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Abstract: The gut is an intricate and diverse organ system for investigating visceral pattern generation.
The gut made an early evolutionary breakthrough. There is evidence that the molecular mechanisms
governing the development of gastrointestinal patterns are species-specific. Some have suggested
using marine drugs to treat gastrointestinal disorders. The study, which used an integrated network
pharmacology approach, aimed to find out how well fucoidan worked and what Fucus vesiculosus
might be doing to help prevent digestive problems. Researchers gathered information on how
potential bioactive components of brown seaweed and their associated targets interact with the
disease gene targets of gastrointestinal disorders. We studied the signaling pathways linked to
F. vesiculosus in the context of gut health treatments using a KEGG (Kyoto Encyclopedia of Genes
and Genomes pathway) and GO (Gene ontology) enrichment analysis. We built and studied the
protein—protein interaction (PPI) and compound-target networks using Cytoscape. PPI network
analysis yielded a total of 44 important targets, including BCL2, ESR1, and STAT3. The KEGG
enrichment analysis revealed a strong correlation between the signaling pathways used in the
treatment and the prevention of gastrointestinal disorders. We docked significant genes with TNF,
STAT3, BCL2, and ALB. Fucoxanthin and fucoidan possess beneficial properties for improving gut
health by treating gastric-intestinal issues. This study showed that by controlling several targets
and many pathways with multiple components, F. vesiculosus exhibited preventive effects against
gastrointestinal disorders.
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1. Introduction

All living things, including the human gut, require food consumption and digestion
to obtain the necessary nutrients for maintaining physical strength. A variety of metabolic
processes, including growth, development, and reproduction, can use the energy produced
by nutrient absorption [1-3]. Thus, maintaining both host protection against invasive
infections and host health depends heavily on a well-balanced diet. In this context, immune
system-boosting dietary additives can help the host in other ways. Increasing healthcare
concerns have led to a decrease in the use of synthetic chemicals, including antibiotics.
As a result, scientists have been searching for naturally occurring compounds that may
improve human physiology with no negative effects. However, bioactive substances
derived from brown seaweed, such as microalgae and macroalgae, are good contenders
because they have various advantageous properties, such as anti-inflammatory, anti-cancer,
and antioxidant properties [4-6]. The gut bacteria, intestinal mucosa, and intestinal immune
system make up the incredibly complex environment known as intestinal microecology.
The microbiology of the intestines is critical to controlling the human body’s metabolism [7].
Creating a selective barrier to stop toxic bacteria and other substances from entering the
bloodstream is one of the main functions of intestinal microbiology.
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Fucoidan, which is a polysaccharide with a fucose moiety and a sulfate group, is
isolated from various species of brown seaweed, including Undaria pinnatifida, F. vesiculosus,
Laminaria japonica, and Cladosiphon okamuranus [8]. Fucoidans are known to be present
in seaweed cell walls to maintain the cell membrane’s stability and protect the structure
from dehydration [9]. Fucoidans have pharmacological and immunological functions, such
as lowering blood sugar, reducing inflammation, lowering cholesterol, stopping blood
clots, protecting cells from damage, fighting viruses, stopping metastasis, and fighting can-
cer [10]. These functions are linked to the way they are structured. Despite the widespread
use of fucoidan extracts in various healthcare products, like food supplements [11] and
cosmetics [12], studies have demonstrated that alterations in their structural composition
influence their bioactivities. Studies have indicated a close relationship between the struc-
tural formula, sugar composition, sulfate concentration, and sulfate group placement of
fucoidan extracts and their functional properties [13]. Therefore, to fully comprehend
the functional aspects of fucoidan, additional understanding regarding its structural and
chemical properties is necessary.

The gut, which absorbs and digests nutrition, is the largest and most active portion
of the immune system. Furthermore, it is critical for immunity to preserve the intestine’s
homeostasis through a variety of communications between microorganisms and immune
cells. The immune-responsible cells actively track, identify, and distinguish between dietary
antigens and exogenous antigens, such as infections [14]. Thus, using immunostimulants
(also known as immune modulators) to modify the gut immune system has been the
subject of numerous investigations. Stimulants are generally known to induce intestine
immunity by activating the signaling pathways of pattern recognition receptors in epithe-
lial cells and antigen-presenting cells, leading to the production of certain cytokines or
chemokines [15,16]. Because fucoidan is important for the immune system as a functional
supplement, an effective immunostimulant may make the intestines more resistant to ill-
ness. Researchers recently looked at zebrafish and found that fucoidan from C. okamuranus
changed the gut microbiota and the number of macrophages and neutrophils in the gut [17].
Moreover, feeding fucoidan to adult zebrafish dramatically reduced pro-inflammatory gene
(IL-1b) expression, suggesting that fucoidan may have immunomodulatory properties.

Network pharmacology (NP), which combines a number of disciplines and method-
ologies, has emerged as computer technology advances [18]. Since it aligns with the holistic
approach of utilizing multiple components, their targets, and reaching pathways, NP has ef-
fectively unraveled the therapeutic processes of numerous bioactive phytomedicines [19,20].
For this study, NP was used to find the disease network components, pathways, and targets
so that F. vesiculosus could be looked at for its possible role in preventing gastrointesti-
nal disorders. Initially, we generated a collection of potential chemicals and intersecting
genes related to gastrointestinal disorders. Next, we constructed the components-targets-
pathways network and the PPI. We also conducted analyses using gene ontology (GO)
and KEGG enrichment. Lastly, the molecular docking experiments provided additional
validation for the possible bioactive ingredients and main targets.

2. Materials and Methods

We used different software for the following analysis, such as Autodoc vina 4.2 (de-
veloped by Forli Lab. (La Jolla, CA, USA) at The Scripps Research Institute), Cytoscape
3.10.2 (created at the Institute of Systems Biology in Seattle, WA, USA), String Version
12 (UK), STITCH V 5 (Vancouver, BC, Canada), SwissTargetPredication ChEMBL23 and
Swiss ADME (http://www.swissadme.ch/ (accessed on 24 July 2024)) (Molecular Mod-
eling Group of the SIB), OMIM V2 (World Wide Web by NCBI, the National Center for
Biotechnology Information, Bethesda, MD, USA), GeneCard V5.21 (Department of Molecu-
lar Genetics at the Weizmann Institute of Science in Israel), Pymol V3 (Schrodinger Inc.,
New York, NY, USA), and Protox V3.
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2.1. Active Components and Corresponding Target Selection

We gathered the literature on the bioactive components of F. vesiculosus from PubMed,
IMPPAT, and the KNapSAcK database. The latter is a platform that includes pharma-
cokinetic features, associated protein targets, and several chemicals from herbal medicine.
We utilized SMILES (Canonical Simplified Molecular Input Line Entry System) to extract
the potent bioactive phytoconstituents of F. vesiculosus from PubChem. The metrics of
OB (oral bioavailability; 30%) and DL (drug-likeness; 0.18) were filtered out as they are
critical components of the drug’s Absorption, Distribution, Metabolism, and Elimination
(ADME) profile [21]. The preliminary phases of drug development frequently employ DL,
a qualitative characteristic of compounds. The term “oral drug absorption” (OB) describes
how much and how quickly an oral medication enters the body’s systemic circulation.
Molsoft and SwissADME calculate OB and DL to eliminate substances unlikely to be phar-
maceuticals. Protox-2 was used to examine the toxicity of the chosen active chemicals to
determine their active and inactive characteristics. Protein targets that interacted with
those putative active chemicals were then predicted using the STITCH and Swiss Target
Prediction databases. We fixed the target’s probability at >0.5.

