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Introduction

Pacific oyster (Crassostrea gigas) soft tissue extract
attenuates TNF-a induced inflammation in a Caco-
2 cell line

Mascia Benedusi,? Martina Guerra,t® Giulia Trinchera, ¢ ® Daniela Summa,®
Francesco Chiefa, (2 ¢ Franco Cervellati,? Elena Tamburini,*° Luisa Pasti,
Giuseppe Castaldelli® and Giuseppe Valacchi (2 xb-de

Marine food is well known to be rich in bioactive molecules that can aid in the prevention and treatment
of chronic inflammatory diseases. Among them, bivalve mollusks such as the Pacific oyster (Crassostrea
gigas) have been receiving growing interest due to their high nutritional and medicinal value. This study
evaluated the chemical composition of Pacific oyster soft tissue extract (OE) and investigated its potential
anti-infammatory effects on human intestinal epithelial cells. The nutritional value including moisture,
total protein, ash, total lipids, fatty acids (FAs), amino acids and minerals was analyzed, as well as polyphe-
nol and carotenoid contents. The potential anti-inflammatory activity was tested at 5, 50, and 500 ug
mL™! concentrations of OE against TNF-a induced inflammation in the intestinal human epithelial cell line
Caco-2. OE was shown to reduce both the TNF-a induced activation of the NF-xB pathway and the
alteration of the epithelial barrier integrity. The present findings might provide evidence for further under-
standing how whole dried oyster meat can be developed as a low-cost nutraceutical dietary supplement
and thus can offer a natural alternative to alleviate intestinal inflammation associated with different
chronic diseases.

Whereas a normal inflammatory response is characterized by
the temporally restricted regulation of an inflammatory activity
that occurs only in the presence of a threat and resolves once

Inflammation is the body’s immune response against a variety
of harmful agents, including pathogens, damaged cells, and
toxins, which potentially can cause tissue injury or disease.’
Inflammatory reactions are, therefore, a defence mechanism
that acts by removing the damaging stimulus and inducing
repair and recovery processes in injured tissues, through the
activation of a biochemical signalling cascade. These signals
activate leukocytes that produce transcription factors and pro-
inflammatory cytokines leading to an inflammatory state.
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the threat has been eliminated, uncontrolled and prolonged
inflammation can contribute to a variety of chronic diseases,
such as cancer, diabetes, and cardiovascular diseases.’

An unhealthy diet is one of the primary causes of increased
risks of developing chronic inflaimmatory diseases.®
Components of certain foods and beverages, such as fats and
alcohol, once ingested are known to trigger innate immune
responses with serious implications such as chronic inflam-
mation and permanent gut mucosal alterations.> Changes in the
microbiota and intestinal permeability allow gut-derived toxins
to cross the intestinal barrier, resulting in the overproduction of
inflammatory cytokines.® These cytokines ultimately cause
inflammation-related injury and eventually a systemic inflamma-
tory condition.” In contrast, several epidemiological studies have
demonstrated that inflammation may be prevented through the
adoption of dietary patterns, foods, and bioactive compounds
with protective anti-inflammatory properties. For this reason, an
appropriate diet could represent a crucial exogenous aid for the
prevention and treatment of chronic inflammatory diseases.®

It is widely acknowledged that phytochemicals from fruits,
vegetables, and food legumes exhibit substantial anti-inflam-
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matory activities, such as polyphenols, polysaccharides, triter-
penoids, and galactolipids.” On the other hand, in recent
years, there has been a remarkable increase in pharmacologi-
cal research on anti-inflammatory marine biomolecules as
potential candidates for new drug discovery, and in general for
the field of marine biotechnology. Marine fish, such as
salmon, trout, tuna, and sardines, are well known to be rich in
polyunsaturated fatty acids, molecules that are able to modu-
late the inflammatory process through the production of
eicosanoids."’

In recent times, there has been growing interest in organ-
isms belonging to the class Bivalvia, due to a range of different
bioactive secondary metabolites that, under the pressure of
natural selection, may have evolved.

The Pacific oyster (Crassostrea gigas) is the most widely
farmed and consumed saltwater bivalve mollusc worldwide."!
Marketed as live, frozen, or processed seafood, this species
originates from Japan, and has now spread to both the north-
ern and southern hemispheres.'” In addition to being highly
nutritious, oysters are a low-calorie, low-cholesterol source of
protein and an exceptional source of zinc, which strengthens
the immune system. Moreover, they are a rich source of bio-
active compounds, with a wide range of biological activities
that exert beneficial effects on human health."? A large body of
literature reported the high nutritional value and bioactive
compounds of C. gigas, such as peptides, polysaccharides,
polyphenols and lipids, along with its bioactivity, including
antimicrobial, antioxidant, antihypertensive, anticoagulant,
anticancer, immunostimulating, antiwrinkle, antithrombotic
and osteogenic effects.'*

Recent studies have shown that purified oyster peptides
and protein hydrolysates exert robust anti-inflammatory effects
by suppressing pro-inflammatory cytokines.'®> For example, the
tyrosine-alanine (Tyr-Ala) dipeptide, a multifunctional oyster-
derived peptide, has demonstrated anti-inflammatory effects
in an acute liver failure mouse model by reducing the activity
of the nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-kB) and the mitogen-activated protein kinase (MAPK)
pathways. The low-molecular-weight polypeptide -thymosin
derived from the mantle of C. gigas has proven in vitro anti-
inflammatory activity in lipopolysaccharide (LPS)-induced
RAW264.7 macrophage cells, inhibiting the nuclear transloca-
tion of NF-xB and its associated signalling pathway.'®"
Moreover, Qian et al.'® demonstrated the anti-inflammatory
effects of four peptides (PEP-1, PEP-2, TRYP-2, and MIX-2) iso-
lated from oyster soft tissue, by downregulating the tumor
necrosis factor (TNF-a) and the mRNA expression of pro-
inflammatory mediators (IL-1f, IL-6, and iNOS) in LPS-stimu-
lated RAW264.7 cells. So far, no studies have evaluated the
anti-inflammatory activities of C. gigas in vivo.

This study aimed to evaluate the chemical composition and
nutritional value of Pacific oysters farmed in north-eastern
Italy. Then, the potential protective effects of oyster soft tissue
extract on human intestinal mucosa were explored by estab-
lishing the anti-inflammatory activities against TNF-a-induced
inflammation in the Caco-2 cell line. The characterization of
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the specific bioactive compound potentially responsible for
the bioactivity was performed based on the chemical compo-
sition and literature data. As an innovative contribution, this
study analysed the potential anti-inflammatory activity of the
extract of whole dried oyster soft tissue using a pro-inflamma-
tory in vitro model. The present findings might provide evi-
dence for further understanding of how whole dried oyster
meat can be developed as a low-cost nutraceutical dietary sup-
plement and thus provide a natural alternative for both the
prevention and treatment of inflammatory injury.

