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Abstract: Phlorotannins, bioactive compounds isolated from brown seaweeds, have gar-
nered significant attention in recent years for their wide-ranging therapeutic properties,
particularly their anti-inflammatory effects. Recent studies have identified phlorotannins
as potent inhibitors of inflammatory pathways such as NF-κB, MAPK, JAK/STAT3, and
NLRP3. Specifically, phlorotannins derived from seaweeds like Ecklonia cava, Ishige okamu-
rae, and Sargassum horneri have been shown to inhibit the gene and protein expression of
pro-inflammatory cytokines and other inflammatory mediators in both in vivo and in vitro
conditions. Despite these promising findings, no commercial drugs derived from seaweed
phlorotannins have yet been developed to treat inflammatory diseases, and reports of
clinical trials remain rare, even in the context of functional food applications for chronic
inflammatory conditions. To address this knowledge gap, the authors reviewed peer-
reviewed research articles published in 2020 or later, focusing on the anti-inflammatory
potential of phlorotannins. The insights provided in this review are expected to be valuable
for industries such as functional food research groups and others involved in developing
anti-inflammatory therapeutics.

Keywords: Anti-inflammatory mechanisms; brown seaweeds; phlorotannin; NF-κB;
NLRP3; MAPK; JAK/STAT3

1. Introduction
Inflammation is a complex biological response triggered by harmful stimuli such as

pathogens, damaged cells, or irritants [1]. Inflammation plays a dual role: providing im-
mediate defense and initiating tissue repair while also contributing to disease progression
when chronic. Acute inflammation is typically beneficial, whereas dysregulated or chronic
inflammation underlies various pathologies, including autoimmune diseases, neurode-
generative conditions, and cancer [2,3]. Recent studies in pathology and immunology
have emphasized that inflammation functions not only as an adaptive response to harmful
stimuli but also as a critical protective mechanism coordinated by the immune system [2–4].

Specifically, the inflammatory signalling cascade can be triggered or intensified by the
loss of epithelial barrier function due to cell death, allowing microorganisms to break the
epithelial barrier. Thus, cell death has been identified as both an initiator and amplifier of
inflammation. While cell death-driven inflammation provides a backup defence mecha-
nism against infections, disruptions in the regulation of cell death due to environmental or
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genetic factors can lead to excessive inflammation [5]. Therefore, taken together, prolonged
exposure of internal organs to inflammation can lead to the development of chronic inflam-
mation, the induction of autoimmune processes, and even the pathogenesis of cancer cells,
contributing to various inflammatory diseases [4,6].

Recently, brown seaweeds have been studied for their potential health applications,
including anti-inflammatory, antioxidant, and anti-cancer properties. Phlorotannins from
brown seaweeds also impact immune function and allergy symptoms [7,8]. Moreover, their
neuroprotective properties and ability to activate AMP-activated protein kinase (AMPK)
highlight their role in reducing inflammation and oxidative stress [9]. By modulating
pathways like NF-κB, MAPK, JAK/STAT3, and NLRP3 inflammasomes, phlorotannins
emerge as promising candidates for future drug development [10].

Despite these promising findings, no commercial drugs derived from seaweed
phlorotannins have yet been developed to treat inflammatory diseases, and reports of
clinical trials remain rare, even in the context of functional food applications for chronic
inflammatory conditions. To address this knowledge gap, the authors reviewed peer-
reviewed research articles published in 2020 or later, focusing on the anti-inflammatory
potential of phlorotannins. The insights provided in this review are expected to be valuable
for industries such as functional food research groups and others involved in developing
anti-inflammatory therapeutics. Compared to earlier reviews, this work distinguishes
itself by focusing solely on literature published since 2020, with an emphasis on individual
phlorotannins and their precise mechanisms of action rather than general bioactivity from
crude extracts. This review also discusses synergistic effects with fucoidans and updates
on novel extraction methods.

1.1. Structure of Phlorotannin and General Information

Phlorotannins are a group of polyphenolic compounds mostly reported in brown
seaweeds (Phaeophyceae) (Figure 1) [11]. In general, red and green seaweeds are also
found to carry low concentrations of phenols, whereas brown seaweeds are reported to
be abundant in phlorotannins, with 1% to 14% dry biomass basis [12]. Between 1973 and
2003, Karl–Werner Glombitza and his collaborators conducted extensive studies on algal
phlorotannins, forming the basis of our current understanding of their structural char-
acteristics [13–15]. In his early work, Glombitza reported preliminary insights into the
biosynthesis of phlorotannins. According to earlier reports, Glombitza suggested the
possibility of extracting phloroglucinol, a key building block of phlorotannins, from mem-
bers of the Fucales and Laminariales orders [15]. However, according to recent reports,
phlorotannins are biosynthesized in most of the brown seaweed orders.

These secondary metabolites are derived from phloroglucinol (1,3,5-trihydroxybenzene),
which serves as their basic monomeric unit. Phlorotannins are synthesized through the
acetate-malonate pathway and are distinguished by their polymeric structure, which
varies in size, complexity, and degree of polymerization [16]. This structural diversity of
phlorotannins is responsible for their wide range of biological activities.

