells, improves
Co . macrophages and . [33]
Sfulvellum purified from ethanolic - . survival rate and reduces cell death,
LPS-induced zebrafish . . .
extract by HPLC. embrvonic cells reactive oxygen species (ROS) and NO in
y ' LPS-stimulated zebrafish at concentration
ranges from 25 to 100 pg/mL.
LPS-stimulated RAW
264.7 and human Suppresses PGE2 production via COX-2
Aleinic acid purified haCaT cells and inhibition, decreases pro-inflammatory
Sargassum & p particulate-matter- cytokines and abates NF-«xB and MAPK
horneri from ethanolic extract stimulated pathways in the model system at [34]
by HPLC and GC/MS. . L .
inflammation in concentration ranges from
keratinocytes and 50 to 125 pg/mL.
fibroblasts
Inhibits NO and PGE2 production,
Grifola Laminarin purified LPS-stimulated suppresses pro-inflammatory cytokine
Frondosa from water extract by RAW 264.7 (TNF-o and IL-6) secretion and inactivates [35]
dialysis. macrophages. NEF-«B pathway at concentration ranges
from 50 to 200 pug/mL.
Inactivates NF-kB and MPAK pathways
Particulate and
Padina Fucosterol purified matter and suppresses iNOS, COX-2,
boruana from ethanolic extract LPS-stimulated pro-inflammatory [36]
Y by HPLC. RAW 264.7 cytokines and PGE2 mRNA expression at
macrophages. concentration ranges from
12.5 to 50 pg/mL.
In vitro ng é? activity, Inhibits phospholipase A2 production,
Stypopodium Epitaondiol p.urlfled tetradecanoylphorbol- suppresses eicosanoid (LTB4 and TXB2)
flabelliforme from marine 13-acetate release and [37]
metabolite. reduces TPA-induced mouse ear

(TPA)-induced mouse
ear edema model.

inflammation at approximately 3.8 uM.
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Table 1. Cont.
Bioactive Compounds/
Species Extracts/ Model Anti-Inflammatory Activity Ref.
Purified Compounds
LPS-stimulated Suppresses n;(c)l;)lgizge activation,
Laurencia Neorogioltriol purified RAW 264.7 M2-like anti-inflammatory phenotype and
landulifera from many solvent macrophages, suppresses DSS-induced colitis by (381
8 fractions by HPLC. DSS-induced colitis in .
mice reducing tissue damage and
’ pro-inflammatory cytokine production.
Dunaliella tertiolecta b y . P (INF-a, IL-6, IL-1B and IL-10) production ~ [39]
HPLC and analyzed by peripheral blood at concentration of 0.2 to 0.8 me /mL
GC/MS. mononuclear cells. ’ ©mg ’
LPS-stimulated Suppresses mRNA expression of
Sareassum Apo-9'- RAW 264.7 inflammatory mediators such as iNOS,
m fticum fL‘lCOXElI;l thinone macrophages and COX-2 and pro inflammatory cytokines, [40]
’ LPS-induced zebrafish and modulates NF-kB and MPAK
embryonic cells. signaling pathways
Reduces parameters of the inflammatory
. Lectin purified by Carrageenan-triggered process such as edema formation and
Amansia . g - . . .
multifida sodium salt extraction inflammation models leukocyte migration, and modulates [41]
and HPLC. in rat. levels of proinflammatory cytokines,
IL-1B and TNF-«.
Inhibits vascular and cellular events of an
acute inflammatory response, and inhibits
Bryothamnion . Carrageenan-triggered neutrophil migration to inflammation
triquetrum Lectin. inflammation in rat sites [42]
’ via suppression of TNF-oc and IL-13
production at different concentrations in
different models.
Peptide fractions LPS and
Ulva s purified from enzyme ConA-stimulated rat ~ Modulates TLR4 and the NF«B/p38/JNK [43]
PP hydrolysate and spleen mononuclear pathway at 0.01 g/L to 0.1g/L.
characterized by FPLC. cells.
Reduces inflammatory infiltrates and the
Caulerpin purified levels
Caulerpa peltata, from ethanolic extract ~ DSS-induced colitis in of the proinflammatory cytokines, [44]
Caulerpa racemosa and crystalized from mice. increases the levels of the
liquid portioning. anti-inflammatory cytokine IL-10 and
suppresses NF-kB p65 expression.
. . Cgrrageenar}—tnggered Reduces edema formation by 6 h and
Azocinyl morpholinone inflammation in rat. - .
o ; e . exhibits a selective inhibitory effect on
Gracilaria alkaloid purified from In vitro L
. .. COX-2 and 5-LOX activity at a [45]
opuntia ethanol:methanol anti-inflammatory concentration of approximatel
extract by HPLC. model using 5-LOX PP y
RS 0.08 mg/mL.
inhibition assay.
e ?;'sléydmr;’é?’e'igzone CpG-stimulated Inhibits IL-12 p40, IL-6 and TNF-«
Ulva gastig C57BL/6 mice production and blocks MAPKs and NF-«B
purified from aqueous . . [46]
pertusa bone-marrow-derived pathways at concentration ranges from

ethanol extract by
MPLC.

dendritic cells.

0.1 to 50 uM.
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Table 1. Cont.
Bioactive Compounds/
Species Extracts/ Model Anti-Inflammatory Activity Ref.
Purified Compounds
Inhibits the production of NO and ROS
Floridoside purified and downregulates the protein and gene
Laelia from methanolic extract =~ LPS-stimulated BV-2 express:i)n liefxilce;; t(l)f ﬁ(?ci;lndtfgx_z by [47]
undulata by thin-layer microglia cells. ghuhicantyy & .
chromatography. phosphorylation of p38 and ERK in
‘ LPS-stimulated BV-2 cells at concentration
ranges from 10 to 50 pM.
Cymopol and Drsr?i_clgdzleli)ii f;solilzsilm Attenuates neutrophil migration and
Cymopolia cyclocymopol purified wou;1 d model and reduces the colon inflammation at the [48]
barbata from various non-polar RAW 2647 in vitro concentration of 1 to 3 uM and 0.1
extract through HPLC. macrophages to 0.4 g/kg body weight.
Reduces the expression of
pro-inflammatory cytokines, suppresses
isg’f;gef;?rf;“znzlefus LPS- and NO and PGE2 production via inhibition
Sargassum methanol an dqo ther RANKL-stimulated of iNOS and COX-2 and inhibits [49,50]
siliquastrum solvent and then RAW 264.7 RANKTL-induced activation of NF-«B by !
macrophages suppressing RANKL-mediated IkB-

purified from HPLC.

degradation at concentration ranges from
10 to 40 uM.

3.1. Anti-Inflammatory Phenolic Compounds from Seaweed

Phenolic compounds are secondary metabolites that are found in many natural ex-
tracts and are known for their antioxidant potential. Seaweed is also a rich source of
various phenolic compounds, such as flavonoids and tannins, obtained by different extrac-
tion methods [49-51]. As shown in Figure 2, many categories of phenolic compounds are
obtained from seaweeds [51]. The best-studied phenolic compounds are phlorotannins,
which exhibit anti-inflammatory effects in addition to other biological activities [52]. A
methanol extract of the brown seaweed Eisenia bicyclis and its CH,Cl, sub-fraction have
potent anti-inflammatory effects in LPS-stimulated RAW 264.7 macrophages by inhibit-
ing NO production [22]. Fucosterol, purified through column chromatography from the
CH,Cl, sub-fraction also decreases NO production via the suppression of iNOS expres-
sion [22]. Furthermore, the ethyl acetate sub-fraction of the methanolic extract and chro-
matographic sub-fractions 1-6 yielded phlorofucofuroeckol A (Figure 2A), eckol, dieckol,
phlorofucofuroeckol-A, dioxinodehydroeckol and 7-phloroeckol, which also inhibit NO
production in a dose-dependent manner in LPS-stimulated macrophages [22]. Interest-
ingly, similar sub-fractions were extracted from an ethanolic extract and its ethyl acetate
sub-fraction from another seaweed, Ecklonia cava [53]. These also resulted in significant
decreases in the expression of IL13, IFNy and interferon stimulatory gene (SGI15) in
the olive flounder animal model [53]. The related phlorotannin, phlorofucofuroeckol B
(PFFB) (Figure 2B), was isolated and chromatographically purified using NMR from an
ethanol extract of the brown algae Ecklonia stolonifera [23]. PFFB suppressed the inflam-
matory response in LPS-stimulated BV2 microglial cells by downregulating the PGE,,
TNF-«, IL-13 and IL-6 [23]. Furthermore, this study demonstrated that the inhibition
of inflammation is via the downregulation of IkB-&/NF-«xB mediated by Akt/ERK/JNK
pathways [23]. Dieckol (Figure 2C) was isolated from a methanol extract of Ecklonia cava
powder, with diethyl sub-fractionation, chromatographic purification and NMR char-
acterization [24]. Dieckol decreased NO production via the suppression of iNOS and
COX-2 and also inhibited the generation of proinflammatory cytokines IL-13 and TNF-«
through suppressing the activation of NF-kB and p38 MAPK in LPS-induced microglial
cells [24]. Furthermore, a study using commercially available dieckol revealed the in-
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hibition of carrageenan-triggered inflammation and leukocyte infiltration and reduced
pro-inflammatory cytokines (TNF-c, IL-13, and IL-6) in a mouse model [25]. A recent study
demonstrated an increased production of NO and ROS in LPS-treated zebrafish embryos
following treatment of an ethyl acetate fraction from Ecklonia maxima, which included
dieckol [54]. Another compound, diphlorethohydroxycarmalol (DPHC) (Figure 2D), was
isolated and purified from the edible brown seaweed Ishige okamurae. DPHC suppressed
the production of IL-6 via the inhibition of phosphorylation and translocation of NF-«B in
LPS-stimulated RAW 264.7 macrophages [27]. Cytokine signaling 1 (SOCS1) suppression
functions as a negative feedback regulator of Janus kinase (Jak)-signal transducer and acti-
vator of transcription (STAT) signaling [27]. DPHC downregulated STAT5 and upregulated
SOCS1 in macrophages [27]. DPHC attenuated several inflammatory symptoms (ear edema,
lymph node size, serum IgE level and mast cell infiltration) in an experimental atopic
dermatitis-induced inflammatory mouse model [27]. In another study, DPHC purified from
the same seaweed also reduced the expression of pro-inflammatory cytokines and sup-
pressed muscle RING-finger protein (MuRF)-1 and muscle atrophy F-box (MAFbx)/atrgoin-
1 in LPS-induced RAW 264.7 macrophages [26]. These protein complexes are well known
in muscle atrophy via NF-kB and MAPK signaling pathways in TNF-a-stimulated C2C12
myotubes [26]. This study also showed DPHC docking in the TNF« inhibitory site in a
simulation [26]. Another interesting compound, octaphlorethol A (Figure 2E), is a phe-
nolic compound isolated from the ethanolic extract, purified from chromatography and
further characterized by LC/MS and NMR, belonging to Ishige foliacea, which inhibits pro-
inflammatory cytokines, MAPK and NF-«B pathways in CpG oligodeoxynucleotides (CpG)-
stimulated primary murine bone-marrow-derived macrophages and dendritic cells [28].

s
ieta

B. Phlorofucofuroeckol B /@: ]i?/

C. Dieckol
OH Ho. o Ho. o o on
:@:O\i :/OH o' o o' o o o ‘ ‘ on
OH
OH E. Octaphlorethol A

D. Diphlorethohydroxycarmalol (DPHC)

Figure 2. Major anti-inflammatory phenolic compounds isolated from seaweeds (A). Phlorofu-
cofuroeckol A from Eisenia bicyclis; [22] (B). phlorofucofuroeckol B from Ecklonia stolonifera [23];
(C). dieckol from Ecklonia cava [24]; (D). diphlorethohydroxycarmalol (DPHC) from Ishige okamu-
rae [27]; (E) octaphlorethol A from Ishige foliacea [55] (structures reproduced with permission from
the publisher).
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3.2. Anti-Inflammatory Polysaccharides from Seaweed