Experimental

Pacific oysters used in this study were sampled in Goro, in the
Po River delta on the north-eastern coast of Italy. 40 commer-
cial-sized oysters (with an average weight of about 80 g) were
collected. Immediately after harvesting, soft tissue was care-
fully separated from the shell, weighed, and stored by freezing
at —80 °C until use. Approximately 10 commercial-sized indi-
viduals were freeze-dried (M. CHRIST, Alpha 1-2 LDplus,
Osterode am Harz, Germany) and used for the analysis of
chemical and nutritional composition, as well as for the deter-
mination of fatty acids, minerals and amino acid profiles. At
the time of the assay, the samples were freeze-dried (Lyovapor
L-200™, Buchi, Switzerland) and resuspended in absolute
ethanol at a concentration of 100 mg mL™". The ethanolic
extract was prepared as follows. An aliquot of 100 mg of freeze-
dried oyster was transferred into a 2 mL Eppendorf tube, and
1 mL of absolute ethanol was added. The material was hom-
ogenized by maceration with a sterile pestle and intermittently
vortexed for approximately 30 minutes to enhance extraction
efficiency. The tube was then subjected to ultrasonic treatment
in a water bath (Elma Transonic T 310; F. Franceschi Srl, Pisa,
Italy) at room temperature for 30 minutes. This extraction
cycle was repeated twice. Subsequently, the suspension was
centrifuged at 3500 rpm for 15 minutes, and the supernatant
was carefully separated from the insoluble residue. The result-
ing ethanolic extract was then used for Caco-2 cell treatments
at different concentrations.

Chemical composition and nutritional value

The moisture content was determined by blending and freeze-
drying the samples at —60 °C and 0.090 mbar. The results were
expressed as a percentage. The protein content was deter-
mined on 0.6 g of freeze-dried sample, according to the
Kjeldahl method.’ The protein content was determined by
means of a conversion factor equal to 6.25 and expressed as a
percentage of wet mass (WM). The ash content was deter-
mined in 1 g of freeze-dried sample, in a muffle furnace at
570 °C (Z1200, Zetalab, Padova, Italy) overnight.>® The total
ash content was expressed as a percentage of WM. For lipid
extraction, 1.5 g of freeze-dried product was placed in a
thimble connected to a Soxhlet extraction wunit (Velp
Scientifica, Usmate, Milan, Italy). 50 mL of diethyl ether (Carlo
Erba Reagents S.r.l, Milan, Italy) was used as the extraction
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solvent. The extraction steps consisted of 30 min with a
thimble immersed in boiling solvent, 30 min of reflux
washing, and 10 min of solvent recovery.>' Total lipids were
expressed as a percentage of WM.

Fatty acid profile. After extraction by the Soxhlet method,
fats were dissolved in 3 mL of hexane (Carlo Erba Reagents S.r.
1), and transesterified with 1.5 mL of 5% sodium hydroxide in
methanol (Carlo Erba Reagents S.r.l) to obtain free fatty acid
methyl esters. 1 pL of sample was injected into a gas chromato-
graphy-mass spectrometry system (Varian Saturn 2100 MS/MS
ion trap mass spectrometer coupled to a Varian 3900 gas-chro-
matograph, Varian, Palo Alto, CA, USA). The separation was
achieved with a capillary column Zebron ZB-WAX
(Phenomenex (60 m, 0.25 mm i.d., 25 pm film thickness,
Milan, Italy)) supplied with a helium carrier gas at a constant
flow of 1 mL min~". The injector temperature was set to 260 °C
and the oven temperature program is as follows: start 100 °C
for 2 min, rise to 200 °C at 10 °C min~" and hold for 58 min.
MS acquisitions were performed by electron ionization (EI),
full scan mode, mass range, m/z 40-650 and the collected data
were evaluated using the NIST MS library.>!

Analysis of minerals. Sample mineralization had occurred in
an Ethos Easy Advanced Microwave Digestion System equipped
with an SK15 rotor (Milestone S.r.l., Sorisole, Italy). About
0.4 g of each oyster sample was weighed in a tetrafluoro-meth-
oxyl vessel and was added with 9 mL of HNO; (69%,
Suprapur®, Merck, Darmstadt, Germany) and 1 mL of H,0,
(30%, Carlo Erba Reagents). The microwave program consisted
of heating for 15 minutes to 200 °C, followed by a holding
time of 15 minutes at a maximum power of 1800
W. Mineralized samples were then filtered (ashless filters,
Whatman 589/2) into a volumetric flask and filled until 50 mL
with ultrapure water (MilliQ®, Merck KGaA).

An 8800 inductively coupled plasma triple quadrupole mass
spectrometer (Agilent Technologies Inc., Santa Clara, CA, US)
was used to quantify the trace elements: arsenic, barium,
cadmium, cobalt, chromium, iron, manganese, lead, tin, stron-
tium and vanadium. ICP-MS was equipped with a Micro-Mist
glass concentric nebulizer, Peltier cooled double-pass Scott-
type spray chamber, and Ni cones. The acquisition parameters
were 1550 W RF power, 8.0 mm sampling depth, 15 L min™"
plasma gas, 1.03 L min™" carrier gas, with the spray chamber
temperature set at 2 °C; the isotopes measured were “°As,
137Ba, 1llcd’ 59C0, SZCr, 56Fe’ 55Mn, zospb’ 1185n, 8SSr’ and °v
and the signals were collected using single-quad scan in the
no gas mode, He mode and He-He mode with respectively 0,
4.5, and 10 mL min~" flow in the collision cell. The integration
time was 0.1 s for each mass value and data acquisition was
established at 3 replicates and 100 sweeps for replicates. The
samples were diluted at least at a 1:10 ratio with 1% HNO;
and 0.5% HCI (37%, Superpure, Carlo Erba Reagents) in ultra-
pure water. Multielement standard solution for ICP (Merck)
was used to prepare the calibration curves.

An Optima 3100 XL inductively coupled plasma-optical
emission spectrometer (ICP-OES, PerkinElmer Inc., Shelton,
CT, U.S.) was employed to quantify the following elements: Al
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(308.215 nm), Ca (315.887 nm), Mg (279.077 nm), P
(214.914 nm), Se (196.026 nm), and Zn (213.857 nm), reported
with analytical lines for quantitative determination. The
ICP-OES was equipped with an axial torch, a segmented array
charge-coupled device (SCD) detector and a Babington-type
nebulizer with a cyclonic spray chamber for sample introduc-
tion; the work conditions of plasma were: an RF power of
1.40 kw, flow rates of 15 L min™' and 0.5 L min™" for the
auxiliary gas; and a flow rate of 0.65 L min~" for the nebulizer
gas. Multielement and P standard solutions 1000 mg L™
(Carlo Erba Reagents S.r.1) were used to obtain the calibration
curves.”