The fundamental structure of phlorotannins involves the repetitive linkage of
phloroglucinol units through ether bonds, phenyl bonds, or both [17]. Based on the
type of bonds and the arrangement of the phloroglucinol units, phlorotannins are classi-
fied into four major groups. These include phlorotannins with ether linkages (fuhalols
and phlorethols/-C-O-C-ether bonds), those with phenyl linkages (fucols/-C-C- phenyl
bonds), compounds containing both ether and phenyl linkages (fucophlorethols/both
-C-C- and C-O-C- bonds), and those characterized by a dibenzodioxin linkage (eckols and
carmalols) [18]. Furthermore, phlorotannins have a wide molecular weight range, from
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126 Da (a single phloroglucinol unit) to over 1000 kDa in polymeric forms with linear or
branched linkages [19].
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The high degree of hydroxylation enhances water solubility and radical scavenging
capacity, contributing significantly to the bioactivities of phlorotannins [19]. These proper-
ties also influence their pharmacokinetics, including solubility, membrane permeability,
and interaction with enzymes or receptors. Notably, phlorotannins exhibit multiple roles
in brown algae, such as UV protection, structural integrity, antioxidative defense, and
herbivore deterrence by acting as appetite suppressants [20].

Recent studies suggest that low-molecular-weight phlorotannins such as triphlorethol-
A, and eckol are more bioavailable and show stronger intracellular anti-inflammatory
effects, while high-molecular-weight forms may act as physical UV barriers or degrade into
active fragments in vivo [7,21]. These effects are modulated by physicochemical traits such
as polarity, hydroxyl orientation, and molecular size.

Phlorotannins are mainly introduced into the body through the diet, and their health
effects largely depend on how well they are absorbed and metabolized. Although there
is limited research specifically on phlorotannins, they are generally believed to function
like other plant-based polyphenols [22]. Similar to other tannins, phlorotannins tend
to bind strongly with proteins, and these interactions, with both food components and
proteins in the digestive system, can influence their behaviour and effectiveness [23]. Due
to the large size and complex structure, phlorotannins are not efficiently absorbed in the
upper parts of the digestive tract. Furthermore, research has shown that, like phenolic
compounds from land plants, phlorotannins are also affected by the conditions within the
gastrointestinal environment, which can result in a reduction of both concentration and
antioxidant effectiveness during the digestion process of phlorotannins [22]. Moreover,
most of the phlorotannins pass through to the colon in an unaltered form [24,25]. In the
colon, gut bacteria break them down into smaller phenolic substances that can be more
easily taken up by the body [25,26]. However, only a small portion is estimated to be
absorbed into the bloodstream.

The breakdown of phlorotannins involves multiple metabolic steps, including chemi-
cal transformations during digestion and microbial fermentation in the colon [27]. These
changes influence how phlorotannins work inside the body. Because only a small amount
is absorbed, phlorotannins are likely to have their strongest effects locally in the gut, where
they may help support beneficial bacteria and contribute to digestive health. To make better
use of phlorotannins in health and medicine, it is important to enhance their stability and
how easily they are absorbed. New technologies, such as using nano-sized delivery systems
and advanced methods for extraction and purification, show promise in improving how
these compounds act in the body and increasing their potential for therapeutic applications.
Given these constraints, improving the stability and bioavailability of phlorotannins is
essential for enhancing their therapeutic efficacy. Novel delivery systems, such as nanoen-
capsulation and emulsification, along with advanced extraction and purification techniques,
may help optimize their pharmacokinetic properties and facilitate clinical application.

1.2. Recent Eco-Friendly Extraction Methods Reported for Phlorotannin Isolation
and Identification

Recent advances in green extraction technologies have positioned Natural Deep Eu-
tectic Solvents (NADES) as a transformative alternative for the sustainable and efficient
recovery of phlorotannins from brown algae [28]. NADES are composed of naturally
derived, biodegradable constituents such as sugars, organic acids, amino acids, and quater-
nary ammonium salts, which can be custom-tailored to achieve desirable physicochemical
properties, including viscosity, polarity, and hydrogen bonding capacity [28,29]. Unlike
conventional organic solvents, NADES offer low volatility, minimal toxicity, and excel-
lent solvating power for polyphenolic compounds, making them especially suitable for
food-grade and pharmaceutical applications [30].
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Several studies have substantiated the superiority of NADES in the extraction of
phlorotannins. Santos et al. (2024) demonstrated that certain NADES combinations, such as
lactic acid: fructose (5:1), L-lactic acid: glucose (5:1), and L-lactic acid: sodium acetate (7:1)
found to significantly improve the yield, total phenolic content, and radical scavenging
activity of phlorotannin-rich extracts from Sargassum muticum and Gelidium corneum [31]. In
another study, Rukavina et al. (2021) reported the effectiveness of choline chloride (ChCl)-
based NADES for extracting bioactive phenolic compounds from the halophyte Polygonum
maritimum L. Compared to conventional solvents like acetone, NADES formulations, par-
ticularly those containing fructose and sucrose, exhibited superior bioactive properties
while preserving key phenolic constituents [32]. In another study, water-rich NADES (WR-
NADES) were applied in a one-hour ultrasound-assisted extraction (UAE) from Saccharina
latissima, resulting in polyphenol yields that surpassed traditional 6-h extractions with
aqueous methanol and acetone. The most efficient WRNADES—betaine:1,3-butanediol
(1:1)—demonstrated high extraction efficiency, scalability, and alignment with green chem-
istry principles [33]. Further supporting the potential of NADES, Obluchinskaya et al.
(2023) developed an optimized NADES-UAE method using lactic acid:choline chloride
(3:1) for the extraction of phlorotannins from Fucus vesiculosus. The process achieved a
high yield (137.3 mg phloroglucinol equivalents/g dry algae) within 23 min and identified
32 different phlorotannins using HPLC-HRMS/MS. Notably, the antioxidant activity of
NADES extracts was comparable to ethanol-based ones, demonstrating their effectiveness
and suitability for bioactive compound recovery [28].

