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Conventional anti-inflammatory therapies provide symptomatic relief but are often constrained by adverse effects and
reduced long-term efficacy. As a result, there is a growing interest towards the development of natural compounds as safer
alternatives. Marine-derived polysaccharides are known for the biocompatibility, low toxicity and immunomodulatory
properties. Our earlier study evaluated the anti-inflammatory potential of the polysaccharide fractions extracted from the
marine bivalves. The fractions were isolated from Saccostrea cucullata (SCP), Perna viridis (PVP), Perna indica (PIP) and
Geloina erosa (GEP). All of them exhibited potent anti-inflammatory activity in formalin induced paw oedema model in
mice. In the present study, the underlying molecular mechanisms of these polysaccharides were investigated using RT-
gPCR analysis. The reference drug used was indomethacin at the dose of 10 mg/kg. Formalin induction led to pronounced
upregulation of pro-inflammatory mediators. Among the four polysaccharides, GEP markedly downregulated NF-kB along
with its downstream mediators TNF-a, IL-6, iNOS, and COX-2. PVP, PIP, and SCP also demonstrated dose-dependent
inhibitory effects, although their activities were comparatively less pronounced. Taken together, these findings suggest that
the polysaccharide derived from marine bivalves have potent anti-inflammatory efficacy mediated through modulation of
multiple molecular targets within the canonical NF-kB signalling pathway.

Keywords: Bivalves, Formalin-induced paw oedema, Geloina erosa, NF-«B signalling, Perna indica, Perna viridis,

Saccostrea cucullata

Inflammation is the major defence mechanism of the
mammalian immune system. Inflammation acts as an
carly host response against tissue injury, pathogenic
infiltration and various harmful stimuli'’. Acute
inflammation plays an important role in homeostasis
and tissue regeneration. However, the sustained or
uncontrolled inflammation contributes to the onset
and advancement of numerous pathological
disorders®*. These include cardiovascular diseases,
cancer, diabetes, asthma, Alzheimer's disease,
gastrointestinal ~ inflammatory = disorders  and
autoimmune syndromes’ *. The selective regulation of
immune signalling helps to manage the pathological
inflammation while preserving the overall immune
function’. Nuclear factor-kappa B (NF-kB), a
transcription factor, is crucial in modulating
inflammatory reactions occurring in cells'’. The NF-

*Correspondence:

E-mail: bibujohn@kvasu.ac.in; chakrabortycmfri@gmail.com
Suppl. data available on respective page of NOPR

kB family proteins are produced throughout the body
and act as "molecular on-off switches" which are
stimulated by various agents''. NF-kB controls the
transcription of genes involved in the immune cell
activation, which further activates the innate and
acquired immunity. Besides activation, NF-kB also
coordinates the inflammatory cascade for leukocyte
recruitment which helps in the secretion of cytokines
e.g. tumour necrosis factor-alpha (TNF-a), interleukin
— 1 beta (IL-1B), interleukin — 6 (IL-6) and the
production of inducible nitric oxide synthase (iNOS)
and cyclooxygenase-2 (COX-2)'"*". Hence, NF-«xB
has a dual role in the initiation and regulation of
inflammation'*. However, the dysregulation of these
pathways at any stage can lead to pathological
inflammation and immune-mediated diseases. The
NF-«xB system mainly acts through two pathways, the
canonical and non-canonical pathways. The canonical
NF-kB signalling cascade is the most common and
rapidly activated pathway whereas the non-canonical
pathway is a slower and tightly regulated one.
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Marine Bivalve Polysaccharides as Potent Anti-inflammatory Agents
Mechanism via Canonical NF-kB Pathway inhibition
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Nonsteroidal anti-inflammatory drugs (NSAIDs)
are widely accepted anti-inflammatory drugs currently in
the market. Since it primarily focuses on
the COX pathway, they provide only symptomatic
relief. Besides, they are also frequently associated with
adverse effects such as gastrointestinal and renal
disturbances. This necessitates the need for a safer and
sustainable alternative which can collectively regulate
inflammatory responses”. In this context, natural
products have gained attention as promising
alternatives'®. Marine ecosystems have vast biodiversity
and greatly untapped potential as sources of
pharmacologically active compounds'’. Their structural
diversity and ability to modulate the inflammatory
pathways make them ideal candidates for the novel anti-
inflammatory drugs. Among marine organisms,
molluscs have emerged as valuable source for
bioprospecting. Being the second-largest animal
phylum, molluscs encompass a wide range of species
with  significant evolutionary and biochemical
diversity'®. This diversity is reflected in their secondary
metabolites which have a major role in their innate
immunity, predator attack and microbial defence.
Moreover, these compounds have also shown to
possess diverse pharmacological activities'”. Despite the
isolation of over 1,100 natural products from molluscan
species, only less than 1% of these species have
been explored for their pharmacological potential .

Within molluscs, bivalves have a major role
because of their nutritional value and traditional use
as health-promoting foods™. However, scientific
investigation into their therapeutic potential remains
relatively limited. Recent studies have identified that
bivalves produce secondary metabolites with
significant anti-inflammatory activity. This notion
also supports their prospective use as functional food
ingredients or natural therapeutic agents®'. These are
likely to have evolved due to their adaptations to the
dynamic and pathogen-rich marine environment,
where organisms mostly rely on robust biochemical
defences.