Na and K were detected using an Analyst 800 atomic
absorption spectrometer (AAS, PerkinElmer Inc., Shelton, CN,
USA) in the emission mode at 766.5 nm and 589.0 nm, respect-
ively. AAS working conditions were as follows: air flow at 17.0 L
min~, acetylene flow at 2.0 mL min~", and integration time of
3 s for 3 replicates. Na and K standard solutions at 100 mg L™
(Merck) were used to obtain the calibration curves. Minerals
were expressed as mg kg™! WM?*®

Amino acid profile. 0.2 g of freeze-dried oyster was weighed
and mixed with 10 mL of HCl 6 M (37%, Superpure, Carlo
Erba Reagents) into a tetrafluoro-methoxyl vessel and hydro-
lyzed by microwave digestion (Ethos Easy Advanced Microwave
Digestion System equipped with an SK15 rotor). The hydro-
lyzed samples were then filtered (Whatman 589/2), dried
under a nitrogen flow in a bath at 50 °C and finally resus-
pended in 0.1 M HCI (Merck). Amino acid detection and
quantification were performed using a High Performance
Liquid Chromatography (HPLC) system coupled with a fluo-
rescence detector (Agilent Technologies 1260 Infinity). The
chromatographic conditions used were in accordance with a
method described by Agilent with some modifications.>* The
mobile phase A was 50 mM Na,HPO, (Carlo Erba Reagents) in
ultrapure water (MilliQ®, Merck KGaA), adjusted to pH 7.5;
while mobile phase B was acetonitrile/methanol/ultrapure
water, 45:45:10 vol% (VWR International Srl, Milan, Italy;
Merck). 14 pL of hydrolyzed samples (diluted 1:20) or a stan-
dard amino acid mixture were added to 280 pL of 0.1 M borate
buffer, pH 10.2 (Merck), 14 pL of internal standard, 140 pL of
OPA (o-phthaldialdehyde) 1 mg mL™" (P0532, Merck) as a deri-
vatization agent and brought up to 1 mL with water.
Tryptophan (T0254, Merck) was used as the internal standard,
because during acid hydrolysis, tryptophan and cysteine were
destroyed.?>?® 20 pL of each sample was injected into a
Pursuit XRs 5 C18 150 x 4.6 mm column at 20 °C, with detec-
tion at Aexcitement = 230 nm and Aemission = 450 nm. The separ-
ation was performed at a flow rate of 0.7 mL min~" employing
a solvent gradient (vol%) as follows: 0 min 2% mobile phase
B, 2.5 min 2% mobile phase B, 40 min 60% mobile phase B,
45 min 100% mobile phase B, and 50 min 100% mobile phase
B, pre-equilibrated under initial conditions for 15 minutes.
Appropriate amounts of standard amino acid solution
2.5 pmol mL™" (AAS18, Merck) were used to obtain stock stan-
dard solutions from 25 to 700 pmol pL™", in triplicate. The
calibration curves of each amino acid were obtained by plot-
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ting the peak area against concentration, respectively (R* =
0.9935-0.9998). The amino acids analyzed were aspartic acid
(15.56 min), glutamic acid (18.39 min), serine (24.84 min), his-
tidine (25.19 min), arginine (26.88 min), glycine (28.23 min),

threonine (28.47 min), alanine (31.42 min), tyrosine
(32.07 min), valine + methionine (39.00 min), tryptophan
(39.57 min), phenylalanine (41.15 min), isoleucine

(42.66 min), leucine (43.48 min) and lysine (45.82 min). Amino
acids were expressed as mg g~ " of WM.

Total polyphenol, carotenoid and flavonoid assays. The total
polyphenol contents of oyster tissue were determined by using
the Folin-Ciocalteau method.?” The principle of the method is
based on forming a blue-colored compound between phospho-
tungstic acid and polyphenols, in an alkaline medium. The
concentration of polyphenols was calculated using the cali-
bration curve, prepared under the same conditions as those of
the sample, using the absorbance values at the maximum
absorption, located at 750 nm. To obtain the calibration curve,
a stock solution of gallic acid at a concentration of 100 mg L™
was used. The concentration was reported as mg gallic acid
equivalent (GAE)gpw (LW: freeze-dried weight). Quantitative
determination of carotenoids (B-carotene) was performed spec-
trophotometrically at 460 nm, based on the methodology pro-
posed by Suhnel et al.>® The concentration of carotenoids was
expressed as f-carotene equivalent per grw. Quantification of
flavonoids was performed using an aluminum chloride colori-
metric assay at 420 nm.>® The flavonoid concentration was esti-
mated using the calibration curve of rutin and, finally, the
content of flavonoids was expressed as mg rutin equivalent
(RE) per grw-

Cell culture and chemicals

Human colorectal adenocarcinoma cells, Caco-2 (from the
American Type Culture Collection, ATCC, Rockville, MD, USA),
were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM), high glucose with t-glutamine and sodium bicarbon-
ate (Microtech, Pozzuoli, NA, Italy) supplemented with 10%
fetal bovine serum (FBS, EuroClone, Milan, Italy), 1% penicil-
lin/streptomycin (Lonza, Milan, Italy), HEPES (HIMEDIA,
Einhausen, Germany), and 1% non-essential amino acids
(ACL006, Microtech). Caco-2 cells were maintained at 37 °C in
5% CO, and 95% air until 70-80% confluence. For TNF-a (Bio-
Techne SRL, Milano, Italy) treatments, a solution of 15 ng
mL™" in sterile PBS was used. For treatment with freeze-dried
C. gigas samples, Caco-2 cells were pre-treated with different
concentrations of freeze-dried extract dissolved in absolute
EtOH, starting from a stock solution of 100 mg mL™.

MTT viability assay

Cell viability after pretreatment with freeze-dried oyster extract
was determined through the MTT [3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide] assay as previously
described.*® Caco-2 cells were seeded in 96-well plates at a
density of 2 x 10* cells per well in 200 pL of medium and
exposed to various concentrations of lyophilized oyster extract
(1, 2.5, 5, 10, 25, 50, 100, 250, 500 and 1000 pg mL™') for
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24 hours. The day after, the medium containing the treatments
was removed, and 50 pL of serum-free media and 50 pL of
MTT solution (0.5 mg mL™") were added into each well and
incubated for 3 hours. Then insoluble purple formazan crys-
tals were dissolved by adding 100 pL of DMSO (37 °C for
15 minutes). The samples were shaken for 5 minutes (at room
temperature (RT), in the dark) and the absorbance of the solu-
tion was measured with a spectrophotometer at 590 nm, using
670 nm as the reference wavelength as previously described.*!
Finally, the results were presented as a percentage of viability
vs. control cells.