Importantly, NADES not only enhance extraction yield but also play a crucial role in
stabilizing phlorotannin structures by minimizing oxidation and polymerization, thereby
preserving their biological efficacy. Moreover, the food-grade nature of many NADES con-
stituents provides a regulatory advantage, facilitating their integration into functional food
formulations without the need for extensive purification or solvent removal. However, chal-
lenges remain regarding the scalability of NADES-based extraction, solvent recyclability,
and standardization of extract composition factors that require systematic investigation.

2. Anti-Inflammatory Mechanisms Reported from Phlorotannin
2.1. NLRP3 Inhibitory Properties Reported from Phlorotannins

The NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3) pathway comprises
the activation of the NLRP3 inflammasome, a multiprotein complex essential for innate
immunity and inflammatory responses [34]. NLRP3 functions as a sensor protein that
detects various cellular stress signals and initiates inflammation. The NLRP3 pathway
plays a critical role in addressing infections, tissue damage, metabolic imbalances, and
cell death [35]. The NLRP3 inflammasome activation occurs in two steps: transcription
(priming) and oligomerization (activation). Priming involves the upregulation of NLRP3
and pro-inflammatory cytokines such as interleukin-1β (IL-1β) and interleukin-18 (IL-18),
triggered by the recognition of microbial products or danger signals via pattern recognition
receptors (PRRs) like toll-like receptors (TLRs) [35–37]. Activation of NLRP3 signal cascade
occurs through signals such as potassium efflux, reactive oxygen species (ROS), mitochon-
drial damage, or lysosomal destabilization, leading to the assembly of the inflammasome
complex, including NLRP3, the adaptor protein ASC, and pro-caspase-1 [38,39].

Once activated, the NLRP3 inflammasome cleaves pro-caspase-1 into active caspase-1,
which processes pro-IL-1β and pro-IL-18 into their mature forms, facilitating their secretion
and mediating inflammatory responses [36,37,40] (Figure 2) Dysregulation of the NLRP3
pathway is linked to various inflammatory conditions, including autoimmune thyroid
diseases, gout, systemic lupus erythematosus, atherosclerosis, Alzheimer’s, type II diabetes,
Parkinson’s, and certain cancers [39,41].
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Several studies with seaweed recently reported the NLRP3 inhibitory activities of
phlorotannins under different conditions. Ecklonia cava, a brown seaweed renowned for
its bioactive compounds, is an abundant source of phlorotannins such as dieckol, eckol,
and phlorofucofuroeckol A (Table 1). These compounds have demonstrated significant
potential in modulating inflammatory responses and mitigating skin disorders. Recent
studies have highlighted the therapeutic relevance of E. cava in both hyperpigmentation
and inflammation-related conditions [42,43]. In a study by Byun et al. (2024) [42], the
melanogenesis-inhibitory properties of phlorotannins derived from E. cava were evaluated
using UV-exposed keratinocytes and animal skin. The findings revealed that phlorotannins,
in combination with extracellular vesicles, alleviated UV-induced oxidative stress and
inhibited the TXNIP/NLRP3/IL-18 pathway, key upstream regulators of melanogenesis.
This co-treatment also restored skin structural integrity, demonstrating its potential as
a therapeutic strategy for managing hyperpigmentation. In another investigation, Kim
et al. (2023) [43] assessed the anti-inflammatory effects of E. cava extract in a murine
model of dextran sulphate sodium-induced colitis. The extract significantly reduced
disease severity, as evidenced by increased colon length, reduced spleen weight, and
improved histological outcomes. Mechanistically, E. cava extract suppressed inflammatory
cytokine upregulation, immune cell infiltration, and intestinal dysbiosis while promoting
mucosal recovery. Its ability to inhibit the NLRP3 and nuclear factor kappa B pathways
highlights its role as a natural therapeutic agent for inflammatory diseases. Furthermore,
Oh et al. (2021) reported that E. cava extract and dieckol attenuated dexamethasone-induced
muscle atrophy by reducing NLRP3 inflammasome formation and pyroptosis [44]. In an
earlier study, Oh et al. (2020) demonstrated the potential of E. cava extract and pyrogallol-
phloroglucinol-6,6-bieckol to attenuate pyroptosis in endothelial and vascular smooth
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muscle cells induced by high-fat diets and palmitate. According to the authors E. cava
extract and pyrogallol-phloroglucinol-6,6-bieckol suppressed the TLR4/NF-κB pathway,
reduced NLRP3 inflammasome formation, and normalized inflammatory markers such
as IL-1β and IL-18. These treatments alleviated cellular dysfunction in the mouse aorta, a
key factor in atherosclerosis [45]. In another study, Oh et al. (2020) evaluated the effects
of dieckol, a component of E. cava extract, in a high-fat diet-induced animal model of
non-alcoholic fatty liver disease (NAFLD). They found that E. cava extract or dieckol
reduced NLRP3 expression, pyroptosis, triglyceride accumulation, and lipogenic gene
expression, effectively attenuating NAFLD [46]. These findings emphasize the diverse
therapeutic applications of E. cava and its phlorotannins in managing inflammatory and
degenerative conditions.