Polysaccharides are  ubiquitously  expressed
biomacromolecules seen in plants, animals and
microorganisms. They are the most naturally abundant
class of biological macromolecules™. Structurally, they
are high molecular weight polymers which are
composed of monosaccharide units linked by
glycosidic bonds. Their structural complexity and
diversity provide them with a remarkable ability to
modulate different biological processes™. Recent
research has provided evidence of the anti-
inflammatory  potential of naturally derived
polysaccharides”. They have role in the major
inflammatory pathways by acting on the host immune
cells and helps in the expression of pro-inflammatory
cytokines®. Due to their non-toxic nature,
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biocompatibility and immunomodulatory effects,
bivalve-derived polysaccharides are increasingly being
explored as natural agents for managing inflammation-
associated disorders™. The present study builds upon
previously established in vivo experimental work
involving chronic inflammation models using marine
bivalve-derived polysaccharides, a part has been
published and the rest is under consideration for
publication’””®, In the current investigation, we
elucidated their molecular mechanisms which play a
role in the anti-inflammatory activity with primary
focus on the canonical NF-kB pathway.

Materials and Methods

Extraction of crude polysaccharides from marine bivalves and
evaluation using the formalin-induced paw oedema model

The extraction of crude polysaccharides from
marine bivalves of Perna viridis (PVP) and Perna
indica (PIP) as well as in vivo assessment of their
anti-inflammatory efficacy were conducted as part of
a previously reported studies’?*. Meanwhile the
extraction and in vivo evaluation of polysaccharide
fractions from Saccostrea cucullata (SCP) and
Geloina erosa (GEP) is under review. In all the cases,
the test substances were administered orally at doses
of 22 mg/kg (low) and 110 mg/kg (high) for ten
consecutive days, with 6 mice in each group.
Indomethacin at the dose of 10 mg/kg served as the
standard reference. The methodology of animal
grouping, formalin induction, dosing and tissue
collection has been described in the aforementioned
publications. In the present study, the collected paw
tissues were used to quantify the molecular targets of
the NF-kB signalling cascade through real-time
quantitative polymerase chain reaction (RT-qPCR).

Gene expression studies using RT-qPCR
The gene expression of NF-«kB, TNF-a, IL-6,

COX-2 and iNOS was analysed using RT-qPCR. The
samples include tissues from vehicle control group,
the reference drug group and groups treated with low
and high doses of polysaccharides. Ribonucleic acid
(RNA) was extracted from paw tissues using TRI
Reagent (Sigma Aldrich, USA). After isolation, the
RNA was quantified wusing spectrophotometric
analysis with a Nanodrop spectrophotometer and the
purity of RNA was assessed using the ratio of
absorbance of the samples taken at 260 nm, 280 nm
and 230 nm. The samples showing Aje/Azge and
Aseo/Axz ratios between 1.8 — 2.0 or above were
considered of ideal purity and taken for further study.
Further, complementary DNA (cDNA) was
synthesized from the isolated RNA with Verso cDNA
Synthesis Kit (Thermo Scientific, USA) in accordance
with the manufacturer’s guidelines.

Primer sequences specific to each target gene were
generated using National Center for Biotechnology
Information Primer-BLAST tool and their specificity
was  checked using BLAST  (https:/www.
ncbi.nlm.nih.gov/tools/primer-blast/). The designed
primers were used for PCR amplification of the target
genes. The corresponding sequences for each target are
provided in (Table 1). B-actin, a housekeeping gene,
was used as an internal control and co-amplified
alongside the target genes. Gene expression analysis
was conducted using GoTaq®qPCR master mix
(Cat.no. 4367659, Promega, USA,). The reaction was
carried out in six replicates.

Separate PCR reactions were set up for each gene. A
non-template control (NTC) was included for each gene,
along with reverse transcription minus (RT-) controls

Table 1 — Gene expressions primers sequences

Nucleotide sequence
Forward: 5" CCACTGTCAACAGATGGCCC3'

Reverse: 5 AGCGGAATCGAAATCCCCTC3!

Forward: 5" TGAGTACCGCAAACGCTTCT3'

Reverse: 5’CAGCCATTTCCTTCTCTCCTGT3'

Forward: 5 ACTGAACTTCGGGGTGATCG3'

Reverse: 5’"CCACTTGGTGGTTTGTGAGTG3'

Forward: 5 GACAAGCCAGAGTCCTTCAGA3'

Reverse:5' TGTGACTCCAGCTTATCTCTGG 3’

Forward:5"GGGACTGAGCTGTTAGAGACAC3'

Reverse:5’ AATCCAACGTTCTCCGTTCTCTTG3'

Oligonucleotide ID Annealing temperature
NF-kB 60°C
COX-2 60°C
TNF-a 60°C
IL-6 60°C
iNOS 60°C
B -actin 60°C

Forward: 5ACTGAACTTCGGGGTGATCG3’

Reverse: 5’CCACTTGGTGGTTTGTGAGTG3'
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Table 2 — Fold change in NF-kB gene expression following treatment with bivalve-derived polysaccharides.