Cell viability of Caco-2 cells using the Trypan blue assay

Caco-2 cells were seeded in 6-well plates at a density of 2.5 x
10° cells per mL. When the right confluence was reached, they
were pre-treated with different concentrations of the oyster lyo-
philized and dissolved in absolute EtOH: 5 ug mL™", 50 pg
mL~", and 500 pg mL™" for 24 h and the cell viability was
measured using the Trypan blue exclusion assay. Briefly, the
cells were harvested, 10 pL of cells and 10 pL of Trypan blue
were mixed, and the number of cells was counted with a hemo-
cytometer (Neubauer chamber, Sigma-Aldrich Chemie GmbH
Taufkirchen, Germany). The number of live cells (unstained)
and dead cells (stained blue) were counted, and the cell viabi-
lity was expressed as a percentage of living cells with respect to
the total number of cells:

Viable cells (%) = (total number of viable cells per mL
/total number of cells per mL) x 100.

Immunocytochemistry

Caco-2 cells were grown on coverslips at a density of 0.5 x 10°
cells per mL in 24-well plates and treated with TNF-a 15 ng
mL™* for 30 min, 1 h and 2 h. Then, the cells were washed
twice with PBS 1x, fixed in 4% paraformaldehyde (PFA) in PBS
for 10 min at RT and permeabilized with 0.2% Triton X-100 in
PBS for 10 min at RT. After further washes with 1x PBS, 2%
BSA was added for 1 hour to saturate the nonspecific sites. The
coverslips were incubated with NF-xB primary antibody
(D14E12, #8242, Cell Signaling Techology, Danvers, MA, USA)
1:500 in 0.25% BSA/PBS overnight at 4 °C. The next day,
samples were incubated for 1 h with fluorochrome-conjugated
anti-mouse secondary antibody (Green Mouse A11029 Alexa
Fluor 488; Thermo Fisher Scientific, Waltham, MA, USA) in
0.25% BSA/PBS. Nuclei were stained with 1 pg mL™' DAPI
(Sigma-Aldrich) for 10 min. Coverslips were mounted on glass
slides using PermaFluor™ Aqueous Mounting Medium (TA-06-
FM Thermo Fisher Scientific) and examined with an Axio
Imager A2 microscope equipped with a Leica DFC350 FX
camera (Carl Zeiss s.p.a, Milan, Italy) at 40x magnification. All
images were quantified using Image] software.

Nuclear-cytosolic protein extraction

Caco-2 cells were seeded in 100 mm Petri dishes (3 x 10° cells)
and allowed to grow to confluence. After pre-treatment with
lyophilized oyster extracts (5 pL, 50 pL and 500 pL) for 24 h

This journal is © The Royal Society of Chemistry 2025
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and treatment with TNF-a (15 ng mL™") for 2 h, the cells were
detached and centrifuged for 5 min. Afterwards, the super-
natant was discarded and the pellet was washed with 1 mL of
1x PBS, transferred to 1.5 mL Eppendorf and centrifuged for
5 minutes at 500g. The pellets were resuspended in cytosolic
extraction buffer containing 10 mmol 1™ HEPES (pH 7.9),
10 mmol 17" KCI, 1.5 mmol 1* MgCl,, 0.3% Nonidet P-40,
0.5 mmol 17" ditreitiol, 0.5 mmol 1™ phenyl-methyl-
sulfonylfluoride (PMSF), protease and phosphatase inhibitor
cocktails. The lysates were incubated for 30 min on ice and
subjected to intermittent mixing every 5 min. Then, the pellets
were disrupted using G27 syringes and centrifuged at 14 000
rpm for 15 min. The supernatant containing cytosolic proteins
was stored at —20 ©°C. Pellets containing the nuclei were
washed twice with cytosolic extraction buffer, centrifuged for
5 min at 4 °C at 14 000 rpm, suspended in nuclear extraction
buffer containing: 20 mmol 1”* HEPES (pH 7.9), 0.6 mol 1™
KCl, 1.5 mmol 17! MgCl,, 20% glycerol, 0.5 mmol 1™ phenyl-
methylsulfonyl fluoride and protease and phosphatase inhibi-
tor cocktails and disrupted using a G27 syringe. Samples were
incubated for 90 min in a Digital Tube Revolver (Thermo
Scientific) at 4 °C. Finally, the samples were centrifuged at
16 000g for 5 min to obtain nuclear protein fractions and
stored at —20 °C, as previously described.?* The protein con-
centration was determined using the Bradford protein assay
(Bio-Rad Protein Assay; Bio-Rad Laboratories, Inc., Milan,
Italy). 30 pg of proteins were loaded onto 10% polyacrylamide
SDS gels, electroblotted onto nitrocellulose membranes and
separated by molecular size. Membranes were incubated over-
night at 4 °C under gentle rocking with primary antibodies
diluted in TBS-T 0.5% non-fat milk. Primary antibody used:
NF-xB p65 (D14E12, Cell Signalling, cat. 8242, diluted 1:750
in TBS-T 0.5% non-fat milk), a-Tubulin (sc-23948, Santa Cruz
Biotechnology, Inc., Dallas, TX, USA, diluted 1:1000 in TBS-T
0.5% non-fat milk) and Lamin A/C (sc-376248, Santa Cruz
Biotechnology, Inc. diluted 1:1000 in TBS-T 0.5% non-fat
milk) were used as loading controls. The membranes were
then incubated with horseradish peroxidase-conjugated sec-
ondary antibody for 2 h (anti-mouse 1:5000; cat. BAF007,
Biotechne, Minneapolis, USA). The bound antibodies were
detected by chemiluminescence using ECL WESTAR ETAC
UL-TRA 2.0 kit reagents (cat. XLS075.0100, CYANAGEN,
Bologna, Italy) and an Bio-Rad ChemiDoc™ imaging system
(Bio-Rad Laboratories). Images of the bands were digitized and
densitometric analysis was performed using Image] software.