2.2. Procurement of Candidate Gene and Disease-Associated Tnrgets Genes

We searched for known targets linked to the etiology of gastro-intestinal disorders us-
ing keywords like “gastro-intestinal” or “gastric intestinal” from two significant databases,
namely, OMIM and GeneCards [22]. We kept only the carefully chosen targets linked to the
illness, eliminating repeat targets to reduce the number of false positives. Next, F. vesiculosus
disease-related protein targets and bioactive compounds were imported into Uniprot to
obtain the corresponding gene name, symbol, ID, and their respective functions. Acquired
genes were then entered into the Venn diagram drawing tool to find the intersected gene as
a potential gene.

2.3. Protein-Protein Interaction (PPI) Construction Network

We built a PPI network with a maximum confidence of 0.9 by importing the candidate
genes into the STRING database (Search Tool for the Retrieval of Interacting Genes) [23].
Cytoscape (v3.9.1) provided a picture of the PPI network. The important genes were then
determined by calculating two topological features: betweenness and degree. The degree
of a node indicated how many edges were present. The shortest pathways between two
nodes were denoted by betweenness [24].

2.4. GO Enrichment and KEGG Pathway Analysis

The GO and KEGG enrichments were carried out by the David and Metascape
databases. Functional annotation of key genes by GO is described by three primary
terms: biological processes (BPs), cellular components (CCs), and molecular functions
(MFs). Key genes reveal a potential biological pathway through KEGG enrichment analysis.
Furthermore, the bioinformatics platform was utilized to do the KEGG enrichment analysis
and GO bubble chart.

2.5. Drug-Target Pathways Network Construction

The PPI-constructed network from the STRING database was then studied with
Cytoscape to analyze the constructed compound-protein interaction (CPI) network to
characterize the therapeutic action of F. vesiculosus for gastrointestinal disorders. The nodes
in the constructed network represent the drug components, target or disease-related genes,
and pathways with different shapes and colors. An “edge” refers to an association between
the nodes.

2.6. Molecular Docking Studies

The discovery and selection of a suitable drug target or receptor is the first stage
in the in silico drug design process. We used Autodock 4.2 for docking to investigate
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the type of interaction, binding mechanisms, and specific gut-intestinal receptors with
F. vesiculosus secondary metabolites. The RCSB protein data library provided the crystal
structures of the target enzymes, including TNF (6RM]J), STAT3 (6N]JS), ALB (1A06), BCL2
(6QGG), and CASP3 (INME). We downloaded the following ligands as SDF files and 3D
images from PubChem: fucoidan, sodium alginate, fucoxanthin, fucosterol, tetrafucol A,
and zeaxanthin. The receptors were introduced to PyMOL 3.0 (https://pymol.org/2/
(accessed on 28 March 2024)) and AutoDock 1.5.7 (http:/ /autodock.scripps.edu/ (accessed
on 27 March 2024)) [25] for the removal of water molecules and heteroatoms and the
addition of charges and hydrogen atoms. Subsequently, AutoDock (AD) 4.2 tools predicted
the conformations of ligand-receptor binding. We incorporated Gasteiger charges into the
ligand molecule and set all bonds to be rotatable. The method of applying the Lamarckian
Genetic Algorithm (LGA) was employed for protein-ligand docking. Using AD 4.2, the
optimized ligands docked with gastrointestinal receptors. We examined the docking results
using the molecular graphics visualization tool PyYMOL. For coordinate files, the PDBQT
file, which has partial charges in the atom, was used. The AD facilitated the generation
of PDBQT files from traditional PDB files [25]. We utilized PyMOL to evaluate the target
proteins and active compound affinities as mentioned by Shivanika C et al., 2022 [26].
Higher scores meant that the target protein was actively interacting with the parts. The
threshold was set by the protein’s PyMOL and its corresponding prototype ligand.

3. Results and Discussion
3.1. F. vesiculosus Bioactive Components and Target Gene Related to Disorder Identification

From the IMPPAT and KNapSAcK databases, were chosen following searching, filter-
ing, and duplication removal (Table 1).

The current study also included the marine component fucodan, which boasts a high
yield and a variety of pharmacological activities despite its DL value of —1.63. Though
the DL and OB for fucosterol were higher than the set limits, other phytocompounds were
of pharmacological interest and were therefore considered for the study. We carry out
the difficult phase of drug discovery, known as ADMET analysis, using the SwissADE
tool to assess various pharmacokinetic parameters that forecast ADE and the toxicity (T)
of the most highly significant novel therapeutic phytocomponents. The ADMET sketch
showed that none of the top-ranked fractions have any negative effects, suggesting that
the potent components have pharmacokinetic properties (Table 2). The ADMET properties
of potent medications for a variety of paradigms, such as GI absorption, P-glycoprotein
substrates, BBB penetration, and various cytochrome inhibitors, such as CYP1A2, CYP2C19,
CYP2C9, CYP2D6, and CYP3A4, have produced encouraging outcomes that significantly
substantiate the potency of these fractions. Log Kp values, which penetrate the stratum
corneum through intercellular, appendageal, or transcellular channels, determine the
size and chemo-physical characteristics of the skin. Unknown processes contribute to
gastric and intestinal disorders. We found high GI absorption of fucoidan, suggesting
its potential to induce intestinal immunity by stimulating pattern recognition receptor
signaling pathways that regulate epithelial cell proliferation, leading to the production of
certain cytokines or chemokines. Fucoidan, an immunostimulant candidate, may improve
host intestinal immunity, considering its immunological role as a functional supplement.
While fucoidan functions as an anti-cancer drug, prolonged use has demonstrated its
carcinogenic effects. Fucoidan inhibits metastasis by preventing the adhesion of tumor
cells to the extracellular matrix, whereas other phytocompounds are free from any type
of toxicity. All the phytocompounds demonstrated inactivity against various cytochrome
inhibitors, suggesting that other drugs did not hinder their absorption in the body. Scholars
have proposed several theories to elucidate the underlying process. Therefore, researchers
explored the molecular mechanism of bioactive components using network pharmacology
for the treatment of gastrointestinal disorders.