S. No. Sample ACt AACt Fold change
1 Formalin + SCP @110 mg/kg 5.245+0.089" -1.16833 2247519
2 Formalin + SCP @ 22 mg/kg 4.912+0.227% -1.50167 2.831697
3 Formalin + PVP @110 mg/kg 5.87+0.328>% -0.54333 1.457336
4 Formalin + PVP @ 22 mg/kg 5.823+0.340% -0.59 1.505247
5 Formalin + PIP @110 mg/kg 5.653+0.2°°% -0.76 1.693491
6 Formalin + PIP @22 mg/kg 5.367+0.232°¢ -1.04667 2.065751
7 Formalin + GEP @110 mg/kg 6.727+0.194° 0.313333 0.80478
8 Formalin + GEP @ 22 mg/kg 6.363£0.403°* -0.05 1.035265
9 Formalin + Indomethacin @10 mg/kg 6.605+0.143° 0.191667 0.875594
10 Formalin alone 4.01£0.117° -2.40333 5.290241
11 Control 6.413£0.165% 0 1

AACt and fold change values are relative to control. Full PCR Ct data are provided in (Suppl. Table S1)
The samples were analyzed in six replicates (n =6), and expressed as mean + standard error.
Means followed by different superscripts (a—e) within the same column indicated significant differences (P< 0.05).

for each sample and a negative control containing only
nuclease-free water (NFW). The quantitative PCR was
performed in a 10 pL reaction mixture which consists of : _ : : ; :
0.5 “.L of cDNA ternplate, 5 IJ,L of qPCR Master Mix T B SRV e e e e
(2X), 0.3 pL each of forward and reverse primers (10
pmol/uL), and nuclease-free water (NFW) was added to
make up the final volume. The negative control for the
reaction was NFW whereas the others consisted of . :
cDNA template. All the reactions were conducted in : : — A : :
triplicate. Reaction was initiated with a denaturation step B R et
at 94°C for 30 sec. The amplification was carried out for —
30 cycles with denaturation at 95°C for 15 sec. \ ' ’
Annealing temperatures were 60°C for 30 sec and
extension at 72°C for 35 sec. The relative quantification :
of gene expression was estimated through comparative )
Ct (AACY) approach. The expression of target genes was B ,
compared with the reference gene to calculate ACq and 11N I SN SS——
expression of same gene in treatment sample versus
control samples were used to calculate AACq. The - LN ‘ ;
quantification was expressed as fold change relative to 70 - w - 90 75
the untreated control group. Statistical analysis was Temperature, Celsius
performed using one-way ANOVA followed by ; e

Tukey’s post hoc test in IBM SPSS Statistics The w0t

detailed evaluation of various gene expressions is ;
provided as (Suppl. Tables S1-S5). Xop

Results

Effect of polysaccharides of marine bivalves on NF-kB :
pathway activation in formalin induced paw oedema 107

The gene expression profile of NF-«B in the
samples is presented in (Table 2 and Fig. 1). The
formalin alone treated group showed significant
upregulation of NF-kB expression in paw oedema
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tissues. Meanwhile, indomethacin treatment resulted
in a marked reduction in NF-kB expression. All

Fig. 1 — Amplification and melt curve of NF-kB gene expression
in formalin-induced paw oedema after treatment with marine-
derived polysaccharides
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Table 3 — Fold change in TNF a gene expression following treatment with bivalve-derived polysaccharides.

S.No. Sample ACt AACt Fold change
1 Formalin + SCP @110 mg/kg 6.333+0.224" -1.08167 2.11648
2 Formalin + SCP @ 22 mg/kg 6.317+0.22%° -1.09833 2.141072
3 Formalin + PVP @110 mg/kg 7.277+0.248" -0.13833 1.100633
4 Formalin + PVP @ 22 mg/kg 6.455+0.378" -0.96 1.94531
5 Formalin + PIP @110 mg/kg 6.327+0.269% -1.08833 2.126283
6 Formalin + PIP @22 mg/kg 6.347+0.452%¢ -1.06833 2.097009
7 Formalin + GEP @110 mg/kg 7.448+0.244° 0.033333 0.97716
8 Formalin + GEP @ 22 mg/kg 7.33+0.184" -0.085 1.060688
9 Formalin + Indomethacin @10 mg/kg 5.9240.38 0.805 0.572362
10 Formalin alone 5.118+0.451* -2.29667 4913213
11 Control 7.415+0.223°¢ 0 1

AACt and fold change values are relative to control. Full PCR Ct data are provided in (Suppl. Table S2)
The samples were analyzed in six replicates (n =6), and expressed as mean + standard error.
Means followed by different superscripts (a—c) within the same column indicated significant differences (P< 0.05).

Table 4 — Fold change in IL-6 gene expression following treatment with bivalve-derived polysaccharides

S. No. Sample ACt AACt Fold change
1 Formalin + SCP @110 mg/kg 6.77+£0.305%® -1.12 2.17347
2 Formalin + SCP @ 22 mg/kg 6.568+0.193% -1.32167 2.499547
3 Formalin + PVP @110 mg/kg 7.8330.643° -0.05667 1.04006
4 Formalin + PVP @ 22 mg/kg 7.585+0.528° -0.305 1.235419
5 Formalin + PIP @110 mg/kg 6.648+0.321% -1.24167 2.364716
6 Formalin + PIP @22 mg/kg 6.877+0.379° -1.01333 2.01857
7 Formalin + GEP @110 mg/kg 7.908+0.343° 0.018333 0.987373
8 Formalin + GEP @ 22 mg/kg 7.737+0.31° -0.15333 1.112136
9 Formalin + Indomethacin @10 mg/kg 7.953+0.165° 0.063333 0.95705
10 Formalin alone 5.083+0.406% -2.80667 6.996661

11 Control 7.89:£0.202° 0 1
AACt and fold change values are relative to control. Full gPCR Ct data are provided in (Suppl. Table S3)

The samples were analyzed in six replicates (n = 6), and expressed as mean + standard error.

