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Abstract: The search for bioactive natural compounds, traditionally focused on terres-
trial environments, has increasingly expanded to the seas and oceans, opening new fron-
tiers for exploration. Among the diverse organisms inhabiting these ecosystems, marine
phanerogams have emerged as a promising source of health-promoting bioactive com-
pounds. This review highlights the distinctive chemical diversity of seagrasses including
species such as Posidonia oceanica, Zostera marina, and Cymodocea nodosa, among others,
and focusses on the growing interest in natural therapies as alternatives to conventional
pharmaceuticals. Compounds such as polysaccharides or secondary metabolites such as
polyphenol and flavonoids produced by marine plants exhibit a broad range of beneficial
properties, including anti-inflammatory, antibacterial, antioxidant, and antidiabetic quali-
ties. This review describes how these compounds can mitigate inflammation, promote skin
health, and combat oxidative stress. Moreover, certain marine extracts have demonstrated
potential to inhibit cancer cell growth and improve metabolic disorders like obesity and
diabetes. The manuscript also discusses the potential of marine plant extracts in the de-
velopment of novel therapeutic agents to address various illnesses, including infections,
chronic diseases, and metabolic disorders. It emphasizes the need for further research to
fully elucidate the mechanisms underlying the activity of these bioactive compounds and
their potential therapeutic applications. In summary, this study highlights marine plants
as a valuable reservoir for identifying organic molecules, paving the way for innovative
advancements in medical and healthcare interventions.

Keywords: marine plants; antioxidant; polyphenols; bioactive compounds; plant extracts

1. Introduction

The growing interest in ethnomedicine has significantly driven the search for new
drugs and biologically active compounds derived from plant organisms over recent
decades [1]. This interest stems largely from the undesirable side effects associated with
many conventional drugs, prompting the exploration of alternative therapeutic sources.
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Among plant organisms, marine plants, particularly seagrasses, represent a valuable reser-
voir of natural compounds with highly diverse chemical and structural characteristics [2—4].
Although it is well established that certain marine plants have been traditionally employed
in natural remedies to treat muscle pain, wounds, gastrointestinal issues, and skin diseases,
research into their specific active compounds remains limited [5]. However, recent years
have witnessed a notable acceleration in the study of bioactive compounds derived from
marine organisms, with the aim of developing novel dietary supplements and pharmaceu-
tical agents.

Marine phanerogams, flowering plants fully adapted to life in marine environments,
are distributed primarily along coastal zones of the world’s seas and oceans [6]. These
plants belong to four main botanical families: Hydrocharitaceae, Zosteraceae, Cymod-
oceaceae, and Posidoniaceae, comprising approximately six principal genera. The most
notable genera include Thalassia, Halophila, and Enhalus (Hydrocharitaceae); Zostera and
Phyllospadix (Zosteraceae); Cymodocea, Halodule, and Syringodium (Cymodoceaceae); and
Posidonia (Posidoniaceae). Collectively, these families encompass 72 recognized species of
marine phanerogams [7].

Marine phanerogams play an essential role in the food web of their habitats, providing
numerous ecosystem services that are important to humans, especially for populations that
occupy coastal areas. These include oxygenation of marine waters, carbon sinks, nutrient
balance, coastal protection and nutrient supply to coastal dunes [8,9]. Moreover, marine
plants produce a wide array of secondary metabolites that allow them to withstand various
ecological stresses [10]. These include primary metabolites such as polysaccharides and
secondary metabolites such as polyphenolic substances, peptides and others. Polyphenolic
compounds, characterized by their hydroxylated aromatic rings, encompass a diverse range
of molecules, such as flavonoids, phenolic acids and phenolic terpenoids [11,12]. These
metabolites exhibit distinctive chemical structures and a broad spectrum of biological activ-
ities, including antioxidant, anti-inflammatory, antimicrobial, antidiabetic, and anticancer
effects, underscoring their potential as therapeutic agents [13]. Of particular interest are
natural compounds with antioxidant properties, which have garnered attention for their
free radical scavenging capabilities [14]. Similarly, plant-derived antimicrobial agents have
gained prominence due to growing concerns over the limitations of conventional antibiotics
and synthetic food preservatives [15,16].

In this review, we examine the bioactive compounds isolated and identified from six
marine plant species: Cymodocea nodosa, Halodule uninervis, Halophila stipulacea, Posidonia
oceanica, Thalassia hemprichii, and Zostera marina selected within each family for having
greater availability of data in the bibliography. Additionally, we discuss their biological
properties, mechanisms of action, and potential applications in therapeutic development
(see Figure 1).
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Figure 1. Potential bioactive properties of marine plants.

2. Marine Phanerogams and Bioactive Compounds
2.1. Posidonia oceanica (Delile) (Posidoniaceae)

Posidonia oceanica, a marine phanerogam unique to the Mediterranean Sea, forms
extensive meadows spanning over 50,000 km?. It thrives at depths of 0 to 40 m along the
coastal regions. These meadows are essential to marine ecosystems, acting as a key oxygen
source for the Mediterranean coast. Furthermore, P. oceanica serves as a crucial breeding and
nesting site for various economically valuable species, provides habitat and nourishment for
marine life at different stages of development, and plays a significant role in safeguarding
the coastline from erosion [17-19]. This marine phanerogam is characterized by long,
strap-like leaves, which can grow up to 1 m in length and are arranged in dense clusters.
P. oceanica presents rhizomes that spread horizontally beneath the sediment. This rhizomatic
growth allows the plant to reproduce vegetatively, forming large meadows that can cover
significant areas of the seabed [20,21].

Several studies have identified numerous bioactive compounds in P. oceanica. In this
regard, polyphenols (such as flavonoids and phenolic acids), tannins, alkaloids, sesquiter-
penes, organic acids, and fatty acids, all with bioactive properties, have been found in
P. oceanica extracts [22-24]. These compounds exhibit a wide range of biological properties,
including antioxidant, anti-inflammatory, antimicrobial, antiproliferative, and anticancer
activities [22,25,26]. Extracts of P. oceanica can be prepared using various solvents, such
as water, methanol, ethanol, acetone, and non-polar organic solvents like hexane and
chloroform. Methanol is commonly used to extract phenolic compounds, particularly in
antioxidant research. Due to its lower toxicity and its ability to extract phenolics, 70%
ethanol is also used for phenolic compound extraction [27]. On the other hand, tannin
extraction is enhanced with a mixture of acetone and water [27,28]. For water-soluble
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compounds, water or mixtures of water with ethanol and methanol are commonly used [28].
Lipophilic compounds, such as terpenes, are extracted using non-polar solvents like hexane
or chloroform [29,30].

Among the bioactive compounds, phenolic compounds are one of the most important
substances targeted in plant extracts due to their strong antioxidant capacity, which is
often linked to their abundance in plants [31]. The majority of the previously published
investigations on the phenolic content of P. oceanica leaves reveal notable differences in
the quantity, composition, and concentration of the various constituents, probably de-
rived from different methodologies applied and forms/periods of sample collection [32].
In general, in all studies, chicoric acid is the most abundant polyphenol isolated from
P. oceanica. Additionally, significant amounts of caftaric acid, gentisic acid and ferulic acid
have also been identified in P. oceanica extracts [32]. Leri and collaborators reported that
the most abundant polyphenolic compound in a hydrophilic extract of P. oceanica was
catechin, followed by epicatechin, ferulic acid, and chlorogenic acid, although in lower
proportions [22,33]. Another study has analysed differences in the content of phenolic
compounds in fresh and dried samples of P. oceanica, and their corresponding antioxidant
capacities [27]. In this study, researchers reported the presence of nine different phenolic
compounds (phloroglucinol, gallic acid, hydroxybenzoic acid, vanillic acid, caffeic acid,
coumaric acid, ferulic acid, chicoric acid and quercetin) and their concentration varied
between fresh and dry P. oceanica leaves, with dried leaves showing higher concentrations of
phenolic compounds [27]. Additionally, the antioxidant properties of both fresh and dried
P. oceanica leaves were evaluated. While both types of leaves exhibited high antioxidant
potential, the dried leaves demonstrated significantly greater antioxidant activity [27].

The antioxidant capacity of P. oceanica extracts rich in polyphenols has been demon-
strated in cell cultures against UV radiation exposure. A study performed using a hydroal-
coholic extract from P. oceanica, composed mainly of chicoric acid, evidenced high radical
scavenging activity, lipolytic activity and relevant capability to increase fibroblast growth
and collagen synthesis, demonstrating the skin-protective properties of this hydroalcoholic
extract [34]. Regarding skin protection, it was evidenced that a hydroalcoholic extract
of P. oceanica leaves rich in polyphenols inhibited psoriatic dermatitis induced by topical
administration of imiquimod in mice [25]. These effects were probably associated with
a reduction in the plasma levels of proinflammatory cytokines as tumour necrosis factor
alpha (TNF«), interleukin (IL)-17 and interferon gamma (IFNy). The photo protective effect
of P. oceanica extracts was also evidenced in a study pre-treating fibroblasts with P. oceanica
extracts resulting in increased cell viability after ultraviolet (UV) light exposition [27].

Researchers from the University of Thessaloniki studied the anticancer effects of hy-
droalcoholic extracts of P. oceanica leaves containing thirty-seven phenolics. The major
phenolic compound found in this extract was chicoric acid and at lower levels, epigallocat-
echin gallate, p-coumaric acid, rutin hydrate, sinapinic, caftaric, ferulic and trans-cinnamic
acids were also detected in the extracts [26]. The extracts evidenced significant antipro-
liferative effects against L5174 colon cancer cells [26]. Similarly, it was evidenced that
the hydrophilic extract from P. oceanica was able to reduce the motility of the highly in-
vasive HT1080 fibrosarcoma cell line, probably through a reduction in the expression of
gelatinases and inhibiting gelatinolytic activity [33]. Another study using a hydroalcoholic
extract of P. oceanica leaves, composed mainly of catechins, gallic acid, ferulic acid, epi-
catechin, and chlorogenic acid avoided intracellular lipid accumulation and blocked the
mitogen-activated protein kinase (MAPK)/nuclear factor kappa B (NF-«B) axis, reducing
metalloproteinase 2 and 9 in an in vitro model of hepatocarcinoma HepG2 cells [35].

The antidiabetic effects have been investigated after an extraction of secondary metabo-
lites from the rhizome of P. oceanica conducted with butanol. The extraction allowed the
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isolation of 32 phenolic acids, 17 cinnamic acids and 29 flavonoids, with p-hydroxybenzoic
acid, protocatechuic acid, epi-catechin, syringic acid and catechin being the most rele-
vant compounds [30]. This extract evidenced potent antidiabetic activity in vitro with
a-glucosidase inhibitory activity but also in a rat model of diabetes induced by strep-
tozotocin [30]. The extract improved the pathological metabolic state and biochemical
parameters of the diabetic rats evidenced by improved fasting blood glucose, insulin levels,
homeostasis model assessment of insulin resistance (HOMA-IR) and glucose transporter 4
(Glut 4) [30].

Research has demonstrated that P. oceanica extracts possess antibacterial properties
effective against both Gram-positive and Gram-negative bacteria, with notable activity
against P. aeruginosa and S. aureus [29]. Additionally, P. oceanica has exhibited antiviral
potential; notably, in 2018, Farid et al. reported that extracts from P. oceanica balls reduced
H5NI1 virus infection by 45% [36]. Furthermore, polypeptide-enriched fractions derived
from the rhizomes and leaves of the seagrass have been reported to exhibit antimicrobial
activity [37]. These effects were observed against Gram-positive bacteria (Staphylococcus
aureus, Enterococcus faecalis), Gram-negative bacteria (Pseudomonas aeruginosa, Escherichia
coli), and the yeast Candida albicans.