https://pymol.org/2/
http://autodock.scripps.edu/
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Table 1. The active compounds and their properties and structures.
Compound_ID Active Compound DL OB% Structure
Oy OH
Q/S\\o
. HO,, ~ .
129532628 Fucoidan —1.63 0.56 : o
o ~°
[ E
71308278 Tetrafucol A -1.82 0.17
Q
o
5281239 Fucoxanthin —-0.35 0.17
5281328 Fucosterol 0.85 0.55
SO oo
5280899 Zeaxanthin -0.18 0.17 \/YW\
O-H
+
- ]
o o._0O
5102882 Alginate —0.08 0.11 H
0 o~
Il| O-H

Meanwhile, we gathered a total of 382 target genes that interacted with those expected
components; we retrieved 539 of these from the STP database and 26 from the STITCH after
removing duplication. Furthermore, we gathered 527 disease genes related to the gastric-
intestinal tract, which includes 358 found in GeneCards and 393 targets in OMIM, after
the removal of duplicate genes. Hence, through the Venn diagram, we found 319 unique
compound targets and 464 disease genes. We considered the revealed targets and com-
pounds to be important factors in analyzing the gut disorder’s treatment outcomes. Finally,
63 intersection genes or overlapping genes of targets identified as co-expressed targets,
also known as candidate genes, would help with more research into how F. vesiculosus
treats gastrointestinal disorders (Figure 1a). Identifying the exact cellular and molecular
locations of the genes is required to identify a protein at the transcriptional level. Most of
the gastro-intestinal target genes were expressed in smooth muscle (expressed value above
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6), while others were expressed in HepG2 (around 2.8) and the small intestine (around 2.6)
(Figure S1). At the cellular level, the Descartes fetal cerebellum microglia expressed the
majority of the genes (above five), while the muraro pancreas mesenchymal stroma cell and
the aizarani liver C23 kupffer cells 3 (near to 4) also showed high expression (above four).
We thoroughly distributed the genes in the other gastric and intestine cells (Figure S2).
Lastly, our analysis revealed that various diseases and carcinomas expressed the majority
of these genes (Figure S3).

Table 2. ADMET profiling of compounds.

Standard Parameters Fucoxanthin Fucoidan Fucosterol Tetrafucol A Sodium Alginate Zeaxanthin

GI absorption Low High Low Low Low Low
BBB No No Yes Yes No No
P-gp substrate Yes No No No Yes Yes
CYP1A2 inhibitor No No No No No No
CYP2C19 inhibitor No No No No No No
CYP2C9 inhibitor No No No Yes No No
CYP2D6 inhibitor No No No No No No
CYP3A4 inhibitor No No No No No No

peg;sfalégfﬁ /) ~4.60 ~8.56 ~2.53 ~7.54 ~11.71 ~2.02

Toxicity

Hepatoxicity No No No No No No
Carcinogenicity Yes Yes No No No No
Immunotoxicity Yes No Yes No No No
Mutangenicity No No No No No No
Cytotoxicity No No No No No No

Targets

Genes

(@) (b)

Figure 1. Cont.
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(c) (d)

Figure 1. (a) The Venn diagram showing 63 interaction genes; (b) PPI-constructed network; (c) PPI
cluster (1049 nodes and 1717 edges); and (d) PPI cluster (141 nodes and 435 edges).

3.2. PPI Network Analysis

We selected the 63 potential genes using STITCH, resulting in a first-constructed
PPI (Figure 1b) network with 1049 nodes, 1717 edges, and 44 isolated target seed genes
(Figure 1c). Furthermore, we built a minimal network of protein-protein interaction clusters
(Figure 1d) with 141 nodes and 435 edges. The network analysis identified only genes with
greater degree and betweenness values as the primary targets of F. vesiculosus for gastroin-
testinal disorders. We ultimately gathered 44 important targets for pathway enrichment
analysis, with ESR1, PIK3CA, and STAT3 ranking highest (Table 3). The highest degree by
ESR1, found to be 168, indicated the connection of edges with the node, i.e., nodes are the
main proteins connected to sub-proteins in the network. Further high betweenness of the
protein gives the power to have more control over the network, and hence it will help to
pass more information through that node, as easily shown in Figure 1d.

Table 3. The major targets of F. vesiculosus for gastro-intestinal treatment and the topological parameters.

Uniprot ID Gene Symbol Target Name Degree Betweenness
2099 ESR1 Estrogen Receptor 1 168 166,699.5
5290 PIK3CA PhosPhaﬁd}g:;Zf;ggiEﬁ }z;%};ate 3-Kinase 131 117,015
6774 STAT3 Signal transducer and activator of transcription 3 128 93,667.13

367 AR Androgen receptor 107 68,610.89
2908 NR3C1 Nuclear receptor subfamily 3 group C member 1 80 41,933.35
2735 GLI1 Glioma-associated oncogene homologue 1 77 64,882.65
836 CASP3 cysteine-aspartic acid protease 76 52,311.44
4233 MET Mesenchymal Epithelial Transition 76 42,045.77
3791 KDR Kinase inserts domain receptor 70 41,273.74
6198 RPS6KB1 Ribosomal protein S6 kinase B1 51 38,342.19
5580 PRKCD Protein kinase C delta 50 26,321.13
1576 CYP3A4 Cytochrome P450 3A4 49 26,557.22
7124 TNF Tumor Necrosis Factor 47 33,392.7
3643 INSR Insulin Receptor 43 19,377.29
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Uniprot ID Gene Symbol Target Name Degree Betweenness
3815 KIT KIT Proto-Oncogene, Receptor Tyrosine Kinase 40 14,474.71
5663 PSEN1 Presenilin-1 38 27,637.65
1543 CYP1A1 Cytochrome P450 Family 1 Subfamily A Member 1 36 30,323.08
2100 ESR2 Estrogen receptor 2 35 5959.107
7015 TERT Telomerase reverse transcriptase 34 25,487.66
7422 VEGFA Vascular endothelial growth factor A 31 15,861.87
5788 PTPRC Protein tyrosine phosphatase receptor type C 29 20,399.73

