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ARTICLE INFO ABSTRACT

Keywords: Shrimp by-products are a promising source of bioactives. This study investigated the composition and the
Seafood industry waste bioactivity of a preparation obtained in mild conditions via ethanol extraction from the cephalothorax of the
)Pfa?th;phﬁl.ls Mediterranean red shrimp species Aristacomorpha foliacea. The crude extract (CE) exhibited high levels of
olyphenolics

astaxanthin (AST) and polyphenols, which contributed to its notable antioxidant activity. Monounsaturated fatty
acids dominated the lipid profile of CE (46%), reflecting a typical trait of deep-sea species, while polyunsaturated
and saturated fatty acids accounted for 33% and 21%, respectively. Chemical fractionation yielded a hydro-
phobic fraction (HF; AST-enriched) and a polar fraction (PF; polyphenols-enriched). In hepatic (HuH7) and in-
testinal (HCT15) human cells, CE induced dose-dependent lipid droplet accumulation and protected against
palmitic acid-induced lipotoxicity: it restored cell viability, reduced reactive oxygen species, prevented lipid
peroxidation and induced modulation of antioxidant enzymes, including catalase, glutathione peroxidase, and
superoxide dismutase. While the HF alone partially reproduced these effects, full antioxidant and cytoprotective
activity required the synergistic contribution of both fractions. These findings support the potential application
of shrimp waste-derived ethanol extracts as sustainable sources of functional ingredients for oxidative stress-
related conditions.
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1. Introduction

Oxidative stress results from an imbalance between the production of
reactive oxygen species (ROS) and body’s antioxidant defences. Man-
aging cellular oxidative stress is vital for preventing and treating
numerous non-communicable diseases (NCDs), as it triggers chronic
inflammation (Hussain et al., 2016; Seyedsadjadi & Grant, 2021). This
interaction drives atherosclerosis (Donia & Khamis, 2021;
Zhazykbayeva et al., 2020), aggravates liver disease progression (Li

* Corresponding authors.

et al., 2016) and respiratory disease severity (Dua et al., 2019), and is
central to inflammatory bowel diseases (Moura et al., 2015), cancer,
diabetes, and metabolic syndrome (Battino et al., 2021; Pena-Oyarzun
et al., 2018). Carotenoids, including their oxygenated forms known as
xanthophylls,  exhibit antioxidant, anti-inflammatory, and
anti-apoptotic properties and play a significant role in the prevention
and treatment of NCDs. These compounds influence intracellular sig-
nalling pathways by modulating gene expression and reducing the
production of inflammatory cytokines and oxidative stress markers
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(Bohn, 2019; Kaulmann & Bohn, 2014; Zuluaga et al., 2017).

Marine sources offer a wide variety of xanthophyll pigments,
including fucoxanthin, astaxanthin (AST), and lutein, that have
demonstrated high potential in mitigating oxidative damage (Bungau
et al., 2019; Gammone et al., 2015). Similarly, polyunsaturated fatty
acids (PUFAs) from fish and seafood, particularly omega-3 fatty acids
such as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA),
exhibit anti-inflammatory properties. They modulate membrane phos-
pholipids, improve mitochondrial function, and enhance the activity of
endogenous antioxidant enzymes, which collectively contribute to car-
diovascular protection and reduced oxidative stress (Djuricic & Calder,
2021; Oppedisano et al., 2020).

Xanthophylls and PUFAs thus represent promising candidates for the
prevention and treatment of NCDs, and their integration into dietary
interventions may offer significant health benefits. Blends of these
bioactive compounds appear particularly interesting based on the syn-
ergistic antioxidant effects of AST and PUFAs (Saw et al., 2013). How-
ever, further research is required to understand their dose-dependent
effects and their mechanisms of action, which would support the opti-
mization of their therapeutic application.