In addition to phenolic chemicals, polysaccharides have also been linked to the bioac-
tive qualities of extracts from marine plants including P. oceanica [23,38]. The extraction of
polysaccharides present in P. oceanica is a lengthy process that often requires high tempera-
tures, the use of specific enzymes, ultrasound, and microwaves [39,40]. Compounds such
as sulfated polysaccharides (including galactans, fucans and xyloglucans), pectin, alginates
and lignans have been extracted from P. oceanica extracts [39,41]. The main polysaccharide
isolated from P. oceanica is cellulose; however, it is a polysaccharide without interesting
biological activity properties [41]. It have evidenced that polysaccharide or carbohydrates
from P. oceanica rich in galactose, glucose, arabinose, rhamnose and xylose presented both
anti-inflammatory and antinociceptive effects in vivo [42]. An interesting study reported
that the lignin water-soluble fraction extracted from P. oceania egagropili (sea balls) has
notable antioxidant activity [40]. This activity demonstrated remarkable stability over a
period of six months and could be seamlessly integrated into a protein-based film, allowing
for its gradual release over time (see Table 1).

Table 1. Main compounds and bioactive properties in P. oceanica.

Extract Type Main Compounds Activity Experimental Model Reference
e Epicatechin and Invasive reducing Cell culture
Hydrophilic phenolic acids activity in cancer cells HT1080 cell line 1331
Methanolic and Phenolic acids Antioxidant In vitro [27]
ethanolic (mainly chicoric acid) Photoprotective HS-68 cell line
Radical scavenging In vitro
Hydroalcoholic Chicoric acid Lipolytic activity Human dermal [34]
Skin protection fibroblast
Hydroalcoholic Not determined Anti-inflammatory In vivo [25]
Skin protection C57BL/6 mice
Chicoric acid .y . .
. . . Antiproliferative In vitro
Methanolic epigallocatechin gallate Antioxidant 15174 cell line [26]

and p-coumaric acid
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Table 1. Cont.
Extract Type Main Compounds Activity Experimental Model Reference
p-hydroxybenzoic acid
Protocatechuic acid In vitro and
Buthanolic Epi-catechin Antidiabetic in vivo [30]
Syringic acid Wistar albino rats
Catechin
Catechins
Gallic acid Antiproliferative In vitro
Hydroalcoholic Ferulic acid Anti-inflammatory HenG2 cell line [35]
Epicatechin Antioxidant p
Chlorogenic acid
Ethanolic Phlobatannins
acetone chloroformic Tannins Antibacterial In vitro [29]
ethyl acetate Sterols
Salicylic acid
Methanolic p-Hydroxyben.201C acid Antiviral In vitro [36]
Cathechin
Vanilic acid
Acetic acid Peptides Antimicrobial In vitro [37]
Water Carbo}'lydr'ates Antl-%nﬂa'mma\'tory In vivo [39]
(uronic acid) Antinociceptive
Toluene/ethanol Carbohydrates (lignans) Antioxidants In vitro [40]

2.2. Zostera marina L. (Zosteraceae)

Z. marina is a rhizomatous, monoecious species with nodes that bear 1-2 root fascicles
and a brachyblast producing 3-8 leaves. Leaves are linear, reaching up to 75 cm in length
and occasionally extending to 1 m, with rounded apices and a fused sheath at the base.
Reproductive shoots feature numerous leaves and inflorescences. The inflorescences are
spadices with 9-20 hermaphroditic, aperianthic flowers, each containing a single sessile
stamen and a sessile, monocarpellary, conical ovary. The fruits are ellipsoidal to ovoid
achenes, measuring 2.5-4 x 2-3 mm [43,44]. Z. marina forms seagrass meadows in estuaries,
marshes, and seabeds, generally down to depths of 20 m, and is found across most coastal
areas of the Northern Hemisphere [44].

Studies on the components of Z. marina extracts have led to the isolation and identifica-
tion of various metabolites with significant bioactive properties, highlighting unsaturated
fatty, phenolic compounds such as rosmarinic acid, luteolin, sagerinic acid, umbelliferone
and pectins, particularly zosterin (4,2'-dihydroxy-4’,6’-diacetoxydihydrochalcone 2'-O-
glucoside) [45,46]. An interesting study that involved supercritical CO, extraction followed
by mass spectrometric characterization showed the presence of 77 different biologically
active components in Z. marina, 53 of which were polyphenols [47]. Furthermore, similarly
to what happened with P. oceanica, its composition varies significantly depending on
the country and among different sites within countries [48]. These compounds exhibit
activities of interest for human health, including antioxidant, anti-inflammatory, antiviral,
antidiabetic, antihyperlipidemic, anti-aging, and anticancer effects.

In this sense, both water and methanol extracts of Z. marina, rich in polyphenols, have
repeatedly demonstrated strong antioxidant activity [49-51]. Metabolites such as zosterin
and pectin have shown superior antioxidant activity compared to some commercially
available antioxidant compounds [49,50]. Notably, molecules like rosmarinic acid and
luteolin, which are also present in terrestrial plants such as artichoke (Cynara scolymus L.)
and rosemary (Salvia rosmarinus Spenn), exhibit potent antioxidant properties [45,50]. In
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particular, luteolin holds promise for the development of anti-aging products. Specifically,
luteolin, isolated from the ethyl acetate extract of Z. marina, demonstrated higher matrix
metalloproteinase-1 (MMP-1) inhibitory activity than retinol in human skin fibroblasts [50].
Additionally, luteolin suppressed the expression of IL-1cc and IL-6, highlighting its anti-
inflammatory potential. Another study also reported significant anti-phototoxicity and
anti-melanogenesis activities of the methanolic extract of Z. marina increasing the resistance
of HaCaT cells to UVB radiation and reducing melanin synthesis in B16 melanoma cells [52].

Z. marina also produces an anti-adhesive compound known as p-sulfoxy-cinnamic
acid, or zosteric acid [53]. This compound has been reported to inhibit the colonization of its
leaf surfaces by various organisms, making its mechanism of action particularly interesting
for the development of antiviral drugs [53]. Both zosteric acid and its derivatives have
demonstrated antiviral activity against the Dengue virus [53]. Interestingly, this mechanism
does not prevent virus—cell binding; rather, it strengthens this binding. This observation
has led to the hypothesis that zosteric acid’s antiviral effect may arise from binding or
trapping the virus on the target cell, thereby preventing its spread to other cells. In this
sense, a computational docking analysis reported that zosteric acid is capable of binding
to non-structural protein 5 (NS5), which plays a crucial role in the replication of Dengue
virus [54].

In addition, the polyphenol components in Z. marina extracts have shown antidiabetic
and antihyperlipidemic effects, primarily attributed to rosmarinic acid, luteolin, and 7,3'-
disulfate luteolin (DSL) [55]. Z. marina extracts, either extracted in polar or non-polar
solvent, exerted lipase inhibitory activity in in vitro assays [56]. Pharmacological studies
in animal models of type 2 diabetes and hyperlipidaemia have revealed that DSL exhibits
greater antidiabetic and antilipidemic activity than luteolin, highlighting its potential
as a therapeutic agent [57]. The use of these flavonoid polyphenols could facilitate the
development of novel therapies for preventing and treating metabolic disorders. However,
further research is required to fully elucidate their mechanisms of action. Styshova and
collaborators proposed potential mechanisms for these polyphenol compounds, suggesting
that rosmarinic acid, luteolin and their analogues may interfere with PPAR activity, thereby
enhancing insulin sensitivity and exerting anti-inflammatory effects. Moreover, DSL is
hypothesized to possess superior bioavailability and the ability to modulate lipoprotein
metabolism, potentially conferring an anti-atherosclerotic effect [55].

Regarding anticancer activity, diverse phenolic compounds such as chicoric, p-
coumaric, rosmarinic, benzoic, ferulic, and caffeic acids, found in the ethanolic extract of
Z. marina, have demonstrated cytotoxic activity against various cancer cell lines, including
human breast adenocarcinoma, colon, cervix, prostate adenocarcinoma and neuroblas-
toma [58]. In this study, supercritical CO, extracts were more active than Soxhlet extracts
with IC50 values of 25, 20 and 8 pg/mL in neuroblastoma, colon and cervix cancer cell lines.
Among the isolated compounds, p-coumaric acid exhibited selective cytotoxic activity in
colon and cervical cancer cells. Additionally, the diarylheptanoids identified in Z. marina
showed selective cytotoxic effects on HCT116 tumour cells with IC50 3.6 uM at 48 h [59]. In
this sense, zosterabisphenone B induced apoptosis in HCT116 colon cancer cells increasing
the levels of cleaved caspases, Poly (ADP-ribose) polymerase (PARP) and BH3 Interacting
Domain Death Agonist (BID) proteins and a decrease in Bcl-2 and c-Myc proteins [60]. In a
xenograft model, the compound was also capable of reducing the tumour growth. These
findings highlight the potential of Z. marina bioactive compounds as promising candidates
for the development of novel anticancer drugs, particularly for colorectal cancer.

In conclusion, the bioactive compounds identified in Zostera species, particularly in
Z. marina, demonstrate a wide range of health-promoting activities, making them valuable
resources for the development of new therapeutic drugs. These compounds show promise
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for treating metabolic disorders and cancers. However, further research is required to fully
elucidate their mechanisms of action and evaluate their therapeutic potential in humans
(see Table 2).

Table 2. Main compounds and bioactive properties in Z. marina.

Extract Type Main Compounds Activity Experimental Model Reference
Mixture of unsaturated Antioxidant In vitro
Methanol /water . Metal chelating HepG2 and S17 cel [45]
fatty acids . .
Cytotoxic lines
Ethanolic PeCtlr.l Antioxidant In vitro [49]
Zosterin
Apigenin .. In vitro
Ethanol/ . Antioxidant
Acetonitrile Chrysoeriol MMP-1 inhibition Hs68 and HaCaT [50]
Luteolin Cell line
Methanolic Not reported Antioxidant In vitro [51]
p Antimicrobial
. . Antiphototoxicity In vitro
Methanolic Luteolin Antimelanogenesis HaCaT cell line 521
Hrydprofilic Zosteric acid Ant1a(‘:lh.e51ve In vitro [53]
Antiviral
Not reported Not reported Antiviral In vitro [54]
Rosmarinic acid 1 .
Not reported Luteolin An tﬁnngﬁlibei}(titmic In vitro [55]
7,3'-disulfate luteolin yperip
Rosmarinic acid
. Zosteric acid Lipase inhibitory .
Ethanolic Coumaric acid Antioxidant In vitro [56]
o-Eleostearic acid
Antidiabetic
Not reported Luteolin Antilipidemic In vivo [57]
Anti-inflammatory
Chicoric acid
p-Coumaric acid
Ethanolic Rosman‘mc é}Cld Anticancer In vitro [58]
Benzoic acid
Ferulic acid
Caffeic acid
Diarylheptanoids . :
Acetone Zosterabisphenone B Anticancer In vitro [59]
Methanol/Toluene Not reported Antifungal In vitro [60]

2.3. Cymodocea nodosa (Ucria) Asch. (Cymodoceaceae)

C. nodosa is a rhizomatous, dioecious species characterized by rhizomes with intern-
odes ranging from 1.2 to 16 cm in length. Each node produces 3—4 (occasionally up to 7)
erect, serrulate leaves, 16-60 cm in length, with 2-12 cm long sheaths and numerous foliar
scars at the base. Male flowers are borne on pedicels of 4-7 (up to 10) cm, each containing
two anthers marked by reddish spots [61]. Female flowers are aperianthic, either sessile
or sub-sessile, with a bicarpellary ovary and two filiform stigmas. The fruit is an ovoid,
crested drupe, measuring 12-14 x 8-10 mm. This species typically inhabits sandy and
rocky substrates at depths of up to 30 m, occasionally reaching 70 m. Predominantly found
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in the Mediterranean, it also occurs along parts of the Atlantic coast, including the southern
Iberian Peninsula, Macaronesia, and the western coast of tropical Africa [62].