596 BCL2 B-cell lymphoma 2 28 19,894.33
2247 FGF2 Fibroblast growth factor 2 25 12,124.24
5203 PIK3CD Ph°SPhaﬁdyiﬁif;‘i’fiﬁﬁ}éﬁfahate 3-kinase 25 1706.552
6469 SHH Sonic Hedgehog Signaling Molecule 23 15,708.06
1232 CCR3 C-C motif chemokine receptor 3 23 27,637.78
6608 SMO Smoothened, frizzled class receptor 19 10,874.2
7428 VHL Von Hippel-Lindau tumor suppressor 19 12,073.5
2322 FLT3 FMS:-like tyrosine kinase 3 18 3634.476
213 ALB Albumin 17 16,632
1910 EDNRB Endothelin Receptor Type B 15 5792.32
5054 SERPINE1 Endothelial plasminogen activator inhibitor 1 14 17,182.99
5295 PIK3R1 Phosphoinositide-3-kinase regulatory subunit 1 13 6946.97
1901 S1PR1 Sphingosine-1-phosphate receptor 1 13 2106.34
1813 DRD2 Dopamine receptor D2 12 6695.78

973 CD79A Cluster of differentiation 79 associated protein alpha 12 3759.8
1268 CNR1 Cannabinoid Receptor 1 12 3593.6
207 AKT1 AKT serine/threonine kinase 1 11 14,063.64
3156 HMGCR 3-hydroxy-3-methylglutaryl-CoA reductase 10 7971.86
5595 MAPK3 Mitogen-activated protein kinase 3 10 7717 .44
3320 HSP90AAL1 Heat shock protein 90 alpha family class A member 1 10 6916.55
6868 ADAM17 A disintegrin and metalloprotease 17 10 5706.29
6714 SRC Proto-oncogene tyrosine-protein kinase 10 3812.01
2885 GRB2 Growth factor receptor bound protein 2 10 3631.08

3.3. Functional Annotation and GO Analysis

The pharmacological role of each target gene of F. vesiculosus for gastrointestinal
disorders was examined using functional annotation and enrichment analysis. We found
these genes enriched in 2737 biological process (BP) terms, 200 molecular functions (MF)
terms, and 95 cellular components (CC) terms for gastric and gastrointestinal disorders.
The BPs were obtained using the SR plot with 63 interaction genes, as observed in Figure 2a.
The BPs significantly enriched the top three terms, gland development (GO: 0048732),
epithelial cell proliferation (GO: 0050673), and regulation of epithelial cell proliferation
(GO: 0050678), with a p-value of less than 0.01. The primary BPs include peptidyl-tyrosine
phosphorylation and modification, leukocyte proliferation, gland development, positive
regulation of secretion, digestive system development, positive regulation of cell adhesion,
and digestive tract development (Figure 2a). The size of the dot in the bubble chart
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indicates the number of target genes in the related function pathway, and the enrichment
mentions the ratio of the numerous target genes to all annotated functional genes in
the pharmacological pathway (Figure 2b). The highest enrichment was found in the
perinuclear region of the membrane region (GO: 0098589), the membrane raft (GO: 0045121),
and the membrane microdomain (GO: 0098857) of the CCs. The primary components
of the CCs were the apical plasma membrane, the platelet alpha granule lumen, the
endoplasmic reticulum lumen, the secretory granule lumen, the external side of the plasma
membrane, the membrane area, the membrane raft, the cytoplasmic vesicle lumen, the
membrane microdomain, and the vesicle lumen (Figure 2c,d). The MFs are involved in
signaling receptor activator activity (GO: 0030546), receptor-ligand activity (GO: 0048018),
and hormone activity (GO: 0005179). GO: 0005179. The MFs were involved in signaling
receptor activator activity, cytokine activity, hormone activity, G protein-coupled receptor
binding, protease binding, neuropeptide hormone activity, growth factor binding, and
finally growth factor receptor binding, as could be seen in Figure 2e f. Figure 3 displays the
enrichment of BP among the top targets. According to GO functional analysis, targets were
associated with gastrointestinal treatment, epithelial cell proliferation, gland development,
positive secretion regulation, digestive tract development, and so on, as shown in Table 4.

Table 4. Top genes ranked by degree method.

Gene Name

Compound Score Pathways

Regulation of epithelial cell proliferation, gland development, positive regulation
of secretion, digestive system development, digestive tract development,
peptidyl-tyrosine phosphorylation, activation of protein kinase activity, positive
regulation of secretion by cell, leukocyte cell-cell adhesion, positive regulation of

TNF Fucosterol 46 peptidyl-tyrosine phosphorylation, regulation of peptide secretion, protein
kinase B signaling, positive regulation of MAP kinase activity, positive regulation
of peptide secretion, hormone transport, regulation of response to wounding,
membrane microdomain, cytokine activity, TNF signaling pathway, NF-kappa B
signaling pathway, inflammatory bowel disease
Sodium Algi- Positive regulation of epithelial cell proliferation, peptidyl-tyrosine
nate/Fucoxanthin/ phosphorylation, positive regulation of peptidyl-tyrosine phosphorylation, T
STAT3 39 . . . .
Tetrafucol cell activation, regulation of inflammatory response, G protein-coupled
A/ Zeaxanthin receptor binding, inflammatory bowel disease
Fucoxanthin/Tetrafucol . . . .
Blood microparticle, vesicle lumen, secretory granule lumen, cytoplasmic
ALB A/Fucosterol/ 39 . . ) M
. . vesicle lumen, endoplasmic reticulum lumen, drug binding
Zeaxanthin/Fucoidan
Gland development, digestive system development, digestive tract development,
BCL2 Fucoxanthin/Tetrafucol 36 response to nutrient levels, ossification, positive regulation of lymphocyte and
A /Fucosterol /Fucoidan leukocyte activation, multi-multicellular organism process, positive regulation of
cell activation, T cell activation, membrane raft, focal adhesion
CASP3 Fucoidan 34 Signaling receptor activator activity
Multi-multicellular organism process, epithelial tube morphogenesis, regulation
ESR1 Tetrafucol A 33 of inflammatory response, DNA-binding transcription factor binding
Response to nutrient levels, regulation of blood pressure, ossification,
Fucoidan /Fucoxanthin/ mult.l—mult}cellular organism process, response to h‘popo.lysaccharlde,
PTGS2 - . 29 regulation of inflammatory response, muscle cell proliferation, response to
Sodium alginate . - . N
hypoxia, response to corticosteroid, plasma membrane raft, arachidonic acid
metabolism, gastric acid secretion
Positive regulation of epithelial cell proliferation, peptidyl-tyrosine
KDR Fucosterol 5 phosphorylation, protein kinase B signaling, epithelial tube morphogenesis,

positive regulation of ERK1 and ERK2 cascade, membrane microdomain,
membrane region, protein tyrosine kinase activity, focal adhesion
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Table 4. Cont.