Shrimp shell waste, a by-product of the seafood industry, represents
a valuable resource of bioactive compounds such as AST and PUFAs. AST
is naturally abundant in shrimp tissues that are typically discarded, such
as exoskeleton and cephalothorax, and can be efficiently recovered
using various methods, including enzymatic processes and supercritical
CO; extraction (Aneesh et al., 2023; Cheong et al, 2020;
Sanchez-Camargo et al., 2011). These extraction methods not only
enable high-yield recovery of AST, but also ensure the preservation of its
natural state, making it suitable for nutritional and biomedical appli-
cations (Deng et al., 2020; Fotodimas et al., 2024). Further techniques,
such as ultrasonic-assisted extraction (Sharayei et al., 2021) or the use of
neoteric solvents (Mancarella et al., 2025), have been developed to
enhance the efficiency and sustainability of the process. AST is typically
recovered from shrimp waste as a component of a lipid fraction, the
so-called shrimp oil, which contains high levels of omega-3 fatty acids,
including EPA and DHA (Aneesh et al., 2023; Gomez-Estaca et al., 2017;
Sanchez-Camargo et al., 2011).

The biorefinery approach to shrimp shell waste enables not only the
extraction of AST and PUFAs but also the recovery of other bioactives
and additional high-value compounds such as proteins and chitin, in line
with the principles of the circular economy model (Aneesh et al., 2023;
Deng et al., 2020). This valorisation strategy reduces environmental
pollution while adding economic value to what is traditionally regarded
as a low-value and problematic by-product (Deng et al., 2020;
Fotodimas et al., 2024). The sustainable utilization of shrimp shell waste
for recovering bioactive compounds addresses therefore environmental
challenges and offers considerable health and economic benefits. This
approach aligns with global sustainability goals and resource efficiency
frameworks, highlighting the potential of shrimp shell waste as a valu-
able resource in the food and health industries, particularly due to the
combined antioxidant properties of AST and the health-promoting ef-
fects of PUFAs (Fotodimas et al., 2024; Gomez-Estaca et al., 2017). AST
concentrations in shrimp oil vary considerably depending on species,
anatomical part, and extraction method. Typical values range from 0.1
to 1 mg/g of lipid extract (Kaya et al., 2025; Roy et al., 2020; Wang et al.,
2021), although values as high as 7 mg/g have been reported
(Gomez-Estaca et al., 2017).

This paper focused on an AST-rich extract obtained from a seafood
industry by-product, specifically the cephalothorax of Mediterranean
red shrimps Aristaeomorpha foliacea (Risso, 1827). This species has been
recently identified as particularly capable of AST uptake and storage
(Magalhaes et al., 2010; Mancarella et al., 2025). An environmentally
friendly and economically viable approach, using ethanol, a generally
recognized as safe (GRAS) solvent, has been employed for the extraction
of the oleaginous fraction from A. foliacea cephalothorax. Its chemical
composition and functional properties have been assessed by

Applied Food Research 6 (2026) 102325

spectrophotometric and chromatographic techniques, gaining informa-
tion not only on AST and fatty acids content, but also on more polar
compounds including polyphenols. Furthermore, the therapeutic value
of the extract was assessed by evaluating its antioxidant and
anti-inflammatory properties in two human cell lines: HuH7 hep-
atocarcinoma and HCT15 colorectal adenocarcinoma cells. These cell
models were selected to represent the liver and intestinal epithelium,
which are the primary sites of exposure following oral administration of
the extract. Finally, fractionation of the crude ethanol extract using ethyl
acetate partitioning enabled the evaluation of how hydrophobic and
polar bioactive compounds distinctly influence cellular responses to
oxidative stress.

Despite the growing body of research on shrimp waste valorisation,
most studies have often employed solvents of limited sustainability and
safety such as chloroform, methanol and n-hexane and have focused
mainly on astaxanthin and PUFA components (Raju et al., 2021).
Importantly, no study has yet simultaneously characterized the full
chemical profile of an ethanol-based extract from A. foliacea cephalo-
thorax and investigated the distinct and synergistic contributions of its
hydrophobic and polar fractions to antioxidant and anti-lipotoxic ac-
tivity in human cell models. The present work therefore addresses these
gaps by integrating compositional profiling with cell-based functional
evaluation, providing novel evidence for the applicative potential of this
seafood by-product as a sustainable functional ingredient.