Available studies on the potential therapeutic uses of C. nodosa focus on the presence
of sulphated polysaccharides, although it also contains other compounds with therapeutic
interest such as phenolics and alkaloids [63]. The first characterization of the sulphated
polysaccharide from C. nodosa (CNSP) was conducted by Ben Abdallah Kolsi et al. in
2015 [64]. They isolated CNSP via hot water extraction and analysed its chemical composi-
tion. The obtained sulphated polysaccharide-enriched fraction was found to have a high
content of sulphate and carbohydrates, with proteins present in moderate amounts and
lipids in lower concentrations. Further analyses indicated that CNSP also contains 11.03%
uronic acid. Preliminary structural studies suggest that the backbone of CNSP consists of
branched 6-O-sulfated (1—4)-galactosidic linkages. In general, bioactive polysaccharides
function through non-covalent interactions with target proteins, inducing conformational
changes that make them valuable for inhibiting or modulating the activity of enzymes
involved in specific pathologies. In the case of CNSP, studies have demonstrated its antiox-
idant capacity and reducing power, both of which are concentration-dependent [65]. These
antioxidant properties are attributed to CNSP’s redox capabilities, which are essential for
neutralizing and absorbing free radicals, decomposing peroxides, and quenching singlet
and triplet oxygen species. Additionally, the presence of sulphate groups and uronic acid
in its structure confers CNSP a notable chelating capacity [66] (see Figure 2).

Apigenin
o)
) W H H
' H Os -0 H
N wd , HO” O
> H
. Syphonoside Quercetin Zosterin , Chicoric acid

Figure 2. Most representative compounds from marine plants. Thalassiolin from T. hemprichii;
Apigenin from H. uninervis; Syphonoside from H. stipulacea; Quercetin from C. nodosa; Zosterin from
Z. marina; Chicoric acid from P. oceanica.

Among the most interesting bioactive properties of CNSP are its anti-obesity and
anti-diabetic effects. In 2015, Abdallah et al. demonstrated that CNSP can inhibit pancreatic,
intestinal, and serum lipases, as well as intestinal and plasma o-amylases, in high-fat diet
(HFD) rats [64]. This inhibition led to reductions in total cholesterol (TC), triglycerides (TGs),
and LDL-C levels, while increasing HDL-C levels and decreasing blood glucose levels.
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Furthermore, the reduction in blood glucose was enhanced by the stimulation of pancreatic
[-cells, resulting in increased insulin production. This antilipidemic, anti-cholesterolemic,
and antihyperglycemic activity also contributed to improvements in pancreatic, hepatic,
and renal functions, as well as a reduction in body weight in rats fed a high-cholesterol
diet. In addition, the antihypertensive potential of CNSP has been investigated, revealing
that this polysaccharide can inhibit the angiotensin-converting enzyme (ACE) [65]. This
property makes CNSP a promising candidate for the development of medications aimed at
treating hypertension.

Due to growing concerns over the issues associated with conventional antibiotics
and food preservatives, the antibacterial and antifungal properties of CNSP have also
been investigated. It has been observed that CNSP binds to bacterial ribosomes, inducing
codon decoding errors during mRNA translation, which leads to the synthesis of abnormal
proteins and ultimately cell death [66]. Additionally, in Gram-positive bacteria, components
of CNSP come into direct contact with the phospholipids in the cell membrane bilayer,
increasing ionic permeability (and facilitating CNSP passage) and disrupting intracellular
enzymatic systems. In contrast, the lower susceptibility of Gram-negative bacteria to CNSP
can be attributed to the reduced diffusion capacity of CNSP through the outer membranes
surrounding their cell walls. Further investigation into the antimicrobial activity of purified
CNSP compounds is warranted, as they may prove more potent than the complex mixture
of CNSP typically used in pure antibiotics and antifungals. Similarly, the antiproliferative
and cytotoxic effects of CNSP have been explored. Studies on tumor cell lines have shown
that the highest cytotoxicity occurs at a concentration of 0.5 mg/mL.

The bioactive properties of CNSP have also garnered interest in fertility research. In
this sense, it has been demonstrated that CNSP has a protective effect against testicular tox-
icity induced by lambda-cyhalothrin (LTC) [67]. The antioxidant capacity of this sulphated
polysaccharide helps mitigate oxidative stress in the testes, resulting in improved semen
quality, including enhanced sperm count, motility, and viability, in male rats.

In addition to CNSP, the hydroalcoholic extract of C. nodosa (CNE) also exhibits notable
bioactive properties. CNE has significant antioxidant activity, which is primarily attributed
to its high polyphenol content, especially flavonoids [68]. In fact, an ultrasound-assisted ex-
traction evidenced a high phenolic content of 113 mg gallic acid equivalents/g dry weight,
with significant levels of sinapic acid, myricetin, and quercetin-3-O-rutinoside [69]. CNE’s
antioxidant potential has attracted interest as a promising component in developing new
therapies for metabolic and inflammatory diseases such as diabetes mellitus and obesity. Its
antioxidant activity has shown protective effects on pancreatic 3-cells, preventing damage
and cell death in alloxan-diabetic rats [70]. This protection leads to reduced blood glucose
levels, along with decreases in AST, ALT, LDH, LDL-C, TC, and TG, while increasing
HDL-C levels. CNE'’s partial inhibitory effect on plasma and intestinal x-amylase further
supports metabolic regulation by reducing glucose release during starch digestion. Addi-
tionally, CNE has demonstrated potential in reversing tissue damage and other oxidative
stress complications in the liver, pancreas, and kidneys. Furthermore, studies have revealed
that CNE has an inhibitory effect on ACE, making it a promising candidate for the devel-
opment of antihypertensive medications [68]. Regarding the antibacterial activity of the
organic phase, it has been reported that two diarylheptanoids, a meroterpenoid, and a new
briarane diterpene exerted notable effects against multidrug-resistant pathogens including
Staphylococcus aureus, Mycobacterium phlei, Mycobacterium smegmatis, and Mycobacterium
fortuitum [71].
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Overall, the bioactive properties of both CNSP and CNE hold promising potential for
the treatment of metabolic and inflammatory diseases, such as obesity and diabetes mellitus.
Their antibacterial and antifungal properties suggest they may be valuable in developing
alternatives to conventional antibiotics. Additionally, we emphasize the antiproliferative
and cytotoxic effects of CNSP, which could support the advancement of new oncological
therapies. Further research into CNSP’s potential to enhance fertility is also warranted, as
it may contribute to the future development of treatments for infertility (see Table 3).

Table 3. Main compounds and bioactive properties in C. nodosa.

Extract Type Main Compounds Activity Experimental Model Reference
Sulphatec':l Anti-obesity In vitro and In vivo
Water polysaccharides .. . . [64]
(uronic acid) Lipid lowering Male Wistar rats
Antioxidant
Ethanolic olszgé }Clﬁgi? des Reducing power In vitro [65]
poly Antihipertensive
Antioxidant
Water olsg}ai?ﬁz? des Antimicrobial In vitro [66]
poly Antiproliferative
Sulphated Antioxidant In vitro
Water polysaccharides Improve sperm quality In vivo (671
Sulphated
Hydroalcoholic polysaccharides Antioxidant In vitro [68]
Flavonoids
Sinapic acid
Hydroalcoholic Qi\e/lr}éz’fiit—l; O- Antioxidant In vitro [69]
rutinoside
Flavonoids
Qu(ej:cteeti?lig-o— Antioxidant In vitro
Hydroalcoholic S Protective effects on . [70]
rutinoside . In vivo
Quercetin-3-O- pancreatic 3-cells
glucoside)
Dichloromethane/ Meroterpenmd Antibacterial In vitro [71]
methanol Briarane diterpene

2.4. Halodule uninervis (Forssk.) Boiss. (Cymodoceaceae)

This rhizomatous, dioecious species has rhizomes with internodes up to 5 cm in length.
From each node, 2—4 linear leaves with a tridentate apex emerge, reaching sizes of up to
150 mm in length and 0.25-5 mm in width. A persistent leaf sheath up to 3.5 cm in length
surrounds the base, from which inflorescences arise. Each male flower has two stamens
on peduncles 1-2 cm in length, with red-coloured anthers approximately 0.5 mm long.
Female flowers have an apical style up to 4 mm in length and a bicarpellary gynoecium.
The fruit is a drupe measuring up to 2.5 mm [72]. This species forms seagrass meadows in
coastal lagoons and reef habitats at depths from 0 to 20 m, distributed along the coasts of
the Pacific and Indian Oceans, from the Red Sea to French Polynesia [72].

The preliminary phytochemical screening of H. uninervis revealed that this species
is rich in secondary metabolites, including phenolic acids, flavonoids, quinones, tannins,
terpenoids, and steroids [73]. It is notable that H. uninervis is rich in phenolic compounds
that confer the plant with self-defense mechanisms. The main phenolic compounds identi-
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fied in methanolic and ethanolic extracts of H. uninervis were caffeic acid, chlorogenic acid,
gallic acid, and p-hydroxybenzoic acid, varying their composition depending on the type
of extract [74]. In addition, the extracts also contained three flavonoids, including apigenin,
apigenin-7-O-glucoside, quercetin, kaempferol, and naringenin. However, in most works
investigating the potential biological effects, no in-depth investigation has been made into
determining the compounds present in the extracts.

The methanolic and ethanolic extracts of H. uninervis have been reported to exhibit
strong antioxidant activity by scavenging both the DPPH and the ABTS radicals [75].
The antioxidant effects were mainly attributed to the presence of polyphenols such as
apigenin and kaempferol. In further testing with the DPPH assay, comparing different
fractions, the fraction of unsaponifiable matter exerted the highest activity respect to the
methanol/chloroform extract or phenolic fractions. This was attributed to the presence of a
significant amount of the known antioxidant dibutylhydroxytoluene [74].

H. uninervis extracts have demonstrated notable antimicrobial activity, particularly
against bacteria. These studies have determined the general polyphenol content, but have
not delved into their composition, making it difficult to determine the main bioactive
compounds. Specifically, methanolic extracts have proven more effective against Gram-
positive bacteria, such as Bacillus subtilis and Listeria monocytogenes, compared to their
activity against Gram-negative bacteria like Aeromonas hydrophila and Vibrio harveyi [76].
Another study showed that ethanolic extracts were effective against Bacillus cereus, a Gram-
positive bacterium, as well as against Proteus vulgaris, a Gram-negative bacterium [77].
This same study demonstrated the extract’s ability to inhibit the growth of the fungus
Cryptococcus neoformans. This study reported after gas chromatography mass analysis the
presence of the extract of neophytadiene, a terpenoid with antimicrobial properties. Various
organic extracts of the plant have also shown efficacy against other Gram-positive bacteria,
including Staphylococcus aureus and Micrococcus luteus, as well as against Gram-negative
bacteria such as Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, and Salmonella
typhi [78].

Various studies have analysed the antilarvicidal effects of different extracts from H.
uninervis. The effects of ethyl acetate extract on Culex pipiens and methanolic extract
on Aedes aegypti have been observed [79,80]. In the latter study, a green synthesis of
silver nanoparticles containing H. uninervis aqueous leaf extract was also developed, which
increased toxicity, reducing the LC50 value from 295.6 ppm for the methanolic extract to
12.5 ppm for the nanoparticles [79].

Another interesting function of H. uninervis extracts is their potential antidiabetic
activity. Ethanolic and ethyl acetate extracts have shown in vitro inhibitory activity against
the enzyme «-glucosidase [81]. The results showed a greater inhibitory capacity for the
ethanolic extract with an ICsy of 74.9 ppm. In an intriguing study using a Streptozotocin-
induced diabetic mouse model, a metabolic extract of the plant (administered at 150 and
250 mg/kg/day for 18 days) was able to reduce blood glucose levels and animal weight, as
well as restore reduced white blood cell counts [82]. The study also reported improvements
in liver and kidney function following treatment with H. uninervis extracts, demonstrated
by significant decreases in alkaline phosphatase (ALP), glutamate pyruvate transaminase
(GPT), blood urea nitrogen (BUN), and creatinine levels compared to the diabetic group,
along with a reduction in hepatic markers of oxidative stress.