Gene Name Compound Score

Pathways

Regulation of epithelial cell proliferation, activation of protein kinase activity,

protein kinase B signaling, positive regulation of MAP kinase activity, positive

FGF2 Fucoidan/Fucoxanthin 2 regulation of ERK1 and ERK2 cascade, muscle cell proliferation, transcription
coregulator activity
Epithelial cell proliferation, digestive system development, digestive tract
. development, peptidyl-tyrosine phosphorylation, activation of protein kinase
KIT Fucosterol /Fucoxanthin/ 25 activity, positive regulation of peptidyl-tyrosine phosphorylation, protein

Tetrafucol A

kinase B signaling, positive regulation of MAP kinase activity, protein tyrosine

kinase activity
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3.4. KEGG Pathway Examination

The KEGG analysis highlights the therapeutic potential of Fucus vesiculosus in treating
gastrointestinal disorders through its action on various signaling pathways. The study
identified ten significant pathways, with p-values less than 0.01, based on 63 key targets
for further investigation. The top three pathways identified were the PI3K-Akt signaling
pathway (hsa04151), proteoglycans in cancer (hsa05205), and EGFER tyrosine kinase inhibitor
resistance (hsa01521). The PI3K-Akt signaling pathway plays a crucial role in regulating cell
growth, proliferation, and survival. In the context of gastrointestinal disorders, modulation
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of this pathway by F. vesiculosus can help manage inflammation and promote mucosal
healing. This pathway’s involvement in cellular processes underscores its potential for
therapeutic intervention in gastrointestinal diseases, where epithelial integrity and cellular
homeostasis are compromised.

Proteoglycans in cancer, another significant pathway, are essential for maintaining the
structural integrity of tissues and regulating cellular functions. The involvement of this
pathway suggests that F. vesiculosus may exert its therapeutic effects by influencing the
extracellular matrix components, which are crucial in both cancer progression and tissue
repair mechanisms in gastrointestinal disorders. The EGFR tyrosine kinase inhibitor resis-
tance pathway highlights the role of F. vesiculosus in potentially overcoming drug resistance
in gastrointestinal cancers. EGFR signaling is critical for cell proliferation and survival, and
its dysregulation is common in various cancers. By targeting this pathway, F. vesiculosus
may enhance the efficacy of existing treatments and prevent resistance development, thus
offering a complementary approach to cancer therapy.

Additionally, the KEGG pathway analysis indicated that the selected targets of F. vesicu-
losus were significantly enriched in various other pathways, including gastric cancer,
prostate cancer, the AGE-RAGE signaling pathway in diabetic complications, pancreatic
cancer, colorectal cancer, FoxO signaling, and the HIF-1 signaling pathway. These pathways
are involved in a wide range of biological processes, from metabolic regulation and stress
response to tumor growth and hypoxia adaptation. The KEGG analysis provides valuable
insights into the multiple mechanisms through which F. vesiculosus can exert its therapeutic
effects on gastrointestinal disorders. By modulating key signaling pathways, this marine
algae shows promise in managing inflammation, enhancing tissue repair, and potentially
improving cancer treatment outcomes. Further research is needed to fully understand the
molecular interactions and clinical implications of these findings.

Among these, EGFR tyrosine kinase inhibitor resistance was shown to be a group of
significant critical pathways with the lowest p value and the highest target enrichment.
KEGG pathway analysis revealed that TNF, STAT3, PIK3G, KDR, IL3, IL4, SERPINE1, VWE,
SMO, ESR1, MET, and many more were significantly enriched genes involved in various
pathways, like the diabetic complication AGE-RAGE signaling pathway, gastric cancer,
pancreatic cancer, and the signaling pathway of HIF-1, as shown in Figure 4a,b.
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Figure 4. (a): Enrichment analysis on KEGG; (b): bubble chart of KEGG pathway.
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3.5. Compound-Protein/Target Interaction (CPI) Network

Figure 5 displays the component-protein network, which consisted of six compounds
and 63 targets. Among these targets, the gastrointestinal target CHRM3 did not interact
with other targets that consisted of 63 nodes and 421 edges (Figure 1b). Several F. vesiculosus
components act upon at least one target gene, according to the network analysis. Moreover,
two or more active components control many selected gene targets, and each pathway as-
sociated with gastrointestinal disorders may include at least ten genes. We then developed
the network of targets with overlapped PPI genes using Cytoscape, as shown in Figure 5a.
The top 10 genes were selected from Cytoscape cytohubba (Figure 5b). We observed a
high degree of interaction between TNF (46), STAT3 (39), ALB (39), BCL2 (36), CASP3 (34),
ESR1 (33), PTGS2 (29), KDR (25), FGF2 (25), and KIT (25), indicating that these genes are
hub targets. The PPl identified the target gene network with a moderate confidence score
(0.50). Furthermore, the developed PPI reveals a partial physiological relationship between
the proteins and all gastro-intestinal diseases, along with a significantly higher number of
interactions than initially expected. The compounds Fucoxanthin, Fucoidan, Fucosterol,
and Fucosterol were the ones that interacted with targeted genes the most strongly in the
CPI analysis. These were followed by Tetrafucol A, Sodium Alginate, and Zeaxanthin.

(b)

Figure 5. (a): Compound-Target interaction; (b): top 10 genes selected based on degree.
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The results showed that genes such as TNF, STAT3, ALB, BCL2, CASP3, ESR1, PTGS2,
KDR, FGF2, and FIT are the most prominent functional genes that interact with marine
secondary metabolites of various origins. These include Fucoidan and Sodium Alginate
(polysaccharide), Fucoxanthin (xanthophyl carotenoid), Fucosterol (sterol derivative), Tetra-
fucol A (phlorotannin), and Zeaxanthin (carotenoid). These genes are involved in positive
regulation of secretion, digestive system development, peptidyl-tyrosine phosphorylation,
and activation of proteins.

3.6. Molecular Docking Studies

Recently, research topics like gut disorders have been a major challenge for scien-
tists. To address challenges like the lack of efficacy and the development of resistance to
single-targeted drugs, drug discovery frequently necessitates a system-level pharmacology
approach. Network pharmacology techniques are created and used more frequently to
identify new therapeutic possibilities and repurpose current medications. To assess the
pharmacological significance of the primary target discovered using microbiome anal-
ysis, we conducted a network pharmacology inquiry. Using data-driven analysis, we
investigated the interaction of gastrointestinal disorders with gut health. Malnutrition, hy-
pertension or hypotension, microinflammation, immune system dysbiosis, and numerous
oxidative stresses are frequently associated with gut health and can all be treated with
phytocompounds of F. vesiculosus.