Means followed by different superscripts (a—b) within the same column indicated significant differences (P< 0.05).

the polysaccharides exhibited dose-dependent
suppression of NF-kB expression when compared to
formalin alone treated group whereas the high dose of
GEP surpassed the level of NF-kB expression than

depicted in (Table 3 and Fig. 2).

downregulation when compared to formalin alone
treated group. The gene expression data of TNF-a is

that of indomethacin. For the rest of polysaccharides,
the effect observed were in the order of PVP,
followed by PIP and SCP.

Effect of polysaccharides of marine bivalves on TNF-a gene
expression in formalin induced paw oedema

The study revealed a marked increase in TNF-a
expression in the paw tissues of mice treated with
formalin alone group. Indomethacin, the standard drug,
significantly suppressed the TNF-a expression whereas
GEP at higher dose supressed the upregulation of TNF-
a. The lower dose of GEP also showed downregulation
of TNF-a expression than the formalin alone treated
group. All the polysaccharides showed dose dependent
anti-inflammatory activity. Meanwhile, the other
treatments such as SCP, PIP and PVP showed moderate

Effect of polysaccharides of marine bivalves on IL-6 mRNA
expression in formalin-induced paw oedema

Formalin alone-treated group showed a 6.99-fold
increase in IL-6 gene expression compared to the
control group which indicates a strong inflammatory
response. In contrast, indomethacin treatment resulted
in a marked downregulation in IL-6 gene expression.
GEP at the higher dose showed downregulation of
IL-6 expression close to baseline, whereas PIP and
SCP  treatments showed only mild IL-6
downregulation when compared to formalin-alone
treated group. Among the polysaccharides, GEP
demonstrated the most potent anti-inflammatory
activity in terms of IL-6 expression. The effect of
bivalve-derived polysaccharides on IL-6 mRNA
expression is given in (Table 4 and Fig. 3).



726 INDIAN J. BIOCHEM. BIOPHYS., VOL. 63, JUNE 2026

Amplification
00T R T R T PR BRI PR P B s
1500 Lo N PR i /4
2 1000l 8 s C A I S - S y.......
[4 H H B 5 3 ¥
500  —— T —
ol : ; _/ ........... ——
5 10 15 20 25 30 35
Cycles O Log Sca
Meit Curve
T T T T T T
4000 : 4
3500+ g
=]
w
['4
3000 g
25004+ 4
! L ! n
70 75 80 85 %0 95
Temperature, Celsius
Melt Peak
T T T T T T
50 : ! r
[
!
5 a0l
5 :
i :
5 H
T 2004 B SN S FO PP
1001 ............................
0t f T T T ‘r— ;
70 7% 80 85 90 95
Temperature, Celsius

Fig. 2 — Amplification and melt curve of TNF-o gene expression
in formalin-induced paw oedema after treatment with marine-
derived polysaccharides

Differential regulation of COX-2 mRNA levels following
treatment with polysaccharides of marine bivalves

The gene expression analysis of COX-2 revealed
differential modulation across treatment groups which
is given in (Table 5 and Fig. 4). Indomethacin
significantly downregulated COX-2 expression to
0.75-fold, confirming its expected inhibitory effect.
Among the test compounds, GEP at high dose
demonstrated a strong anti-inflammatory response,
closely approaching the suppressive effect of
indomethacin. GEP at lower dose regulated
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Fig. 3 — Amplification and melt curve of IL-6 gene expression in
formalin-induced paw oedema after treatment with marine-
derived polysaccharides

expression levels near control, suggesting a moderate
anti-inflammatory activity on COX-2 expression.
While others treatments as SCP, PIP and PVP showed
dose-dependent anti-inflammatory activity when
compared to the formalin alone-treated group.
iNOS gene expression across treatment groups in formalin
induced inflammation

The expression levels of iNOS were significantly
altered following various treatments, indicating diverse
inflammatory responses. The formalin group exhibited
the highest upregulation of iNOS. In contrast, both
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Table 5 — Fold change in COX-2 gene expression following treatment with bivalve-derived polysaccharides.

S. No. Sample ACt AACt Fold change
1 Formalin + SCP @110 mg/kg 5.388+0.257% -0.86 1.815038
2 Formalin + SCP @ 22 mg/kg 5.427+1.643% -0.82167 1.767447
3 Formalin + PVP @110 mg/kg 6.227+0.244 % -0.02167 1.015132
4 Formalin + PVP @ 22 mg/kg 6.178+0.249 % -0.07 1.049717
5 Formalin + PIP @110 mg/kg 6.162£0.329% -0.08667 1.061914
6 Formalin + PIP @22 mg/kg 5.687+0.302% -0.56167 1.475973
7 Formalin + GEP @110 mg/kg 6.458+0.142 % 0.21 0.864537
8 Formalin + GEP @ 22 mg/kg 6.182+0.402 % -0.06667 1.047294
9 Formalin + Indomethacin @10 mg/kg 6.668+0.368° 0.42 0.747425
10 Formalin alone 3.858+0.196° -2.39 5.241574
11 Control 6.248+0.3 % 0 1

AACt and fold change values are relative to control. Full PCR Ct data are provided in (Suppl. Table S4)
The samples were analyzed in six replicates (n = 6), and expressed as mean + standard error.
Means followed by different superscripts (a—b) within the same column indicated significant differences (P< 0.05)

Table 6 — Fold change in iNOS gene expression following treatment with bivalve-derived polysaccharides.