Finally, for this plant species, the anticancer activity of some extracts on different
cell lines is noteworthy. However, there are still no studies on animal models to confirm
the results obtained in vitro. The crude extract, after 72 h exposure, showed a significant
cytotoxic effect against human SKOV-3 ovarian and MCF-7 breast carcinoma cells, with
IC50 values of 0.52 and 2.3 pg/mL, respectively [74]. Among other fractions tested, the
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chloroform fraction exhibited notable activity against DU-145 prostate cancer cells (IC50
10.4 pg/mL) and PANC-1 pancreatic cancer cells (IC50 8.6 pg/mL). Additionally, the
non-saponifiable fraction demonstrated cytotoxicity against MCF-7 cells (IC50 3.7 ug/mL),
while the saponifiable fraction (free fatty acids) was active against DU-145 prostate cells
(IC50 20.2 pg/mL) and HeLa cervical cancer cells (IC50 4.6 pg/mL). In another study, the
ethyl acetate fraction of H. uninervis was investigated against A549 (lung carcinoma), HeLa,
HT29 (colorectal adenocarcinoma) and A375 (malignant melanoma) cells [83]. The results
evidenced cytotoxic effects of the extract after 24 h with an IC50 of 91.6 £ 1.6 ug, 269 £ 5 ug,
845 £ 36. ug and >1000 pg dry extract, respectively (16). A more detailed study on the most
sensitive cells, A549, showed that the extract induced apoptosis with notable morphological
changes and the appearance of ladder-like DNA. The anticancer activity of H. unineruvis
ethanolic extract (0-400 ug/mL for 72 h) has also been investigated against MDA-MB-231
triple-negative breast cancer cells [75]. The results reported significant anti-proliferative
and anti-metastatic effects, which were associated with the downregulation of the STAT3
(signal transducer and activator of transcription 3) signalling pathway (see Table 4).

Table 4. Main compounds and bioactive properties of H. uninervis.

Extract Type Main Compounds Activity Experimental Model Reference
Caffeic acid In vitro
Methanolic and Chlorogenic acid Cytotoxic
. > L. MCEF-7 [74]
ethanolic Gallic acid Antioxidant .
. and SKOV-3 cell lines
p-Hydroxybenzoic acid
Apigenin
Acacetin
Ethanolic Coumaric acid Antioxidant In vitro [75]
Kaempferol
Vanillic acid
Tanins .
Flavonoids In vitro
Ethanolic . Anticancer (MDA-MB 231) [75]
Terpenoids .
: cell line
Saponins
Unsaturated fatty acids
Ethanolic Saturated fatfcy acids Antimicrobial In vitro [77]
Flavonoids
Alkanoids
Methanolic Not determined Antimicrobial In vitro [76]
Methanolic Not defined Ant}lal.’vmldal In vitro [79]
Antimicrobial
Alkanoids
Saponins
Methanolic Tannis
Dichloromethane Diterpenes Antimicrobial In vitro [78]
Hexane Flavonoids
Phenolic and cardiac
glycosides
Hydrophilic Not determined Antilarvicidal In vitro [79]
Ethyl acetate Not determined Antilarvicidal In vitro [80]
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Table 4. Cont.

Extract Type

Main Compounds Activity Experimental Model Reference

Ethyl acetate

Alkaloid
Flavonoids
Terpenoids

Phenols

Quinones

Steroids

In vitro
Anticancer HT?29, Hela, A549, A375 [83]
cell line

Ethanolic
Ethyl acetate

Flavonoids
Saponins
Esteroids

Triterpenoids

Antidiabetic In vitro [81]

2.5. Thalassia hemprichii (Ehrenb. ex Solms) Asch. (Hydrocharitaceae)

This rhizomatous, dioecious species has rhizomes that typically contain air channels
and exhibit triangular scars at the nodes. Each node produces 2-6 leaves, surrounded at the
base by persistent sheaths that are 3-8 cm in length. The falcate leaves measure 7-25 (up to
40) cm in length and 0.5-1 cm in width, with red-violet spots or streaks, rounded apices,
and margins that are entirely or slightly serrated [84]. Male flowers are grouped, and each
is accompanied by a single bract, containing an androecium with 3-12 stamens. Female
flowers are solitary and subsessile, featuring a hexacarpellary ovary with six free styles
up to 7 mm long. The fruit is a globular, spiny berry, measuring 2-2.5 x 1.5-3.2 mm [84].
This species forms seagrass meadows in shallow subtidal zones, typically up to 10 m in
depth, and is distributed along the coasts of the Pacific and Indian Oceans, from the Red
Sea to French Polynesia. Its range also includes the coasts of Madagascar and southwestern
Australia [84].

The bioactive components found in species of the genus Thalassia are associated with
a range of therapeutic activities, including antimicrobial, antiviral, antioxidant, antidia-
betic, anticancer, cytotoxic, and larvicidal effects [85-87]. Extracts from T. hemprichii can
be prepared using various solvents (e.g., acetone, diethyl ether, ethyl acetate, methanol,
ethanol, and water), which yield extracts with distinct chemical profiles [88]. Compounds
identified in T. hemprichii extracts include sulphated flavonoids (including thalassiolins),
flavonoid glycosides, sterols, sterolic glycosides, phenolic acids, carotenoids, nitrogenous
compounds, and benzophenones [89]. Notably, flavonoids, alkaloids, and tannins are of
particular interest.

Among the biological activities of the different extracts, the antimicrobial capac-
ity stands out, with ethanol and acetone extracts exhibiting the strongest effect [86—88].
Specifically, flavonoids present in T. hemprichii exhibit antifouling, antibacterial, and an-
tifungal properties by altering the permeability of bacterial cell walls, microsomes, and
lysosomes [90]. Thalassiolins A-C (luteolin 7-3-D-glucopyranosyl-2'-sulfate, luteolin 7-
-D-glucopyranoside, and luteolin 7-sulfate, respectively) were initially identified in T.
testudinum but are also present in T. hemprichii [91]. Thalassiolin D (luteolin 3’-sulfate),
however, has been uniquely characterized in T. hemprichii. These compounds are sulphated
flavone glycosides with notable biological activities: specifically, thalassiolin A shows
antifungal properties, thalassiolins A-C demonstrate antiviral effects against HIV, and tha-
lassiolin B exhibits both antioxidant and skin-regenerative effects. Furthermore, thalassiolin
D has shown antiviral activity against hepatitis C virus [91,92]. Alkaloids in T. hemprichii
extracts function as bacteriostatic agents, with structural characteristics suggesting they
may act as DNA intercalators or topoisomerase inhibitors [93]. Additionally, they seem to
interfere with bacterial cell wall peptidoglycan, ultimately leading to cell death. Tannins,
meanwhile, interact with bacterial cell membranes to inactivate enzymes such as reverse
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transcriptase and DNA topoisomerase, thereby inhibiting bacterial replication [94]. They
also inhibit adhesin enzymes, disrupting protein transport across the cell wall. Interestingly,
the endophytic fungi (fungi that reside within the healthy tissues of plants) associated with
T. hemprichii show significant potential for developing antimicrobial agents, particularly
antifungal drugs [86]. Specifically, some ethyl acetate extracts from various isolated endo-
phytic fungi showed minimum inhibitory concentrations (MIC) of less than 10 pg/mL for
some of the pathogenic fungi.

Extracts from T. hemprichii exhibit strong antioxidant properties that are directly linked
to their antimicrobial activity. Both the ethanolic extract and the metabolic extract of
T. hemprichii demonstrate significant antioxidant activity, with the extraction using 50%
ethanol and 1N HCI proving to be the most effective option, leading to an IC50 of 83.5
ug/mL, 41.03 mg GAE/g and 22% yield extract [95].

Regarding the antidiabetic potential of T. hemprichii, the ethanolic extract displayed
inhibitory activity against alpha-amylase, beta-glucosidase, and pancreatic lipase, correlat-
ing this activity with the phenolic metabolites present in the extracts [96]. Additionally, the
extract improved GLUT2 and insulin levels while decreasing glucose levels. The ability
to mitigate oxidative stress generated by free radicals and dyslipidaemia indicates an
antioxidant effect, suggesting a hypoglycaemic and hypolipidemic function [87,96]. Thus,
the ethanolic extract of T. hemprichii demonstrates potential as an antidiabetic agent for
managing calorie intake. Notably, thalassiolins A and C, in addition to their antimicrobial
effects, exhibit inhibitory activity against nitric oxide synthase, ROS 1 kinase, human pan-
creatic lipase, and fat mass and obesity-associated (FTO) proteins, making them of interest
for the development of new antioxidants and anti-obesity medications [56].

The larvicidal properties of T. hemprichii extracts are also significant. Both the ethanolic
and methanolic extracts display larvicidal activity, with the methanolic extract from leaves
being the most effective [97,98].

Finally, T. testudinum from the same genus is of pharmacological interest. This species
is primarily recognized for its anti-inflammatory, antioxidant, and anticancer properties [11].
Studies have shown that the polyphenols in the extract of T. testudinum exhibit cytotoxic,
antiproliferative, and antimigratory effects on cancer cell lines [99]. These effects were also
evidenced in an allograft murine colorectal cancer model with a significant reduction in
tumor growth in a process mediated by the activation of the Activating Transcription Factor
4 (ATF4)-p53-NFkB pathway and autophagy [99] (see Table 5).

Table 5. Main compounds and bioactive properties in T. hemprichii.

Extract Type Main Compounds Activity Experimental Model = Reference
Endophytic fungi Not determined Antimicrobial In vitro [86]
extracts
Aceton'e Not determined Antimicrobial In vitro [88]
Ethanolic
Isoscutellarein
7-O-B-xylopyranoside-2"'-
Methanolic O-sulfate . Antimicrobial In vitro [90]
Isoscutellarein
7-O-f3-xylopyranoside
Isoscutellarein
Methanolic Thalassiolins A-C Antiviral In vitro [91]
Luteolin
Methanolic 7-O-p-d-glucopyranosyl- Antibiotic In vitro [92]

2”-sulfate
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Table 5. Cont.
Extract Type Main Compounds Activity Experimental Model Reference
Tannins
Methanohc. and FlaVOHQIdS Antimicrobial In vitro [94]
ethanolic Saponins
Esteroids
. Thalassiolins A, B, C, D .. .
Ethanolic Phenolic metabolites Antioxidant In vitro [95]
Ethanolic Phenolic metabolites Antidiabetic In Yltro anc'l 1nvIive [96]
Wistar albino rats
Ethanoh(.t Non determined Larvicidal In vitro [97,98]
Methanolic

2.6. Halophila stipulacea (Forssk.) Asch. (Hydrocharitaceae)

This rhizomatous, dioecious species features leaves with short petioles, each enclosed
by a pair of large, transparent, elliptical scales. The leaf blades are oblong with serrated
margins and can grow up to 6 cm in length [100]. Male flowers are borne on short pedicels,
accompanied by three basal bracts measuring 5-6 mm, and have a perianth composed of
three tepals (3—4 mm long) and an androecium with three stamens. Female flowers are
sessile or sub-sessile, with a tricarpellary ovary and styles extending up to 4 cm. The fruit is
a drupe measuring up to 5 x 3.5 mm [101]. This species forms seagrass meadows at depths
ranging from 3 to 10 m, occasionally extending to 30 m. First described in the Red Sea
(Forsskal, 1775), its distribution includes the coasts of East Africa, Madagascar, the Arabian
Sea, the Persian Gulf, and the western coast of India [102].

H. stipulacea is widely recognized for its production of secondary metabolites with biological
activity [12,103]. Previous studies have identified polyphenols and terpenoids as the primary
bioactive compounds in H. stipulacea. Specifically, the flavonoid apigenin and the glycoterpenoid
syphonoside have been reported as the main bioactive compounds isolated from H. stipulacea
extracts [96,104,105]. Interesting research has investigated the extraction of bioactive compounds
from leaves and stem from H. stipulacea using different solvents including hexane, ethyl acetate,
and methanol [106]. A total of 110 bioactive compounds were identified in the extracts, including
vitamins (choline), fatty acids (13-Docosenamide, palmitoylcarnitine), sugars, amino acids,
polyphenols (luteolin, spiraeoside, or aloenin), chlorophylls (pheophorbide A, pheophytin),
terpenoids (ginkgolide B, perillyl alcohol, xanthomonic Acid), and alkaloids (3-ethyl-2,3,6,7,8,8a-
hexahydropyrrolo [1,2-a]pyrazine-1,4-dione) [106].