2. Materials and methods
2.1. Materials

Synthetic (all-E)-AST ((all-E)-AST, >97%) was purchased from
ThermoFisher Scientific. Ethyl acetate (EtAc, >99.7%), ethanol (96%),
methanol (>99.8%), 2,2-Azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) (ABTS, >98%) and sodium hydroxide pellets were purchased from
Sigma-Aldrich and used as received. Ultrapure Milli-Q water, purified by
a Millipore Milli-Q system (resistivity: 18.2 MQ cm), was used to prepare
aqueous solutions. Folin-Ciocalteu’s phenol reagent was purchased from
Sigma-Aldrich.

2.2. Shrimp waste treatment and extraction procedure

Shrimp processing waste, consisting of the cephalothorax of the red
shrimp species A. foliacea, was obtained from a local fishing company
and stored at —20 °C until use. All samples used in this study were ob-
tained from a single fishing batch collected on February 4th, 2025, from
the Ionian Sea (FAO fishing area 37.2.2). The frozen material was ho-
mogenized using a blade mill (Retsch Grindomix GM 200) at 10,000 rpm
for 10 s and then dried to a constant weight in a fan oven at 50 °C for 5 h.
The dried biomass was subsequently ground again under the same
conditions to obtain a fine powder. Ethanol and shrimp powder were
then mixed at a 5:1 (v/w, mL/g) ratio and incubated for 20 min at room
temperature under gentle stirring. The mixture was then centrifuged at
5000 g for 5 min, and the resulting supernatant was collected. Solvent
removal was carried out using a rotary evaporator (Buki Rotavapor
R205), resulting in a thick, reddish-coloured oil, which was referred as
crude extract (CE).

2.3. Crude extract fractionation by solvent partitioning

An aliquot of CE (= 0.3 g) was first treated with ethyl acetate to
solubilize the most hydrophobic components. The ethyl acetate solution
was withdrawn and labelled as “hydrophobic fraction” (HF). The pale
white material undissolved in ethyl acetate was dried and subsequently
redissolved in ethanol, withdrawn, and designated as “polar fraction”
(PF). The two fractions were analysed for their mass, AST content,
antioxidant capacity and total polyphenolic content.
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2.4. AST content assessment

AST concentration in ethanol extracts was evaluated spectrophoto-
metrically using the extinction coefficient of 112 mM~‘em™! at 479 nm.
This extinction coefficient was determined based on the known extinc-
tion coefficient of AST at 476 nm in acetone (122 mM™' cm™), by
acquiring the visible spectra of equimolar standard solutions of synthetic
free AST in ethanol and acetone, following the procedure previously
described (Mancarella et al., 2025).

2.5. Antioxidant capacity assessment

The antioxidant activity of CE and its fractions was evaluated using
the ABTS decolorization assay following the procedure adopted by
Mancarella et al. (Mancarella et al., 2025). All measurements were
performed in time course mode using a double beam Varian Cary 2000
spectrophotometer, measuring the absorbance decrease arising from
ABTS radical neutralization at 750 nm after 30 min from sample addi-
tion. This time interval was necessary due to the slow reaction of ca-
rotenoids with ABTS radical (Mastrogiacomo et al., 2015). Since Trolox
was used as standard antioxidant compound, the antioxidant activity
was expressed as Trolox Equivalent Antioxidant Capacity (TEAC), and
the results were presented in micromoles of Trolox equivalents (TE
umol) per gram of sample. All measurements were performed in
triplicate.

2.6. Total polyphenolic content assessment

Total phenol content (TPC) was determined following the method
described by Magalhaes et al. (2010), using a microplate reader (Tecan,
Infinite M200). Briefly, 50 pL of Folin-Ciocalteu reagent, previously
diluted 1:5 (v/v) with Milli-Q water, were dispensed into each well of a
96-well microplate and mixed to 50 pL of sample. Then, 100 pL of so-
dium hydroxide solution (0.35 M) were added. The absorbance value at
760 nm was recorded after a 5-minute incubation. Gallic acid was
employed as the reference standard to obtain a calibration curve within
the range 2.5-40.0 mg/L. The TPC of each sample was expressed as
micromoles of gallic acid equivalents (GAE pumol) per gram of sample.
All measurements were performed in triplicate.