S.No. Sample ACt AACt Fold change
1 Formalin + SCP @110 mg/kg 3.743+0.08" -1.43167 2.697582
2 Formalin + SCP @ 22 mg/kg 3.788+0.125" -1.38667 2.614738
3 Formalin + PVP @110 mg/kg 3.953+0.239" -1.22167 2.33216
4 Formalin + PVP @ 22 mg/kg 4.373+0.497% -0.80167 1.743114
5 Formalin + PIP @110 mg/kg -1.488+0.303" -1.93284 3.818069
6 Formalin + PIP @22 mg/kg 3.783+0.187" -1.39167 2.623816
7 Formalin + GEP @110 mg/kg 5.177+0.163¢ 0.001667 0.998845
8 Formalin + GEP @ 22 mg/kg 5.467+0.167¢ 0.291667 0.816958
9 Formalin + Indomethacin @10 mg/kg 5.27+0.231¢ 0.095 0.936272
10 Formalin alone 2.988+0.38° -2.18667 4.552524
11 Control 5.175+0.081¢ 0 1

AACt and fold change values are relative to control. Full PCR Ct data are provided in (Suppl. Table S5)
The samples were analyzed in six replicates (n =6), and expressed as mean =+ standard error.
Means followed by different superscripts (a—d) within the same column indicated significant differences (P< 0.05).

doses of GEP suppressed iNOS expression
demonstrating strong anti-inflammatory potential.
Indomethacin also showed suppression comparable to
GEP treatments, further validating its anti-
inflammatory  property. = Among the  other
polysaccharide fractions, all the high dose treatments
demonstrated notable reductions in fold change
compared to the formalin alone-treated group,
suggesting effective anti-inflammatory activity. Table 6
and Figure 5 depict the iNOS gene expression across
treatment groups in formalin induced inflammation.

Discussion

The aim of this research was to elucidate the
molecular mechanisms underlying the anti-
inflammatory activity of marine bivalve-derived
polysaccharides. An intraplantar injection of formalin
induced paw oedema with significant (P< 0.05)

increase in NF-xB, TNF-a, IL-6, iNOS, and COX-2 in
tissues. The oral administration of the all test doses of
polysaccharides greatly reduced the paw oedema at
both gross and histopathological level as well as
lowered the level of signalling molecules. The higher
dose of GEP showed the most potent anti-
inflammatory activity compared to other treatments

NF-kB signalling system operates through two
distinct pathways in the development of
inflammation®**°. The canonical pathway mediates
the inflammatory responses, whereas the non-
canonical pathway regulates the immune cell
development and the formation of secondary
lymphoid tissues’’*%.  The canonical pathway
signalling is activated by stimuli such as pathogens or
cytokines. Further, the downstream kinase complexes
are activated which leads to the induction of pro-
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Fig. 4 — Amplification and melt curve of COX-2 gene expression
in formalin-induced paw oedema after treatment with marine-
derived polysaccharides

inflammatory mediators (TNF-o, IL-6, COX-2, and
iNOS). These mediators help in production of
cytokines, prostaglandins, release of nitric oxide and
progress to inflammation™~**,

In the present study, formalin induction led to an
upregulation of NF-kB and its downstream effectors
(TNF-0, IL-6, iNOS, and COX-2). This have been
previously reported by Huang et al. and Nwikwe et al.
who showed the upregulation of NF-«xB and TNF-a in
formalin induced paw oedema®. Formalin induction
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Fig. 5 — Amplification and melt curve of iNOS gene expression
in formalin-induced paw oedema after treatment with marine-
derived polysaccharides

led to local tissue injury and immune activation which
stimulates the release of TNF-a from macrophages
and other immune cells*®*’. TNF-o plays a pivotal
role in the onset and advancement of inflammation in
the formalin-induced paw oedema model®. This
cytokine, in turn, activates NF-«B, initiating the
canonical signalling pathway which drives the

. . 439
progression of the inflammatory response™".

The enhanced gene expression of IL-6, iNOS and
COX-2 in formalin induced oedema has also been
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previously studied. Abdelhady et al. reported the
upregulation of IL-6, iNOS and COX-2 in formalin
induced rat paw tissue while Farrukh et al., reported
the upregulation of IL-6, COX-2, TNF-a and NF-xB
in formalin induced arthritis model***'. IL-6, iNOS
and COX-2 are downstream targets while TNF-q is
both activator and downstream effector of the
canonical pathway. Formalin induced upregulation in
the COX-2 expression leads to increased synthesis of
prostaglandins. Likewise, the iNOS-derived NO acts
either directly or through enhancing the production of
pro-inflammatory  prostaglandins.  Prostaglandins
causes vasodilation, increased vascular permeability
and the development of inflammatory pathologies
such as paw oedema*”.