The antioxidant capabilities of mature and young leaves of H. stipulacea have been
studied in fibroblasts [105].

It was demonstrated that mature leaves exhibited higher ROS-scavenging activity and were
more effective in mitigating oxidative stress-related damage in fibroblast cell lines compared to
young leaves. This enhanced activity is likely attributed to the elevated carotenoid content in
mature leaf extracts and a greater carbohydrate contribution to organic matter [105].

The bioactive compounds of H. stipulacea hold potential as a tool in cancer treatment,
as antiproliferative effects have been observed in vitro against various types of cancer,
including osteosarcoma, human neuroblastoma, and human colorectal carcinoma. These
antiproliferative effects were observed in both hexane and ethyl acetate extracts derived
from leaves and stems [106,107]. The observed anticancer (cytotoxic) properties were linked
to the presence of luteolin, apigenin and matairesinol in the extract [106].

Extracts from H. stipulacea have also been reported to exhibit anti-inflammatory and
anti-metabolic disorder activities, likely due to their high polyphenol concentrations [96,108].
However, further research is needed to identify the specific metabolites responsible for these
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effects. Among the polyphenols with lipid-lowering properties, cirsimarin and spiraeoside

were highlighted, along with amino acids such as N-acetyl-L-tyrosine [106].

Additionally, H. stipulacea extracts have demonstrated antimicrobial activity against fungi,
bacteria, and yeast [107]. For instance, aqueous, hydroalcoholic, chloroform, and ethyl acetate

extracts of H. stipulacea leaves showed potent antimicrobial effects against a wide range of

bacteria, including Bacillus subtilis, Staphylococcus aureus or Pseudomonas aeruginosa [109]. Notably,

its antimicrobial activity is associated with a strong antifouling capacity, potentially linked to

the presence of compounds like 13-decosenamide and cinnamic acids [106].

Finally, it has been demonstrated that diethyl ether and butanol extracts from H. stipu-

lacea exhibit significant anti-osteoclastogenic effects, likely due to the presence of phytos-
terols in the extracts [110] (see Table 6).

Table 6. Main compounds and bioactive properties of H. stipulacea.

Extract Type Main Compounds Activity Experimental Model Reference
Phenolics In vitro and in vivo
Ethanolic Flavonoids Antidiabetic . . [96]
. Wistar albino rats
Diterpenes
Carotenoids .. In vitro
Ethanol/Water Carbohydrates Antioxidant WI-38 cell line [105]
Luteolin In vitro
Hexane Aui eSnin Anticancer SH-SY5Y, HCT-116, [106]
Ethyl acetate NaB MG-63, HepG2,
hCMEC /D3 cell lines
Cirsimarin
Ethyl acetate Spiraeoside . . In vivo
Methanolic Amino acids Lipid-reducing Zebrafish larvae [106]
(N-acetyl-L-tyrosine)
Fatty acids . ..
Hexane . . . In vitro and in vivo
Methanolic (13—'decos<'enarr‘ude) Antifouling Mussel larvae [106]
Cinnamic acids
Carbohydrates
Ethanolic Phenoh‘cs Antibacterial In vitro [108]
Flavonoids
Terpenoids
Carbohydrates
. Phenolics .. In vivo
Ethanolic Flavonoids Anti-inflammatory Wistar albino rats [108]
Terpenoids
Aqueous
Hydroalcoho.hc Non determined Antimicrobial In vitro [109]
Chloroformic
Ethyl acetate
P-hydroxybenzoic acid
Bis (2-ethyl hexyl) phthalate
Benzoic acid
P-Hydroxybenzaldehyde
Methanolic Thymidine Antiosteoclastogenic In vitro [110]
Chloroform/methanol Stigmasterol AntioxidantCytotoxic
Oleic acid

Linoleic acid
Linoleic methyl ester
Apigenin
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3. Conclusions

In conclusion, marine plants represent an underexplored yet highly promising source
of bioactive compounds with significant potential for medical applications. Their di-
verse secondary metabolites, including polyphenols and flavonoids, and some primary
metabolites, such as polysaccharides, exhibit a wide range of biological activities such as
antioxidant, antibacterial, anti-inflammatory, and anticancer properties. These compounds
have demonstrated potential in addressing major health challenges, including cancer, infec-
tious diseases, and metabolic disorders, highlighting their therapeutic value. However, to
date, there are very few studies focused on specific compounds found in these plants, such
as thalassiolins or zosterin, nor are there any clinical trials using any of the extracts. Despite
these encouraging findings, further research is essential to fully elucidate their mechanisms
of action, optimize extraction and purification methods, and rigorously evaluate their
safety and efficacy in preclinical and clinical settings. Additionally, investigations into the
sustainable harvesting and cultivation of marine plants will be crucial to ensure a steady
supply of these valuable resources.

Author Contributions: Conceptualization, M.d. M.R.-T., A.S. and X.C.; formal analysis, L.G., A.S.
and X.C.; writing—original draft preparation, M.d. M.R.-T.,, PM.M.-R,, L.G., A.S. and X.C.; writing—
review and editing, M.d.M.R.-T.,, PM.M.-R,, L.G., A.S. and X.C,; supervision, L.G., A.S. and X.C.;
project administration, A.S. and X.C.; All authors have read and agreed to the published version of
the manuscript.

Funding: This research was partially funded by the Spanish Government, Institute of Health Carlos
III (CIBEROBN CB12/03/30038). MMRT was founded by the SOIB jove program financed by the
Govern de les Illes Balears.

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

References

1.  Szoke, E.; Kéry, A.; Lemberkovics, E.; Hooper, B.; Bognar, J.; Gergely, A. From Herbs to Healing: Pharmacognosy-Phytochemistry-
Phytotherapy-Biotechnology; Springer International Publishing: Berlin/Heidelberg, Germany, 2023.

2. Kong, D.X,; Jiang, Y.Y.; Zhang, H.Y. Marine natural products as sources of novel scaffolds: Achievement and concern. Drug Discov.
Today 2010, 15, 884-886. [CrossRef]

3.  Kim, D.H.; Mahomoodally, F,; Sadeer, N.; Seok, P.; Zengin, G.; Palaniveloo, K.; Khalil, A.A.; Rauf, A.; Rengasamy, K. Nutritional
and bioactive potential of seagrasses: A review. S. Afr. ]. Bot. 2020, 137, 216-227. [CrossRef]

4. Bambang, S.; Oktavianty, O.; Rahayu, F.; Handayani, M.; Rohim, A. Potential transformation of seagrass (Syringodium isoetifoliumn)
into a bioactive food ingredient using different extraction techniques. F1000Research 2023, 12, 1078. [CrossRef]

5. Gono, CM.P; Ahmadi, P; Hertiani, T.; Septiana, E.; Putra, M.Y.; Chianese, G. A Comprehensive Update on the Bioactive
Compounds from Seagrasses. Mar. Drugs 2022, 20, 406. [CrossRef]

6.  Short, E; Polidoro, B.; Livingstone, S.; Carpenter, K.; Bandeira, S.; Bujang, ].S.; Calumpong, H.; Carruthers, T.; Coles, R.; Dennison,
W.; et al. Extinction Risk Assessment of the World’s Seagrass Species. Biol. Conserv. 2011, 144, 1961-1971. [CrossRef]

7. Dulffy, ].E.; Benedetti-Cecchi, L.; Trinanes, J.; Muller-Karger, FE.; Ambo-Rappe, R.; Bostrom, C.; Buschmann, A.H.; Byrnes, J.;
Coles, R.G.; Creed, J.; et al. Toward a Coordinated Global Observing System for Seagrasses and Marine Macroalgae. Front. Mar.
Sci. 2019, 6, 317. [CrossRef]

8.  do Amaral Camara Lima, M.; Bergamo, T.; Ward, R.; Joyce, C. A review of seagrass ecosystem services: Providing nature-based
solutions for a changing world. Hydrobiologia 2023, 850, 2655-2670. [CrossRef]

9.  Nordlund, L.M.; Jackson, E.L.; Nakaoka, M.; Samper-Villarreal, J.; Beca-Carretero, P.; Creed, ].C. Seagrass ecosystem services—
What's next? Mar. Pollut. Bull. 2018, 134, 145-151. [CrossRef]

10.  Zidorn, C. Secondary metabolites of seagrasses (Alismatales and Potamogetonales; Alismatidae): Chemical diversity, bioactivity, and
ecological function. Phytochemistry 2016, 124, 5-28. [CrossRef]

11. Ameen, HM,; Jayadev, A ; Prasad, G.; Nair, D.I. Seagrass Meadows: Prospective Candidates for Bioactive Molecules. Molecules
2024, 29, 4596. [CrossRef]

12.  McMillan, C.; Zapata, O.; Escobar, L. Sulphated phenolic compounds in seagrasses. Aquat. Bot. 1980, 8, 267-278. [CrossRef]


https://doi.org/10.1016/j.drudis.2010.09.002
https://doi.org/10.1016/j.sajb.2020.10.018
https://doi.org/10.12688/f1000research.128718.1
https://doi.org/10.3390/md20070406
https://doi.org/10.1016/j.biocon.2011.04.010
https://doi.org/10.3389/fmars.2019.00317
https://doi.org/10.1007/s10750-023-05244-0
https://doi.org/10.1016/j.marpolbul.2017.09.014
https://doi.org/10.1016/j.phytochem.2016.02.004
https://doi.org/10.3390/molecules29194596
https://doi.org/10.1016/0304-3770(80)90055-8

Molecules 2025, 30, 485 19 of 23

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Atanasov, A.G.; Zotchev, S.B.; Dirsch, V.M.; Supuran, C.T. Natural products in drug discovery: Advances and opportunities. Nat.
Rev. Drug Discov. 2021, 20, 200-216. [CrossRef] [PubMed]

Flieger, ].; Flieger, W.; Baj, ].; Maciejewski, R. Antioxidants: Classification, Natural Sources, Activity /Capacity Measurements, and
Usefulness for the Synthesis of Nanoparticles. Materials 2021, 14, 4135. [CrossRef]

Vaou, N.; Stavropoulou, E.; Voidarou, C.; Tsigalou, C.; Bezirtzoglou, E. Towards Advances in Medicinal Plant Antimicrobial
Activity: A Review Study on Challenges and Future Perspectives. Microorganisms 2021, 9, 2041. [CrossRef] [PubMed]

Pinto, L.; Tapia-Rodriguez, M.R.; Baruzzi, F.; Ayala-Zavala, ].F. Plant Antimicrobials for Food Quality and Safety: Recent Views
and Future Challenges. Foods 2023, 12, 2315. [CrossRef]

Duarte, C.; Alvarez, E.; Amengual, J.; Barrén, C.; Basterretxea, G.; Calleja, M.; Deudero, S.; Diaz-Almela, E.; Grau, A.; Massuti, C.;
et al. Towards improved understanding of the status, ecology and coservation seagrass (Posidonia oceanica L. Delile) meadows in
the Balearic Islands. Boll. Soc. Hist. Nat. Balears 2003, 46, 9-19.