We used molecular docking to assess the binding similarity between the six important
targets inspected from the PPI construction and the top five disease gene targets selected
from the disease gene-target constructed network. All the key genes showed strong binding
affinities with the key targets, as confirmed by the data. Every docking module’s minimal
binding energy was noted in Table 5, and Figure 6 displays the docking modules whose
minimum binding energies were up to —8.3 kcal/mol.

The interactions between TNF, STAT3, KDR, FGF2, and KIT on the surface of gas-
trointestinal receptors play a crucial role in initiating adhesion and tethering processes to
the exposed sub-endothelium, promoting cell proliferation and inflammatory responses.
These molecules are integral to the signaling pathways that regulate various physiological
processes, including inflammation and acid secretion in the stomach. The flow of bodily
fluids significantly influences these interactions, triggering signaling cascades that regulate
inflammation, enhance stomach acid secretion, and fortify focal adhesion.

TNF (Tumor Necrosis Factor) is a key inflammatory mediator that can activate mul-
tiple signaling pathways, including NF-«B and MAPK, leading to the expression of pro-
inflammatory genes and the secretion of stomach acid. STAT3 (Signal Transducer and
Activator of Transcription 3) is involved in cell growth and survival, and its activation is
crucial for the inflammatory response and cellular proliferation. KDR (Kinase Insert Do-
main Receptor) and FGF2 (Fibroblast Growth Factor 2) play essential roles in angiogenesis
and tissue regeneration, contributing to the healing and proliferation of the gastrointesti-
nal epithelium. KIT, a receptor tyrosine kinase, is involved in cell differentiation and
proliferation, particularly in the gastrointestinal tract.

The interactions of these agonists with their respective receptors, such as ALB (Albu-
min), STAT3, and BCL2 (B-cell lymphoma 2), initiate inside-out signaling mechanisms. This
signaling enhances the affinity and activity of BCL2 and STAT3 through conformational
changes, leading to increased cell survival and proliferation. BCL2 is particularly important
in regulating apoptosis, and its upregulation can prevent cell death, thereby supporting
tissue regeneration and maintaining gastrointestinal integrity.

In contrast, the coordinated actions of TNF, STAT3, KDR, FGF2, and KIT, along with
their interactions with receptors like ALB, STAT3, and BCL2, are crucial for managing
inflammation, promoting stomach acid secretion, and strengthening cellular adhesion in
the gastrointestinal tract. These processes are essential for maintaining gastrointestinal
health and responding to injury or infection. Understanding these molecular interactions
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offers insights into potential therapeutic targets for gastrointestinal disorders characterized
by inflammation and impaired cell adhesion and proliferation.

Table 5. The interaction energy analysis of marine components obtained from brown algae responsible

for gastrointestinal treatment using the PyMOL molecular graphics system 1.7.4.2.

Ligand Name Protein Name Docking Speed Bir(llciicr;lg/ir;(le)r 8y Interacting Residues
1A06 —1,240,832,140 —5.8 SER-193, GLN-459, ASP-108
INME 521,076,508 —0.0 No binding

Fucoidan 6N]JS 1,503,384,624 —49 LYS-370, ASP-371
6QGG ~1,184,102,352 55 i
6RM]J 1,792,153,888 —0.0 No binding
1A06 —1,949,256,596 —6.0 ARG-145, SER-193, GLN-459
INME —1,074,133,996 +0.0 No binding
Alginate 6N]JS 1,628,093,584 —55 GLN-239, GLN-141, ARG-246, CYS-259
6QGG 309,544,064 —49 ARG-12, Asisllill-ﬁgszlj ég’l\?gR 8, HIS-186,
6RM]J 721,266,312 +0.0 No binding
1A06 —339,712,888 —5.7 GLN-292
INME 1,358,786,528 +0.0 No binding
Fucosterol 6N]JS 265,472,888 —6.2 Hydrophobic interaction

6QGG 1,571,179,760 —6.8 VAL-92
6RM] 709,042,400 —0.0 No binding
1A06 26,901,568 —8.3 ARG-186, ARG-114
1INME —1,890,328,104 -0.0 No binding

Fucoxanthin 6NJS 1,489,833,176 —6.8 GLU-506
6QGG 1,833,423,984 -8.1 SER-129
6RM]J 771,959,900 -0.0 No binding
1A06 2,005,618,124 —8.3 LYS-199, LYS-195, ARG-218, ASN-295
1INME —1,003,280,536 —0.0 No binding

Tetrafucol A 6N]JS 1,664,256,024 -7.7 GLU-324, ILE-258, GLN-247, PRO-333
6QGG —429,812,260 -75 TYR-108, ARG-146
6RM] 1,619,515,552 —0.0 No binding
1A06 612,375,932 —6.2 GLU-297
INME 910,425,852 -0.0 No binding

Zeaxanthin 6NJS —675,009,912 ~7.3 LYS-233
6QGG —734,827,780 —6.6 Hydrophobic interaction
6RM] —178,329,644 +0.0 No binding
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Figure 6. (a): Docking of Fucoxanthin with ALB, BCL2, and STAT3 showing interacting residue.
(b): Docking of Fucoidan with ALB, BCL2, and STAT3 shows interacting residues. (c): Docking
of Fucosterol with ALB and BCL2 shows interacting residues. (d): Docking of Tetrafucol A with
ALB, BCL2, and STAT3 shows interacting residues. (e): Docking of sodium alginate with ALB,
BCL2, and STAT3 shows interacting residues. (f): Docking of zeaxanthin with ALB and BCL2 shows
interacting residues.
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According to Chen et al. [27], inflammation is a complex protective pharmacological
reaction that the body uses to combat irritants, pathogens, and damaged cells. Over time,
the inflammatory response may result in internal scarring, tissue death, and damage to
DNA [28]. Leukotrienes and prostaglandins, as lipid mediators and cytokines, control
the inflammatory responses [29]. Fucoxanthin promoted G2/M phase apoptosis in the
MGC-803 cell line and cell-cycle arrest in gastric cancer by downregulating STAT3, Bcl-2,
and cyclin B1 [30], as well as further upregulating CASP-3 [31]. Zhu et al. [32] discovered
that fucoxanthin cut CASP-3, lowered Bcl-2, and ultimately lowered the viability of SGC-
7901 cells in a different study. These results demonstrate the importance of fucoxanthin
as an anti-gastric cancer treatment. Researchers have also demonstrated the impact of
fucoxanthin on colon cancer, causing apoptosis, DNA fragmentation, G0/G1 arrest, and
downregulating Bcl-2 and upregulating p21 (Table 4; Figure 6a) [33].