Table 1. NLRP3 inflammasome inhibitory properties reported from brown seaweed phlorotannins.

Seaweed/Phlorotannin Signal Mechanism Reference

Ecklonia cava extract TXNIP/NLRP3/IL-18 pathway. [42]

Dieckol Attenuated dexamethasone-induced muscle atrophy by
reducing NLRP3 inflammasome formation and pyroptosis. [44]

E. cava extract and
pyrogallol-phloroglucinol-6,6-bieckol

Attenuate pyroptosis in endothelial and vascular smooth
muscle cells induced by high-fat diets and palmitate
(reduced NLRP3 inflammasome formation, and normalized
inflammatory markers such as IL-1β and IL-18)

[45]

Dieckol
Reduced NLRP3 expression, pyroptosis, triglyceride
accumulation, and lipogenic gene expression effectively
through attenuating NAFLD.

[46]

Ishophloroglucin Downregulation of JNK, ERK, and p38 phosphorylation. [47,48]

2′-phloroeckol Protect PM2.5-induced cognitive dysfunction via
downregulating NLRP3 activation [49]

2.2. MAPK Inhibitory Properties Reported from Phlorotannins

Mitogen-activated protein kinases (MAPKs) are critical regulators of signal transduc-
tion, mediating responses to extracellular stimuli such as cytokines, stress, and growth
factors. MAPK family members, including c-Jun N-terminal kinase (JNK), extracellular
signal-regulated kinase (ERK), p38 kinase, and, play a central role in inflammation [50,51].
Besides that, MAPK-related proteins were found to play major roles in UV-exposed skin
damage, neurodegenerative diseases, apoptosis, and in oxidative stress. Thus, dysreg-
ulation of MAPK pathways is implicated in a range of diseases, demanding the search
for targeted therapeutic agents to control MAPK signal cascade [52]. According to recent
reports, phlorotannins, isolated from brown seaweeds, have emerged as potent inhibitors
of MAPK signal cascade (Table 2). This section of the review discusses MAPK inhibitory
properties reported from phlorotannins.

Studies have highlighted the MAPK inhibitory potential of brown seaweed phlorotan-
nins in various models. Phlorotannins, such as diphlorethohydroxycarmalol (from Ishige
okamurae) and eckmaxol (from Ecklonia maxima), have demonstrated significant anti-
inflammatory and photoprotective properties by inhibiting MAPK activation. Diphloretho-
hydroxycarmalol has been shown to reduce collagenase activity and suppress pro-
inflammatory cytokines by downregulating JNK, ERK, and p38 phosphorylation [53,54].
The protective effects of phlorotannins against UVB-induced DNA damage are attributed
to their ability to induce the nucleotide excision repair system in HaCaT human ker-
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atinocytes [55]. Moreover, Wang et al. (2020) reported inhibitory activities diphlorethohy-
droxycarmalol against UVB-induced damage both in vitro in human dermal fibroblasts
and in vivo in zebrafish [56]. Additionally, phlorotannins, such as 6,6′-bieckol, have demon-
strated anti-photoaging effects by suppressing MAPK/AP-1 signaling in UVB-damaged
keratinocytes (Table 1) [57]. In another study, Piao et al. (2021) attempted to investigate the
protective effect of phloroglucinol (1,3,5-trihydroxybenzene), against UVB-exposed human
HaCaT keratinocytes. According to the results, phloroglucinol attenuates UVB-induced
8-oxoguanine formation in human HaCaT keratinocytes through AKT and ERK-mediated
NRF2/OGG1 signaling pathways [58].

Kang et al. (2023) further reported that E. cava extracts containing dieckol signifi-
cantly decrease the expression of pro-inflammatory cytokines and inhibit the activation
of MAPK pathways in both Lipopolysaccharide-stimulated RAW macrophages and an
Ovalbumin-induced asthma mouse model [59]. Similarly, Byun et al. (2021) demonstrated
that phlorotannins from E. cava mitigate inflammatory responses in the liver, attenuating
the effects of NAFLD by regulating MAPK signaling and cytokine production [42]. Further-
more, phlorotannins in E. cava have been shown to promote collagen synthesis and protect
against UVB-induced damage by inhibiting MAPK activation. Phlorotannins also enhance
skin health by regulating the MAPK pathway in response to oxidative damage. Research
on E. cava has demonstrated the ability of phlorotannins to promote collagen synthesis
and protect against UVB-induced damage by inhibiting MAPK activation [60]. Similarly,
Phlorofucofuroeckol A from E. cava was found to ameliorate the TGF-β1-induced fibrotic
response of human tracheal fibroblasts via the downregulation of MAPKs and SMAD 2/3
pathways inactivated TGF-β receptor [61].