Hendriks, I; Olsen, Y.; Ramajo, L.; Basso, L.; Steckbauer, A.; Moore, T.; Howard, J.; Duarte, C. Photosynthetic activity buffers
ocean acidification in seagrass Meadows. Biogeosciences 2014, 11, 333-346. [CrossRef]

Infantes, E.; Orfila, A.; Simarro, G.; Terrados, J.; Luhar, M.; Nepf, H. Effect of a seagrass (Posidonia oceanica) meadow on wave
propagation. Mar. Ecol. Prog. Ser. 2012, 456, 63-72. [CrossRef]

Azcérate-Garcia, T.; Beca-Carretero, P.; Brun, FEG. Plant and Meadow Structure Characterisation of Posidonia oceanica in Its
Westernmost Distribution Range. Diversity 2023, 15, 101. [CrossRef]

Vidakovi¢-Cifrek, Z.; Tkalec, M.; Bakran-Petricioli, T.; Dolenc Koce, J.; Bobeti¢, J.; Cvrtila, A.; Grb¢ié, A.; Maroevig, J.; Mikec, N.;
Samac, J.; et al. Standard Descriptors and Selected Biomarkers in Assessment of Posidonia oceanica (L.) Delile Environmental
Response. J. Mar. Sci. Eng. 2024, 12, 2072. [CrossRef]

Leri, M.; Ramazzotti, M.; Vasarri, M.; Peri, S.; Barletta, E.; Pretti, C.; Degl’innocenti, D. Bioactive Compounds from Posidonia
oceanica (L.) Delile Impair Malignant Cell Migration through Autophagy Modulation. Mar. Drugs 2018, 16, 137. [CrossRef]
Benito-Gonziélez, I.; Lépez-Rubio, A.; Martinez-Abad, A.; Ballester, A.R.; Falcé, I.; Gonzéalez-Candelas, L.; Sanchez, G.; Lozano-
Sénchez, J.; Borrds-Linares, I.; Segura-Carretero, A ; et al. In-Depth Characterization of Bioactive Extracts from Posidonia oceanica
Waste Biomass. Mar. Drugs 2019, 17, 409. [CrossRef] [PubMed]

Astudillo-Pascual, M.; Dominguez, I.; Aguilera, P.A.; Garrido Frenich, A. New Phenolic Compounds in Posidonia oceanica Seagrass:
A Comprehensive Array Using High Resolution Mass Spectrometry. Plants 2021, 10, 864. [CrossRef] [PubMed]

Micheli, L.; Vasarri, M.; Degl'Innocenti, D.; Di Cesare Mannelli, L.; Ghelardini, C.; Emiliano, A.; Verdelli, A.; Caproni, M.; Barletta,
E. Posidonia oceanica (L.) Delile Is a Promising Marine Source Able to Alleviate Imiquimod-Induced Psoriatic Skin Inflammation.
Mar. Drugs 2024, 22, 300. [CrossRef]

Kevrekidou, A.; Assimopoulou, A.N.; Trachana, V.; Stagos, D.; Malea, P. Antioxidant Activity, Inhibition of Intestinal Cancer Cell
Growth and Polyphenolic Compounds of the Seagrass Posidonia oceanica’s Extracts from Living Plants and Beach Casts. Mar.
Drugs 2024, 22, 130. [CrossRef]

Messina, C.M.; Arena, R.; Manuguerra, S.; Pericot, Y.; Curcuraci, E.; Kerninon, F; Renda, G.; Hellio, C.; Santulli, A. Antioxidant
Bioactivity of Extracts from Beach Cast Leaves of Posidonia oceanica (L.) Delile. Mar. Drugs 2021, 19, 560. [CrossRef]

Subhashini, P.; Dilipan, E.; Thangaradjou, T.; Papenbrock, J. Bioactive natural products from marine angiosperms: Abundance
and functions. Nat. Prod. Bioprospect. 2013, 3, 129-136. [CrossRef]

Berfad, M.; Alnour, T. Phytochemical analysis and Antibacterial activity of the 5 different extract from the seagrasses Posidonia
oceanica. J. Med. Plants Stud. 2014, 4, 15-18.

Ammar, N.M.; Hassan, H.A.; Mohammed, M.A ; Serag, A.; Abd El-Alim, S.H.; Elmotasem, H.; El Raey, M.; El Gendy, A.N.; Sobeh,
M.; Abdel-Hamid, A.Z. Metabolomic profiling to reveal the therapeutic potency of Posidonia oceanica nanoparticles in diabetic rats.
RSC Adv. 2021, 11, 8398-8410. [CrossRef]

Surveswaran, S.; Cai, Y.-Z.; Corke, H.; Sun, M. Systematic evaluation of natural phenolic antioxidants from 133 Indian medicinal
plants. Food Chem. 2007, 102, 938-953. [CrossRef]

Grignon-Dubois, M.; Rezzonico, B. Phenolic fingerprint of the seagrass Posidonia oceanica from four locations in the Mediterranean
Sea: First evidence for the large predominance of chicoric acid. Bot. Mar. 2015, 58, 379-391. [CrossRef]

Barletta, E.; Ramazzotti, M.; Fratianni, F; Pessani, D.; Degl’Innocenti, D. Hydrophilic extract from Posidonia oceanica inhibits
activity and expression of gelatinases and prevents HT1080 human fibrosarcoma cell line invasion. Cell Adhes. Migr. 2015, 9,
422-431. [CrossRef]

Cornara, L.; Pastorino, G.; Borghesi, B.; Salis, A.; Clericuzio, M.; Marchetti, C.; Damonte, G.; Burlando, B. Posidonia oceanica (L.)
Delile Ethanolic Extract Modulates Cell Activities with Skin Health Applications. Mar. Drugs 2018, 16, 21. [CrossRef] [PubMed]
Vasarri, M.; Barletta, E.; Stio, M.; Bergonzi, M.C.; Galli, A.; Degl'Innocenti, D. Ameliorative Effect of Posidonia oceanica on High
Glucose-Related Stress in Human Hepatoma HepG2 Cells. Int. J. Mol. Sci. 2023, 24, 5203. [CrossRef]

Farid, M.; Marzouk, M.; Hussein, S.; Elkhateeb, A.; Saleh, E.-S. Comparative study of Posidonia oceanica L.: LC/ESI/MS analysis,
cytotoxic activity and chemosystematic significance. J. Mater. Environ. Sci. 2018, 9, 1676-1682.


https://doi.org/10.1038/s41573-020-00114-z
https://www.ncbi.nlm.nih.gov/pubmed/33510482
https://doi.org/10.3390/ma14154135
https://doi.org/10.3390/microorganisms9102041
https://www.ncbi.nlm.nih.gov/pubmed/34683362
https://doi.org/10.3390/foods12122315
https://doi.org/10.5194/bg-11-333-2014
https://doi.org/10.3354/meps09754
https://doi.org/10.3390/d15010101
https://doi.org/10.3390/jmse12112072
https://doi.org/10.3390/md16040137
https://doi.org/10.3390/md17070409
https://www.ncbi.nlm.nih.gov/pubmed/31324025
https://doi.org/10.3390/plants10050864
https://www.ncbi.nlm.nih.gov/pubmed/33923075
https://doi.org/10.3390/md22070300
https://doi.org/10.3390/md22030130
https://doi.org/10.3390/md19100560
https://doi.org/10.1007/s13659-013-0043-6
https://doi.org/10.1039/D0RA09606G
https://doi.org/10.1016/j.foodchem.2006.06.033
https://doi.org/10.1515/bot-2014-0098
https://doi.org/10.1080/19336918.2015.1008330
https://doi.org/10.3390/md16010021
https://www.ncbi.nlm.nih.gov/pubmed/29320400
https://doi.org/10.3390/ijms24065203

Molecules 2025, 30, 485 20 of 23

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Punginelli, D.; Catania, V.; Abruscato, G.; Luparello, C.; Vazzana, M.; Mauro, M.; Cunsolo, V.; Saletti, R.; Di Francesco, A.; Arizza,
V.; et al. New Bioactive Peptides from the Mediterranean Seagrass Posidonia oceanica (L.) Delile and Their Impact on Antimicrobial
Activity and Apoptosis of Human Cancer Cells. Int. J. Mol. Sci. 2023, 24, 5650. [CrossRef] [PubMed]

Aguilar-Brisefio, ].A.; Cruz-Suarez, L.E.; Sassi, ].F.; Ricque-Marie, D.; Zapata-Benavides, P.; Mendoza-Gamboa, E.; Rodriguez-
Padilla, C.; Trejo-Avila, L.M. Sulphated polysaccharides from Ulva clathrata and Cladosiphon okamuranus seaweeds both inhibit
viral attachment/entry and cell-cell fusion, in NDV infection. Mar. Drugs 2015, 13, 697-712. [CrossRef]

Ben Salem, Y.; Abdelhamid, A.; Mkadmini Hammi, K.; Le Cerf, D.; Bouraoui, A.; Majdoub, H. Microwave-assisted extraction and
pharmacological evaluation of polysaccharides from Posidonia oceanica. Biosci. Biotechnol. Biochem. 2017, 81, 1917-1925. [CrossRef]
Mirpoor, S.E; Restaino, O.E,; Schiraldi, C.; Giosafatto, C.V.L.; Ruffo, E; Porta, R. Lignin/Carbohydrate Complex Isolated from
Posidonia oceanica Sea Balls (Egagropili): Characterization and Antioxidant Reinforcement of Protein-Based Films. Int. J. Mol. Sci.
2021, 22, 9147. [CrossRef]

Pfeifer, L.; Classen, B. The Cell Wall of Seagrasses: Fascinating, Peculiar and a Blank Canvas for Future Research. Front. Plant Sci.
2020, 11, 588754. [CrossRef]

Santinon, C.; Ochi, D.; Beppu, M.M.; Vieira, M.G.A. Chemical modifications in the structure of seaweed polysaccharides as a
viable antimicrobial application: A current overview and future perspectives. Algal Res. 2022, 66, 102796. [CrossRef]

Talavera, S. Zosteraceae. In Flora ibérica: Plantas vasculares de la Peninsula Ibérica e Islas Baleares; Talavera, S.M.].G., Romero Zarco,
C., Herrero, A., Eds.; Editorial CSIC: Madrid, Spain, 2010; Volume XVII, pp. 108-113.

Moore, K.; Short, E. Zostera: Biology, Ecology, and Management; Springer: Berlin/Heidelberg, Germany, 2006. [CrossRef]
Custédio, L.; Laukaityte, S.; Engelen, A.H.; Rodrigues, M.].; Pereira, H.; Vizetto-Duarte, C.; Barreira, L.; Rodriguez, H.; Albericio,
F.; Varela, J. A comparative evaluation of biological activities and bioactive compounds of the seagrasses Zostera marina and
Zostera noltei from southern Portugal. Nat. Prod. Res. 2016, 30, 724-728. [CrossRef] [PubMed]

Ballesteros, E.; Martin, D.; Uriz, M. Biological Activity of Extracts from Some Mediterranean Macrophytes. Bot. Mar. 1992, 35,
481-486. [CrossRef]

Razgonova, M.P; Tekutyeva, L.A.; Podvolotskaya, A.B.; Stepochkina, V.D.; Zakharenko, A.M.; Golokhvast, K. Zostera marina
L.: Supercritical CO,-Extraction and Mass Spectrometric Characterization of Chemical Constituents Recovered from Seagrass.
Separations 2022, 9, 182. [CrossRef]

Grignon-Dubois, M.; Rezzonico, B. Phenolic chemistry of the seagrass Zostera marina Linnaeus: First assessment of geographic
variability among populations on a broad spatial scale. Phytochemistry 2023, 213, 113788. [CrossRef]

Kolenchenko, E.A.; Sonina, L.N.; Khotimchenko, Y.S. Comparative in vitro Assessment of Antioxidant Activities of Low-Etherified
Pectin from the Eelgrass Zostera marina and Antioxidative Medicines. Russ. ]. Mar. Biol. 2005, 31, 331-334. [CrossRef]

Kim, J.H.; Cho, Y.H.; Park, S.M.; Lee, K.E,; Lee, ] .J.; Lee, B.C.; Pyo, H.B.; Song, K.S.; Park, H.D.; Yun, Y.P. Antioxidants and
inhibitor of matrix metalloproteinase-1 expression from leaves of Zostera marina L. Arch. Pharm. Res. 2004, 27, 177-183. [CrossRef]
Choi, H.-G,; Lee, ].-H.; Park, H.-H.; Sayegh, F. Antioxidant and Antimicrobial Activity of Zostera marina L. Extract. Algae 2009, 24,
179-184. [CrossRef]

Elkattan, A.; Amen, Y.; Matsumoto, M.; Nagata, M.; Mittraphab, Y.; Shimizu, K. Anti-phototoxicity and anti-melanogenesis
activities of eelgrass Zostera marina and its phenolic constituents. Fitoterapia 2024, 173, 105817. [CrossRef]

Rees, C.R,; Costin, ].M.; Fink, R.C.; McMichael, M.; Fontaine, K.A; Isern, S.; Michael, S.F. In vitro inhibition of dengue virus entry
by p-sulfoxy-cinnamic acid and structurally related combinatorial chemistries. Antivir. Res. 2008, 80, 135-142. [CrossRef]
Alwabli, A.; Qadri, I. Identification of Possible Inhibitor Molecule against NS5 MTase and RdRp Protein of Dengue Virus in Saudi
Arabia. Indian J. Pharm. Educ. Res. 2021, 55, 1028-1036. [CrossRef]

Styshova, O.N.; Popov, A.M.; Artyukov, A.A.; Klimovich, A.A. Main constituents of polyphenol complex from seagrasses of the
genus Zostera, their antidiabetic properties and mechanisms of action. Exp. Ther. Med. 2017, 13, 1651-1659. [CrossRef] [PubMed]
Wagey, B.; Gunawan, W.; Lasabuda, R.; Mayulu, N.; Al Mahira, M.; Lailossa, D.; Riswanda, F.; Berta, E.; Dewa, P; Yudisthira,
D.; et al. New insight on antioxidants and anti-obesity properties of two seagrasses Thalassia hemprichii and Zostera marina: An
integrated molecular docking simulation with in vitro study [version 2; peer review: 1 approved, 1 approved with reservations].
F1000Research 2024, 12, 727. [CrossRef]

Popov, A.; Krivoshapko, O.; Artyukov, A.A. Comparative estimation of pharmacological activities of luteolin and luteolin
7,3'-disulphate at modelling of different pathologies. Russ. J. Biopharm. 2011, 3, 27-33.