It downregulated Bcl-2, raised Bax, and triggered apoptosis in prostate cancer through
G1 cell cycle arrest [34]. It was shown that fucoxanthin could lower the levels of pro-
inflammatory mediators like PGE2, NO, TNF-«, IL-13, and IL-6 by stopping NF-«B ac-
tivation and MAPK phosphorylation. With molecular docking, it was clear that ALB
(—8.3 kcal/mol) interacting with ARG-186/114 and Bcl-2 (—8.10 kcal/mol) interacting
with SER-129 had a good bond, as seen in Figure 6a. When interacting with GLU-506,
fucoxanthin also showed a favorable interaction with STAT3, with a binding energy of
—6.8 kcal /mol [35,36].

Constipation, one of the most prevalent chronic gastrointestinal diseases, has greatly
impacted the physical and mental health of patients [16]. The membrane protein of
eggshells made of chitosan and fucoidan nanoparticles lowered the levels of NO, IL-
6, and TNF-« in Caco-2 cell lines [37]. Fluorescein isothiocyanate-dextran increased the
permeability of paracellular structures, highlighting the importance of boosting fucoidan
bioavailability to maximize its impact on immunity. Fucoidan has been shown in other
mouse studies to hinder cryptosporidiosis by decreasing the Cryptosporidium parvu-
moocysts adherence in the epithelial cells of the intestine, promoting proliferation of T cells
(CD4* and CD8 T*), and increasing the levels of IL-6, TNF-«, IL-12, CD40, CD86, and CD80
in the spleen.

IL-6 is involved in the pathogenesis of various gut disorders, including inflammatory
bowel disease (IBD). It contributes to inflammation by promoting the differentiation of
T cells and the production of other inflammatory cytokines. Targeting IL-6 with specific
inhibitors, such as tocilizumab, can reduce inflammation and improve symptoms in IBD
patients. TNF-« is a central mediator of inflammation in gut disorders like Crohn’s disease
and ulcerative colitis. It promotes the release of other pro-inflammatory cytokines and
the recruitment of immune cells to the gut. Anti-TNF therapies, such as infliximab and
adalimumab, have been effective in reducing inflammation and maintaining remission
in IBD.

IL-12 is involved in the differentiation of naive T cells into Th1 cells, which produce
interferon-gamma and perpetuate inflammation. Elevated IL-12 levels are associated with
severe gut inflammation. Therapies targeting the IL-12/IL-23 pathway, like ustekinumab,
have shown efficacy in treating Crohn’s disease by reducing inflammation. CDA40, a co-
stimulatory protein found on antigen-presenting cells, plays a role in T cell activation
and inflammation. In gut disorders, CD40 signaling contributes to chronic inflammation.
Blocking CD40-CD40L interactions may reduce inflammation and is a potential therapeutic
strategy. CD86 and CD80 are co-stimulatory molecules expressed on antigen-presenting
cells. They interact with CD28 and CTLA-4 on T cells to regulate immune responses. In
gut disorders, these molecules are upregulated, leading to increased T cell activation and
inflammation. Therapeutics like abatacept, which modulates CD80/CD86 interactions,
can potentially reduce T cell-mediated inflammation in IBD. Collectively, targeting these
molecules offers therapeutic strategies for managing gut disorders by modulating immune
responses and reducing inflammation.
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These findings suggest that fucoidan might accelerate Th1l immune function. Dietary
fucoidan has immunomodulatory and anti-inflammatory properties that can also improve
the functioning of the gut immune system. Moreover, fucoidan helps treat conditions
linked to inflammation, such as inflammatory bowel disorders. According to a recent study;,
fucoidan may have a protective effect on colon health since it was shown to reduce TNF-#,
IL-10, IL-6, and IL-1 levels in the colon cells of mice when given after antibiotic therapy [38].

According to Apostolova et al. [39], the most plausible mechanistic approach to date is
the downregulation of NF-B and MAPK signaling pathways in immunology and structural
cell effects, such as epithelial cells. This leads to a drop in pro-inflammatory and an
increase in anti-inflammatory cytokines (Figure 6b). However, the most prevalent intestinal
condition is IBD, consisting of Crohn’s disease (CD) and ulcerative colitis (UC). Multiple
inflammation reactions in the intestine that have no apparent reason are the hallmarks of
IBD, which is becoming more prominent worldwide. Colorectal cancer, the third most
common cancer globally, is another intestinal disease that significantly jeopardizes human
health. Current research suggests that fucoidan could potentially serve as an anticancer
drug in the future. Though fucoidan’s molecular size affects the absorption by intestine
epithelial cells, through the Ras/Raf/ERK pathway, fucoidan stops the insulin-like growth
factor (IRF)-I receptor from working. This controls cell survival and the biological cycle [40].
Docking revealed that fucoidan exhibited strong binding with ALB (—5.8 kcal/mL), Bcl-
2 (—5.5 kcal/mol), and STAT3 (—4.9 kcal/mol). We also conducted a binding study of
fucoidan with TNF and CASP-3 but found no interaction (Figure 6b).

Fucosterol, a bioactive compound found in marine algae, has demonstrated significant
anti-inflammatory effects by inhibiting the expression of inducible nitric oxide synthase
(iNOS), interleukin-6 (IL-6), and tumor necrosis factor-alpha (TNF-«). It also suppresses the
NF-kB and p38 MAPK pathways, key regulators of inflammation. As an anti-atopic agent,
fucosterol inhibits IL-4 and TNF-« while increasing the secretion of interferon-gamma
(IFN-v), highlighting its role in modulating immune responses.

Additionally, fucosterol exhibits strong antiproliferative effects by regulating signaling
proteins, including MAPK, NF-«B, and the caspase (CASP) family. This regulation is crucial
in controlling cell growth and apoptosis. Previous studies have shown that fucosterol
downregulates apoptotic pathways mediated by MAPK, STAT, and NF-«B, leading to the
induction of apoptosis in cancer cells. By modulating these pathways, fucosterol can inhibit
cancer cell proliferation and promote cell death.

Moreover, fucosterol’s ability to inhibit inflammatory cytokines and signaling path-
ways, along with its anti-proliferative and pro-apoptotic effects, makes it a promising
candidate for the development of new therapeutic strategies for inflammatory diseases and
cancer. Further research is warranted to fully understand its mechanisms and potential
clinical applications [41,42].

Another effect was observed in glial cells, where excessive activation of cells has shown
pro-inflammatory action that results in neurodegeneration due to synaptic dysfunction,
loss of synapses, and neuronal death. Pro-inflammatory mediators (iNOS, IL-1, IL-6,
TNF-«, IL-2, COX2, ROS/RNS, MMPs) and chemokines were overproduced as a result of
activated microglia [43]. Numerous intracellular pathways, such as NF-«B, MAPKs, STAT,
and PI3K, regulate signal transduction molecules, enhancing factors, and enzymes. The
PI3K/Akt cascade is activated by growth factors, LPS, and cytokines. Docking studies
of fucosterol revealed strong binding to Bcl-2 (—6.8 kcal/mol) interacting with VAL-92,
STAT3 (—6.2 kcal/mol), and ALB (—5.7 kcal/mol). These interactions suggest fucosterol’s
potential in modulating these pathways, highlighting its therapeutic promise in regulating
cellular processes and mitigating inflammation [44—46].