Protein extraction and western blot assay

Caco-2 cells were seeded in 60 mm Petri dishes (0.8 x 10° cells)
and, after treatments, the cells were lysed with 20 pL of lysis
buffer containing RIPA buffer 1x (50 mM Tris (pH 7.5),
150 mM NaCl, 10% glycerol, 1% Nonidet P-40, 1 mM EDTA,
0.1% SDS, 5 mM N-ethylmaleimide), protease inhibitor cock-
tail (100 pL for a total volume of 1 mL) (SIGMAFAST™ Protease
Inhibitor Tablets, Merck), p-glycerol phosphate (10 pL for a
total volume of 1 mL), and orthovanadate (5 pL for a total
volume of 1 mL). The lysates were incubated for 30 min on ice
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and subjected to intermittent mixing every 5 min; then the
samples were centrifuged (13 000 rpm, 15 min at 4 °C) and the
supernatants were collected. The protein concentration was
determined using the Bradford protein assay (Bio-Rad Protein
Assay; Bio-Rad). Equivalent amounts of boiled proteins (30 pg)
were loaded onto SDS polyacrylamide gels and separated by
molecular size. Then, proteins separated from the gel were
transferred to nitrocellulose membranes and blocked for
90 min in Tris-buffered saline, pH 7.5, containing 0.5% Tween
20 and 5% non-fat milk. The membranes were incubated over-
night at 4 °C with the primary antibody diluted in TBS-T 0.5%
non-fat milk: COX-2 1:500 (#12282S; Cell Signaling
Technology). The membranes were then incubated for 2 h with
horseradish peroxidase-conjugated secondary antibody (anti-
mouse 1:5000; cat. BAF007, Biotechne). Finally, f-actin (cat.
A3854, Merck) was used as a loading control. The bound anti-
bodies were detected by chemiluminescence using ECL
WESTAR ETAC ULTRA 2.0 kit reagents (cat. XLS075.0100,
CYANAGEN) and the Bio-Rad ChemiDoc™ imaging system
(Bio-Rad Laboratories). Images of the bands were digitized and
densitometric analysis was performed using Image] software.

NF-kB DNA binding activity

The binding of specific DNA sequences, called kB sites, by NF-
kB was evaluated using the “NF-xB (p65) transcription factor
assay” (Cayman Chemical, Michigan, USA) as previously
described.>® The NF-xB protein present in the nuclear extract
of different samples was incubated with oligonucleotides con-
taining specific sequences, immobilized on a 96-well plate. A
secondary antibody conjugated with a horseradish peroxidase
provided a colorimetric result, which was detected spectropho-
tometrically at 450 nm.

Caco-2 differentiation and transepithelial resistance (TEER)
measurements

The Caco-2 cell line differentiates into polar monolayers on a
microporous membrane after 21 days of culture. To create the
monolayer, Caco-2 cells were seeded in Transwell 6-well plates,
on Millipore filters (pore size 0.4 pm, surface area 4.71 cm?,
and diameter 12 mm) at a density of 3 x 10° cells per cm? with
0.5 mL culture medium on the apical side and 1.5 mL culture
medium on the basolateral side. The medium was replaced
every 3 days for the first 14 days and then every day until day
21 to build a confluent monolayer. At day 21, the Caco-2 mono-
layer was pretreated for 24 h with the freeze-dried oyster and
for another 24 h with 15 ng mL™" TNF-a. Then transepithelial
electrical resistance (TEER) of differentiated Caco-2 cells was
assessed using a Millicell ERS-2 resistance system (Millipore).

The TEER value was calculated as TEER = (R, — Rpjank) X 4,
where R,,, is the transmembrane resistance; Ryjank iS the intrin-
sic resistance of the cell-free medium and 4 is the surface area
of the membrane in cm?.

Scanning electron microscopy (SEM) of differentiated Caco-2 cells

The sample morphology, size, and distribution were evaluated
by observation under an electron microscope. To analyze the
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external morphology, the cells were fixed in 2.5% glutaralde-
hyde in cacodylate buffer for 3 h at 4 °C. Then, the cells were
post-fixed in 1% osmium tetroxide for 2 h at 4 °C and dried in
a graded ethanol series; the samples were then metalized by
gold coating (Edwards Sputter Coating S150; Edwards High
Vacuum International, Wilmington, MA, USA) and analyzed at
15-20 kV using a scanning electron microscope (Zeiss EVO 40)
with a LaBg source.

Statistical analysis

Statistical analysis was conducted using GraphPad Prism 6 soft-
ware (GraphPad Software Inc., La Jolla, CA). All values are
expressed as mean + standard deviation or mean + standard error
of the mean (SEM) and differences were considered statistically
significant at p < 0.05. Statistically significant differences between
treated and untreated cells were evaluated by one-way analysis of
variance (ANOVA) followed by the Bonferroni post hoc test.

Results and discussion
Proximate composition and potential bioactives

Proximate composition refers to the nutritional composition
of a substance, such as protein, lipid, and moisture contents.**
Oysters harvested in Goro have been demonstrated to possess
a chemical composition that is notably rich in bioactive com-
pounds, which may contribute to their anti-inflammatory pro-
perties. Specifically, they exhibit a high concentration of pep-
tides, alongside a particularly advantageous omega-3 to
omega-6 ratio, as well as significant polyphenol and carotenoid
contents. C. gigas, along with other oyster species, is recog-
nized for its substantial protein and lipid contents.”” In this
study, the protein and lipid contents were found to be 9.77 +
0.95% WM and 2.05 + 0.01% WM, respectively (Table 1).

The concentration of polyphenols was found to be 3.63 +
0.37 mg grw  (Table 2), which is considered promising for the
treatment and/or prevention of inflammation and related dis-
eases.>® Oysters contain such bioactive compounds, with 3,5-
dihydroxy-4-methoxybenzyl alcohol (DHMBA) being the most
notable. Notably, a role of DHMBA was recently suggested in
the prevention of inflammation-related bone loss, by decreas-
ing the level of NF-kB p65 in osteoblastic cells and its promo-
ter activity, indicating its potential therapeutic efficacy under
inflammatory conditions.?”

Table 1 Proximate composition of the soft tissue of adult-sized
C. gigas harvested in Goro (ltaly)

Concentration (%)

Moisture 74.77 £ 0.42
Total lipids 2.05+0.01
Total crude proteins 9.77 £ 0.95
Ashes 1.78 £ 0.03
Carbohydrates® 11.65 + 0.99

“ Carbohydrate content has been determined by calculating the differ-
ence from other nutrients. Data are mean + standard deviation (n = 3).
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Table 2 Bioactive concentration in the soft tissue of adult-sized

C. gigas harvested in Goro (Italy)

Nutrient Concentration
Total polyphenols (mg GAE per grw) 3.63 £ 0.37¢
Total carotenoids (mg p-car per grw) 10.51 + 0.76
Total flavonoids (mg RU per giw) 1.26 + 0.03¢

“Data are mean + standard deviation (n = 3).

The carotenoid content was found to be 10.51 + 0.76 mg
guw . Oysters obtain carotenoids from their diet by filtering
various algae from seawater. Fucoxanthin, diatoxanthin, diadi-
noxanthin, and alloxanthin have been isolated from C. gigas
meat,”® along with some minor carotenoids.’* These com-
pounds offer various health benefits due to their antioxidant
and anti-inflammatory properties and serve as precursors to
vitamin A, which is essential for immune function, eye health,
and cell growth.?” Apart from sodium, which is naturally
derived from seawater, the mineral composition primarily
includes calcium and magnesium, with lower amounts of zinc
(Fig. 1A).