In the earlier part of the current study, we have
elucidated that the bivalve-derived polysaccharides
attenuated the formalin-induced paw oedema at both
gross and histopathological levels. The most potent
suppression of paw oedema was observed in the GEP-
treated groups when compared with other treatments.
These findings have already been reported in our
earlier publication. The present study explored the
underlying molecular mechanisms of the anti-
inflammatory activity of these polysaccharides. The
results  revealed that the  bivalve-derived
polysaccharides downregulated all the molecular
markers in the canonical pathway of inflammation.
GEP markedly suppressed the expression of NF-kB
and its downstream effectors (TNF-a, IL-6, COX-2,
and iNOS ) while compared to other groups. Hence
the superior anti-inflammatory activity of GEP at
cellular level can be attributed to its stronger
inhibition of the markers in the canonical NF-xB
pathway. Canonical NF-xB pathway is the master
regulator of inflammation which controls the gene
expression, immune cell activation and resolution of
inflammation'"*,

Canonical NF-kB pathway is a critical therapeutic
target”” and its modulation helps to attenuate the
inflammation. In the present study, GEP inhibited
both the initiators (e.g., TNF-a) as well as effectors
(e.g., IL-6, COX-2, INOS) of canonical pathway.
Hence, GEP prevents NF-kB activation at an early
stage of inflammation”. Furthermore, GEP also
suppressed—-COX-2 and iNOS expression which are
involved in prostaglandin and nitric oxide production
respectively. These findings are in agreement with the
previous work of Zhu et al. on marine algae™.
Polysaccharide-coated selenium nanoparticles from

Ulva lactuca significantly attenuated the DSS-induced
colitis in mice. Ulva lactuca prevented the NF-xB
translocation to the nucleus, inhibited the macrophage
activation®™ and supressed the expression of TNF-q,
IL-6, COX-2, and iNOS.

GEP showed superior downregulation activity over
indomethacin in NF-xB suppression. The anti-
inflammatory activity of NSAIDs is through the
suppression of COX-2 enzyme rather than targeting
the upstream pathway. Meanwhile GEP strongly
suppressed the entire canonical pathway from the
stage of NF-kB activation and downregulated all
further molecular markers in the pathway. This
suggests that GEP can strongly inhibit the
amplification phase of inflammatory signalling when
compared to the conventional anti-inflammatory
drugs.

The polysaccharide PIP, PVP and SCP did not
suppress inflammation as pronounced as GEP.
However,-they significantly (P< 0.05) prevented the
extreme upregulation observed in the formalin alone
-treated group. Even though these polysaccharide
cannot completely block the pathway,
they modulated it sufficiently to attenuate the
intensity of inflammation. Besides, their effects also
appeared to be dose-dependent. Higher doses of the
polysaccharide fractions showed better suppression
than lower doses, especially in the case of PVP.

Despite the findings of modulation of the canonical
pathway by marine-derived polysaccharides at the
molecular level, the protein expression of the markers
was not assessed, which would provide additional
confirmation of the observed gene expression
changes. Furthermore, future investigations should
aim to undertake comprehensive structural and
biochemical characterization of the polysaccharide
compound, alongside validation of its anti-
inflammatory efficacy across additional animal
models to further substantiate its therapeutic potential
and translational applicability.

Conclusion

The marine environment is a relatively unexplored
source of bioactive compounds with significant
potential as therapeutic agents. Within the marine
organisms, bivalves have a major role because of their
nutritional value and traditional use as health-
promoting foods. However, scientific investigation
into their therapeutic potential remains relatively
limited. Our earlier studies have shown that
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polysaccharides derived from Perna viridis,
Saccostrea cucullata, Geloina erosa, and Perna
indica possessed anti-inflammatory activity in
formalin induced paw oedema model in mice. In the
present study, we investigated the mechanism of
action of these polysaccharides in modulating
inflammation. These polysaccharides primarily
targeted on the canonical NF-kB pathway of
inflammation. They exhibited dose dependent effect
in downregulation of the molecular markers of
inflammation in the canonical pathway. The higher
doses of polysaccharide fractions showed better
suppression of gene expression than the lower doses,
particularly in the case of PVP.

The polysaccharide fraction isolated from GEP
showed the most potent anti-inflammatory activity at
both cellular and molecular levels. GEP markedly
downregulated the expression of NF-kB and its
downstream effectors (TNF-a, IL-6, iNOS and
COX-2) in paw oedema tissues. GEP also surpassed
the activity of indomethacin in NF-xB downregulation.
This suggests that GEP has a stronger action in both
receptor signalling events as well as in the in the
downstream effector molecules. Hence, GEP inhibits
the positive feedback loop of inflammation due to NF-
kB reactivation. Collectively, these findings indicate
that bivalve-derived polysaccharides, particularly GEP,
hold promise as a potential anti-inflammatory agent.
Future research should aim to undertake validation of
anti-inflammatory activity in additional animal models
to substantiate their therapeutic potential and
translational applicability.

Acknowledgement

The authors gratefully acknowledge the funding
provided by the National Agricultural Science Fund
(NASF) of the Indian Council of Agricultural
Research (ICAR), New Delhi, India (Grant No.
NASF-ICAR/CMFRI1/9-1965/2022-23).