2.7. Fatty acid composition

The fatty acid profile of CE was analysed using the method described
by Raju et al. (2021a). Briefly, 0.1 g of CE were dissolved in 1 ml hexane,
then trans-esterified with 200 pl of 2 M methanolic sodium hydroxide at
50 °C for 5 min. After cooling, the solution was vortex-mixed, followed
by the addition of 200 pL of 2 M methanolic hydrochloric acid. The
resulting mixture was thoroughly vortexed and subsequently centri-
fuged at 3500 g for 10 min at 4 °C. The hexane layer was collected and 1
pL of extract was analysed using gas chromatography coupled to mass
spectrometer detector (Agilent GC 8890- MS 5977 A; Santa Clara, CA,
USA), with a 5:1 split ratio. The injector temperature was maintained at
250 °C while the column temperature was initially set at 50 °C. This was
then programmed to rise at a rate of 20 °C/min up to 200 °C and then
elevated to 230 °C at a rate of 3 °C/min. The HP-INNOWAX capillary
column (60 m x 0.25 mm x 0.25 pm film) was employed to conduct the
separation. Authentic reference standards (Supelco FAME mix, Belle-
fonte, PA, USA) were used to identify the peaks, and the levels of fatty
acids were expressed as relative percentages (Nam et al., 2025). All
analyses were conducted in triplicate.

2.8. FTIR spectroscopic measurements
Mid-infrared spectra were acquired using a PerkinElmer Spectrum

One FTIR spectrometer equipped with a universal attenuated total
reflectance (ATR) apparatus (GladiATR, Pike Technologies). The
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internal reflection element was a single-bounce diamond microprism
with a diameter of 4 mm. The background spectrum was collected with
the bare microcrystal, and the sample spectrum was acquired by casting
a drop (=10 pL) of sample onto the diamond surface and allowing the
solvent to evaporate. The resolution was set at 4 cm™ ' and 16 in-
terferograms were acquired and averaged for all spectra.

2.9. Cell treatments and reagents

Human hepatocellular carcinoma cell line HuH7 (cat. #JCRB0403,
purchased from JCRB) and human colon cancer cell line HCT15 (cat.
#CCL-225, purchased from ATCC) were maintained in low-glucose
Dulbecco's Modified Eagle Medium (DMEM, Sigma-Aldrich D5546)
supplemented with 10% fetal bovine serum (FBS Capricorn HI-12A),
100 U/mL penicillin, 100 pg/mL streptomycin (Sigma-Aldrich
#P4333), and 2 mM glutamine (Sigma-Aldrich G7513). Cells were
cultured at 37 °C in a humidified atmosphere with 5% CO:. Both cell
lines were regularly tested for mycoplasma contamination using a My-
coplasma Detection Kit (Aurogene, REP-MYSNC-100). Palmitic acid
(PA, Cat. No. 506,345) and fatty acid-free bovine serum albumin (BSA)
fraction V (Cat. No. 03,117,057,001) were purchased from Merck. PA
was dissolved in BSA at a final molar ratio of approximately 2:1 (fatty
acids/BSA), closely resembling the physiological ratio in human serum
(Alsabeeh et al., 2018). The solution was diluted at 200 pM concentra-
tion in DMEM for cell treatments. CE was dissolved in DMSO to obtain a
stock solution at 20 mg/mL concentration, which was subsequently
diluted in culture medium to achieve final CE concentrations of 0.1, 0.2,
and 0.4 mg/mL, corresponding to final DMSO concentrations of 0.5%,
1%, and 2% (v/v), respectively. Equivalent amounts of DMSO alone
were tested in parallel to assess potential solvent toxicity. 20 mg/mL
stock solutions in DMSO were prepared also for HF and PF and employed
analogously. Cell viability was assessed in adherent cells (at a density of
1 x 10* cells in 96-well plate) using the crystal violet assay, following
the protocol described in (Feoktistova et al., 2016); all experimental
data were normalized to the viability values obtained from
DMSO-treated controls to isolate the specific effects of CE.