Phlorotannins like triphlorethol-A and dieckol were found to inhibit carcinoma cell
proliferation and induce apoptosis by targeting MAPK and JAK/STAT pathways [62].
Research on triphlorethol-A from Ishige okamurae also shows promising anticancer effects
via blocking JAK2/STAT3 and p38 MAPK/ERK signaling pathways in U251 human glioma
cancer cells [62]. Additionally, I. okamurae extract rich in phlorotannins was found to
attenuate amyloid beta peptide (Aβ25-35) induced neurotoxicity by suppressing MAPK
activation, suggesting a neuroprotective role of phlorotannins [63]. Kim et al. (2021) also
reported the protective effect of I. okamurae phlorotannins-rich extract (diphlorethohydroxy-
carmalol and ishophloroglucin A) against methylglyoxal-induced nephrotoxicity. Accord-
ing to the authors, I. okamurae phlorotannins-rich extract was found to protect mesangial
cells via inhibiting AGE formation, AGE-protein cross-linking, and breaking pre-formed
cross-links [47]. Similarly, Cho et al. (2024) also reported the therapeutic potential due to
its impact of diphlorethohydroxycarmalol and ishophloroglucin (I. okamurae) on MAPK
signalling (ERK and JNK) pathways. According to the authors, phlorotannins exhibit
inhibitory effects on osteoclastogenesis by suppressing key proteins involved in bone re-
sorption, such as tartrate-resistant acid phosphatase, metallopeptidase-9 (MMP-9), and
cathepsin K [48]. In another study, trifuhalol A, a phlorotannin isolated from Agarum cribro-
sum, inhibited the degranulation of immune cells and the biosynthesis of IL-33 and IgE in
differentiated B cells and keratinocytes [64]. Additionally, in a recent study, Cao et al. (2024)
also, reported the protective effect of Sargahydroquinoic acid (a hydroquinone derivative)
from Sargassum macrocarpum against TNF-α and UV-induced skin aging in human dermal
fibroblasts. According to the authors, Sargahydroquinoic acid effectively inhibited both
the phosphorylation of Akt and the expression of total Akt levels in UV-irradiated dermal
fibroblasts [65]. These observations demonstrate the potential applications of phlorotannins
in brown seaweeds as MAPK inhibitors to treat different diseases.
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Table 2. MAPK inhibitory properties reported from brown seaweed phlorotannins.

Seaweed/Phlorotannin Signal Mechanism/Bioactivity Reference

pyrogallol-phloroglucinol-6,6-bieckol Inhibit pyroptosis in endothelial and vascular smooth
muscle cells induced by high-fat diets and palmitate. [45]

Diphlorethohydroxycarmalol Downregulation of JNK, ERK, and p38 phosphorylation. [48,53]

Dieckol Downregulation of JNK, ERK, and p38 phosphorylation in
macrophages. [52]

Eckmaxol Downregulation of JNK, ERK, and p38 phosphorylation. [54]

Diphlorethohydroxycarmalol Inhibit MAPK activation in UVB-exposed human dermal
fibroblasts and in zebrafish. [56]

6,6′-bieckol Reduce UVB-induced oxidative stress damage in HaCaT
cells. [57]

Phloroglucinol
(1,3,5-trihydroxybenzene

Protect against UVB-exposed cell damage via AKT and
ERK-mediated Nrf2/Ogg1 signaling pathways. [58]

Dieckol
Inhibit the activation of MAPK pathways in
Lipopolysaccharide-Stimulated RAW Macrophages and
Ovalbumin-Induced Asthma Mouse Model.

[59]

Dieckol Promote collagen synthesis and protect against
UVB-induced damage by inhibiting MAPK activation. [60]

Phlorofucofuroeckol A from E. cava
Ameliorates TGF-β1-induced fibrotic response of human
tracheal fibroblasts via the downregulation of MAPKs and
SMAD 2/3 pathways inactivated TGF-β receptor.

[61]

Triphlorethol-A Promote apoptosis by modulating MAPK and ERK
pathways. [62]

I. okamurae extract Attenuate amyloid beta peptide (Aβ25-35) induced
neurotoxicity by suppressing MAPK activation. [63]

Ishophloroglucin Downregulation of JNK, ERK, and p38 phosphorylation. [47,48]

Trifuhalol A
Inhibit the degranulation of immune cells and the
biosynthesis of IL-33 and IgE in differentiated B cells and
keratinocytes.

[64]

Sargahydroquinoic acid (a
hydroquinone derivative) from
Sargassum macrocarpum

Downregulation of JNK, ERK, and p38 phosphorylation. [65]

Ecklonia cava extract

Suppressed both the expression of the fibrotic phenotypic
marker and cell migration by inhibiting the activation of the
MAPK and Smad2/3 signaling pathways in human vocal
fold fibroblasts.

[66]

Diphlorethohydroxycarmalol Suppress the inflammatory myopathy-related protein
expression through p-JNK/p-p38 in C2C12 myoblasts. [67]

Diphlorethohydroxycarmalol p38 MAPK expression in H2O2-induced zebrafish mussels. [68]

Diphlorethohydroxycarmalol
Downregulate methylglyoxal-induced JNK, ERK, and p38
phosphorylation and reduce renal damage in Mouse
glomerular mesangial cells

[69]

Phlorofucofuroeckol A from E. cava

Downregulate MAPK protein expression in
TNF-α/IFN-γ-stimulated HaCaT keratinocytes and
12-O-tetradecanoylphorbol 13-acetate-induced ear edema in
BALB/c mice.