Polysaccharides are major components of seaweed that have attracted much attention
because of various health benefits [11,56]. Sulfated seaweed polysaccharides show signifi-
cant anti-inflammatory activity in several inflammatory models [57]. The major compounds
are alginic acid and fucoidans, which have various biological effects reflecting their chem-
ical diversity [58] as shown in Figure 3. These compounds are major anti-inflammatory
components of seaweed polysaccharides. For example, brown seaweed Sachharina japon-
ica-derived fucoidan galactofucan (Figure 3A) demonstrated anti-inflammatory activity
by reducing the production of NO and the expression of MAPK (including p38, ENK
and JNK) and NF-«B (including p65 and IKK«/IKKf) signaling pathways in endotoxin-
stimulated RAW 264.7 macrophages [29]. Similarly, sulfated fucoidan (Figure 3B) isolated
from Colpomenia sinuosa prevented oxidative stress and inflammation in the paracetamol-
induced hepatic injury and inflammation rat model, as evidenced by suppressing the
hepatic levels of thiobarbituric acid reactive substances, NO, iNOS, TNF-«, IL-13 and
IL-6 while increasing glutathione and glutathione peroxidase enzyme activity [30]. Fu-
coidan, extracted from Fucus vesiculosus, inhibited LPS-induced inflammatory responses
in RAW 264.7 macrophages and zebrafish larvae by suppressing NO and PGE2 secre-
tion via iNOS and COX-2 inhibition as well as reducing the expression and secretion
of TNF-« and IL-1p [31]. An ethanol fraction of the hot water extract from the edible
seaweed Laminaria japonica (which contains abundant fucoidan) suppressed the produc-
tion of PGE; and expression of MMP-9, COX-2 and pro-inflammatory cytokines in the
UV-induced inflammation model of the human keratinocyte (HaCaT) cell line [32]. Inter-
estingly, Nagahwatta et al. purified sulfated fucoidan from the leaves of Ecklonia maxima
and demonstrated a reduction in proinflammatory cytokines such as PGE2, NO, TNFu
IL6 and IL1{ in RAW 264.7 macrophages [59]. Furthermore, a recent study revealed that
fucoidan had a curative effect mediated by the downregulation of the aryl hydrocarbon
receptor and phosphodiesterase 4 in an ulcerative colitis rat model [60]. More recently,
sulfated polysaccharides (Figure 3C) isolated from the edible brown seaweed Sargassum
fulvellum significantly and concentration-dependently decreased the production of the
inflammatory mediators NO, PGE2, TNF-«, IL-1 and IL-6, and suppressed the expres-
sion of COX-2 and iNOS in LPS-stimulated RAW 264.7 macrophages [33]. Furthermore,
these sulfated polysaccharides improve survival and decrease cell death, ROS produc-
tion and NO levels in LPS-stimulated zebrafish [33]. Another recent study showed the
anti-inflammatory effect of a sulfated polysaccharide extracted from Codium fragile. This
study demonstrated the reduction in PGE2, NO, IL1, IL6 and TNF« in LPS-induced
RAW 264.7 macrophages [61]. The sulfation of seaweed-derived low-molecular-weight
fucoidans increases the potency of their anti-inflammatory properties [62]. In contrast, the
non-sulfated polysaccharide, alginic acid (Figure 3D), from Padina boryana, showed marked
anti-inflammatory activity in particulate-matter-stimulated inflammation in human HaCaT
immortalized keratinocytes and dermal fibroblasts (HDF) [63]. Alginic acid reduced PGE,
and COX-2 and inflammatory cytokines (IL-13 and IL-6) via the suppression of the NF-«B
and MAPK pathways [63]. Alginic acid, purified from Sargassum wightii, demonstrated
anti-inflammatory potential in adjuvant-induced arthritic rats by reducing paw edema and
COX, lipoxygenase (LOX) and myeloperoxidase levels [64]. Furthermore, it also reduced
the levels of COX-2, IL-6 and TNF-« and inhibited certain key molecular mediators (such
as p-p38 MAPK, P-Erkl/2 and P-JNK) of the NF-«kB and MAPK pathways in Chinese
fine dust (CFD)-treated HaCaT cells [34]. 3-Linked polysaccharides, including (3-glucans,
are known to possess immunomodulatory and anti-proliferative activities. Laminarin, a
water-soluble 3-glucan isolated from Grifola frondose, reduced NO and PGE2 production
and suppressed the secretion of pro-inflammatory cytokines via the downregulation of
NF-«B in endotoxin-stimulated macrophages [35].
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Figure 3. Structure of anti-inflammatory polysaccharides isolated from seaweeds. (A). Galactofucans
or G-Fucoidan [65]; (B). fucoidan found in brown algae [66]; (C): sulfated polysaccharides in brown
algae [67]; (D). alginic acid from brown algae [63] (structures reproduced with permission from
the publisher).

3.3. Anti-Inflammatory Terpenoids from Seaweed

Terpenoids are the largest group of natural products with specialized secondary
metabolites [68]. These naturally occurring chemical compounds are highly diverse in chem-
ical structure [68]. Although many biological activities of plant-derived terpenoids have
been reported, there are several marine-source-based terpenoids that have been isolated and
screened for their biological activity in the last few decades [69]. Fucosterol, epitaondiol,
neorogioltriol, pacifenol, ergosterol and 7-dehydroporiferasterol, pheophytin A and apo-9’-
fucoxanthinone are a few potent anti-inflammatory terpenoids isolated from various species
of seaweed [69]. For example, fucosterol (Figure 4A), isolated from Padina boryana, reduced
particulate matter (PM)-induced inflammation in macrophages by modulating the NF-«B
and MAPK pathways [36]. It significantly suppressed the expression of inflammatory
mediators such as iNOS, COX-2, pro-inflammatory cytokines and PGE2 [36]. Epitaondiol,
isolated from various seaweeds, inhibited COX pathway activity. For example, epitaondiol
(Figure 4B), isolated from Stypopodium flabelliforme, inhibited the production of phospholi-
pase A2 and eicosanoids (LTB4 and TXB2) and modulated the COX pathway in the in vitro
isolated human neutrophils and the 12-O-Tetradecanoylphorbol-13-acetate (TPA)-induced
mouse ear oedema model [37]. Neorogioltriol (Figure 4C), and two related diterpene ne-
orogioldiol and O11,15-cyclo-14-bromo-14,15-dihydrorogiol-3,11-diol, were isolated from
a red algae Laurencia glandulifera [38]. These compounds exhibit anti-inflammatory ef-
fects in M2-type macrophages via an increased expression of arginasel, MRC1, IRAK-M
and the transcription factor C/EBP [38]. The anti-inflammatory activity of neorogi-
oldiol and O11,15-cyclo-14-bromo-14,15-dihydrorogiol-3,11-diol was also demonstrated in
a DSS-induced colitis mice model where they reduced tissue damage and pro-inflammatory
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D. Ergosterol

cytokine production in vivo. Ergosterol (Figure 4D) and 7-dehydroporiferasterol (Figure 4E)
derivatives, isolated from Dunaliella tertiolecta, suppressed pro-inflammatory cytokines in
sheep peripheral blood mononuclear cells stimulated with LPS [39]. Apo-9-fucoxanthinone
(AF), isolated from Sargassum muticum, showed potent anti-inflammatory activity in LPS-
stimulated macrophages by suppressing the mRNA expression of several inflammatory
mediators, such as iNOS, COX-2 and pro-inflammatory cytokines [40]. These effects of AF
are mainly due to the modulation of NF-kB and MPAK signaling pathways [40].

B. Epitaondiol

CH,

CH,

F. Apo9, Fucoxanthione
E. 7-Dehydroporiferasterol

Figure 4. Structure of anti-inflammatory terpenoid extracted from seaweed. (A). Fucosterol [36];
(B). epitaondiol [37]; (C). neurogiltriol [38]; (D). ergosterol [39]; (E). 7-dehydroporiferasterol [39];
(F). Apo9, fucoxanthione [40] (structures reproduced with permission from the publisher).

3.4. Anti-Inflammatory Proteins and Peptides from Seaweed

Lectins, isolated from seaweed, are glycoproteins involved in cellular adhesion. Some
of these lectins have anti-inflammatory activity. A 30 kDa lectin derived from Aman-
sia multifida has anti-inflammatory effects, reducing edema formation in a paw edema
model, leukocyte migration and oxidative stress in a carrageenan-induced peritonitis
model and proinflammatory cytokine (IL-13 and TNF-«) expression in a carrageenan-
induced rat paw edema model [41]. Another study demonstrated the anti-inflammatory
effects of a 9kDa lectin isolated from Bryothammnion triquetrum [42]. This lectin inhibited
the production of proinflammatory cytokines involved in the migration of neutrophils
in a carrageenan-induced peritonitis mice model [42]. These findings suggest that the
anti-inflammatory effects of this lectin are mediated by the inhibition of leukocyte re-
cruitment [42]. In another study, a mucin-binding hololectin isolated from red marine
algae demonstrated anti-nociceptive and anti-inflammatory responses, reducing abdominal
writhing and the paw-licking time in carrageenan-induced peritonitis and paw edema
models [70]. Hololectin caused a similar inhibition of neutrophil migration in a peritonitis
model and also suppressed paw edema, which was induced by carrageenan, dextran or
serotonin [70]. A big anti-inflammatory effect (23—44 kDa) from the green seaweed Caulerpa
cupressoides revealed a decrease in carrageenan-induced rat paw edema and neutrophil infil-
tration via a reduction in the expression of IL-1, IL-6, TNF-« and COX-2 [71]. Lectins from
red algae and their other potential biomedical applications have been previously summa-
rized in the review [72]. Only a limited number of papers reporting the anti-inflammatory
activity of lectins from green seaweeds have been published. However, lectins from red
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and green algae have distinct structures [73]. A recent review documented the structural
diversity among various algal species [73]. The authors classified the lectins from red and
brown algae as Oscillatoria agardhii agglutinin homolog (OAAH) and the green seaweed as
Galanthus nivalis agglutinin (GNA) [73]. A study on the structural features of N-glycans of
seaweed glycoproteins was performed on 15 economically important seaweeds (12 red and
brown seaweeds, 2 green seaweeds and 1 sea grass) [74]. Interestingly, this study revealed
the absence of typical plant-based lectins with a complex structure of N-glycans (31-2 xylo-
syl and « 1-3 fucosyl) in algae and seagrass [74]. Moreover, the study showed the absence
of high manose-type N-glycan (M5-M9) in the green seaweed Ulva pertusa [74]. A study
on peptide fractions of approximately 2160 kDa from green seaweed Ulva spp. showed it
exerting immunomodulatory actions in vitro, consistent with an anti-inflammatory effect
depending on Toll-like receptor 4 (TLR4) and the NF«kB/p38/JNK pathway [43].

3.5. Anti-Inflammatory Alkaloids from Seaweed

Anti-inflammatory alkaloids are commonly found in plants, but there are limited stud-
ies identifying and characterizing the activity of such compounds from seaweeds [75]. Only
limited studies have investigated the anti-inflammatory effects of seaweed alkaloids [75].
Caulerpin (Figure 5A) is an indole alkaloid with anti-inflammatory activity isolated from
several different species of seaweed [76]. This compound is one of the main products in a
study of the anti-inflammatory effect of methanolic extracts from Caulerpa racemosa [76].
Caulerpin reduced inflammation in DSS-induced ulcerative colitis, where it suppressed
inflammatory infiltration and reduced the levels of colonic proinflammatory cytokines (IL-6,
IL-17, TNF-« and IFN-y) while increasing the expression of the anti-inflammatory cytokine
IL-10 [44]. These effects of caulerpin were accompanied by a reduction in the expression
of NF-kB p65, suggesting that the anti-inflammatory effects are mediated by blocking the
activation of NF-«kB [44]. Anti-inflammatory alkaloids forming red algae of the genus
Gracilaria have been identified [77]. An aqueous extract containing polyphenols, flavonoids
and ascorbic acid from Gracilaria tenuistipitata had anti-inflammatory activity in a hepatitis
C virus model [78]. Treatment with this extract inhibited COX-2 activity, the synthesis of
PGE,, nuclear translocation of NF-«B p65 and expression of TNF-«, IL-13 and iNOS in
HCV-infected cells [78]. Fractions of a methanol extract, analyzed by mass spectroscopy,
from Gracilaria changii reduced the expression of TNF-a and IL-6 in phorbol 12-myristate
13-acetate (PMA)-stimulated U937 cells [79]. An anti-inflammatory alkaloid, azocinyl
morpholinone (Figure 5B), isolated from Gracilaria opuntia selectively inhibited COX-2 and
5-LOX activity and thereby reduced inflammation in a murine carrageenan-induced paw
edema model [45].