These minerals are recognized for their crucial roles in
human health, including blood pressure regulation, clotting,
nervous and muscle function, immune system function, carbo-
hydrate and protein metabolism, among other processes, all
involved either directly or indirectly in tissue inflammatory
responses.*’

High concentrations of amino acids have been identified,
with tyrosine present at the highest concentration (Fig. 1B).
Although tyrosine is not inherently anti-inflammatory, it con-
tributes to the inflammatory process through the synthesis of
certain enzymes, such as tyrosine hydroxylase (TH), which can
influence inflammation.*” Additionally, compounds derived
from or containing tyrosine, like N-(E)-p-coumaroyl tyrosine,
have shown anti-inflammatory properties.*® C. gigas also exhi-
bits a high content of glutamic acid, which is typically classi-
fied as an “immunonutrient” due to its significant anti-inflam-
matory activity.** Glutamic acid, as well as histidine and
glycine, inhibit NF-xB activation, IkBo degradation, CD62E
expression and IL-6 production in HCAECs, suggesting that
they may exhibit anti-inflammatory effects during endothelial
inflammation.*> Moreover, a synergistic anti-inflammatory
effect of phenolic acid-conjugated glutamine-histidine-
glycine-valine peptides derived from oysters has been recently
reported.’® We observed an intriguing fatty acid profile
(Fig. 1C), which is beneficial for health. Oysters contain
approximately 52.65% saturated fatty acids (SFAs), 20.65%
monounsaturated fatty acids (MUFAs), and 28.26% polyun-
saturated fatty acids (PUFAs). Palmitic acid is the most abun-
dant SFA, while oleic acid is the most abundant MUFA.
Notably, the content of eicosapentaenoic acid (EPA) is almost
double that reported for other oyster species.”””*® An w3/w6
PUFA ratio of 7.5 has been calculated in our samples. PUFAs
are generally considered to offer different beneficial health
effects. However, ®3 and w6 PUFAs exert opposing effects on

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Nutritional composition of commercial-sized C. gigas soft tissue: (A) fatty acid profile, (B) mineral composition and (C) amino acid content.
Data are presented as mean + standard deviation of three independent experiments. Quantification is shown in Sl Tables (Tables S1-S3).

the body’s metabolic functions, including inflammatory
responses.”® ®3 PUFAs aid in resolving inflammation and alter
the function of vascular and carcinogenic biomarkers, playing
a crucial role in the prevention and management of coronary
disease, hypertension, and other inflammatory and auto-
immune conditions.’® They can form several potent anti-
inflammatory lipid mediators (e.g., resolvins and protectins)
that collectively, directly or indirectly, suppress the activity of
nuclear transcription factors, such as NF-kB, and reduce the
production of pro-inflammatory enzymes and cytokines,
including COX-2, (TNF)-a, and interleukin (IL)-1p.>"

This journal is © The Royal Society of Chemistry 2025

Effects of oyster extract treatments on Caco-2 cell viability

The possible anti-inflammatory properties of OE were tested in
human intestinal epithelial cell line Caco-2, which is con-
sidered one of the main in vitro models used to study human
intestinal barrier function.”?

To choose the experimental doses of OE to be used in our
study, we first analyzed their possible cytotoxic effects on
Caco-2 cells by the MTT assay and Trypan blue exclusion assay.
As shown in Fig. 2A and B, no cytotoxic effects were observed
in Caco-2 cells treated for 24 h with OE at any of the tested
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Fig. 2 Caco-2 cell viability after 24 hours of treatment with different doses of OE (from 5 pg ml™ to 1000 pg ml™) evaluated by the MTT test (A)
and the Trypan blue exclusion test (B). Data are presented as mean + SEM of three independent experiments.

concentrations (from 5 to 1000 pg mL™"). Therefore, we
selected three different concentrations (5, 50, and 500 pg
mL ") for the following experiments.

Time-dependent activation of NF-kB by TNF-a treatment in
Caco-2 cells

To evaluate the anti-inflammatory effects of OE on Caco-2
cells, we focused on their role in preventing NF-kB activation
in response to inflammatory stimuli. To induce NF-xB acti-
vation, and to simulate an inflammatory state in our in vitro
model, Caco-2 cells were treated with two different stimuli:
TNF-o and LPS from Escherichia coli. Caco-2 cells were poorly
responsive to LPS stimulation (data not shown) due to the low
expression of Toll-like receptor 4 (TLR-4); on the other hand,
as depicted in Fig. 3A and B, the treatment of Caco-2 cells with
TNF-a induced an increase in NF-kB nuclear translocation,
especially after 2 h of exposure.

After TNF-a treatments, Caco-2 cells were stained for anti-
NF-kB-FITC and DAPI for nuclear imaging (Fig. 3A), and inten-
sity correlation between NF-xB and DAPI acquisitions was
measured using Pearson’s correlation coefficient (Fig. 3B). As
depicted in Fig. 3B, we observed an increase in Pearson’s cor-
relation coefficient already at the earlier time point (30 min)
reaching the statistical significance at 2 h after TNF-a treat-
ment compared with untreated cells (CTRL). Therefore, based
on this result, we decided to treat the Caco-2 cells with 15 ng
mL™" TNF-a for 2 h to induce an inflammatory response.

It is well accepted that a key event in the development and
progression of various chronic inflammatory diseases of the
human gastrointestinal tract is the activation of the nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-
kB).>* Nuclear factor (NF)-«B is a pleiotropic transcription
factor that is normally sequestered in the cytoplasm in an inac-
tive form by inhibitory proteins known as IxB.”* Upon
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Fig. 3 (A) Representative images of NF-kB activation (green fluorescence in Caco-2 cells pre-treated for 30 min, 1 h and 2 h with 15 ng ml™ TNF-o
or untreated (CTRL)); nuclei are stained with DAPI (blue fluorescence). Magnification 40x. Scale bar = 20 um. (B) Pearson correlation coefficient
values for colocalization of NF-kB p65 and DAPI. Co-localization data are given as means + SEM. ImageJ software was used for the analysis. Data
are presented as mean + SEM of three independent experiments. *p < 0.05 by one-way ANOVA; TNF-« treated cells vs. CTRL cells.
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different stimuli, specific IkB kinase phosphorylate IkB
promote their ubiquitination and degradation by the protea-
some. Therefore, NF-xkB can be activated, resulting in its rapid
nuclear translocation, which leads to increased transcription
of pro-inflammatory genes.>® Therefore, establishing an
inflammatory in vitro model based on NF-kB activation can
help us to understand the possible anti-inflammatory pro-
perties of OE.