The authors are thankful to the Dean, College of
Veterinary and Animal Sciences, Mannuthy and the
Director, ICAR-Central Marine Fisheries Research
Institute, for their support in facilitating the research
activities.

Conflict of interest
All authors declare no conflict of interest.

References
1 Gusev E & Zhuravleva Y, Inflammation: A new look at an
old problem. Int J Mol Sci, 23 (2022) 4596.

10

11

12

13

14

15

16

17

18

INDIAN J. BIOCHEM. BIOPHYS., VOL. 63, JUNE 2026

Medzhitov R, The spectrum of inflammatory responses.
Science, 374 (2021) 1070.

Furman D, Campisi J, Verdin E, Carrera-Bastos P, Targ S,
Franceschi C, Ferrucci L, Gilroy DW, Fasano A, Miller GW,
Miller AH, Mantovani A, Weyand CM, Barzilai N,
Goronzy JJ, Rando TA, Effros RB, Lucia A, Kleinstreuer N
& Slavich GM, Chronic inflammation in the etiology of
disease across the life span. Nat Med, 25 (2019) 1822.
Soliman AM & Barreda DR, Acute inflammation in tissue
healing. Int J Mol Sci, 24 (2022) 641.

Henein MY, Vancheri S, Longo G & Vancheri F, The role of
inflammation in cardiovascular disease. Int J Mol Sci, 23
(2022) 12906.

Rohm TV, Meier DT, Olefsky JM & Donath MY,
Inflammation in obesity, diabetes, and related disorders.
Immunity, 55 (2022) 31.

Scrivo R, Vasile M, Bartosiewicz I & Valesini G,
Inflammation as “common so0il” of the multifactorial
diseases. Autoimmun Rev, 10 (2011) 369.

Zhang T, Ma C, Zhang Z, Zhang H & Hu H, NF-xB
signaling in inflammation and cancer. MedComm, 2 (2021)
618.

Strzelec M, Detka J, Mieszczak P, Sobocinska MK &
Majka M, Immunomodulation—a general review of the
current state-of-the-art and new therapeutic strategies for
targeting the immune system. Front Immunol, 14 (2023)
1127704.

Barnabei L, Laplantine E, Mbongo W, Ricux-Laucat F &
Weil R, NF-kB: At the borders of autoimmunity and
inflammation. Front Immunol, 12 (2021) 716469.
Mussbacher M, Derler M, Basilio ] & Schmid JA, NF-xB in
monocytes and macrophages — an inflammatory master
regulator in multitalented immune cells. Front Immunol, 14
(2023) 1134661.

Aggarwal BB, Takada Y, Shishodia S, Gutierrez AM,
Oommen OV, Ichikawa H, Baba Y & Kumar A, Nuclear
transcription factor NF-kappa B: role in biology and
medicine. Indian J Exp Biol, 42 (2004) 341.

Kannan G, Paul BM & Thangaraj P, Stimulation, regulation,
and inflammaging interventions of natural compounds on
Nuclear Factor Kappa B (NF-kB) pathway: A comprehensive
review. Inflammopharmacology, 33 (2025) 145.

Lambrou GI, Hatziagapiou K & Vlahopoulos S,
Inflammation and tissue homeostasis: The NF-kB system in
physiology and malignant progression. Mol Biol Rep, 47
(2020) 4047.

Arfeen M, Srivastava A, Srivastava N, Khan RA,
Almahmoud SA & Mohammed HA, Design, classification,
and adverse effects of NSAIDs: A review on recent
advancements. Bioorg Med Chem, 112 (2024) 117899.
Nasim N, Sandeep IS & Mohanty S, Plant-derived natural
products for drug discovery: current approaches and
prospects. Nucleus, 65 (2022) 399.

Ahmed I, Asgher M, Sher F, Hussain S, Nazish N, Joshi N,
Sharma A, Parra-Saldivar R, Bilal M & Igbal H, Exploring
marine as a rich source of bioactive peptides: Challenges and
opportunities from marine pharmacology. Mar Drugs,
20 (2022) 208.

Benkendorff K, Molluscan biological and chemical diversity:
Secondary metabolites and medicinal resources produced by
marine molluscs. Biol Rev, 85 (2010) 757.



19

20

21

22

23

24

25

26

27

28

29

30

31

32

RAJ et al.: MARINE POLYSACCHARIDES MODULATE NF-xB PATHWAY

Banday AH, Azha N ul, Farooq R, Sheikh SA, Ganie MA,
Parray MN, Mushtaq H, Hameed I & Lone MA, Exploring
the potential of marine natural products in drug development:
A comprehensive review. Phytochem Lett, 59 (2024) 24.

Aru V, Khakimov B, Serensen KM & Engelsen SB, The
foodome of bivalve molluscs: From hedonic eating to healthy
diet. J Food Compos Anal, 69 (2018) 13.

Ghosh S, Sarkar T, Pati S, Kari ZA, Edinur HA &
Chakraborty R, Novel bioactive compounds from marine
sources as a tool for functional food development. Front Mar
Sci, 9 (2022) 832957.

Benalaya I, Alves G, Lopes J & Silva LR, A Review of
Natural Polysaccharides: Sources, Characteristics, Properties,
Food, and Pharmaceutical Applications. Int J Mol Sci, 25
(2024) 1322.