B. Azocinyl morpholinone

Figure 5. Structure of anti-inflammatory alkaloids: (A). caulerpin [80]; (B). azocinyl morpholi-
none [45] (structures reproduced with permission from the publisher).
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3.6. Other Anti-Inflammatory Compounds from Seaweed

3-Hydroxy-4,7-megastigmadien-9-one isolated from Ulva pertusa markedly inhibits
interleukin (IL)-12 p40, IL-6 and TNF-« cytokine production [46]. The compound exhibits
anti-inflammatory activity through the inhibition of MAPK by the dephosphorylation of
ERK1/2, JNK12 and p38, as well as inhibition of the NF-kB pathway by the dephosphoryla-
tion of IkBox in CpG-stimulated bone-marrow-derived dendritic cells [46]. This study also
demonstrated that the compound downregulates the TLR9 promoter activity through AP1
and NF-«B [46]. Floridoside (Figure 6A) is another anti-inflammatory compound derived
from Laelia undulata, and inhibits the production of NO and ROS in LPS-stimulated BV2
microglial cells [47]. This study demonstrated the floridoside-mediated downregulation
of iNOS and COX-2 by blocking the phosphorylation of p38 and ERK in LPS-stimulated
BV-2 cells [47]. A non-polar extract from Cymopolia barbata and its primary active com-
ponent cymopol (Figure 6B) were analyzed for their anti-inflammatory properties [48].
Purified cymopol upregulates the Nrf2 transcription activity and reduces the expression of
proinflammatory genes such as iNOS, COX2, PGE2 and Nqol with an expected reduction
of NO in macrophages and mouse embryonic fibroblasts in an Nrf2-dependent man-
ner [48]. Cymopol-containing extracts also attenuate neutrophil migration in a zebrafish
tail wound model [48] and reduce DSS-induced colitis, as measured by fecal lipocalin
concentration [48]. Further analysis of DSS-induced mice treated with a cymopol fraction
and the non-polar extract through RNA-seq revealed the enrichment of mucosal-associated
microbiome genera [48]. Another compound sargachromanol G (Figure 6C), isolated by
chromatography from Sargassum siliqguastrum, reduces the expression of pro-inflammatory
cytokines (TNF-«, IL-13 and IL-6) and also suppresses inflammatory markers such as NO
and PGE2 production via the inhibition of iNOS and COX-2 in RAW 264.7 cells [81]. A
study of sargachromanol G on osteoclast differentiation revealed the inhibition of the re-
ceptor activator of the NF-«B ligand (RANKL)-induced activation of NF-kB by suppressing
RANKL-mediated IkB-« degradation [82]. The study further explored the mechanism of
action of sargachromanol G and demonstrated the inhibition of mitogen-activated protein
kinases (p38, JNK and ERK) in RANKL-stimulated RAW 264.7 macrophages [82]. A recent
study showed anti-inflammatory activity of an ethanol extract of Sargassum siliquastrum
in RAW 264.7 cells by the inhibition of NO and proinflammatory cytokines such as TNFo
and IL-6 [83]. Further studies are needed to explore these anti-inflammatory active agents
responsible.

Br

B. Cymopol C. Sargachromanol G

Figure 6. Structure of few important anti-inflammatory compounds from seaweed: (A). floridoside
from Laelia undulata [84]; (B). cymopol from Cymopolia barbata [48]; (C). sargachromanol G from
Sargassum siliquastrum [81] (structures reproduced with permission from the publisher).

4. Bryozoans as Marine Source for Anti-Inflammatory Activity

Marine bryozoans are a diverse group of invertebrates, inhabiting everywhere from
intertidal waters to deep seas in both tropical and polar regions [85]. Diverse species of
bryozoans are found in the North Sea, the United Kingdom, the northern Mediterranean
and Adriatic, North Pacific around Japan, New Zealand and Antarctica [86]. Bryozoans
produce bioactive compounds that are an important source of bioactive compounds impor-
tant for their development as drugs [87]. They have attracted attention due to the discovery
of the remarkable anti-neoplastic activity of bryostatins [88]. A host of secondary metabo-
lites, including alkaloids, sphingolipids, sterols, macrocyclic lactones, other tetracyclic
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terpenoid lactones and sulfur-containing aromatic compounds, have been isolated from
bryozoans [87]. However, in our search for the anti-inflammatory activity of bioactive com-
pounds isolated from marine bryozoans for this review, we found only five papers (Table 2).
Two major chemical classes, macrocyclic lactones (bryostatin-1) and alkaloids (convolu-
tamydine A and bromotryptamine) isolated from various species of bryozoan, have been
evaluated for anti-inflammatory activity [88]. Bryostatins are macrocyclic lactones first
isolated and characterized from Bugula neritina [88]. In a study, around 21 bryostatins
were isolated and studied; however, bryostatin (bryos-1) (Figure 7A) has received the most
attention from the scientific community as a therapeutic option in several inflammatory
diseases [89]. For example, bryosl has been extensively evaluated as a drug of choice
for multiple sclerosis (MS) [90]. The characteristic etiology of MS involves inflammation
and myelin damage, which involves multiple steps, including the overexpression of pro-
inflammatory cytokines, induction of oxidative stress, overexpression and high levels of
activity of matrix metalloproteases (MMPs) and loss of the blood-brain barrier (BBB),
which ultimately lead to the immune-mediated destruction of neuronal myelin damage
and neuronal degeneration [90]. Bryos-1 was reviewed as a target of multiple MMPs,
including MMP 1, 3, 9, 10 and 11, in various models [91]. Moreover, the downregulation
of MMP-9 expression and its activation by Bryos-1 reduced hemorrhagic transformation
followed by ischemia-reperfusion injuries in an aged female rats model [92]. Bryos-1
also demonstrated an increase in the IL-4-induced expression of the anti-inflammatory
marker arginase-1, as well as tissue repair promoting the M2 macrophage phenotype in
murine peritoneal macrophages [93]. Similar to its effect on dendritic cells, bryos-1 sup-
presses the production of pro-inflammatory cytokines (IL-12 and IL-6) while increasing the
production of the anti-inflammatory cytokine (IL-10) [94]. A recent study demonstrated
the anti-neuroinflammatory effects of the bryos-1 analogue, bryologs, both in vitro and
in vivo [95]. In contrast to anti-inflammatory activity, bryos-1 enhances proinflammatory
effects by increasing CCL2, IL-10, TNFq«, etc., in the context of the analysis of bryos-1 as a
latency-reversing agent in HIV pathophysiology [96].

Similarly, bryos-1 also demonstrated to be effectively anti-inflammatory during car-
cinogenesis. For example, bryos-1 downregulated COX-2 mRNA expression in the mucosa
of 1,2-dimethylhydrazine (DMH)-induced colorectal carcinogenesis in rats [93]. Further-
more, it induces the anti-inflammatory phenotype of macrophages and antigen-presenting
cells (APCs) [93]. It upregulates the CD86 protein, which is required for the activation of
T cells upon their binding to APCs in bone-marrow-derived dendritic cells (BMDCs) [93].
Moreover, recently, the Food and Drug Administration (FDA) approved bryos-1 as an
orphan drug in combination therapy with paclitaxel for the treatment of esophageal carci-
noma [97].

Convolutamydine A (Figure 7B), an oxindole alkaloid isolated from marine bryozoan
species Amathia convoluta, was evaluated for anti-inflammatory activity. Convolutamy-
dine A and its two analogues (ISA003 and ISA147) inhibit the formalin-induced licking
response at doses as low as 10 pg/kg. These compounds also inhibit leukocyte migration
and the production of NO, PGE2 and inflammatory cytokines (IL-6 and TNF-«) in the
subcutaneous air pouch (SAP) model of carrageenan-induced inflammation. Furthermore,
convolutamydine A and the two analogues reduce NO and PGE2 production by the down-
regulation of COX-2 and iNOS in cultured macrophages [98]. Recently, Di et.al isolated
13 new bromotryptamines (Figure 7C) and two new imidazole alkaloids (Figure 7D) from
the bryozoan Flustra foliacea and evaluated their in vitro anti-inflammatory activity [99].
Several of these newly isolated alkaloids, flustramine Q, flustramine S, flustramine U,
Na-methyldeformylflustrabromine, 6-bromo-N, N-dimethyltryptamine, 6-bromoindole-
3-carbaldehyde and deformylflustrabromine B, decreased the dendritic cell secretion of
the pro-inflammatory cytokine IL-12 p40 while flustrimidazole A and flustramine T in-
creased the secretion of the anti-inflammatory cytokine IL-10 in monocyte-derived dendritic
cells [99].
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B. Structure of Convolutamydine A
and its analogue
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Figure 7. Structure of anti-inflammatory compounds extracted from bryzoans: (A). bryostatin 1 [88];
(B). convolutamydine A [98]; (C). N-bromotryptamine [99]; (D). imidazol alkaloids [99] (structures
reproduced with permission from the publisher).

Table 2. Anti-inflammatory substances derived from bryozoans.

Bioactive Compounds/

Model Controls

Anti-inflammatory Activity

Ref.

DMH-induced
colorectal
carcinogenesis in rat as
positive control and
infection with
Syphacia muris.

Downregulates COX-2 mRNA expression
in colorectal mucosa at 5 pug/kg body
weight for 4 weeks.

Species Extracts/
Purified Compound
Bryostatin-1
purified and procured
from Sigma.
Bugula
neritina

Purified bryostatin-1
procured from Tocris.

Stimulated
macrophages,
antigen-presenting cells
and
bone-marrow-derived
dendritic cells.

Activates T cell via upregulation of CD86.
Increases IL-4-induced expression of
arginase-1 and increases M2 macrophages.
Suppresses production of pro-inflammatory
cytokines (IL-12 and IL-6) while increasing
the production of anti-inflammatory
cytokine (IL-10) at concentration ranges
from 20 to 200 nM.

Purified bryostatin-1.

Acute cerebral ischemia
in aged rat model.
R-tPA is used as a

positive control.

Suppresses MMP-9 by upregulating PKCe
at 2.5 mg/kg body weight.
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Table 2. Cont.
Bioactive Compounds/
Species Extracts/ Model Controls Anti-inflammatory Activity Ref.
Purified Compound
Isatin converted by Carrageenan-induced Suppresses legcocyte migration, reduces the
, acetome and . . production of NO and PGE2 by
Amathia . . inflammation model. L
dienthlamine at room . downregulating iNOS and COX-2 and [98]
convolute LPS-stimulated -
temperature to macrophaces decreases IL-6 and TNF-« production at 0.1
convolutamydine A. phages. to 10 mg/kg body weight.
B?or.notryptamme.and Decreases pro-inflammatory cytokine
imidazole alkaloids . . .
Flustra . Monocyte-derived IL-12p40 and increases secretion of the
. purified through o o . [99]
foliacea dendritic cells. anti-inflammatory cytokine IL-10 at
chromatography and 10 e /mL
characterized by NMR. HE ’

5. Anti-Inflammatory Compounds from Jellyfish

In the past, jellyfish have elicited unpleasant sentiments in European culture, while
they are regarded as a valuable source of bioactive substances and are utilized in tradi-
tional food and medicine on the Asian continent [100]. In addition to their nutritional and
medicinal benefits in the Chinese pharmacopeia, jellyfish have recently been designated as
a novel food in Western countries due to their unexploited source of important nutrients,
novel bioactive metabolites and lead compounds [100]. In the last decade, extracts derived
from different species of jellyfish have been evaluated for pharmacological properties.
Despite this, our literature search for anti-inflammatory activities of bioactive compounds
isolated from jellyfish produced only limited results (Table 3). Polysaccharides isolated
from the jellyfish Rhopilema esculentum modulate oxidative stress and inflammation in the
DSS-induced colitis model in mice [101]. These polysaccharides reduced myeloperoxi-
dase (MPO) activity, levels of pro-inflammatory cytokines and NO levels in mice with
colitis [101]. The polysaccharides also downregulate the NF-«B signaling pathway in
colonic tissue, as evident by reducing the phosphorylation of p65 and IKB [101]. Bile salt
(Figure 8A) derivatives isolated from a fungus (Penicillium chrysogenum JOSNF-4), which
specifically grows on the jellyfish Nemopilema nomurai, demonstrated a suppression of
the NO level in LPS-stimulated RAW 264.7 macrophages [102]. Interestingly, the study
also shows the downregulation of many proinflammatory molecules, including iNOS and
TNF-« [102]. Molecular docking studies revealed that one these bile salt derivates, a bile
salt trifluoroacetate, has a ligand-binding domain for the PPARy receptor that activates
PPARY and suppresses the phosphorylation of the NF-kB p65 subunit, leading to the
downregulation of pro-inflammatory mediators [102]. Monoterpene derivatives (Figure 8B)
isolated from the same fungus also exhibit PPARY receptor agonistic activity in molecular
docking studies and also suppress PPARy-mediated inflammatory markers in Ac2F liver
cells [103]. A recent study showed anti-inflammatory properties of collagen hydrolysate
from jellyfish in a high-fat diet mice model. This study demonstrated the reduction in
proinflammatory cytokines such as TNFf{3, IL1§3 and IL6 [104].
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Figure 8. Structure of anti-inflammatory bile salts and monoterpenes derivative from jellyfish:
(A). bile salts derivatives [102]; (B). monoterpene derivatives from jellyfish fungus penicillium
chrysogenum [103] (structures reproduced with permission from the publisher).