The BODIPY stain protocol was used for lipid droplet (LD) analysis.
Following fatty acid treatments, cells were seeded onto coverslips in 12-
well plates (at a density of 1 x 10° cells/well) at 60-80% confluence.
After treatment, cells were washed twice with PBS and incubated for 15
min at 37 °C with BODIPY 493/503 at a dilution of 1:1000 in PBS from a
1 mg/mL stock solution. After that, coverslips were washed three times
with PBS and used for rapid image acquisition. Images were captured
using a Cell Imaging Station microscope (Invitrogen™, FLoid™ Cell
Imaging Station, 10-213-412, ThermoFisher Scientific, Waltham, MA,
USA) at 20x magnification with a scale bar of 100 pm. Fluorescence
intensity was measured by a Biotek Cytation 5 Cell Imaging Multimode
Reader (Agilent Technologies, Santa Clara, CA, USA).

2.10. Oxidative stress and antioxidant activity assay

Reduced glutathione (GSH), hydrogen peroxide (H20:), and malon-
dialdehyde (MDA) levels were measured as indicators of oxidative
stress. Hydrogen peroxide was analysed using Amplex™ Red Hydrogen
Peroxide/Peroxidase Assay Kit (ThermoFisher #A22188) protocol.
Reduced glutathione levels were measured by the sulfhydryl reagent
5,5"-Dithiobis(2-nitrobenzoic acid) (DTNB) as reported by Rahman et al.
(2006). MDA levels were measured using the Lipid Peroxidation Assay
Kit (Sigma-Aldrich #MAKO085). Catalase (CAT) activity was spectro-
photometrically measured as reported by Hadwan and Abed (2016).
Superoxide Dismutase (SOD) activity was measured using Superoxide
Dismutase Activity Assay Kit (Sigma-Aldrich #CS0009). Glutathione
Peroxidase (GPx) activity was measured following the instructions re-
ported in the Glutathione Peroxidase Assay Kit (Sigma-Aldrich
#MAK437).
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2.11. Thin-layer chromatography analysis of lipids

Total lipids were extracted using methyl-tert-butyl ether, following
the method described by Matyash et al. (2008). The extracted lipids
were subjected to thin-layer chromatography (TLC) by loading them
onto silica gel plates. Separation was achieved using a hexane/ethyl
ether/acetic acid mixture (70/30/1; v/v/v) optimized for neutral lipid
fractionation. This system effectively resolves triacylglycerols (TAG),
free fatty acids (FFA), cholesterol (CHOL), and diacylglycerols (DAG),
while phospholipids (PHOSPHO) are retained at the starting application
line. Following the development, the plates were uniformly sprayed
with 10% cupric sulphate in 8% aqueous phosphoric acid, dried for 10
min at room temperature, and baked at 145 °C for an additional 10 min,
as described by Moliterni et al. (2024). Lipid spot intensities were
quantified using the ChemiDoc system (Bio-Rad), with specific lipid
species identified through parallel development of corresponding stan-
dards under identical conditions.

2.12. Statistical analysis

Data are reported as mean =+ standard deviation (SD) or standard
error of the mean (SEM). SD was applied to describe the variability
among individual observations, while SEM was used when the focus was
on the accuracy of the group mean. Statistical differences were evalu-
ated using GraphPad Prism version 8.3.0 for Windows. The comparison
was made using a one-way analysis of variance (ANOVA). After Tukey's
post hoc analysis, differences between groups were considered statisti-
cally significant when p < 0.05.