Sevimli-Gur, C.; Yesil-Celiktas, O. Cytotoxicity screening of supercritical fluid extracted seaweeds and phenylpropanoids. Mol.
Biol. Rep. 2019, 46, 3691-3699. [CrossRef]

Li, Y;; Grauso, L.; Scarpato, S.; Cacciola, N.A.; Borrelli, F.; Zidorn, C.; Mangoni, A. Stable Catechol Keto Tautomers in Cytotoxic
Heterodimeric Cyclic Diarylheptanoids from the Seagrass Zostera marina. Org. Lett. 2021, 23, 7134-7138. [CrossRef]

Cacciola, N.A.; De Cicco, P.; Amico, R.; Sepe, F; Li, Y.,; Grauso, L.; Nani, M.E; Scarpato, S.; Zidorn, C.; Mangoni, A.; et al.
Zosterabisphenone B, a new diarylheptanoid heterodimer from the seagrass Zostera marina, induces apoptosis cell death in colon
cancer cells and reduces tumour growth in mice. Phytother. Res. 2024, 38, 4168-4176. [CrossRef]


https://doi.org/10.3390/ijms24065650
https://www.ncbi.nlm.nih.gov/pubmed/36982723
https://doi.org/10.3390/md13020697
https://doi.org/10.1080/09168451.2017.1361808
https://doi.org/10.3390/ijms22179147
https://doi.org/10.3389/fpls.2020.588754
https://doi.org/10.1016/j.algal.2022.102796
https://doi.org/10.1007/978-1-4020-2983-7_16
https://doi.org/10.1080/14786419.2015.1040791
https://www.ncbi.nlm.nih.gov/pubmed/26189828
https://doi.org/10.1515/botm.1992.35.6.481
https://doi.org/10.3390/separations9070182
https://doi.org/10.1016/j.phytochem.2023.113788
https://doi.org/10.1007/s11179-005-0098-2
https://doi.org/10.1007/BF02980103
https://doi.org/10.4490/ALGAE.2009.24.3.179
https://doi.org/10.1016/j.fitote.2023.105817
https://doi.org/10.1016/j.antiviral.2008.05.007
https://doi.org/10.5530/ijper.55.4.203
https://doi.org/10.3892/etm.2017.4217
https://www.ncbi.nlm.nih.gov/pubmed/28565749
https://doi.org/10.12688/f1000research.135221.2
https://doi.org/10.1007/s11033-019-04812-9
https://doi.org/10.1021/acs.orglett.1c02537
https://doi.org/10.1002/ptr.8269

Molecules 2025, 30, 485 21 of 23

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Reyes, J.; Sansén, M.; Afonso-Carrillo, J. Distribution and reproductive phenology of the seagrass Cymodocea nodosa (Ucria)
Ascherson in the Canary Islands. Aquat. Bot. 1995, 50, 171-180. [CrossRef]

Zarranz, M.; Garcfa-Jiménez, P.; Gonzélez-Henriquez, N.; Robaina, R. La Planta Marina Cymodocea nodosa: Biologia y Cultivo;
Universidad de Las Palmas de Gran Canaria—Servicio de Publicaciones y Difusién Cientifica: Gran Canaria, Spain, 2013.
Perumal, P,; Arthanari, U.; Elumalai, S. A Review on Pharmaceutically Potent Bioactive Metabolites of Seagrass Cymodoceaceae
Family. Curr. Trends Biotechnol. Pharm. 2021, 15, 436—446.

Ben Abdallah Kolsi, R.; Ben Gara, A.; Chaaben, R.; El Feki, A.; Patti, EP,; El Feki, L.; Belghith, K. Anti-obesity and lipid lowering
effects of Cymodocea nodosa sulphated polysaccharide on high cholesterol-fed-rats. Arch. Physiol. Biochem. 2015, 121, 210-217.
[CrossRef]

Kolsi, R.B.A.; Fakhfakh, J.; Krichen, F; Jribi, I.; Chiarore, A.; Patti, EP.; Blecker, C.; Allouche, N.; Belghith, H.; Belghith, K.
Structural characterization and functional properties of antihypertensive Cymodocea nodosa sulfated polysaccharide. Carbohydr.
Polym. 2016, 151, 511-522. [CrossRef] [PubMed]

Kolsi, R.B.A.; Gargouri, B.; Sassi, S.; Frikha, D.; Lassoued, S.; Belghith, K. In vitro biological properties and health benefits of a
novel sulfated polysaccharide isolated from Cymodocea nodosa. Lipids Health Dis. 2017, 16, 252. [CrossRef] [PubMed]

Kolsi, R.; Abdallah, EB.; Elleuch, M.; Kolsi, B.; Feki, A.E.; Belghith, K.S. Antioxidant and fertility potentials of a marine sulfated
polysaccharide potentiel antioxydant et de fertilite d” un polysaccharide sulfate. [IM Sfax 2018, 28, 36—44.

Kolsi, R.B.A.; Salah, H.B.; Saidi, S.A.; Allouche, N.; Belghith, H.; Belghith, K. Evaluation of nutritional value, characteristics,
functional properties of Cymodocea nodosa and its benefits on health diseases. Lipids Health Dis. 2017, 16, 238. [CrossRef]
Chaabani, E.; Mgaidi, S.; Abdennebi, A.; Dakhlaoui, S.; Majdi, H.; Selmi, S.; Zariat, M.; Shili, A.; Merah, O. Enhancing Antioxidant
Activity from Aquatic Plant Cymodocea nodosa for Enhancing Antioxidant Activity from Aquatic Plant Cymodocea nodosa for
Cosmetic Formulation Through Optimized Ultrasound-Assisted Extraction Using Response Surface Methodology. Cosmetics 2024,
11, 186. [CrossRef]

Ben Abdallah Kolsi, R.; Ben Salah, H.; Jardak, N.; Chaaben, R.; El Feki, A.; Rebai, T.; Jamoussi, K.; Allouche, N.; Belghith, H.;
Belghith, K. Effects of Cymodocea nodosa extract on metabolic disorders and oxidative stress in alloxan-diabetic rats. Biomed.
Pharmacother. 2017, 89, 257-267. [CrossRef]

Kontiza, I.; Stavri, M.; Zloh, M.; Vagias, C.; Gibbons, S.; Roussis, V. New metabolites with antibacterial activity from the marine
angiosperm Cymodocea nodosa. Tetrahedron 2008, 64, 1696-1702. [CrossRef]

Ravilla, L.; Ahmed, S.; Kalaivani, P.; Varadharaj, V. A Review on Halodule uninervis—A Potent Seagrass. Int. |. Res. Pharm. Sci.
2020, 11, 875-879. [CrossRef]

Wehbe, N.; Bechelany, M.; Badran, A.; Al-Sawalmih, A.; Mesmar, J.E.; Baydoun, E. A Phytochemical Analysis and the Pharmaco-
logical Implications of the Seagrass Halodule uninervis: An Overview. Pharmaceuticals 2024, 17, 993. [CrossRef]

Ghandourah, M.; Hawas, U.; Gad El-Mawla, L.; Shaher, F. Fatty Acids and Other Chemical Compositions of Some Seagrasses
Collected from the Saudi Red Sea with Potential of Antioxidant and Anticancer Agents. Thalass. Int. ]. Mar. Sci. 2021, 37, 13-22.
[CrossRef]

Wehbe, N.; Badran, A.; Baydoun, S.; Al-Sawalmih, A.; Maresca, M.; Baydoun, E.; Mesmar, J.E. The Antioxidant Potential and
Anticancer Activity of Halodule uninervis Ethanolic Extract against Triple-Negative Breast Cancer Cells. Antioxidants 2024, 13, 726.
[CrossRef]

Supriadi, A.; Baehaki, A.; Pratama, M.C. Antibacterial activity of methanol extract from seagrass of Halodule uninervis in the
coastal of Lampung. Environ. Sci. Agric. Food Sci. 2016, 8, 77-79.

Ahmed, F.; Mahmoud, A.-B.; El-Swaify, Z.; El-Din, R. A comparative Evaluation of Phytochemical and Antimicrobial Properties
of Selected Aquatic and Terrestrial Halophyte Plants Growing in Egypt. Int. ]. Theor. Appl. Res. 2023, 2, 16-29. [CrossRef]
Hamisi, M.; Mbusi, L.; Lyimo, T.; Mi, H.; Ld, M.; Lyimo, L. Antibacterial activity against Salmonella typhi and phytochemical
screening of seven seagrass species from the coast of Tanzania Open access Citation. WIO J. Mar. Sci. 2024, 22, 83-89.
Mahyoub, J.; Althbyani, A.; Panneerselvam, D.C.; Murugan, K.; Mathath, R.; Trivedi, S.; Nicoletti, M.; Hawas, U.; Shaher,
F.; Bamakhrama, M.; et al. Seagrasses as Sources of Mosquito Nano-Larvicides? Toxicity and Uptake of Halodule uninervis-
Biofabricated Silver Nanoparticles in Dengue and Zika Virus Vector Aedes aegypti. J. Clust. Sci. 2017, 28, 565-580. [CrossRef]
Afifi Khattab, R.; Gaballa, A.; Zakaria, S.; Sallam, I.; Ali, A. Larvicidal effect of crude extracts of some marine plants (mangrove
and seagrasses) on mosquitoes of Culex pipiens. Egypt. |. Aquat. Biol. Fish. 2012, 16, 99-105. [CrossRef]

Baehaki, A.; Herpandi, H.; Lestari, S.; Hendri, M.; Ariska, F. Antidiabetic Activity with N-Hexane, Ethyl-Acetate and Ethanol
Extract of Halodule uninervis Seagrass. Pharmacogn. . 2020, 12, 805-808. [CrossRef]

Karthikeyan, R.; Sundarapandian, M. Antidiabetic Activity of Methanolic Extract of Halodule uninervis in Streptozotocin-Induced
Diabetic Mice. J. Pharm. Sci. Res. 2017, 9, 1864-1868.