6. Anti-Inflammatory Compounds from Shellfish

Shellfish constitute a major seafood component [105]. Common subgroups of shell-
fish are crustaceans, bivalves (mollusks), gastropods (univalves) and cephalopods [105].
Important crustaceans are prawns, shrimp, lobster, crab and krill. Bivalves (two shells)
include clam, mussel, oyster and scallops [105]. Univalves (single shell) include cockle,
whelk, limpet, abalone and snail. While cephalopods lack an external shell, they are also
considered to be shellfish, and this group includes octopus, cuttlefish and squid [105].
Shellfish foods have a high nutrition value, as shown by a high protein digestibility and
corrected amino acid score [105]. They are also rich in Omega 3 fatty acids, carotenoids
and vitamins [105]. In addition to their high nutritive value, shellfish are also consid-
ered as a valuable source of nutraceutical compounds [105]. Here, we summarize the
anti-inflammatory activities of bioactive compounds isolated from shellfish, including
mussels, clams and other mollusks [106] (Table 3). A novel peptide (EGLLGDVF) isolated
and characterized from the green mussel Perna viridis has potent anti-inflammatory ac-
tivity, inhibiting the production of pro-inflammatory cytokines, reducing the activation
of NO and COX-2 and downregulating iNOS and COX-2 expression in LPS-stimulated
RAW 264.7 macrophages [107]. Similarly, high-molecular-weight peptides isolated from
the blue mussel Mytilus edulis exhibited marked anti-inflammatory activity, modulating
NEF-kB and MAPK pathways in LPS-stimulated RAW 264.7 macrophages [108]. Mytilus
coruscus is a Korean hard-shelled mussel that is heavily exploited for food. Various bioac-
tive compounds (peptides and lipids) from this mussel have been isolated and tested for
their anti-inflammatory potential. A novel peptide consisting of 10 amino acid residues
(GVSLLQQEFFL) was isolated, which effectively blocks NO production in LPS-stimulated
RAW 264.7 macrophages [109]. A high-molecular-weight «-d-Glucan named MP-A, also
isolated from this hard-shelled mussel, exerts anti-inflammatory activity in LPS-stimulated
THP1 cells by inhibiting cytokine production and suppressing iNOS and COX-2 expression
via TLR4/NF-«kB/MAPK pathway inhibition [110]. A lipid extract from this hard- shelled
mussel increases the production of the anti-inflammatory cytokine (IL-10) and suppresses
pro-inflammatory cytokines via the downregulation of toll-like receptor (TLR-4) signaling
in a lipopolysaccharide (LPS)-challenged mouse model [111]. The lipid extract of this hard-
shelled mussel also showed anti-inflammatory activity in adjuvant-induced (AIA) and
collagen-induced arthritis (CIA) in rat models, suppressing markers of inflammation such
as leukotriene B4 (LTB4), prostaglandin E2 (PGE2) and thromboxane B2 (TXB2) in the ankle
joint synovial fluid of treated rats [112]. Green-lipped mussels (Perna canaliculus) are heavily
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cultivated in New Zealand. The oil fractions Lyprinol and Cadalmin from green-lipped
mussels are promoted as functional foods with numerous health benefits [113]. These
lipid fractions markedly suppressed iNOS and COX-2 and downregulated inflammatory
cytokine genes via the inhibition of the NF-xB/MAPK pathways in LPS-stimulated RAW
264.7 murine macrophages [113]. A clinical trial of Lyprinol (PSCOI1524) showed a benefi-
cial effect on the bronchoconstriction of 24 asthma patients [114]. Recently, an interesting
research article isolated a peptide from the Asiatic hard clam Meretrix meretrix and tested
its anti-inflammatory potential [115]. The isolated 6 amino acid peptide (HKGQCC) signif-
icantly inhibited NO, COX-2, TNF-« and IL-1f in LPS-stimulated RAW 264.7 cells [115].
The in vitro digestion of this peptide resulted in the generation of a tetrapeptide (GQCC)
that further downregulates inflammatory gene expression in an LPS-stimulated zebrafish
model [115]. The abalone (Haliotis discus hannai) is a large marine gastropod mollusk that is
a valuable seafood product [116]. An 11-amino-acid peptide (EMDEAQDPSEW) isolated
from abalone has potent anti-inflammatory activity by inhibiting MAPK and NF-«B signal-
ing pathways in human fibrosarcoma (HT1080) cells [116]. Phenoloxidase (PO), purified
from the hemolymph of the dietary shellfish Haliotis discus hannai, has anti-inflammatory
effects on LPS-induced HT 29, reducing levels of pro-inflammatory cytokines, including I1.4,
IL5 and IFNYy and PGE; [117]. In a recent study, three lipid fractions (neutral lipids, glycol-
ipids and phospholipids) from the eggs of a common dietary shellfish Ammodytes personates
downregulated proinflammatory cytokines in an LPS-induced RAW 264.7 macrophage
model. The downregulation of NFkB signaling through MAPK signaling pathways was
also seen [118].

Table 3. Anti-inflammatory substances derived from jellyfish and shellfish.

Marine Bioactive
Source Species Compounds/ Model Anti-Inflammatory Activity Ref.
" Extracts/Purified
Reduces MPO activity,
Skin polysaccharide P pro-inflammatory cytokines
Rhopilema esculentum ~ and monosaccharide DDS 1'nduced and NO levels. [101]
P colitis mice model
composition analysis. ’ Downregulates NF-«B at 50
Jellyfish and 100 mg/kg bodyweight.
Nemopilema nomurai Bile acid derivates Suppresses production of
112 nicillium and monoterpene LPS-stimulated cytokines. Activates [102,103]
chrysogenim JOSNF-4 purified from fungal RAW 264.7 cells. PPARy-mediated NF-«B ’
1Ys08 strain through HPLC. inhibition at 10 to 50 pM.
. Suppresses pro-inflammatory
Perna viridis Pephg?i (I;GIELE DYF) LPS-stimulated cytokines. Downregulates [107]
(Green mussel) pu 8‘30 c}))aa ou RAW 264.7 cells. iNOS
' and COX-2.
. . Peptide fraction LPS-stimulated Inhl.blts t.h e NF-kB/MPAK
Mytilus edulis obtained from RAW 264.7 signaling pathway at [108]
(Blue mussel) enzvme hvdrolvsate macropha ‘es concentration ranges from 50
yme hydrolysate. phages. t0 200 pg/mL.
Shellfish Peptide
Mytilus coruscus (GVSLLGGPPL) LPS-stimulated .
(Korean purified and RAW 264.7 cell Reduces NO production. [109]
hard-shelled mussel) characterized from o/ Cels:
enzyme hydrolysate.
. . . Suppresses markers of
Mytilus coruscus . Adjuvant-induced . .
(Korean Lipid extract and collagen-induced inflammation such as LTB4, [112]

hard-shelled mussel)

(HMLE).

arthritis.

PGE2 and TXB2 in ankle joint
synovial fluid.
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Table 3. Cont.
Marine Bioactive
Species Compounds/ Model Anti-Inflammatory Activit Ref.
Source y
Extracts/Purified
LPS-challenged MS Increases the production of
Muytilus coruscis Lipid extract Dowley rats model IL-10 and suppresses IL-1,
Y (HMLE) and using IL-6 and TNF-« via
(Korean . . . [111]
analyzed by gas adjuvant-induced downregulation of TLR-4
hard-shelled mussel) L. .. . <
chromatography. arthritis as positive signaling pathways at
control. 100mg/kg body weight.
-d-Glucan Inhibits cytokine production,
Mytilus coruscus (MP(?A) ulrliﬁe db THP1 differentiated downregulates iNOS and
(Korean chromio ranh y by PMA and then COX-2 and [110]
hard-shelled mussel) obtain% d phy stimulated by LPS. inhibits TLR4/NF-kB/MAPK
’ pathway at 10 to 200 pg/mL.
Jellyfish N Inhibits iNOS and COX-2.
Perna canaliculus Oil fraction LPS-stimulated Downregulat tokine gen
. (GLMO) purified simutate ownreguiates cyloxine gene [113]
(Green-lipped mussel) form obtained RAW 264.7 cells. expression via NF-xB/MAPK
' pathway at 50 to 300 pg/mL.
. Human blood
G (I;ér)ct)ldeu(lgilzdagim in vitro assays, Inhibits NO, NO, TNF-«,
Meretrix meretrix (Clam) p LPS-stimulated RAW IL-1p and COX-2 at 50 to [115]
enzyme hydrolysate
264.7 cells and 250 pg/mL.
through HPLC. .
zebrafish.
Peptide purified and Inhibits MMPs expression via
Haliotis discus hannai characterized of PMA—c.hallenged modulation of MAPK and
. human fibrosarcoma [116]
(Mollusk) approximately (HT1080) cells NF-«B pathway at 50 and
1234.41 Da. ’ 100 uM.

7. Anti-Inflammatory Compounds Derived from Peanut Worms

Peanut worms are a class of unsegmented marine annelids commonly found in marine
benthic ecosystems and used as a functional food in many places, including South China
and the Philippines [119]. Many compounds with anti-inflammatory activity have been
identified in peanut worm species [119] (Table 4). For example, a study reported the anti-
inflammatory activity of an aqueous extract from the body wall of Sipunculus nudus in
different rat and mouse models such as a carrageenan-induced rat paw oedema model,
Dextran-induced rat paw oedema model, cotton-pellet-induced chronic inflammation
granuloma rat model, carrageenan-induced peritonitis mouse model, xylene-induced ear
oedema model and acetic-acid-induced vascular permeability mice model [120]. In another
study, the researchers established the presence of hydrophobic amino-acid-rich peptides
within the collagen fraction of the peanut worm Sipunculus nudus [121]. They demonstrated
the anti-inflammatory function of a novel peptide mediated through a reduction of nitric
oxide (NO) in LPS-stimulated RAW 264.7 macrophages [121]. Furthermore, the authors
confirmed the inhibitory effect of peptides on the mRNA expression of iNOS, TNF«, IL6
and COX-2 [121]. Another research group from China identified a similar peptide fraction
of peanut worm powder [122]. They demonstrated the peptide-mediated induction of skin
wound healing function in mice within four days of a wound and complete healing within
28 days [122]. Furthermore, they established that the wound-healing property of these
peptides is mediated by a reduction in the expression of proinflammatory cytokines such
as TNFo and IL1§3 [122]. The peptides also had anti-scar activity due to the reduction in
TGFf1 mRNA [122]. Another important species of peanut worm is Phascolosoma esculenta,
commonly used as a functional food in China [123]. An oligosaccharide fraction extracted
from this species by enzymatic hydrolysis has anti-inflammatory effects in an Escherichia
coli-induced sepsis mouse model via a reduction in the expression of the proinflammatory
cytokines TNFa and IL1$ and an enhanced expression of IL10 [123].
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Table 4. Anti-inflammatory compounds derived from peanut worms.
. Bioactive .
Marine Compounds/Extracts/ Model Ant}-I‘nﬂammatory Ref.
Source opr Activity and Dose
Purified
Ca::f ﬁi}jﬁ:gj;;ed Paw edema is reduced by
Sipunculus nudus Hot water extract. model, DSS-induced Sifgeﬁ)svgétggci};?ati;tit [120]
rat paw oedema .
model, etc. 200 mg/kg body weight.
Oligosaccharide was purified Anti-inflammatory Reduces IL1p and TNFo and
from body wall by enzymatic mice sepsis model L
Phascolosoma : enhanced anti-oxidant
hydrolysis Sephadex column used through enzvme activity at a dose of [123]
chromatography. intraperitoneal 10 tg’ 50 m /ktybo dv weicht
Characterized by mass spec. injection of E. coli. 8/X8 yweig
Peanut worms Antl—mﬂar.?ma}ory peptides
Ws;SrI:I? golsvddel;otr}r:r};iagrﬁut Reduces IL1p and TNF«, and
. enzymatic as well as HPLC and LPS-induced RAW alsq decreases the expression
Sipunculus nudus of iNOS. Decreases the level [121]
sequenced by 264.7 macrophages. of NO production at dose
Q_TOF_ESI_MS/MS' samg ranges from 30 to 120 mM.
peptides were synthesized in
the laboratory.
Collagen peptides were
purified from coelomic wall by Enhances wound healing by
enzyme hydrolysis and then In vitro and in viv reducing excessive
. characterized through SDS and oa | VIVO inflammation in skin of mice
Sipunculus nudus wound healing [122]

FTIR. Amino acid composition through decreasing IL1§3 and

models were tested.

and molecular weight TNF« by using SNCP
distribution were also ointment (2 g/mL).
determined.

8. Conclusions and Future Perspective

Marine biodiversity provides a promising resource for pharmacology. Seaweeds
are a major source of bioactive compounds with potent anti-inflammatory effects. Ma-
jor categories of seaweed-derived bioactive compounds include phenolic compounds,
polysaccharides, glycoproteins, polypeptides, terpenoids and alkaloids. These compounds
strongly inhibit lipoxygenases and cyclooxygenases and decrease the ROS and NOS levels.
Moreover, these compounds also downregulate proinflammatory cytokines such as IL6 and
TNFa through the inhibition of NF-«B pathways. Bryozoans provide another rich source of
marine pharmaceutical compounds. Compounds from these organisms include bryostatin-
1, which exhibits strong anti-inflammatory activity. Jellyfish and shellfish provide a major
marine resource widely used for food and as nutraceuticals. However, some of them have
been investigated and this has revealed multiple bioactive compounds, including bile acids,
monoterpenes, lipids and peptides, with anti-inflammatory activity. This review covers
the anti-inflammatory activity of bioactive compounds from seaweed, bryozoans, jellyfish
and shellfish. It complements our previous review of anti-inflammatory compounds from
echinoderms. These reviews can serve as a source of summarized information for standard-
izing marine sources and developing analytical methods to quantify anti-inflammatory
compounds. By integrating these approaches, we can develop safer and more effective
anti-inflammatory agents from marine sources. New technologies and close collabora-
tions between institutional and industrial investigators are crucial for the development of
marine-derived bioactive compounds to be successful as novel therapeutics in treating or
preventing chronic diseases.