Yuan D, Li C, Huang Q, Fu X & Dong H, Current advances
in the anti-inflammatory effects and mechanisms of natural
polysaccharides. Crit Rev Food Sci Nutr, 63 (2023) 5890.
Hou C, Chen L, Yang L & Ji X, An insight into anti-
inflammatory effects of natural polysaccharides. Int J Biol
Macromol, 153 (2020) 248.

Murphy EJ, Fehrenbach GW, Abidin IZ, Buckley C,
Montgomery T, Pogue R, Murray P, Major I & Rezoagli E,
Polysaccharides—naturally occurring immune modulators.
Polymers, 15 (2023) 2373.

Lee Y-E, Kim H, Seo C, Park T, Lee K Bin, Yoo S-Y,
Hong S-C, Kim JT & Lee J, Marine polysaccharides:
Therapeutic efficacy and biomedical applications. Arch
Pharm Res, 40 (2017) 1006.

Pai AA, Chakraborty K, Raj A, Kariyil BJ, Dhara S &
Anoopraj R, Therapeutic potential of (1 — 4)-linked
glucuronoglucan from an edible brown mussel Perna indica:
A promising candidate for anti-inflammatory and
antidyslipidemic nutraceuticals. Food Res Int, 212 (2025)
116397.

Pai AA, Chakraborty K, Dhara S, Raj A, Kariyil BJ &
Anoopraj R,  Therapeutic potential of sulfated
glycosaminoglycan from seafood Asian green mussel (Perna
viridis): Insights from an in vivo study. Food Biosci, 61
(2024) 104837.

Kany S, Vollrath JT & Relja B, Cytokines in inflammatory
disease. Int J Mol Sci, 20 (2019) 6008.

Ribeiro D, Freitas M, Lima JLFC & Fernandes E,
Proinflammatory pathways: The modulation by Flavonoids.
Med Res Rev, 35 (2015) 877.

Mitchell S, Vargas J & Hoffmann A, Signaling via the
NF«kB system. Wiley Interdiscip Rev Syst Biol Med, 8
(2016) 227.

Sun SC, The non-canonical NF-kB pathway in immunity and
inflammation. Nat Rev Immunol, 17 (2017) 545.

33

34

35

36

37

38

39

40

41

42

43

44

731

Hoesel B & Schmid JA, The complexity of NF-«kB
signaling in inflammation and cancer. Mol Cancer, 12
(2013) 86.

Liu T, Zhang L, Joo D & Sun SC, NF-xB signaling in
inflammation. Signal Transduct Target Ther, 2 (2017)
17023.

Huang L, Zheng X, Zhang Y, Lin Y, Lin L, Gao Y & Lin X,
Flurbiprofen axetil alleviates the effect of formalin-induced
inflammatory pain on the cognitive function of rats with mild
cognitive impairment through the AMPKo/NF-kB signaling
pathway. Ann Transl Med, 10 (2022) 1210.

Bianchi M, Martucci C, Biella G, Ferrario P & Sacerdote P,
Increased substance P and tumor necrosis factor-a level in
the paws following formalin injection in rat tail. Brain Res,
1019 (2004) 255.

Cho YH, Chung IK, Cheon WH, Lee HS & Ku SK, Effect
of DHUOO1, A Polyherbal formula on formalin-induced
paw chronic inflammation of mice. Toxicol Res, 27 (2011)
95.

Allagui I, Horchani M, Zammel N, Jalouli M, Elfeki A,
Kallel C, Mansour L, Alwasel S, Harrath AH, Jannet HB &
Salah  Allagui M, Phytochemical characterization,
antioxidant and anti-inflammatory effects of Cleome arabica
L. fruits extract against formalin induced chronic
inflammation in female Wistar rat: Biochemical, histological,
and in silico studies. Molecules, 28 (2022) 26.

Ramalingam R, Venkatachalam K, Piyushbhai MK, Sharma P
& Binesh A, Macrophages: Balancing inflammation and
homeostasis in health and disease. Curr Biotechnol, 13
(2024) 71.

Abdelhady SA, Ali MA, Al-Shafie TA, Abdelmawgoud EM,
Yacout DM & El-Mas MM, Montelukast potentiates the
anti-inflammatory effect of NSAIDs in the rat paw formalin
model and simultaneously minimizes the risk of gastric
damage. Inflamm Res, 70 (2021) 981.

Farrukh M, Saleem U, Qasim M, Manan M & Shah MA,
Sarcococca saligna extract attenuates formaldehyde-induced
arthritis in Wistar rats via modulation of pro-inflammatory
and inflammatory biomarkers. Inflammopharmacology, 30
(2022) 579.

Capece D, Verzella D, Flati I, Arboretto P, Cornice J &
Franzoso G, NF-«kB: Blending metabolism, immunity, and
inflammation. Trends Immunol, 43 (2022) 757.

Tak PP & Firestein GS, NF-«B: A key role in inflammatory
diseases. J Clin Invest, 107 (2001) 7.

Zhu C, Zhang S, Song C, Zhang Y, Ling Q, Hoffmann PR,
Li J, Chen T, Zheng W & Huang Z, Selenium nanoparticles
decorated with Ulva lactuca polysaccharide potentially
attenuate colitis by inhibiting NF-xB mediated hyper
inflammation. J Nanobiotechnol, 15 (2017) 20.