3. Results and discussion
3.1. AST, TPC and TEAC of crude extract

As reported in Table 1, ethanol enabled the extraction of 270 mg of
CE per gram of A. foliacea cephalothorax powder, while the AST
extraction yield was 0.92 pmol/g, corresponding to 537 pg of free
pigment per gram of shrimp matrix. This value is extremely interesting
since it exceeds typical AST extraction yields reported in the literature
for shrimp waste, including the yield of 190 pg/g achieved using
abdomen shells of the same shrimp species and eutectic mixtures as
extracting solvents (Mancarella et al., 2025). Moreover, our results are
in line with extraction yields achieved with the same matrix using ethyl
acetate as solvent (670 pg/g) (Milano et al., 2025) and confirm that
shrimp cephalothorax is particularly rich in AST pigment, as previously
demonstrated by Scurria et al. for Parapenaeus longirostris (Scurria et al.,
2020). Beyond AST, literature indicates that the cephalothorax is a
source of a wide range of bioactive compounds. Specifically, further

Table 1
Extraction yields relevant to the crude extract and concentrations of bioactive
components in whole and fractionated extracts.

Extraction yields

Crude extract mass ~ AST (umol/g) *  TEAC (TE umol/g) *  TPC (GAE umol/g)*
270 0.92 44 7.4
Extract composition

mass AST TEAC TPC

@9 "  (umol/9*  (TEumol/®)®  (GAE umol/g) *
Crude extract 1 3.4 163 27
Hydrophobic fraction  0.47 6.6 55 not detected
Polar fraction 0.52 0.13 150 29

" Reference mass: dried shrimp heads.
# Reference mass: crude extract.
$ Reference mass: relevant fraction.
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lipophilic antioxidants, such as tocopherols, are contained in the hepa-
topancreas, the main reservoir of lipids located into shrimp cephalo-
thorax (Takeungwongtrakul et al., 2012; Gomez-Estaca et al., 2016). On
the other side, water extracts from Litopenaeus vannamei cephalothorax
were found to exhibit antioxidant activity mainly ascribable to peptides
(Binsan et al., 2008). More recently, a polyphenol rich fraction obtained
from Pandalus borealis heads has been described (Onodenalore et al.,
2024) and the structures of two unique heterocyclic phenolic com-
pounds have been identified. In the present work the extraction yield of
polyphenolic compounds from A. foliacea cephalothorax was 7.4 GAE
umol/g, while the overall yield of antioxidant equivalent extraction was
44 TE pmol/g.

Focussing on CE composition, the AST concentration was 3.4 pmol/
g, corresponding to 0.2% (w/w). Interestingly, the TEAC value (163 TE
umol/g) was higher than that reported by Tsoupras et al. for shrimp oil
extracted from the whole biomass (shell and flesh) of A. foliacea (15.4 TE
umol/g) using a methanol/chloroform/water solvent mixture (Tsoupras
et al., 2025). The observed enhanced antioxidant activity can be thus
attributed to the bioactive richness of the cephalothorax matrix com-
bined with the solvent properties of ethanol, which extracts a broader
range of antioxidants with diverse polarity.

3.2. Fatty acid profile of crude extract

The fatty acid profile of CE, reported in Table 2, highlighted the high
content of unsaturated fatty acids, typical of crustaceans. The most
abundant fatty acid found in CE was oleic acid (29%), followed by DHA
(9.9%), EPA (9.8%) and PA (9.2%). It is well established that shrimp oil
composition varies considerably depending on species, anatomical part,
environment, and extraction method (Cholidis et al., 2024). Regarding
anatomical distribution, previous studies highlighted significant

Table 2

Fatty acid profile of crude extract.
Compound Number of C atoms and % +SD

unsaturation

Saturated fatty acids (SFA)
Lauric acid C12:0 0.72 0.05
Myristic acid C14:0 1.63 0.12
Pentadecanoic acid C15:0 0.64 0.11
Palmitic acid C16:0 9.22 0.53
Margaric acid C17:0 0.48 0.24
Stearic acid C18:0 6.16 0.29
Nonadecanoic acid C19:0 1.91 0.21

Mono-unsaturated fatty acids (MUFA)