Funding: Supported in part by funding from Mohammed Bin Rashid University of Medicine and
Health Sciences and from the Jalila Foundation.



Mar. Drugs 2023, 21, 524 20 of 25

Acknowledgments: This work was supported in part by Mohammed Bin Rashid University of
Medicine and Health Sciences (MBRU) and the Al Jalila Foundation for Post-Doctoral Research
Fellowship awards to H.G. and M.K.

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

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Sala, E.; Knowlton, N. Global Marine Biodiversity Trends. Annu. Rev. Environ. Resour. 2006, 31, 93-122. [CrossRef]

Renema, W.; Bellwood, D.R.; Braga, J.C.; Bromfield, K,; Hall, R.; Johnson, K.G.; Lunt, P.; Meyer, C.P.; McMonagle, L.B.; Morley,
R.J.; et al. Hopping hotspots: Global shifts in marine biodiversity. Science 2008, 321, 654—657. [CrossRef]

Costello, M.J.; Coll, M.; Danovaro, R.; Halpin, P.; Ojaveer, H.; Miloslavich, P. A Census of Marine Biodiversity Knowledge,
Resources, and Future Challenges. PLoS ONE 2010, 5, e12110. [CrossRef]

Mayer, A.M.S.; Guerrero, A J.; Rodriguez, A.D.; Taglialatela-Scafati, O.; Nakamura, F.; Fusetani, N. Marine Pharmacology in
2016-2017: Marine Compounds with Antibacterial, Antidiabetic, Antifungal, Anti-Inflammatory, Antiprotozoal, Antituberculosis
and Antiviral Activities; Affecting the Immune and Nervous Systems, and Other Miscellaneous Mechanisms of Action. Mar.
Drugs 2021, 19, 49. [PubMed]

Papon, N.; Copp, B.R.; Courdavault, V. Marine drugs: Biology, pipelines, current and future prospects for production. Biotechnol.
Adv. 2022, 54,107871. [CrossRef]

Montuori, E.; de Pascale, D.; Lauritano, C. Recent Discoveries on Marine Organism Immunomodulatory Activities. Mar. Drugs
2022, 20, 422. [CrossRef] [PubMed]

Egbuna, C.; Awuchi, C.G.; Kushwaha, G.; Rudrapal, M.; Patrick-Iwuanyanwu, K.C.; Singh, O.; Odoh, U.E; Khan, J.; Jeevanandam,
J.; Kumarasamy, S.; et al. Bioactive Compounds Effective Against Type 2 Diabetes Mellitus: A Systematic Review. Curr. Top. Med.
Chem. 2021, 21, 1067-1095. [CrossRef]

Alves, C.; Diederich, M. Marine Natural Products as Anticancer Agents. Mar. Drugs 2021, 19, 447. [CrossRef] [PubMed]
Khalifa, S.A.M.; Elias, N.; Farag, M.A.; Chen, L.; Saeed, A.; Hegazy, M.-E.F.; Moustafa, M.S.; Abd El-Wahed, A.; Al-Mousawi,
S.M.; Musharraf, S.G.; et al. Marine Natural Products: A Source of Novel Anticancer Drugs. Mar. Drugs 2019, 17, 491. [CrossRef]
Suleria, H.A.R.; Gobe, G.; Masci, P.; Osborne, S.A. Marine bioactive compounds and health promoting perspectives; innovation
pathways for drug discovery. Trends Food Sci. Technol. 2016, 50, 44-55. [CrossRef]

Li, C.-Q.; Ma, Q.-Y,; Gao, X.-Z.; Wang, X.; Zhang, B.-L. Research Progress in Anti-Inflammatory Bioactive Substances Derived
from Marine Microorganisms, Sponges, Algae, and Corals. Mar. Drugs 2021, 19, 572. [CrossRef] [PubMed]

Subramanya, S.B.; Chandran, S.; Almarzooqi, S.; Raj, V.; Al Zahmi, A.S.; Al Katheeri, R.A.; Al Zadjali, S.A.; Collin, P.D.; Adrian,
T.E. Frondanol, a Nutraceutical Extract from Cucumaria frondosa, Attenuates Colonic Inflammation in a DSS-Induced Colitis
Model in Mice. Mar. Drugs 2018, 16, 148. [CrossRef] [PubMed]

Bilal, M.; Nunes, L.V.; Duarte, M.T.S,; Ferreira, L.ER.; Soriano, R.N.; Igbal, HM.N. Exploitation of Marine-Derived Robust
Biological Molecules to Manage Inflammatory Bowel Disease. Mar. Drugs 2021, 19, 196. [CrossRef] [PubMed]

Karthikeyan, A.; Joseph, A.; Nair, B.G. Promising bioactive compounds from the marine environment and their potential effects
on various diseases. J. Genet. Eng. Biotechnol. 2022, 20, 14. [CrossRef] [PubMed]

Ghelani, H.; Khursheed, M.; Adrian, T.E.; Jan, R K. Anti-Inflammatory Effects of Compounds from Echinoderms. Mar. Drugs
2022, 20, 693. [CrossRef]

El-Beltagi, H.S.; Mohamed, A.A.; Mohamed, H.I.; Ramadan, KM.A.; Barqawi, A.A.; Mansour, A.T. Phytochemical and Potential
Properties of Seaweeds and Their Recent Applications: A Review. Mar. Drugs 2022, 20, 342. [CrossRef]

Lomartire, S.; Gongalves, A.M.M. An Overview of Potential Seaweed-Derived Bioactive Compounds for Pharmaceutical Applica-
tions. Mar. Drugs 2022, 20, 141. [CrossRef]

Chye, EY.; Ooi, PW.; Ng, S.Y; Sulaiman, M.R. Fermentation-Derived Bioactive Components from Seaweeds: Functional Properties
and Potential Applications. . Aquat. Food Prod. Technol. 2018, 27, 144-164. [CrossRef]

Ghosh, R; Banerjee, K.; Mitra, A. Eco-Biochemical Studies of Common Seaweeds in the Lower Gangetic Delta. In Handbook of
Marine Macroalgae, Biotechnology and Applied Phycology; John Wiley & Sons, Ltd.: New York, NY, USA, 2011; pp. 45-57.
Misurcova, L. Chemical composition of seaweeds. In Handbook of Marine Macroalgae: Biotechnology and Applied Phycology; John
Wiley & Sons, Ltd.: New York, NY, USA, 2011; pp. 171-192.

Kumar, Y,; Tarafdar, A.; Badgujar, P.C. Seaweed as a Source of Natural Antioxidants: Therapeutic Activity and Food Applications.
J. Food Qual. 2021, 2021, 5753391. [CrossRef]

Jung, H.A,; Jin, S.E.; Ahn, B.R.; Lee, C.M.; Choi, ].S. Anti-inflammatory activity of edible brown alga Eisenia bicyclis and its
constituents fucosterol and phlorotannins in LPS-stimulated RAW264.7 macrophages. Food Chem. Toxicol. 2013, 59, 199-206.
[CrossRef]

Yu, D.K;; Lee, B.; Kwon, M.; Yoon, N.; Shin, T.; Kim, N.G.; Choi, ].S.; Kim, H.R. Phlorofucofuroeckol B suppresses inflammatory
responses by down-regulating nuclear factor kB activation via Akt, ERK, and JNK in LPS-stimulated microglial cells. Int.
Immunopharmacol. 2015, 28, 1068-1075. [CrossRef]


https://doi.org/10.1146/annurev.energy.31.020105.100235
https://doi.org/10.1126/science.1155674
https://doi.org/10.1371/journal.pone.0012110
https://www.ncbi.nlm.nih.gov/pubmed/33494402
https://doi.org/10.1016/j.biotechadv.2021.107871
https://doi.org/10.3390/md20070422
https://www.ncbi.nlm.nih.gov/pubmed/35877715
https://doi.org/10.2174/1568026621666210509161059
https://doi.org/10.3390/md19080447
https://www.ncbi.nlm.nih.gov/pubmed/34436286
https://doi.org/10.3390/md17090491
https://doi.org/10.1016/j.tifs.2016.01.019
https://doi.org/10.3390/md19100572
https://www.ncbi.nlm.nih.gov/pubmed/34677471
https://doi.org/10.3390/md16050148
https://www.ncbi.nlm.nih.gov/pubmed/29710854
https://doi.org/10.3390/md19040196
https://www.ncbi.nlm.nih.gov/pubmed/33808253
https://doi.org/10.1186/s43141-021-00290-4
https://www.ncbi.nlm.nih.gov/pubmed/35080679
https://doi.org/10.3390/md20110693
https://doi.org/10.3390/md20060342
https://doi.org/10.3390/md20020141
https://doi.org/10.1080/10498850.2017.1412375
https://doi.org/10.1155/2021/5753391
https://doi.org/10.1016/j.fct.2013.05.061
https://doi.org/10.1016/j.intimp.2015.08.028

Mar. Drugs 2023, 21, 524 21 of 25

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Jung, WK.; Heo, SJ.; Jeon, Y.J.; Lee, CM.; Park, YM.; Byun, H.G.; Choi, Y.H.; Park, S.G.; Choi, LW. Inhibitory Effects and
Molecular Mechanism of Dieckol Isolated from Marine Brown Alga on COX-2 and iNOS in Microglial Cells. J. Agric. Food Chem.
2009, 57, 4439-4446. [CrossRef]

Li, Z.; Wang, Y.; Zhao, J.; Zhang, H. Dieckol attenuates the nociception and inflammatory responses in different nociceptive and
inflammatory induced mice model. Saudi J. Biol. Sci. 2021, 28, 4891-4899. [CrossRef]

Kim, S.Y.; Ahn, G,; Kim, H.S;; Je, ].G.; Kim, K.N.; Jeon, Y.]J. Diphlorethohydroxycarmalol (DPHC) Isolated from the Brown
Alga Ishige okamurae Acts on Inflammatory Myopathy as an Inhibitory Agent of TNF-«. Mar. Drugs 2020, 18, 529. [CrossRef]
[PubMed]

Kang, N.J.; Han, S.C.; Kang, G.J.; Koo, D.H.; Koh, Y.S.; Hyun, ].W.; Lee, N.H.; Ko, M.H.; Kang, H.K.; Yoo, E.S. Diphlorethohydrox-
ycarmalol inhibits interleukin-6 production by regulating NF-kB, STAT5 and SOCS1 in lipopolysaccharide-stimulated RAW264.7
cells. Mar. Drugs 2015, 13, 2141-2157. [CrossRef] [PubMed]

Manzoor, Z.; Mathema, V.B.; Chae, D.; Kang, HK.; Yoo, E.S.; Jeon, Y.J.; Koh, Y.S. Octaphlorethol A Inhibits the CpG-Induced
Inflammatory Response by Attenuating the Mitogen-Activated Protein Kinase and NF-«kB Pathways. Biosci. Biotechnol. Biochem.
2013, 77,1970-1972. [CrossRef] [PubMed]

Chen, X; Ni, L.; Fu, X.; Wang, L.; Duan, D.; Huang, L.; Xu, J.; Gao, X. Molecular Mechanism of Anti-Inflammatory Activities of a
Novel Sulfated Galactofucan from Saccharina japonica. Mar. Drugs 2021, 19, 430. [CrossRef] [PubMed]

Atya, MLE; El-Hawiet, A.; Alyeldeen, M. A.; Ghareeb, D.A.; Abdel-Daim, M.M.; El-Sadek, M.M. In vitro biological activities and
in vivo hepatoprotective role of brown algae-isolated fucoidans. Environ. Sci. Pollut. Res. 2021, 28, 19664-19676. [CrossRef]
Jeong, J.-W.; Hwang, S.J.; Han, M.H.; Lee, D.-S.; Yoo, ].S.; Choi, I.-W.; Cha, H.-J.; Kim, S.; Kim, H.-S.; Kim, G.-Y,; et al. Fucoidan
inhibits lipopolysaccharide-induced inflammatory responses in RAW 264.7 macrophages and zebrafish larvae. Mol. Cell. Toxicol.
2017, 13, 405-417. [CrossRef]

Lee, K.S.; Cho, E.; Weon, ].B.; Park, D.; Fréchet, M.; Chajra, H.; Jung, E. Inhibition of UVB-Induced Inflammation by Laminaria
japonica Extract via Regulation of nc886-PKR Pathway. Nutrients 2020, 12, 1958. [CrossRef]

Wang, L.; Yang, H.-W.; Ahn, G.; Fu, X,; Xu, J.; Gao, X,; Jeon, Y.-J. In Vitro and In Vivo Anti-Inflammatory Effects of Sulfated
Polysaccharides Isolated from the Edible Brown Seaweed, Sargassum fulvellum. Mar. Drugs 2021, 19, 277. [CrossRef]
Fernando, I.PS; Jayawardena, T.U.; Sanjeewa, K.K.A.; Wang, L.; Jeon, Y.-].; Lee, WW. Anti-inflammatory potential of alginic acid
from Sargassum horneri against urban aerosol-induced inflammatory responses in keratinocytes and macrophages. Ecotoxicol.
Environ. Saf. 2018, 160, 24-31. [CrossRef] [PubMed]