Perumal, P.; Umamaheswari, A.; Ravichandran, B.; Elumalai, S. Phytochemical Screening and In-vitro Anticancer Activity of
Ethyl Acetate Fraction of Seagrass Halodule uninervis from Mandapam Coastal Region, Rameswaram, Gulf of Mannar, India. Int.
J. Pharm. Sci. Drug Res. 2020, 13, 677-684. [CrossRef]


https://doi.org/10.1016/0304-3770(95)00451-5
https://doi.org/10.3109/13813455.2015.1105266
https://doi.org/10.1016/j.carbpol.2016.05.098
https://www.ncbi.nlm.nih.gov/pubmed/27474595
https://doi.org/10.1186/s12944-017-0643-y
https://www.ncbi.nlm.nih.gov/pubmed/29273029
https://doi.org/10.1186/s12944-017-0626-z
https://doi.org/10.3390/cosmetics11060186
https://doi.org/10.1016/j.biopha.2017.02.032
https://doi.org/10.1016/j.tet.2007.12.007
https://doi.org/10.26452/ijrps.v11i1.1909
https://doi.org/10.3390/ph17080993
https://doi.org/10.1007/s41208-020-00258-0
https://doi.org/10.3390/antiox13060726
https://doi.org/10.21608/ijtar.2023.220991.1070
https://doi.org/10.1007/s10876-016-1127-3
https://doi.org/10.21608/ejabf.2012.2128
https://doi.org/10.5530/pj.2020.12.115
https://doi.org/10.25004/IJPSDR.2021.130611

Molecules 2025, 30, 485 22 of 23

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Tussenbroek, B.; Vonk, J.; Stapel, J.; Erftemeijer, P.; Middelburg, J.; Zieman, J.; Larkum, A.; Orth, R.; Duarte, C. The Biology of
Thalassia: Paradigms and Recent Advances in Research. In Seagrasses: Biology, Ecology and Conservation; Springer: Dordrecht, The
Netherlands, 2007; pp. 409-439. [CrossRef]

Patil, R.; Mallya, R. A mini review on biological activities of genus Thalassia: A marine seagrass. . Pharmacogn. Phytochem. 2023,
12,215-222. [CrossRef]

Supaphon, P.; Phongpaichit, S.; Rukachaisirikul, V.; Sakayaroj, J. Antimicrobial potential of endophytic fungi derived from three
seagrass species: Cymodocea serrulata, Halophila ovalis and Thalassia hemprichii. PLoS ONE 2013, 8, €72520. [CrossRef] [PubMed]
Jafriati, J.; Hatta, M.; Yuniar, N.; Junita, A.; Dwiyanti, R.; Sabir, M.; Primaguna, M. Thalassia hemprichii Seagrass Extract as
Antimicrobial and Antioxidant Potential on Human: A Mini Review of the Benefits of Seagrass. J. Biol. Sci. 2019, 19, 363-371.
[CrossRef]

Jebasingh, S.E.J.; Lakshmikandan, M.; Sivaraman, K.; Uthiralingam, M. Assessment of Antibacterial, Antifungal Property and
Purification of Bioactive Compounds from Seagrass, Thalassia hemprichii. Proc. Natl. Acad. Sci. India Sect. B Biol. Sci. 2015, 86,
905-910. [CrossRef]

Abdelrahman, S.; Mohsen, E.; Ghareeb, M.; Hawary, S. Chemical diversity and therapeutic potentialities of seaweeds and marine
sponges collected from the Red Sea: An update. J. Appl. Pharm. Sci. 2023, 13, 31-44. [CrossRef]

Hawas, U.W. A New 8-Hydroxy Flavone O-Xyloside Sulfate and Antibacterial Activity from the Egyptian Seagrass Thalassia
hemprichii. Chem. Nat. Compd. 2014, 50, 629-632. [CrossRef]

Rowley, D.C.; Hansen, M.S.; Rhodes, D.; Sotriffer, C.A.; Ni, H.; McCammon, J.A.; Bushman, FED.; Fenical, W. Thalassiolins A-C:
New marine-derived inhibitors of HIV ¢cDNA integrase. Bioorg. Med. Chem. 2002, 10, 3619-3625. [CrossRef]

Jensen, P.R; Jenkins, K.M.; Porter, D.; Fenical, W. Evidence that a New Antibiotic Flavone Glycoside Chemically Defends the Sea
Grass Thalassia testudinum against Zoosporic fungi. Appl. Environ. Microbiol. 1998, 64, 1490-1496. [CrossRef]

Tanaka, J.C,; Silva, C.C,; Oliveira, A.].; Nakamura, C.V,; Dias Filho, B.P. Antibacterial activity of indole alkaloids from Aspidosperma
ramiflorum. Braz. ]. Med. Biol. Res. Rev. Bras. Pesqui. Medicas Biol. 2006, 39, 387-391. [CrossRef]

Madduluri, S.; Rao, K.B. In vitro evaluation of antibacterial activity of five indigenous plants extract against five bacterial
pathogens of human. Int. . Pharm. Pharm. Sci. 2013, 5, 679-684.

Nely Suryani, N.; Effionora, A.; Tati, N. Optimization of Extraction Condition to Obtain Antioxidant Activity and Total Phenolic
Content of Seagrass Thalassia hemprichii (Ehrenb.) Asch from Indonesia. Pharmacogn. J. 2018, 10, 958-962.

Hegazi, N.M.; Saad, H.H.; Marzouk, M.M.; Abdel Rahman, M.E; El Bishbishy, M.H.; Zayed, A.; Ulber, R.; Ezzat, S.M. Molecular
Networking Leveraging the Secondary Metabolomes Space of Halophila stipulaceae (Forsk.) Aschers. and Thalassia hemprichii
(Ehrenb. ex Solms) Asch. in Tandem with Their Chemosystematics and Antidiabetic Potentials. Mar. Drugs 2021, 19, 279.
[CrossRef] [PubMed]

Mahyoub, J.A. Mosquito Larvicidal activity of seaweed extracts against Anopheles d’thali with reference to its side effects on
aquatic nontraget organisms. Int. |. Mosq. Res. 2018, 5, 34-38.

Mohamed Yacoob, S.; Ravikumar, S.; Beula, J. Larvicidal potential of seagrass extracts against dengue vector Aedes aegypti
(Insecta: Diptera: Culicidae). Int. ]. Pharma Bio Sci. 2013, 4, P62-P67.

Hernadndez-Balmaseda, I.; Guerra, L.R.; Declerck, K.; Herrera Isidrén, J.A.; Pérez-Novo, C.; Van Camp, G.; De Wever, O.; Gonzélez,
K.; Labrada, M.; Carr, A.; et al. Marine Seagrass Extract of Thalassia testudinum Suppresses Colorectal Tumor Growth, Motility
and Angiogenesis by Autophagic Stress and Immunogenic Cell Death Pathways. Mar. Drugs 2021, 19, 52. [CrossRef]

Sghaier, Y.R.; Zakhama-Sraieb, R.; Benamer, I.; Charfi-Cheikhrouha, F. Occurrence of the seagrass Halophila stipulacea (Hydrochari-
taceae) in the southern Mediterranean Sea. Bot. Mar. 2011, 54, 575-582. [CrossRef]

Dural, B.; Okudan, E.; Demir, N.; Senkardesler, A.; Erdugan, H.; Aysel, V. Observations on the flowering and fruit developments
in Halophila stipulacea (Hydrocharitaceae) in the Aegean Sea (Turkey). |. Black Sea/Mediterr. Environ. 2020, 26, 1-16.

Gessner, F.C. den Hartog: The sea-grasses of the world. Amsterdam, London: North-Holland Publishing Company 1970. 275 pp.
Hfl. 55. Int. Rev. Gesamten Hydrobiol. Hydrogr. 1971, 56, 141. [CrossRef]

Mollo, E.; Gavagnin, M.; Carbone, M.; Castelluccio, E.; Pozone, F.; Roussis, V.; Templado, J.; Ghiselin, M.T.; Cimino, G. Factors
promoting marine invasions: A chemoecological approach. Proc. Natl. Acad. Sci. USA 2008, 105, 4582-4586. [CrossRef]
Gavagnin, M.; Carbone, M.; Amodeo, P.; Mollo, E.; Vitale, R.M.; Roussis, V.; Cimino, G. Structure and absolute stereochemistry of
syphonoside, a unique macrocyclic glycoterpenoid from marine organisms. J. Org. Chem. 2007, 72, 5625-5630. [CrossRef]
Sansone, C.; Galasso, C.; Lo Martire, M.; Fernandez, T.V.; Musco, L.; Dell’Anno, A.; Bruno, A.; Noonan, D.M.; Albini, A.; Brunet,
C. In Vitro Evaluation of Antioxidant Potential of the Invasive Seagrass Halophila stipulacea. Mar. Drugs 2021, 19, 37. [CrossRef]
Bel Mabrouk, S.; Reis, M.; Sousa, M.L.; Ribeiro, T.; Almeida, ]J.R.; Pereira, S.; Antunes, J.; Rosa, F.; Vasconcelos, V.; Achour, L.; et al.
The Marine Seagrass Halophila stipulacea as a Source of Bioactive Metabolites against Obesity and Biofouling. Mar. Drugs 2020, 18,
88. [CrossRef] [PubMed]

Chebaro, Z.; Mesmar, ].E.; Badran, A.; Al-Sawalmih, A.; Maresca, M.; Baydoun, E. Halophila stipulacea: A Comprehensive Review
of Its Phytochemical Composition and Pharmacological Activities. Biomolecules 2024, 14, 991. [CrossRef]


https://doi.org/10.1007/978-1-4020-2983-7_18
https://doi.org/10.22271/phyto.2023.v12.i6c.14783
https://doi.org/10.1371/journal.pone.0072520
https://www.ncbi.nlm.nih.gov/pubmed/23977310
https://doi.org/10.3923/jbs.2019.363.371
https://doi.org/10.1007/s40011-015-0553-6
https://doi.org/10.7324/JAPS.2023.128836
https://doi.org/10.1007/s10600-014-1040-7
https://doi.org/10.1016/S0968-0896(02)00241-9
https://doi.org/10.1128/AEM.64.4.1490-1496.1998
https://doi.org/10.1590/S0100-879X2006000300009
https://doi.org/10.3390/md19050279
https://www.ncbi.nlm.nih.gov/pubmed/34069768
https://doi.org/10.3390/md19020052
https://doi.org/10.1515/BOT.2011.061
https://doi.org/10.1002/iroh.19710560139
https://doi.org/10.1073/pnas.0709355105
https://doi.org/10.1021/jo0704917
https://doi.org/10.3390/md19010037
https://doi.org/10.3390/md18020088
https://www.ncbi.nlm.nih.gov/pubmed/32013082
https://doi.org/10.3390/biom14080991

Molecules 2025, 30, 485 23 of 23

108. El-Rafie, H.M.; El-Rafie, M.H.; AbdElsalam, H.M.; El-Sayed, W.A. Antibacterial and anti-inflammatory finishing of cotton by
microencapsulation using three marine organisms. Int. J. Biol. Macromol. 2016, 86, 59-64. [CrossRef] [PubMed]

109. Gumguje, E.; Bukhari, D.; Hajar, A. Evaluation of antioxidant and antibacterial properties of Halophila stipulacea leaves extracts
obtained from (Alwajh) North of Yanbu city. Aust. J. Basic Appl. Sci. 2018, 12, 8-11.

110. Hamdy, A.-H.A ; El-Fiky, N.M.; El-Beih, A.A.; Mohammed, M.M.D.; Mettwally, W.S.A. Egyptian red sea seagrass as a source of
biologically active secondary metabolites. Egypt. Pharm. . 2020, 19, 224-237. [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.ijbiomac.2016.01.039
https://www.ncbi.nlm.nih.gov/pubmed/26776873
https://doi.org/10.4103/epj.epj_57_19

	Introduction 
	Marine Phanerogams and Bioactive Compounds 
	Posidonia oceanica (Delile) (Posidoniaceae) 
	Zostera marina L. (Zosteraceae) 
	Cymodocea nodosa (Ucria) Asch. (Cymodoceaceae) 
	Halodule uninervis (Forssk.) Boiss. (Cymodoceaceae) 
	Thalassia hemprichii (Ehrenb. ex Solms) Asch. (Hydrocharitaceae) 
	Halophila stipulacea (Forssk.) Asch. (Hydrocharitaceae) 

	Conclusions 
	References