[70]
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2.3. NF-kB Inhibitory Properties Reported from Phlorotannins

The nuclear factor kappa B (NF-κB) pathway plays a central role in regulating in-
flammatory responses and uncontrolled activation of NF-κB can lead to pathogenesis of
inflammatory diseases including cancers. Furthermore, NF-kB proteins can regulate the
expression of hundreds of genes, which regulate important physiological processes such as
inflammation, immunity, proliferation, and cell death. The NF-κB signal cascade activates
through two distinct mechanisms known as canonical and non-canonical pathways [71].

The canonical pathway is activated by numerous proinflammatory signals like IL-1β,
TNF-α, and TLR ligands. The canonical pathway triggers the rapid but transient response,
is crucial for the transcription of genes related to inflammation. Activation involves the
phosphorylation and ubiquitination of IκB proteins, leading to their degradation and
allowing the NF-κB complex (RelA/p50) to translocate into the nucleus to initiate gene
transcription [72]. On the other hand, the non-canonical NF-κB pathway is a slower, more
sustained pathway triggered by specific TNF receptor superfamily members, such as B cell-
activating factor (BAFF), B-cell receptor (BCR), CD 40, and proliferation-inducing ligand
(APRIL). Activation involves NF-κB-inducing kinase (NIK), which stabilizes and phospho-
rylates IKKα. This phosphorylation initiates the ubiquitination and processing of p100
into p52, facilitating the formation of the RelB-p52 complex that enters the nucleus [73,74]
(Figure 3). This pathway is essential for immune cell development, lymphoid organ forma-
tion, and maintaining immune homeostasis. The regulation of NIK and its ubiquitination
are pivotal for preventing aberrant activation [75]. Recent studies have demonstrated the
potential of phlorotannins, polyphenolic compounds derived from brown seaweeds, to
suppress NF-κB signal transduction. This section of the review summarizes the specific
phlorotannins, their sources, and mechanisms of action, highlighting their therapeutic
potential in combating inflammation and related diseases (Figure 3).

Phlorotannins, such as phloroglucinol, eckol, dieckol, phlorofucofuroeckol A, and
diphlorethohydroxycarmalol (DPHC) isolated from brown seaweeds (See Figure 1) found
to possess strong NF-kB inhibitory properties under in vivo and in vitro conditions [76,77]
(Table 3). Fucus vesiculosus, is a well-known source of phlorotannins such as fuco-
furodiphlorethol, fucofurotriphlorethol and fucofuropentaphlorethol, which are found
to exhibit promising anti-inflammatory activity by modulating NF-kB-related protein
expressions [78]. Ethanolic extract separated from Sargassum horneri also showed a pro-
tective effect against TNF-α/IFN-γ-induced inflammation in human keratinocytes and
TPA-induced ear edema in mice and LPS-induced inflammation in RAW 264.7 macrophages
via blocking NF-κB expression [79,80]. S. macrocarpum contains sargahydroquinoic acid
which has been reported to inhibit NF-κB activation by blocking the degradation of in-
hibitor κB-α (IκBα) in LPS-stimulated murine macrophage RAW 264.7 cells [81]. In another
study, treatment with Eisenia bicyclis phlorotannins was found to downregulate the gene
expression levels of NF-κB in LPS-stimulated THP-1 macrophages [82]. Moreover, 80%
methanolic extract of E. bicyclis rich in phlorotannins such as Phloroglucinol, 7-Phloroeckol,
Phlorofucofuroeckol A, Dieckol reported to ameliorate dextran sulfate sodium-induced
colitis in mice through the Ahr pathway via downregulating NF-κB gene expression [83].
Ishige okamurae produces DPHC, which blocks TNF-α-induced NF-κB signaling in muscle
cells, offering protection against inflammatory myopathies. According to the authors,
DPHC suppressed the inflammatory myopathy-related protein expression through NF-κB
(p-IκB-α/p-p65NF-κB) signaling cascade [67]. Additionally, in another study Lee et al.
(2024) also reported the protective effect of DPHC against H2O2-induced zebrafish muscle
tissues [68]. E. cava is another well-known brown seaweed recognized for its potential NF-
κB inhibitory properties. Recently, several studies have highlighted the protective effects
of phlorotannins isolated from E. cava against NF-κB-mediated inflammatory responses.
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Specifically, phlorotannins such as 7-phloroeckol, eckol, dieckol, and phlorofucofuroeckol
have been found to inhibit NF-κB protein expression in TNF-α/IFN-γ-stimulated HaCaT
keratinocytes, 12-O-tetradecanoylphorbol-13-acetate-induced ear edema in BALB/c mice,
and alcohol-induced oxidative stress in HepG2/CYP2E1 cells, as well as in other in vivo
and in vitro models [77,84,85].

Table 3. NF-kB inhibitory properties reported from brown seaweed phlorotannins.

Seaweed/Phlorotannin Reported Phlorotannins Signal Mechanism Reference

Ishige okamurae Diphlorethohydroxycarmalol suppressed the inflammatory
myopathy-related protein expression

through the NF-κB
(p-IκB-α/p-p65NF-κB) signaling

cascade.

[67]

Inhibit p-IκB-α and p65 NF-κB
expression in H2O2 exposed zebrafish

muscle.

[68]

Fucus vesiculosus fucofurodiphlorethol,
fucofurotriphlorethol and
fucofuropentaphlorethol

Modulate NF-kB-related protein
expressions.