Su, C.-H.; Tseng, Y.-T.; Lo, K.-Y,; Lai, M.-N.; Ng, L.-T. Differences in anti-inflammatory properties of water soluble and insoluble
bioactive polysaccharides in lipopolysaccharide-stimulated RAW264.7 macrophages. Glycoconj. J. 2020, 37, 565-576. [CrossRef]
[PubMed]

Jayawardena, T.U.; Sanjeewa, K.K.A.; Lee, H.G.; Nagahawatta, D.P.; Yang, H.W.; Kang, M.C.; Jeon, Y.J. Particulate Matter-
Induced Inflammation/Oxidative Stress in Macrophages: Fucosterol from Padina boryana as a Potent Protector, Activated via
NF-«kB/MAPK Pathways and Nrf2/HO-1 Involvement. Mar. Drugs 2020, 18, 628. [CrossRef] [PubMed]

Gil, B.; Ferrandiz, M.L.; Sanz, M.].; Terencio, M.C.; Ubeda, A.; Rovirosa, ].; San-Martin, A.; Alcaraz, M.].; Payd, M. Inhibition of
inflammatory responses by epitaondiol and other marine natural products. Life Sci. 1995, 57, PL25-PL30. [CrossRef] [PubMed]
Daskalaki, M.G.; Vyrla, D.; Harizani, M.; Doxaki, C.; Eliopoulos, A.G.; Roussis, V.; Ioannou, E.; Tsatsanis, C.; Kampranis, S.C.
Neorogioltriol and Related Diterpenes from the Red Alga Laurencia Inhibit Inflammatory Bowel Disease in Mice by Suppressing
M1 and Promoting M2-Like Macrophage Responses. Mar. Drugs 2019, 17, 97. [CrossRef]

Caroprese, M.; Albenzio, M.; Ciliberti, M.G.; Francavilla, M.; Sevi, A. A mixture of phytosterols from Dunaliella tertiolecta affects
proliferation of peripheral blood mononuclear cells and cytokine production in sheep. Veter.-Immunol. Immunopathol. 2012, 150,
27-35. [CrossRef]

Kim, E.A.; Kim, S.Y;; Ye, BR.; Kim, J.; Ko, 5.C.; Lee, W.W.,; Kim, K.N.; Choi, LW,; Jung, WK_; Heo, S.J. Anti-inflammatory effect of
Apo-9'-fucoxanthinone via inhibition of MAPKs and NF-kB signaling pathway in LPS-stimulated RAW 264.7 macrophages and
zebrafish model. Int. Immunopharmacol. 2018, 59, 339-346. [CrossRef]

Mesquita, J.X.; de Brito, T.V.; Fontenelle, T.P.C.; Damasceno, R.O.S.; de Souza, M.H.L.P; de Souza Lopes, J.L.; Beltramini,
L.M.; Barbosa, A.L.d.R; Freitas, A.L.P. Lectin from red algae Amansia multifida Lamouroux: Extraction, characterization and
anti-inflammatory activity. Int. J. Biol. Macromol. 2021, 170, 532-539. [CrossRef]

Fontenelle, T.P.C.; Lima, G.C.; Mesquita, ].X.; Lopes, ].L.d.S.; de Brito, T.V.; Vieira Junior, F.d.C.; Sales, A.B.; Aragao, K.S.; Souza,
M.H.L.P; Barbosa, A.L.d.R; et al. Lectin obtained from the red seaweed Bryothamnion triquetrum: Secondary structure and
anti-inflammatory activity in mice. Int. J. Biol. Macromol. 2018, 112, 1122-1130. [CrossRef]

Cian, R.E.; Hernandez-Chirlaque, C.; Gdmez-Belmonte, R.; Drago, S.R.; Sanchez de Medina, F.; Martinez-Augustin, O. Green Alga
Ulva spp. Hydrolysates and Their Peptide Fractions Regulate Cytokine Production in Splenic Macrophages and Lymphocytes
Involving the TLR4-NFkB/MAPK Pathways. Mar. Drugs 2018, 16, 235. [CrossRef]

Lucena, AM.M,; Souza, C.R.M,; Jales, ].T.; Guedes, PM.M.; de Miranda, G.E.C.; de Moura, A.M.A.; Aratjo-Junior, J.X.; Nasci-
mento, G.J.; Scortecci, K.C.; Santos, B.V.O,; et al. The Bisindole Alkaloid Caulerpin, from Seaweeds of the Genus Caulerpa,
Attenuated Colon Damage in Murine Colitis Model. Mar. Drugs 2018, 16, 318. [CrossRef] [PubMed]

Makkar, E; Chakraborty, K. Previously undescribed antioxidative azocinyl morpholinone alkaloid from red seaweed Gracilaria
opuntia with anti-cyclooxygenase and lipoxygenase properties. Nat. Prod. Res. 2018, 32, 1150-1160. [CrossRef] [PubMed]


https://doi.org/10.1021/jf9003913
https://doi.org/10.1016/j.sjbs.2021.06.021
https://doi.org/10.3390/md18110529
https://www.ncbi.nlm.nih.gov/pubmed/33114618
https://doi.org/10.3390/md13042141
https://www.ncbi.nlm.nih.gov/pubmed/25871292
https://doi.org/10.1271/bbb.130299
https://www.ncbi.nlm.nih.gov/pubmed/24018681
https://doi.org/10.3390/md19080430
https://www.ncbi.nlm.nih.gov/pubmed/34436269
https://doi.org/10.1007/s11356-020-11892-9
https://doi.org/10.1007/s13273-017-0045-2
https://doi.org/10.3390/nu12071958
https://doi.org/10.3390/md19050277
https://doi.org/10.1016/j.ecoenv.2018.05.024
https://www.ncbi.nlm.nih.gov/pubmed/29783109
https://doi.org/10.1007/s10719-020-09934-y
https://www.ncbi.nlm.nih.gov/pubmed/32666338
https://doi.org/10.3390/md18120628
https://www.ncbi.nlm.nih.gov/pubmed/33317054
https://doi.org/10.1016/0024-3205(95)00260-D
https://www.ncbi.nlm.nih.gov/pubmed/7603289
https://doi.org/10.3390/md17020097
https://doi.org/10.1016/j.vetimm.2012.08.002
https://doi.org/10.1016/j.intimp.2018.03.034
https://doi.org/10.1016/j.ijbiomac.2020.12.203
https://doi.org/10.1016/j.ijbiomac.2018.02.058
https://doi.org/10.3390/md16070235
https://doi.org/10.3390/md16090318
https://www.ncbi.nlm.nih.gov/pubmed/30205459
https://doi.org/10.1080/14786419.2017.1326041
https://www.ncbi.nlm.nih.gov/pubmed/28482695

Mar. Drugs 2023, 21, 524 22 of 25

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Ali, I.; Manzoor, Z.; Koo, J.E.; Kim, J.E.; Byeon, S.H.; Yoo, E.S.; Kang, HK.; Hyun, ]JW.; Lee, N.H.; Koh, Y.S. 3-Hydroxy-4,7-
megastigmadien-9-one, isolated from Ulva pertusa, attenuates TLR9-mediated inflammatory response by down-regulating
mitogen-activated protein kinase and NF-«B pathways. Pharm. Biol. 2017, 55, 435-440. [CrossRef] [PubMed]

Kim, M.; Li, Y.X.; Dewapriya, P.; Ryu, B.; Kim, S.K. Floridoside suppresses pro-inflammatory responses by blocking MAPK
signaling in activated microglia. BMB Rep. 2013, 46, 398-403. [CrossRef]

Bousquet, M.S.; Ratnayake, R.; Pope, J.L.; Chen, Q.Y.; Zhu, E; Chen, S.; Carney, T.].; Gharaibeh, R.Z.; Jobin, C.; Paul, V.J.; et al.
Seaweed natural products modify the host inflammatory response via Nrf2 signaling and alter colon microbiota composition and
gene expression. Free Radic. Biol. Med. 2020, 146, 306-323. [CrossRef]

Monteiro, P.; Lomartire, S.; Cotas, J.; Marques, J.C.; Pereira, L.; Gongalves, A.M.M. Call the Eckols: Present and Future Potential
Cancer Therapies. Mar. Drugs 2022, 20, 387. [CrossRef]

Jimenez-Lopez, C.; Pereira, A.G.; Lourengo-Lopes, C.; Garcia-Oliveira, P.; Cassani, L.; Fraga-Corral, M.; Prieto, M.A.; Simal-
Gandara, J. Main bioactive phenolic compounds in marine algae and their mechanisms of action supporting potential health
benefits. Food Chem. 2021, 341, 128262. [CrossRef]

Cotas, J.; Leandro, A.; Monteiro, P; Pacheco, D.; Figueirinha, A.; Gongalves, AM.M.; da Silva, G.J.; Pereira, L. Seaweed Phenolics:
From Extraction to Applications. Mar. Drugs 2020, 18, 384. [CrossRef]

Khan, F; Jeong, G.J.; Khan, M.S.A ; Tabassum, N.; Kim, Y.M. Seaweed-Derived Phlorotannins: A Review of Multiple Biological
Roles and Action Mechanisms. Mar. Drugs 2022, 20, 384. [CrossRef]

Yang, HK,; Jung, M.H.; Avunje, S.; Nikapitiya, C.; Kang, S.Y.; Ryu, Y.B.; Lee, W.S.; Jung, S.J. Efficacy of algal Ecklonia cava extract
against viral hemorrhagic septicemia virus (VHSV). Fish Shellfish. Immunol. 2018, 72, 273-281. [CrossRef]

Kim, HS,; Je, ].G.; An, H,; Baek, K,; Lee, ]J.M.; Yim, M.]J.; Ko, S.C; Kim, J.Y.; Oh, G.W.; Kang, M.C.; et al. Isolation and
Characterization of Efficient Active Compounds Using High-Performance Centrifugal Partition Chromatography (CPC) from
Anti-Inflammatory Activity Fraction of Ecklonia maxima in South Africa. Mar. Drugs 2022, 20, 471. [CrossRef] [PubMed]

Lee, S.H.; Kang, S.M.; Ko, S.C.; Lee, D.H.; Jeon, Y.J. Octaphlorethol A, a novel phenolic compound isolated from a brown alga,
Ishige foliacea, increases glucose transporter 4-mediated glucose uptake in skeletal muscle cells. Biochem. Biophys. Res. Commun.
2012, 420, 576-581. [CrossRef]

Hentati, F,; Tounsi, L.; Djomdi, D.; Pierre, G.; Delattre, C.; Ursu, A.V.; Fendri, I.; Abdelkafi, S.; Michaud, P. Bioactive Polysaccha-
rides from Seaweeds. Molecules 2020, 25, 3152. [CrossRef]

Zaitseva, O.0.; Sergushkina, M.I; Khudyakov, A.N.; Polezhaeva, T.V.; Solomina, O.N. Seaweed sulfated polysaccharides and
their medicinal properties. Algal Res. 2022, 68, 102885. [CrossRef]

Apostolova, E.; Lukova, P; Baldzhieva, A.; Katsarov, P.; Nikolova, M.; Iliev, L.; Peychev, L.; Trica, B.; Oancea, F.; Delattre, C.; et al.
Immunomodulatory and Anti-Inflammatory Effects of Fucoidan: A Review. Polymers 2020, 12, 2338. [CrossRef] [PubMed]
Nagahawatta, D.P.; Liyanage, N.M.; Jayawardhana, H.; Lee, H.G.; Jayawardena, T.U.; Jeon, Y.J. Anti-Fine Dust Effect of Fucoidan
Extracted from Ecklonia maxima Laves in Macrophages via Inhibiting Inflammatory Signaling Pathways. Mar. Drugs 2022,
20, 413. [CrossRef] [PubMed]

Bagalagel, A.; Diri, R.; Noor, A.; Almasri, D.; Bakhsh, H.T.; Kutbi, H.I.; Al-Gayyar, M.M.H. Curative effects of fucoidan on acetic
acid induced ulcerative colitis in rats via modulating aryl hydrocarbon receptor and phosphodiesterase-4. BMC Complement. Med.
Ther. 2022, 22, 196. [CrossRef]

Wang, L; Je, ].G.; Huang, C.; Oh, ].Y,; Fu, X,; Wang, K.; Ahn, G.; Xu, J.; Gao, X; Jeon, Y.J. Anti-Inflammatory Effect of Sulfated
Polysaccharides Isolated from Codium fragile In Vitro in RAW 264.7 Macrophages and In Vivo in Zebrafish. Mar. Drugs 2022,
20, 391. [CrossRef]

Chen, C.Y;; Wang, S.H.; Huang, C.Y.; Dong, C.D.; Huang, C.Y.; Chang, C.C.; Chang, J.S. Effect of molecular mass and sulfate
content of fucoidan from Sargassum siliquosum on antioxidant, anti-lipogenesis, and anti-inflammatory activity. J. Biosci. Bioeng.
2021, 132, 359-364. [CrossRef]

Jayawardena, T.U.; Sanjeewa, K.K.A.; Wang, L.; Kim, W.S; Lee, TK.; Kim, Y.T.; Jeon, Y.J. Alginic Acid from Padina boryana
Abate Particulate Matter-Induced Inflammatory Responses in Keratinocytes and Dermal Fibroblasts. Molecules 2020, 25, 5746.
[CrossRef]

Sarithakumari, C.H.; Renju, G.L.; Kurup, G.M. Anti-inflammatory and antioxidant potential of alginic acid isolated from the
marine algae, Sargassum wightii on adjuvant-induced arthritic rats. Inflammopharmacol. 2013, 21, 261-268. [CrossRef] [PubMed]
Zayed, A.; Avila-Peltroche, J.; El-Aasr, M.; Ulber, R. Sulfated Galactofucans: An Outstanding Class of Fucoidans with Promising
Bioactivities. Mar. Drugs 2022, 20, 412. [CrossRef] [PubMed]

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

Martins, A.; Alves, C.; Silva, ].; Pinteus, S.; Gaspar, H.; Pedrosa, R. Sulfated Polysaccharides from Macroalgae-A Simple Roadmap
for Chemical Characterization. Polymers 2023, 15, 399. [CrossRef]

Shagufta, P. Introductory Chapter: Terpenes and Terpenoids. In Terpenes and Terpenoids; Shagufta, P., Areej, A.-T., Eds.; IntechOpen:
Rijeka, Croatia, 2018; p. Ch. 1.