Palmitoleic acid n-7 C16:1 (n-7) 6.28 0.29
cis-7-methyl-6-hexadecenoic C17:1 1.10 0.21
acid
cis-10-Heptadecenoic acid C17:1 (n-10) 1.30 0.45
Oleic acid C18:1 (n-9) 29.50 1.34
Vaccenic acid C18:1 (n-7) 4.43 0.45
Gadoleic acid C20:1 (n-9) 1.55 0.28
Gondoic acid C20:1 (n-9) 1.11 0.15
Erucic acid C22:1 (n-9) 1.03 0.10

Poly-unsaturated fatty acids (PUFA)

Linoleic acid C18:2 (n-6) 2.39 0.62
Linolenic acid C18:3 (n-6) 0.95 0.18
Stearidonic acid C18:4 omega 3 (n-3) 0.78 0.23
cis-Eicosadienoic acid C20:2 (n-6) 2.85 0.61
Arachidonic acid C20:4 (n-6) 4.54 0.34
Eicosatrienoic acid C20:3 (n-3) 0.24 0.07
Eicosapentaenoic acid (EPA) C20:5 omega 3 (n-3) 9.81 0.36
Docosapentaenoic acid (DPA) C22:5 omega-3 (n-3) 1.48 0.05
Docosahexaenoic acid (DHA) C 22:6 (n-3) 9.91 0.66
Total

SFA 20.76 1.55
MUFA 46.29  3.27
PUFA 32.95 3.13




L Serra et al.

differences between the lipid profiles of cephalothorax and edible
muscle (Soultani et al., 2016). Specifically, the lipid profile of the
cephalothorax is largely reflective of the hepatopancreas composition,
which serves as the primary lipid storage organ in crustaceans, and ac-
cumulates significant amounts of energetic mono-unsaturated fatty
acids (MUFA). Conversely, muscle tissue tends to incorporate higher
levels of PUFA mainly in the form of membrane phospholipids (Soultani
et al., 2019; Yu et al., 2020).

Table 3 presents the distribution of fatty acids in lipid extracts ob-
tained from the cephalothorax of Litopenaeus vannamei, Parapenaeus
longirostris, Pandalus borealis and Aristaeomorpha foliacea, as reported in
the literature. Mean values have been calculated for L. vannamei (n = 6),
a tropical species often farmed in coastal estuaries or controlled inland
systems, and for the three remaining deep-water species, grouped
together (n = 4). Despite wide intrinsic variability (Coefficient of vari-
ation (CV) in the range 17-34%), the two groups differ significantly:
deep-water species show a marked increase in MUFA (44%vs 24% in L.
vannamei, p = 0.006) and a lower PUFA content (27%vs 43%, p = 0.03),
while saturated fatty acids (SFA) levels remain comparable (~29%).
This inversion may be tentatively ascribed to the metabolic adaptation
of P. longirostris, Picoides borealis and A. foliacea to the deep-sea envi-
ronment, where PUFA are preferentially directed to muscle membranes
to maintain fluidity, leaving the hepatopancreas richer in energetic
MUFA. In this context, the fatty acid profile of CE, and specifically the
high MUFA content (46%), is perfectly consistent with a deep-water
shrimp cephalothorax profile.

As can be seen from the data in Table 3, the same research group in
two distinct studies (Soultani et al., 2016, 2019) reported considerably
different PUFA and SFA levels for P. longirostris cephalothorax, despite
applying the same extraction procedure. This underscores the influence
of additional factors, such as fishing season, diet or specific environ-
ment, on the cephalothorax oil composition. The discrepancy observed
between the fatty acid profile of our CE and that reported for A. foliacea
cephalothorax (Soultani et al., 2016) is therefore not surprising. Spe-
cifically, while the MUFA levels in our CE are consistent with those
found in the previous study (~45%), we observed lower SFA (21%vs

Table 3
Fatty acid distribution in lipid extracts from cephalothorax of diverse shrimp
species.