Tetrafucol A and sodium alginate have the potential to protect mucous membranes
and hemostatis. Moreover, feces eliminate it, and its absorption is minimal; reports of
adverse effects are rare. Tetrafucol A and sodium alginate have thus been employed
extensively in the treatment of bleeding [47], nonerosive reflux disease, and stomach ulcers.
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In animal models, sodium alginate also prevents the gastrointestinal mucositis caused by
methotrexate [48].

Sodium alginate and Tetrafucol A have been shown to have a mucoprotective effect
by coating the GI tract’s surface and preventing bacterial translocation. Tetrafucol A,
on the other hand, has demonstrated its ability to positively regulate peptidyl-tyrosine
phosphorylation, inflammatory responses, and epithelial cell proliferation after interacting
with STAT3.

Further interaction with Bcl-2 regulated lymphocytes, leukocytes, and activated T
cells, leading to digestive tract development, as shown in Figure 4a and Table 4 [49].

In the investigation, they increased the expressions of beclin-1 and LC3, and then they
cleaved CASP-3, downregulated Bcl-2 expression, and reduced the viability of the cells in
SGC-7901 cells, as mentioned in Tables 4 and 5. These medications are essential to the GI
tract’s epithelium surface’s protection and functionality. The docking studies of Tetrafucol
A and sodium alginate showed good binding with ALB (—8.3 and —6.0 kcal/mol, respec-
tively), respectively, followed by STAT3 (—7.7 kcal/mL and —5.5 kcal/mol). Tetrafucol
A also showed good binding with Bcl-2 (—7.5 kcal/mol) (Figure 6d,e). The strong local
immune response draws in macrophages and lymphocytes and releases proinflammatory
cytokines and inflammatory mediators thereafter [50]. According to Ying et al. [51], zeaxan-
thin prevents mesangial cell death caused by hyperglycemia by raising serine/threonine
protein kinase levels that are phosphorylated, decreasing Bcl-2-associated X protein levels,
and cleaving CASP-3 levels. Increased fluid and fiber intake is advised for those with
Crohn’s and Colitis, but this is ineffective for IBD patients [52]. This is because of a decrease
in colonic content volume, an increase in colonic concentration of toxic compounds, and
mucosal exposition [53].

Zeaxanthin, a dietary carotenoid known for its antioxidant properties, has been shown
to induce apoptosis in cancer cells through multiple pathways. One of the key mechanisms
by which zeaxanthin promotes apoptosis is by altering the mitochondrial membrane
potential. This disruption leads to the release of cytochrome C into the cytosol, a crucial
step in the intrinsic apoptotic pathway. The increased cytochrome C expression facilitates
the activation of Bax, a pro-apoptotic protein, and the cleavage of caspase-3 (cleaved-CASP-
3) and poly (ADP-ribose) polymerase (cleaved-PARP). These cleaved forms are active in
executing apoptosis, resulting in cell death. Simultaneously, zeaxanthin reduces the levels
of anti-apoptotic proteins such as Bcl-2, pro-caspase-3 (pro-CASP-3), and pro-PARP, further
tipping the balance towards cell death. The reduction in Bcl-2, a key regulator that prevents
apoptosis, enhances the pro-apoptotic effects of zeaxanthin.

Moreover, zeaxanthin administration increases the levels of reactive oxygen species
(ROS), phosphorylated p38 (p-p38), phosphorylated c-Jun N-terminal kinase (p-JNK), and
I-kB, indicating activation of stress-related pathways. The elevated ROS levels contribute
to oxidative stress, which can damage cellular components and trigger apoptosis. The
phosphorylation of p38 and JNK, components of the mitogen-activated protein kinase
(MAPK) pathway, further promotes apoptotic signaling. I-xB, an inhibitor of NF-xB, when
increased, prevents the translocation of NF-kB to the nucleus, thereby inhibiting its anti-
apoptotic signaling.

Conversely, zeaxanthin decreases the expression of phosphorylated extracellular
signal-regulated kinase (p-ERK), signal transducer and activator of transcription 3 (STAT3),
phosphorylated Akt (p-AKT), and NF-«B. The downregulation of these proteins, partic-
ularly p-ERK and p-AKT, which are often associated with cell survival and prolifera-
tion, shifts the cell towards apoptosis. STAT3 and NF-«kB are transcription factors that
promote cell survival and proliferation; their inhibition by zeaxanthin further enhances
apoptotic processes.

Interestingly, the induction of apoptosis by zeaxanthin is attenuated by MAPK in-
hibitors, indicating that the MAPK pathway plays a critical role in zeaxanthin-mediated
apoptosis. This suggests that zeaxanthin-induced apoptosis is at least partly dependent on
the activation of the MAPK pathway.
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In summary, zeaxanthin induces apoptosis in cancer cells through a multifaceted
mechanism involving the disruption of mitochondrial function, modulation of apoptotic
and anti-apoptotic proteins, and regulation of key signaling pathways such as MAPK,
STAT3, and NF-«kB. By influencing these pathways, zeaxanthin effectively promotes cell
death and has potential therapeutic applications in cancer treatment. Further research is
warranted to fully elucidate its mechanisms and optimize its use in clinical settings [54].

4. Conclusions

When it comes to treating diseases, marine medications are multi-ingredient and
multi-target, and it might be challenging to pinpoint their pharmacodynamic components
and molecular mechanisms. We found that six selected metabolites, along with three
gene targets, were related to gastrointestinal disorders and gut health diseases. Even
though fucoidan is one of the novel compounds in recent times that has shown multiple
pharmacological actions. However, with our findings, it was found that fucoxanthin,
tetrafucol A, and zeaxanthin could be useful in the treatment of gut health disorders
and gastrointestinal diseases. Moreover, Fucoxanthin and tetrafucol A showed good
interaction with Alb and Bcl2, possessing beneficial properties for improving gut health
by treating gastric-intestinal issues. This study showed that by controlling several targets
and many pathways with multiple components, F. vesiculosus can exhibit preventive effects
against gastrointestinal disorders. With the advancement of network technology and
bioinformatics, researchers have developed computer-aided identification strategies for
drug-target interactions, such as NP and molecular docking, to study herbs with complex
action mechanisms. They increase the likelihood of identifying the best possible drug
candidates and significantly cut down on the time and expense of the initial experimental
identification of drug-target interactions.
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