Gross, H.; Konig, G.M. Terpenoids from marine organisms: Unique structures and their pharmacological potential. Phytochem.
Rev. 2006, 5, 115-141. [CrossRef]


https://doi.org/10.1080/13880209.2016.1246574
https://www.ncbi.nlm.nih.gov/pubmed/27937044
https://doi.org/10.5483/BMBRep.2013.46.8.237
https://doi.org/10.1016/j.freeradbiomed.2019.09.013
https://doi.org/10.3390/md20060387
https://doi.org/10.1016/j.foodchem.2020.128262
https://doi.org/10.3390/md18080384
https://doi.org/10.3390/md20060384
https://doi.org/10.1016/j.fsi.2017.10.044
https://doi.org/10.3390/md20080471
https://www.ncbi.nlm.nih.gov/pubmed/35892939
https://doi.org/10.1016/j.bbrc.2012.03.036
https://doi.org/10.3390/molecules25143152
https://doi.org/10.1016/j.algal.2022.102885
https://doi.org/10.3390/polym12102338
https://www.ncbi.nlm.nih.gov/pubmed/33066186
https://doi.org/10.3390/md20070413
https://www.ncbi.nlm.nih.gov/pubmed/35877707
https://doi.org/10.1186/s12906-022-03680-4
https://doi.org/10.3390/md20060391
https://doi.org/10.1016/j.jbiosc.2021.06.005
https://doi.org/10.3390/molecules25235746
https://doi.org/10.1007/s10787-012-0159-z
https://www.ncbi.nlm.nih.gov/pubmed/23179138
https://doi.org/10.3390/md20070412
https://www.ncbi.nlm.nih.gov/pubmed/35877705
https://doi.org/10.3389/fmars.2016.00129
https://doi.org/10.3390/polym15020399
https://doi.org/10.1007/s11101-005-5464-3

Mar. Drugs 2023, 21, 524 23 of 25

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.
86.

87.

88.

89.

90.

91.

92.

93.

94.

Abreu, TM,; Ribeiro, N.A.; Chaves, H.V,; Jorge, R].; Bezerra, M.M.; Monteiro, H.S.; Vasconcelos, L. M.; Mota E, E; Benevides, N.M.
Antinociceptive and Anti-inflammatory Activities of the Lectin from Marine Red Alga Solieria filiformis. Planta Med. 2016, 82,
596-605. [CrossRef] [PubMed]

de Queiroz, LN.; Quinderé, A.L.; Rodrigues, J.A.; de Sousa Oliveira Vanderlei, E.; Ribeiro, N.A.; da Concei¢ao Rivanor, R.L.;
Ribeiro, K.A.; Coura, C.O.; Pereira, K.M.; Chaves, H.V,; et al. Dual effects of a lectin from the green seaweed Caulerpa cupressoides
var. lycopodium on inflammatory mediators in classical models of inflammation. Inflamm. Res. 2015, 64, 971-982. [CrossRef]
Singh, R.S.; Walia, A.K. Lectins from red algae and their biomedical potential. ]. Appl. Phycol. 2018, 30, 1833-1858. [CrossRef]
Barre, A.; Simplicien, M.; Benoist, H.; Van Damme, E.J.M.; Rougé, P. Mannose-Specific Lectins from Marine Algae: Diverse
Structural Scaffolds Associated to Common Virucidal and Anti-Cancer Properties. Mar. Drugs 2019, 17, 440. [CrossRef]

Yoshiie, T.; Maeda, M.; Kimura, M.; Hama, Y.; Uchida, M.; Kimura, Y. Structural features of N-glycans of seaweed glycoproteins:
Predominant occurrence of high-mannose type N-glycans in marine plants. Biosci. Biotechnol. Biochem. 2012, 76, 1996-1998.
[CrossRef] [PubMed]

Souza, C.R.M.; Bezerra, W.P; Souto, J.T. Marine Alkaloids with Anti-Inflammatory Activity: Current Knowledge and Future
Perspectives. Mar. Drugs 2020, 18, 147. [CrossRef] [PubMed]

Movahhedin, N.; Barar, J.; Fathi Azad, F; Barzegari, A.; Nazemiyeh, H. Phytochemistry and biologic activities of caulerpa peltata
native to oman sea. Iran. J. Pharm. Res. IJPR 2014, 13, 515-521.

de Almeida, C.L.; Falcao Hde, S.; Lima, G.R.; Montenegro Cde, A.; Lira, N.S.; de Athayde-Filho, P.F.; Rodrigues, L.C.; de Souza
Mde, E; Barbosa-Filho, ].M.; Batista, L.M. Bioactivities from marine algae of the genus Gracilaria. Int. J. Mol. Sci. 2011, 12,
4550-4573. [CrossRef]

Chen, KJ.; Tseng, C.K.; Chang, ER.; Yang, ].I.; Yeh, C.C.; Chen, W.C.; Wu, S.E; Chang, HW.; Lee, ].C. Aqueous extract of the
edible Gracilaria tenuistipitata inhibits hepatitis C viral replication via cyclooxygenase-2 suppression and reduces virus-induced
inflammation. PLoS ONE 2013, 8, €57704. [CrossRef] [PubMed]

Shu, M.H.; Appleton, D.; Zandi, K.; AbuBakar, S. Anti-inflammatory, gastroprotective and anti-ulcerogenic effects of red algae
Gracilaria changii (Gracilariales, Rhodophyta) extract. BMC Complement. Altern. Med. 2013, 13, 61. [CrossRef] [PubMed]

Ornano, L.; Donno, Y.; Sanna, C.; Ballero, M.; Serafini, M.; Bianco, A. Phytochemical study of Caulerpa racemosa (Forsk.) J.
Agarth, an invading alga in the habitat of La Maddalena Archipelago. Nat. Prod. Res. 2014, 28, 1795-1799. [CrossRef]

Yoon, W.J.; Heo, S.J.; Han, S.C.; Lee, H.].; Kang, G.J.; Kang, HK.; Hyun, ].W.; Koh, Y.S; Yoo, E.S. Anti-inflammatory effect of
sargachromanol G isolated from Sargassum siliquastrum in RAW 264.7 cells. Arch. Pharm. Res. 2012, 35, 1421-1430. [CrossRef]
Yoon, WJ.; Kim, K.N.; Heo, S.J.; Han, S.C.; Kim, J.; Ko, Y.J.; Kang, H.K.; Yoo, E.S. Sargachromanol G inhibits osteoclastogenesis by
suppressing the activation NF-xB and MAPKs in RANKL-induced RAW 264.7 cells. Biochem. Biophys. Res. Commun. 2013, 434,
892-897. [CrossRef]

Min, HY,; Kim, H.; Lee, HJ.; Yoon, N.Y,; Kim, YK, Lee, H.Y. Ethanol Extract of Sargassum siliquastrum Inhibits
Lipopolysaccharide-Induced Nitric Oxide Generation by Downregulating the Nuclear Factor-Kappa B Signaling Pathway. Evid.
Based Complement. Altern. Med. 2022, 2022, 6160010. [CrossRef]

Niu, T.; Fu, G.; Zhou, J.; Han, H.; Chen, J.; Wu, W.; Chen, H. Floridoside Exhibits Antioxidant Properties by Activating HO-1
Expression via p38/ERK MAPK Pathway. Mar. Drugs 2020, 18, 105. [CrossRef] [PubMed]

Taylor, P.D.; Waeschenbach, A. Phylogeny and diversification of bryozoans. Palaeontology 2015, 58, 585-599. [CrossRef]

Wood, A.C.L,; Probert, PK.; Rowden, A.A.; Smith, A.M. Complex habitat generated by marine bryozoans: A review of its
distribution, structure, diversity, threats and conservation. Aquat. Conserv. Mar. Freshw. Ecosyst. 2012, 22, 547-563. [CrossRef]
Tian, X.R.; Tang, H.F; Tian, X.L.; Hu, J.J.; Huang, L.L.; Gustafson, K.R. Review of bioactive secondary metabolites from marine
bryozoans in the progress of new drugs discovery. Future Med. Chem. 2018, 10, 1497-1514. [CrossRef]

Pettit, G.R.; Herald, C.L.; Doubek, D.L.; Herald, D.L.; Arnold, E.; Clardy, J. Isolation and structure of bryostatin 1. J. Am. Chem.
Soc. 1982, 104, 6846—6848. [CrossRef]

Raghuvanshi, R.; Bharate, S.B. Preclinical and Clinical Studies on Bryostatins, A Class of Marine-Derived Protein Kinase C
Modulators: A Mini-Review. Curr. Top. Med. Chem. 2020, 20, 1124-1135. [CrossRef] [PubMed]

Safaeinejad, F.; Bahrami, S.; Redl, H.; Niknejad, H. Inhibition of Inflammation, Suppression of Matrix Metalloproteinases,
Induction of Neurogenesis, and Antioxidant Property Make Bryostatin-1 a Therapeutic Choice for Multiple Sclerosis. Front.
Pharmacol. 2018, 9, 625. [CrossRef]

Ruiz-Torres, V.; Encinar, J.A.; Herranz-Lopez, M.; Pérez-Sanchez, A.; Galiano, V.; Barrajon-Catalan, E.; Micol, V. An Updated
Review on Marine Anticancer Compounds: The Use of Virtual Screening for the Discovery of Small-Molecule Cancer Drugs.
Molecules 2017, 22, 1037. [CrossRef] [PubMed]

Tan, Z.; Lucke-Wold, B.P,; Logsdon, A.E; Turner, R.C.; Tan, C.; Li, X.; Hongpaison, J.; Alkon, D.L.; Simpkins, ].W.; Rosen, C.L.;
et al. Bryostatin extends tPA time window to 6 h following middle cerebral artery occlusion in aged female rats. Eur. J. Pharmacol.
2015, 764, 404-412. [CrossRef]

Salim, E.I; Harras, S.E; Abdalla, A.G.; Mona, M.H. Syphacia muris infection in rats attenuates colorectal carcinogenesis through
oxidative stress and gene expression alterations. Implications for modulatory effects by Bryostatin-1. Acta Parasitol. 2018, 63,
198-209. [CrossRef]

Kornberg, M.D.; Smith, M.D.; Shirazi, H.A.; Calabresi, P.A.; Snyder, S.H.; Kim, PM. Bryostatin-1 alleviates experimental multiple
sclerosis. Proc. Natl. Acad. Sci. USA 2018, 115, 2186-2191. [CrossRef] [PubMed]


https://doi.org/10.1055/s-0042-101762
https://www.ncbi.nlm.nih.gov/pubmed/27093245
https://doi.org/10.1007/s00011-015-0880-3
https://doi.org/10.1007/s10811-017-1338-5
https://doi.org/10.3390/md17080440
https://doi.org/10.1271/bbb.120463
https://www.ncbi.nlm.nih.gov/pubmed/23047116
https://doi.org/10.3390/md18030147
https://www.ncbi.nlm.nih.gov/pubmed/32121638
https://doi.org/10.3390/ijms12074550
https://doi.org/10.1371/journal.pone.0057704
https://www.ncbi.nlm.nih.gov/pubmed/23469054
https://doi.org/10.1186/1472-6882-13-61
https://www.ncbi.nlm.nih.gov/pubmed/23497105
https://doi.org/10.1080/14786419.2014.945928
https://doi.org/10.1007/s12272-012-0812-5
https://doi.org/10.1016/j.bbrc.2013.04.046
https://doi.org/10.1155/2022/6160010
https://doi.org/10.3390/md18020105
https://www.ncbi.nlm.nih.gov/pubmed/32050604
https://doi.org/10.1111/pala.12170
https://doi.org/10.1002/aqc.2236
https://doi.org/10.4155/fmc-2018-0012
https://doi.org/10.1021/ja00388a092
https://doi.org/10.2174/1568026620666200325110444
https://www.ncbi.nlm.nih.gov/pubmed/32209043
https://doi.org/10.3389/fphar.2018.00625
https://doi.org/10.3390/molecules22071037
https://www.ncbi.nlm.nih.gov/pubmed/28644406
https://doi.org/10.1016/j.ejphar.2015.07.035
https://doi.org/10.1515/ap-2018-0023
https://doi.org/10.1073/pnas.1719902115
https://www.ncbi.nlm.nih.gov/pubmed/29440425

Mar. Drugs 2023, 21, 524 24 of 25

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Abramson, E.; Hardman, C.; Shimizu, A.J.; Hwang, S.; Hester, L.D.; Snyder, S.H.; Wender, P.A.; Kim, PM.; Kornberg, M.D.
Designed PKC-targeting bryostatin analogs modulate innate immunity and neuroinflammation. Cell Chem. Biol. 2021, 28,
537-545.e4. [CrossRef] [PubMed]

Hany, L.; Turmel, M.O.; Barat, C.; Ouellet, M.; Tremblay, M.]. Impact of latency-reversing agents on human macrophage
physiology. Immun. Inflamm. Dis. 2023, 11, €590. [CrossRef] [PubMed]

Matias, D.; Bessa, C.; Fatima Simoes, M.; Reis, C.P; Saraiva, L.; Rijo, P. Chapter 2—Natural Products as Lead Protein Kinase C
Modulators for Cancer Therapy. In Studies in Natural Products Chemistry; Atta ur, R., Ed.; Elsevier: Amsterdem, Netherlands, 2016;
Volume 50, pp. 45-79.