Oyster extract prevents TNF-a-induced NF-kB nuclear
translocation in Caco-2 cells

The NF-«xB family is composed of five members, NF-kB1 (or
p50), NF-kB2 (or p52), RelA (or p65), RelB, and c-Rel. When
activated, NF-kB migrates into the nucleus as dimers®® and, in
particular, the main NF-kB isoform induced by pro-inflamma-
tory stimuli is the p50:p65 dimer. Based on our previous
results, we first treated Caco-2 cells for 24 hours with OE

(A)

View Article Online
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(5, 50, and 500 pg mL "), and then we exposed the cells to 15
ng mL ™" of TNF-a and finally, we evaluated NF-xB activation by
western blot, i.e. the p65 expression level, in both cytoplasmic
and nuclear cell compartments. No NF-xB nuclear transloca-
tion was observed in Caco-2 cells treated with OE (data not
shown). As depicted in Fig. 4A, pretreatment with different
concentrations of OE was able to prevent, in a dose-dependent
fashion, the nuclear translocation of p65 after TNF-a stimu-
lation. This effect reached statistical significance for OE higher
doses (Fig. 4B). No statistically significant effect on p65 cyto-
plasmic levels was observed, suggesting that the effect is not at
the transcriptional but rather at the post-translational level.
This was confirmed in Fig. 4C, where the DNA-binding activity
of p65 in Caco-2 challenged with TNF-a and pre-treated with
OE is depicted. As clearly shown, while the OE alone did not
significantly change the DNA-binding activity of NF-xB com-
pared to the control condition, the pretreatment with OE
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Fig. 4 Effect of oyster extract on NF-xB activation in Caco-2 cells. (A) Protein expression levels of the p65 subunit of NF-xB in the cytosol and
nuclei of Caco-2 cells pre-treated for 24 hours with different concentrations of OE (5, 50 and 500 pg ml™) and then treated for 2 hours with 15 ng
ml~* TNF-«a; (B) quantification of their expression levels. a-Tubulin and Lamin A/C were used as loading controls for cytoplasm and nuclei fractions,
respectively. ImageJ software was used for the analysis. Data are presented as mean + SEM of three independent experiments. *p < 0.05 by one-way
ANOVA; OE treated cells vs. CTRL cells. (C) Effect of oyster extract on NF-kB DNA-binding in Caco-2 cells. The cells were treated for 24 hours with
different doses of OE (5, 50 and 500 ug ml™Y) and then exposed for 2 hours to 15 ng ml~* TNF-a. Data are presented as mean + SEM of three inde-
pendent experiments. */# p < 0.05 by one-way ANOVA; * treatment vs. CTRL; # TNF-a vs. OE + TNF-a.
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strongly decreased (—35% 5 pg mL™" OE vs. TNF-o; —26%
50 ug mL~" OE vs. TNF-a; and —51% 500 pg mL ™" OE vs. TNF-
a) the DNA-binding ability of activated NF-kxB-p65, at all ana-
lyzed doses, especially at 500 pg mL~" dose, in a statistically
significant manner.

The potential of natural products derived from marine
organisms to constrain NF-xB activation is exhaustively dis-
cussed and summarized by Folmer and colleagues.”” In this
paper, the authors describe the effects of natural marine pro-
ducts on molecular targets along the canonical NF-«xB acti-
vation pathway; in particular, they argued that the natural
marine compounds can act as NF-kB inhibitors with different
mechanisms of action: targeting the enzymatic degradation of
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IkB, interfering with the activity of the 26S proteasome or inhi-
biting the DNA-binding of NF-kB. Moreover, in some cases,
their mechanisms of action are still unknown to date. In this
study, we were not able to fully elucidate the molecular mecha-
nism responsible for NF-«B inhibition by OE treatment
although it is possible that OE components can activate path-
ways that compete with NF-kB, such as the Nuclear factor ery-
throid 2-related factor 2 (NRF2) or Heme Oxygenase-1 (HO-1),
and indirectly prevent its activation.>®

The lack of a dose-dependent effect in the DNA binding
results could be a consequence of missing some intermediate
time points; nonetheless, the results can still clearly confirm
OE’s ability to prevent NF-kB activation.
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Fig. 5 Effect of oyster extract on the COX2 expression level in Caco-2 cells. (A) Protein expression levels of COX2 in Caco-2 cells treated for
24 hours with different doses of OE (5, 50 and 500 ug ml™) and then exposed for 2 hours to 15 ng ml™ TNF-«; (B) quantification of the COX2
expression level. f-Actin was used as a loading control. ImageJ software was used for the analysis. Data are presented as mean + SEM of three inde-
pendent experiments. */# p < 0.05 by one-way ANOVA; * treatment vs. CTRL; # TNF-a vs. OE + TNF-a.
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Oyster extract prevents COX-2 protein expression in Caco-2
cells

Activation of NF-kB is known to be involved in the regulation
of the expression of numerous inflammatory genes, including
those encoding TNF-a, IL-1B, IL-6, and cyclooxygenase-2
(COX-2), induced during the inflammatory process. Even
though in this work we did not examine all the above-men-
tioned NF-kB-regulated genes, we observed a modulation of
COX-2 protein expression levels upon OE pretreatment in TNF-
a-inflamed Caco-2 cells. The COX-2 enzyme is induced by
different inflammatory stimuli and converts arachidonic acid
to prostaglandins, whose levels are normally elevated in
inflamed tissues and are recognized to promote and propagate
the inflammation response.>® First, our results showed no
effects on COX-2 protein level in Caco-2 cells stimulated with
OE alone (Fig. 5A and B). Then, while TNF-a augmented the
COX-2 expression level, the pretreatment with OE prevented
this effect as established through statistical analysis of the
protein quantification (Fig. 5B). This result agrees with pre-
vious studies demonstrating that different oyster-derived com-
pounds exert modulatory effects on COX-2 level and/or activity.

In a recent work it has been demonstrated that f-thymosin,
originated from the mantle of the Pacific oyster, C. gigas
decreased the expression of COX-2 in LPS-induced RAW264.7
cells.” Siregar and colleagues demonstrated that the tyrosine-
alanine (YA) peptide, the main component of C. gigas hydrolysate
(OH), attenuates inflammatory signals in a mouse model of acute
liver failure (ALF), by decreasing the enzymatic activity of COX-2."”

To the best of our knowledge, here we have shown for the
first time that oyster tissue extracts exert an anti-inflammatory
effect also on intestinal cells. Therefore, as well as being
highly nutritious, they may also be considered nutritional sup-
plements to alleviate intestinal inflammation associated with
different chronic diseases.

Oyster extract prevents TNF-o-induced damage of intestinal
epithelial barrier integrity

The intestinal barrier functionality is essential to maintain gut
homeostasis and is tightly associated with intercellular struc-
tural integrity. The intestinal barrier is composed of a mono-
layer of epithelial cells connected by highly organized intercel-
lular junctions: adherens junctions, desmosomes, tight junc-
tions, and gap junctions. It has been proven that the impair-
ment of intestinal barrier integrity results in spontaneous
intestinal inflammation.®®®" Then, to evaluate the protective
effect of OE in maintaining gastrointestinal tract barrier integ-
rity in our in vitro inflamed model, we measured the transe-
pithelial electrical resistance (TEER) values, clear indicators of
the cellular barrier status.