[78,86]

Sargassum horneri Up to ~15% phlorotannins.
Compounds not specified

TNF-α/IFN-γ-induced inflammation in
human keratinocytes and TPA-induced

ear edema in mice.
Protection against particulate

matter-induced inflammation in MH-S
lung macrophages via blocking TLRs

mediated NF-κB and activation.

[79,80,87]

Sargassum macrocarpum Sargahydroquinoic acid (a
hydroquinone derivative)

Inhibit NF-κB activation by blocking the
degradation of inhibitor κB-α (IκBα) in

LPS-stimulated murine macrophage
RAW 264.7 cells.

[81]

Eisenia bicyclis dieckol,8,8′-bieckol,
fucofuroeckol

downregulate the gene expression levels
of NF-κB in LPS-stimulated THP-1

macrophages.

[82]

Phloroglucinol, 7-Phloroeckol,
Phlorofucofuroeckol A,

Dieckol

Ameliorate dextran sulfate
sodium-induced colitis in mice through
the Ahr pathway via downregulating

NF-κB gene expression.

[83]

Ecklonia cava

Phlorofucofuroeckol-A
7-Phloroeckol
eckol, dieckol,

phlorofucofuroeckol

Down-regulate NF-κB protein
expression in TNF-α/IFN-γ-stimulated

HaCaT keratinocytes and
12-O-tetradecanoylphorbol

13-acetate-induced ear edema in
BALB/c mice.

[70,77]

Downregulate NF-κB expression in
alcohol-induced oxidative stress in

HepG2/CYP2E1 cells and other in vivo
and in vitro models

[77,84,85]

Attenuated the NF-κB Expressions in
Adipose Tissue

[88]
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2.4. JAK/STAT3 Inhibitory Properties Reported from Phlorotannins

The Janus kinase and signal transducers and activators of transcription 3 (JAK/STAT3)
pathway is an important signaling mechanism that controls a variety of biological pro-
cesses [89]. The JAK/STAT3 pathway serves as a bridge between extracellular signals and
gene expression, enabling cells to respond to environmental cues [90]. Under normal con-
ditions, JAK/STAT3 promotes cell cycle progression, tissue repair, and immune regulation.
According to previous studies, cytokines (IL-3, IL-4, IL-5, IL-6, IL-7, IL-10, IL-11, IL-12,
IL-15, IL-21, IL-22, and TNF-α), hormones, and growth factors binding to their multimeric
receptor are responsible for the upstream activation of JAK/STAT3 [89–93].

JAKs are activated when cytokines or growth factors bind to specific cell surface recep-
tors as mentioned above. These binding triggers JAK autophosphorylation and receptor
phosphorylation, creating docking sites for STAT3. Subsequently, JAKs phosphorylate
STAT3 at a specific tyrosine residue (typically at tyrosine 705), causing it to dimerize and
translocate into the nucleus [94]. Once inside the nucleus, STAT3 binds to DNA and regu-
lates the transcription of target genes involved in processes such as inflammation, apoptosis
inhibition, and cell proliferation [92,93].

Even though the JAK/STAT3 pathway is essential for typical cellular function, dysreg-
ulation of JAK/STAT3 signaling is the root cause of many disease conditions. Specifically,
hyperactivation of JAK/STAT3 is a hallmark of many cancers, as dysregulated JAK/STAT3
supports the proliferation, survival, invasiveness, and metastasis of cancer cells, while
strongly suppressing the antitumor immune responses [95–97]. Additionally, chronic acti-
vation of JAK/STAT3 signaling is associated with autoimmune diseases such as rheumatoid
arthritis, psoriasis, and inflammatory bowel disease [98].
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Recently, a number of studies have shown the potential of phlorotannins to inhibit
JAK/STAT3 signal cascade. Specifically, phlorotannins, which can downregulate the ex-
pression of cytokines such as IL-3, IL-4, IL-5, IL-6, IL-7, IL-10, IL-11, IL-12, IL-15, IL-21,
IL-22, and TNF-α, can be considered as potential JAK/STAT3 inhibitors (Table 4).

Table 4. JAK/STAT3 inhibitory properties reported from brown seaweed phlorotannins.

Seaweed/Phlorotannin Signal Mechanism/Bioactivity Reference

Trifuhalol A Reduces IL-33, IL-4, and IL-13 in house dust mite-treated
dorsal mice skin inflammation [64]

Phlorotannin-rich fraction (E. cava)
Downregulates the JAK/STAT3 activation via reducing
expression levels of IL-6 and IL-10 mRNA in HFD-induced
obese mice

[88]

Eckol (from E. cava) Inhibits TLR4/STAT3/NF-κB in DSS-induced colitis [99]

Eckol (from E. cava)
Suppresses IgE-mediated mast cell activation, downregulates
the JAK/STAT3 activation via reducing IL-4, IL-5, and
IL-6 expression

[96]

Ishophloroglucin A (I. okamurae) Inhibits JAK/STAT3 protein expression in ob/ob mice model [100]

Trifuhalol A Inhibits IL-6 in OVA-induced allergic asthma [101]

Synthetic phloroglucinol derivative Inhibits IL-6 and TNF-α in LPS-stimulated BV-2 cells [102]

Eckol is a phlorotannin with diverse bioactivities, as confirmed by numerous studies
conducted under various experimental conditions. Notably, eckol has shown signifi-
cant potential as a candidate for developing JAK/STAT3 inhibitors. In a recent study,
Liao et al. (2023) reported its inhibitory effects on dextran sodium sulfate-upregulated
TLR4/STAT3/NF-κB signaling in colonic tissues at the molecular level, highlighting its anti-
inflammatory and immunomodulatory roles in chronic ulcerative colitis in mice [99]. Fur-
thermore, eckol isolated from E. cava was found to suppress immunoglobulin E-mediated
mast cell activation and passive cutaneous anaphylaxis in mice by downregulating cy-
tokines such as IL-4, IL-5, and IL-6 [96].