Fernandes, P.D.; Zardo, R.S,; Figueiredo, G.5.M.; Silva, B.V,; Pinto, A.C. Anti-inflammatory properties of convolutamydine A and
two structural analogues. Life Sci. 2014, 116, 16-24. [CrossRef]

Di, X.; Wang, S.; Oskarsson, ].T.; Rouger, C.; Tasdemir, D.; Hardardottir, I.; Freysdottir, J.; Wang, X.; Molinski, T.F.; Omarsdottir, S.
Bromotryptamine and Imidazole Alkaloids with Anti-inflammatory Activity from the Bryozoan Flustra foliacea. |. Nat. Prod.
2020, 83, 2854-2866. [CrossRef] [PubMed]

De Domenico, S.; De Rinaldis, G.; Paulmery, M.; Piraino, S.; Leone, A. Barrel Jellyfish (Rhizostoma pulmo) as Source of Antioxidant
Peptides. Mar. Drugs 2019, 17, 134. [CrossRef]

Cao, Y.; Gao, J.; Zhang, L.; Qin, N.; Zhu, B.; Xia, X. Jellyfish skin polysaccharides enhance intestinal barrier function and modulate
the gut microbiota in mice with DSS-induced colitis. Food Funct. 2021, 12, 10121-10135. [CrossRef]

Liu, S.; Wang, Y,; Su, M.; Song, S.J.; Hong, J.; Kim, S.; Im, D.S,; Jung, J. H. A bile acid derivative with PPARy-mediated
anti-inflammatory activity. Steroids 2018, 137, 40-46. [CrossRef]

Liu, S;; Su, M,; Song, S.J.; Hong, J.; Chung, H.Y.; Jung, ].H. An Anti-Inflammatory PPAR-y Agonist from the Jellyfish-Derived
Fungus Penicillium chrysogenum JOSNF-4. J. Nat. Prod. 2018, 81, 356-363. [CrossRef]

Lv, Z.; Zhang, C.; Song, W.; Chen, Q.; Wang, Y. Jellyfish Collagen Hydrolysate Alleviates Inflammation and Oxidative Stress and
Improves Gut Microbe Composition in High-Fat Diet-Fed Mice. Mediat. Inflamm. 2022, 2022, 5628702. [CrossRef]

Venugopal, V.; Gopakumar, K. Shellfish: Nutritive Value, Health Benefits, and Consumer Safety. Compr. Rev. Food Sci. Food Saf.
2017, 16, 1219-1242. [CrossRef] [PubMed]

Grienke, U.; Silke, J.; Tasdemir, D. Bioactive compounds from marine mussels and their effects on human health. Food Chem. 2014,
142, 48-60. [CrossRef] [PubMed]

Joshi, I.; Nazeer, R.A. EGLLGDVEF: A Novel Peptide from Green Mussel Perna viridis Foot Exerts Stability and Anti-inflammatory
Effects on LPS-Stimulated RAW264.7 Cells. Protein Pept. Lett. 2020, 27, 851-859. [CrossRef] [PubMed]

Kim, Y.S.; Ahn, C.B.; Je, ].Y. Anti-inflammatory action of high molecular weight Mytilus edulis hydrolysates fraction in LPS-
induced RAW264.7 macrophage via NF-kB and MAPK pathways. Food Chem. 2016, 202, 9-14. [CrossRef] [PubMed]

Kim, E.K; Kim, Y.S.; Hwang, ].W.; Kang, S.H.; Choi, D.K,; Lee, K.H.; Lee, ].S.; Moon, S.H.; Jeon, B.T; Park, PJ. Purification of a
novel nitric oxide inhibitory peptide derived from enzymatic hydrolysates of Mytilus coruscus. Fish Shellfish Immunol. 2013, 34,
1416-1420. [CrossRef]

Liu, F; Zhang, X.; Li, Y.; Chen, Q.; Liu, F,; Zhu, X.; Mei, L.; Song, X.; Liu, X.; Song, Z.; et al. Anti-Inflammatory Effects of a Mytilus
coruscus o-d-Glucan (MP-A) in Activated Macrophage Cells via TLR4/NF-«kB/MAPK Pathway Inhibition. Mar. Drugs 2017,
15, 294. [CrossRef]

Wan, Y.; Fu, Y.; Wang, E; Sinclair, A.J.; Li, D. Protective Effects of a Lipid Extract from Hard-Shelled Mussel (Mytilus coruscus) on
Intestinal Integrity after Lipopolysaccharide Challenge in Mice. Nutrients 2018, 10, 860. [CrossRef]

Li, G.; Fu, Y;; Zheng, J.; Li, D. Anti-inflammatory activity and mechanism of a lipid extract from hard-shelled mussel (Mytilus
coruscus) on chronic arthritis in rats. Mar. Drugs 2014, 12, 568-588. [CrossRef]

Chen, J.; Bao, C.; Cho, S.H.; Lee, H.]. Green lipped mussel oil complex suppresses lipopolysaccharide stimulated inflammation
via regulating nuclear factor-«B and mitogen activated protein kinases signaling in RAW264.7 murine macrophages. Food Sci.
Biotechnol. 2017, 26, 815-822. [CrossRef]

Mickleborough, T.D.; Vaughn, C.L.; Shei, R.J.; Davis, E.M.; Wilhite, D.P. Marine lipid fraction PCSO-524 (Iyprinol/omega XL)
of the New Zealand green lipped mussel attenuates hyperpnea-induced bronchoconstriction in asthma. Respir. Med. 2013, 107,
1152-1163. [CrossRef]

Joshi, I.; Mohideen, H.S.; Nazeer, R.A. A Meretrix meretrix visceral mass derived peptide inhibits lipopolysaccharide-stimulated
responses in RAW264.7 cells and adult zebrafish model. Int. Immunopharmacol. 2021, 90, 107140. [CrossRef]

Gong, E; Chen, M.-E; Chen, J; Li, C.; Zhou, C.; Hong, P; Sun, S.; Qian, Z.-]. Boiled Abalone Byproduct Peptide Exhibits
Anti-Tumor Activity in HT1080 Cells and HUVECs by Suppressing the Metastasis and Angiogenesis in Vitro. J. Agric. Food Chem.
2019, 67, 8855-8867. [CrossRef]

Song, S.Y.; Park, D.H.; Lee, S.H.; Lim, HK,; Park, ] W,; Jeong, C.R.; Kim, S.J.; Cho, S.S. Purification of phenoloxidase from Haliotis
discus hannai and its anti-inflammatory activity in vitro. Fish Shellfish Immunol. 2023, 137, 108741. [CrossRef]

Choi, G.S,; Lim, J.H.; Rod-In, W,; Jung, S.K,; Park, W.J. Anti-inflammatory properties of neutral lipids, glycolipids, and phospho-
lipids isolated from Ammodytes personatus eggs in LPS-stimulated RAW264.7 cells. Fish Shellfish Immunol. 2022, 131, 1109-1117.
[CrossRef]

Qi, Y;; Zhou, J.; Shen, X.; Chalamaiah, M.; Lv, S.; Luo, H.; Chen, L. Bioactive Properties of Peptides and Polysaccharides Derived
from Peanut Worms: A Review. Mar. Drugs 2021, 20, 10. [CrossRef] [PubMed]


https://doi.org/10.1016/j.chembiol.2020.12.015
https://www.ncbi.nlm.nih.gov/pubmed/33472023
https://doi.org/10.1002/iid3.590
https://www.ncbi.nlm.nih.gov/pubmed/36480653
https://doi.org/10.1016/j.lfs.2014.08.019
https://doi.org/10.1021/acs.jnatprod.0c00126
https://www.ncbi.nlm.nih.gov/pubmed/33016699
https://doi.org/10.3390/md17020134
https://doi.org/10.1039/D1FO02001C
https://doi.org/10.1016/j.steroids.2018.07.011
https://doi.org/10.1021/acs.jnatprod.7b00846
https://doi.org/10.1155/2022/5628702
https://doi.org/10.1111/1541-4337.12312
https://www.ncbi.nlm.nih.gov/pubmed/33371588
https://doi.org/10.1016/j.foodchem.2013.07.027
https://www.ncbi.nlm.nih.gov/pubmed/24001811
https://doi.org/10.2174/0929866527666200224111832
https://www.ncbi.nlm.nih.gov/pubmed/32091325
https://doi.org/10.1016/j.foodchem.2016.01.114
https://www.ncbi.nlm.nih.gov/pubmed/26920260
https://doi.org/10.1016/j.fsi.2013.02.023
https://doi.org/10.3390/md15090294
https://doi.org/10.3390/nu10070860
https://doi.org/10.3390/md12020568
https://doi.org/10.1007/s10068-017-0091-5
https://doi.org/10.1016/j.rmed.2013.04.010
https://doi.org/10.1016/j.intimp.2020.107140
https://doi.org/10.1021/acs.jafc.9b03005
https://doi.org/10.1016/j.fsi.2023.108741
https://doi.org/10.1016/j.fsi.2022.10.039
https://doi.org/10.3390/md20010010
https://www.ncbi.nlm.nih.gov/pubmed/35049866

Mar. Drugs 2023, 21, 524 25 of 25

120.

121.

122.

123.

Zhang, C.X,; Dai, Z.R.; Cai, Q.X. Anti-inflammatory and anti-nociceptive activities of Sipunculus nudus L. extract. ]. Ethnopharma-
col. 2011, 137, 1177-1182. [CrossRef] [PubMed]

Sangtanoo, P; Srimongkol, P,; Saisavoey, T.; Reamtong, O.; Karnchanatat, A. Anti-inflammatory action of two novel peptides
derived from peanut worms (Sipunculus nudus) in lipopolysaccharide-induced RAW264.7 macrophages. Food Funct. 2020, 11,
552-560. [CrossRef] [PubMed]

Lin, H.; Zheng, Z.; Yuan, J.; Zhang, C.; Cao, W.; Qin, X. Collagen Peptides Derived from Sipunculus nudus Accelerate Wound
Healing. Molecules 2021, 26, 1385. [CrossRef]

Yang, Z.; Pan, Y.; Chen, J.; Zhang, H.; Wei, H.; Wu, Z.; Liu, L. Anti-inflammatory, anti-oxidative stress effect of Phascolosoma
esculenta oligosaccharides on Escherichia coli-induced sepsis mice. Food Sci. Biotechnol. 2019, 28, 1871-1879. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jep.2011.07.039
https://www.ncbi.nlm.nih.gov/pubmed/21807085
https://doi.org/10.1039/C9FO02178G
https://www.ncbi.nlm.nih.gov/pubmed/31850468
https://doi.org/10.3390/molecules26051385
https://doi.org/10.1007/s10068-019-00620-w

	Introduction 
	Methods 
	Seaweed as a Marine Source for Anti-Inflammatory Activity 
	Anti-Inflammatory Phenolic Compounds from Seaweed 
	Anti-Inflammatory Polysaccharides from Seaweed 
	Anti-Inflammatory Terpenoids from Seaweed 
	Anti-Inflammatory Proteins and Peptides from Seaweed 
	Anti-Inflammatory Alkaloids from Seaweed 
	Other Anti-Inflammatory Compounds from Seaweed 

	Bryozoans as Marine Source for Anti-Inflammatory Activity 
	Anti-Inflammatory Compounds from Jellyfish 
	Anti-Inflammatory Compounds from Shellfish 
	Anti-Inflammatory Compounds Derived from Peanut Worms 
	Conclusions and Future Perspective 
	References