Specifically, to better analyze the protective effect of OE in
the maintenance of this integrity, we used a differentiated
Caco-2 monolayer that, due to its morphology and per-
meability characteristics, better mimics the human small
intestine in vitro than undifferentiated Caco-2 cells.** As
depicted in Fig. 6, we did not observe any differences in TEER

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Effects of TNF-a on the transepithelial electrical resistance
(TEER) of 3D human intestinal tissues with or without OE pretreatment.
Data are expressed as % vs. CTRL tissues (mean + SEM of three experi-
ments); * p < 0.05 by one-way ANOVA; * treatment vs. CTRL.

values in differentiated Caco-2 cells pretreated for 24 h with
OE compared to control cells.

As expected, TNF-a caused a significant impairment in the
permeability of the intestinal tissue by reducing TEER values,
while the pretreatment with OE restored the TEER values to
those of untreated samples. This result suggests that OE could
contribute to preserving intestinal permeability under inflam-
matory conditions. Moreover, once again the TEER values
measured highlight the protective role of OE in the gastrointes-
tinal tract; several lines of evidence correlate the altered intesti-
nal barrier function with different gastrointestinal pathologies,
which require appropriate treatment, especially in prevention.
Emerging evidence has demonstrated how marine-derived bio-
products may be excellent candidates and replacements for
pharmacotherapy, due to their low toxicity and high content of
bioactive peptides, polysaccharides, lipids, and more. In this
scenario, C. gigas is an excellent source of proteins that can be
hydrolyzed in different peptides characterized by high bioactiv-
ity. As far as we know, this is the first time that the beneficial
effect of total oyster tissue extract has been observed in the
maintenance of intestinal barrier integrity.

Oyster extract prevents intestinal epithelial morphological
changes induced by TNF-a

Finally, the effects of OE on cell morphology were analyzed by
scanning electron microscopy (SEM). CTRL cells and cells
treated with 5, 50, or 500 pg mL~" OE adhered tightly in a
uniform layer, with no spaces between cellular edges; this
result confirms that the general morphological characteristics
of the monolayer and of the cell contact areas do not vary upon
OE treatments compared to the control conditions (Fig. 7).
Conversely, the treatment of Caco-2 differentiated mono-
layer with TNF-a for 24 h induced structural alteration of the
cell surface (Fig. 8A-C). After pretreatment with a low concen-
tration of OE (5 pg mL™"; Fig. 8D-F) the morphological aspect
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500 pg/mil OE

Fig. 7 Morphology of the Caco-2 monolayer exposed for 24 h to different doses of OE analyzed by SEM microscopy. The Caco-2 monolayer
treated with different doses of OE (A, D, G, and L: 1k magnification; B, E, H, and M: 2k magnification; and C, F, |, and N: 5k magnification).

TNF-a

TNF-a + 5 pg/ml OE

TNF-a + 50 pg/ml OE

Fig. 8 Morphology of the Caco-2 monolayer exposed for 24 h to TNF-a with and without pre-treatment with different doses of OE analyzed by
SEM microscopy. The Caco-2 monolayer treated with TNF-a for 24 hours, after pre-treatment with different doses of OE (A, D, G, L, 1k magnifi-
cation; B, E, H, and M: 2k magnification; and C, F, |, and N: 5k magnification).

of the cells already appeared improved compared to those
treated with TNF-o alone, even if some pyknotic-necrotic
lesions were still present. Interestingly, upon pre-treatment of
24 hours with a high concentration of OE (50 pg mL™" and
500 pg m~, Fig. 8G-N) the cell surface and cell-to-cell contacts
are improved compared to TNF-a treated cells. Upon 500 pg
mL~" OE pretreatment the surface structural uniformity of the
cell monolayer is almost restored despite the presence of an
inflammatory agent. Consistent with the above-described
changes in TEER values, this result again emphasizes how OE
may prevent the intestinal barrier dysfunction.

Increasing evidence indicates that different bioactive food
compounds may have anti-inflammatory effects in several
tissues, including the intestinal mucosa. Recently, it has been

7942 | Food Funct, 2025, 16, 7931-7944

suggested that marine organisms are an invaluable source of
natural molecules and proposed as functional foods.®® The re-
cycling of oyster shells is nowadays considered a well-accepted
sustainable solution. In contrast, the use of OE has received less
significant interest although it is used as a dietary supplement
since the 70’s in the Far East for its beneficial properties.®*

Conclusions

The final aim of this work was to pave the ground to produce
oyster-based beneficial compounds with great potential for
nutraceutical technology and/or possible applications in the
food industry.

This journal is © The Royal Society of Chemistry 2025
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The Sacca di Goro is one of Italy’s largest and most pro-
ductive oyster farming areas. Despite the significant volume of
shellfish produced, every year 30-40% of production has to be
discarded as waste, due to small size, damaged shells, or
deformities. Our work could potentially valorize these oysters
for alternative nutraceutical applications, such as the pro-
duction of nutritional supplements, and therefore reduce the
amount of waste. We believe that promoting a more sustain-
able use of marine resources can provide additional economic
opportunities for the local aquaculture industry.

Recent research has highlighted that the use of marine bioac-
tives still faces several challenges; first, the challenges of the
extraction process due to the complexity of the matrices due to
different solubilities and stabilities of their compounds.®>*®
Additionally, regulatory constraints related to product approval
and market authorization can be considered to guarantee the
safety of the final marketed product. Besides these challenges,
the unique bioactivities of marine-based products, especially
antioxidant and anti-inflammatory properties, make them a
promising resource for human health. These advantages high-
light the importance of following this line of research and invest-
ing in innovative green technologies to foster the potential of
marine-based compounds. In this scenario, our finding that
oyster extract can reduce intestinal inflammation further sup-
ports the significance of marine bioactives as promising agents
for human health. Therefore, overcoming the above-mentioned
limitations in their use could support the discovery and realiz-
ation of novel nutritional approaches.

We are aware that our study has been limited to in vitro cell
experiments, which clearly need in vivo confirmation before
extrapolating our results to real life, but we need to mention
that using an in vitro model, although it does not fully recapi-
tulate the complexity of living tissue, is a well-accepted
approach for a first exploratory investigation aimed to under-
stand the biological activities of these extracts.

Of course, the effective anti-inflammatory effects and safety
of these compounds need to be confirmed through in vivo
experiments and clinical trials before their possible nutraceuti-
cal use. Moreover, further studies are needed not only to specifi-
cally identify which ingredients of oyster tissue extract are more
effective in inhibiting gut inflammation upon different external
stimuli, but also to better evaluate the molecular mechanism by
which OE modulates an inflammatory process.
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