In another study, Son et al. (2020) reported the inhibitory effects of a phlorotannin-rich
fraction from E. cava on IL-6 and IL-10 mRNA expression in high-fat diet-induced obese
mice [88]. In a recent study, ishophloroglucin A identified from I. okamurae was found to
inhibit JAK/STAT3 protein expression in ishophloroglucin A administrated ob/ob mice
models [100]. Kim et al. (2023) also reported the IL-6 inhibitory properties of trifuhalol A iso-
lated from Agarum cribrosum, against the Ovalbumin-Induced Allergic Asthma Model [101].
Similarly, Bong et al. (2022) also reported the potential of trifuhalol A to ameliorate al-
lergic inflammation by reducing the expression of IL-33, IL-4, and IL-13 in house dust
mite-treated dorsal skin of mice [64]. In another recent study, a synthetic phloroglucinol
derivative was also found to inhibit LPS-stimulated IL-6 and TNF-α production in BV-2
cells, suggesting the potential to develop commercial drugs for JAK/STAT3 inhibitors [102].
Taken together, these results suggest the potential of brown seaweed phlorotannins to
develop into JAK/STAT3 inhibitors to treat inflammatory diseases including different types
of cancers.

3. Synergistic Anti-Inflammatory Effects Reported Between
Phlorotannins and Other Algal Components

In addition to their individual anti-inflammatory properties, recent studies have
revealed that phlorotannins exhibit enhanced bioactivity when combined with other marine-
derived secondary metabolites, such as sulfated polysaccharides like fucoidan [103–105].
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In a recent study, Obluchinskaya et al. (2022) reported the positive correlation of
anti-inflammatory activities between the phlorotannins and fucoidan isolated from five
different brown seaweeds [104]. Similarly, Chouh et al. (2022) demonstrated that fucoidan
and phlorotannin-rich extracts from brown algae exhibit complementary antioxidant and
anti-inflammatory effects, suggesting that combining these bioactive compounds could
further enhance therapeutic outcomes [104,106]. In addition, several studies have in-
vestigated the interactions between phlorotannins and other secondary metabolite-rich
extracts in terms of synergistic or additive anti-inflammatory activity. Specifically, Han
et al. (2021) reported that a mixture of phlorotannin and fucoidan from E. cava prevents
the Aβ-induced cognitive decline with mitochondrial and cholinergic activation [107].
This synergism appears to be mediated through concurrent modulation of inflammatory
signaling pathways, particularly by suppressing the phosphorylation of key kinases in the
MAPK family proteins, including Akt and JNK. Similarly, another study by Kim et al. (2021)
demonstrated that three seaweed extracts containing polyphenols and polysaccharides
from Undaria pinnatifida sporophyll, Codium fragile, and Gracilaria verrucosa were found to
have anti-inflammatory and antidiabetic effects in C2C12 muscle cells [108]. Besides that,
a combination of phlorotannins isolated from E. bicyclis and Lactobacillus casei was found
to be highly effective in preventing ulcerative colitis [83]. According to the authors, the
reduction in the expression of inflammatory cytokines and the restoration of the Firmicutes-
to-Bacteroidetes ratio observed in experimental findings highlight the therapeutic potential
of these combinations. Furthermore, this evidence suggests that these synergistic for-
mulations could provide more effective strategies for developing functional foods and
marine-derived therapeutics aimed at chronic inflammatory disorders, including metabolic
syndrome and neurodegenerative diseases.

4. Conclusions
Phlorotannins and phlorotannin-rich extracts from brown seaweeds demonstrate

remarkable potential as bioactive compounds, particularly for their anti-inflammatory
and immunomodulatory properties. Recent studies reveal their ability to modulate key
molecular pathways such as the NLRP3 inflammasome, NF-κB, MAPK, and JAK/STAT3,
positioning them as promising natural candidates for novel therapeutic development. How-
ever, challenges such as low natural abundance (1–14% of dry biomass), poor bioavailability,
metabolic instability, and regulatory limitations continue to hinder their translational poten-
tial. Taken together, these emerging insights underscore the need for a more comprehensive
understanding of phlorotannin efficacy, not as isolated compounds, but within the broader
context of whole algal extracts, synergistic formulations, and advanced, sustainable ex-
traction methods. Without incorporating these multidimensional factors, any evaluation
of their clinical relevance or industrial scalability remains incomplete. Therefore, future
research should aim to elucidate structure–function relationships, validate efficacy through
clinical trials, and optimize scalable extraction techniques, all while integrating synergis-
tic and technological perspectives. This approach will be crucial for unlocking their full
potential in functional foods, nutraceuticals, and pharmaceutical applications.
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