Shrimp Extraction SFA MUFA  PUFA  Ref.

species solvent (%) (%) (%)

L.vannamei chloroform/ 29.51 25091 39.30  Takeungwongtrakul
methanol/ et al. (2012)
water

L.vannamei n-hexane/ 38.44 17.24 35.27 Raju et al. (2021b)
isopropanol

L. vannamei n-hexane/ 14.78 29.68 55.56 Sinthusamran et al.
isopropanol (2018)

L. vannamei ethylacetate 28.90  26.59 44.51  Gomez-Estaca et al.

(2016)
L. vannamei ethylacetate 31.34  25.09 43.50  Gomez-Estaca et al.
(2017)

L. vannamei n-hexane/ 30.40 22.25 37.50  Gulzar and Benjakul
isopropanol (2018)

mean+SD 29+9 24+5 43+8

P. longirostris chloroform/ 36.19 43.70 20.11 Soultani et al. (2016)
methanol/
water

P. longirostris chloroform/ 26.67 35.23 38.10 Soultani et al. (2019)
methanol/
water

P. borealis chloroform/ 15.67 53.79 30.55  Soultani et al. (2019)
methanol/
water

A. foliacea chloroform/ 36.23 45.21 18.57  Soultani et al. (2016)
methanol/
water

mean+SD 29 44+8 2749

+10
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36%) and higher PUFA levels (33%vs 19%). The same trend is observed
also considering the mean values for the deep-sea species. Even though
the scarcity of available data precludes a solid statistical comparison, the
preferential extraction of unsaturated fatty acids by ethanol
(Setyawardhani et al., 2024) could potentially account for the low SFA
levels observed in our CE. Indeed, Soultani et al. (2016, 2019) obtained
their lipid extracts using a different solvent, i.e. a chlor-
oform/methanol/water mixture. Overall, the ability of ethanol to pref-
erentially extract unsaturated fatty acids, as highlighted by our work,
combined with its bio-based origin and GRAS classification, renders it a
highly attractive solvent for the valorisation of this specific sea-food
by-product

3.3. AST, TPC and TEAC of polar and hydrophobic fractions

As evidenced by data in Table 1, fractionation of the CE by ethyl
acetate partitioning resulted in a HF, which contained most of the
extracted AST, and a PF, insoluble in ethyl acetate, where polyphenols
were selectively collected. TPC in the HF was indeed below the detection
limit, while trace amounts of AST were found in the PF. The presence of
polyphenols in PF aligns with previous studies on shrimp, which isolated
highly polar heterocyclic phenolic compounds and demonstrated their
antioxidant activity and potential health benefits (Onodenalore et al.,
2024). As reported in Table 1 and depicted in Fig. 1, HF and PF sub-
stantially contribute equally to the overall mass of CE. AST recovery
after fractionation was very good (92%), leading to a two-fold increase
of AST concentration within the HF (6.6 pmol/g). In contrast, only 65%
of the CE TEAC was retained across the two fractions and was recovered
mainly in the PF. The loss of overall antioxidant activity following
fractioning might be influenced by antioxidant synergistic effects within
the CE, enhancing its TEAC, and/or by degradation of TPC compounds
occurring throughout the CE manipulation. Approximately 55% of the
phenolic compounds were indeed either degraded or remained unde-
tected, due to possible limitations of the assay. These results indicate
that a significant portion of the overall antioxidant activity resides in the
PF, despite its negligible AST content.
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Fig. 1. Mass and bioactives recovery in HF and PF fractions. Recovery
yields of mass and bioactive components of crude extract following fraction-
ation into hydrophobic (HF) and polar (PF) fractions. The relative contribution
of both fractions is also shown.
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3.4. ATR-FTIR analysis

3.4.1. Crude extract

The ATR-FTIR spectra of CE and relevant fractions, reported in Fig. 2,
allowed to get information on the bulk components present in these
samples. The CE spectrum (black trace) shows sharp and intense bands
at 2923 and 2853 cm™!, which can be assigned to methylene group
stretching vibrations (Coates, 2006) arising from fatty acid side chains.
The peak at 3012 cm ™, due to vinyl Csp2—H stretching, is ascribable to
fatty acid unsaturation and agrees with the unsaturation-rich fatty acid
profile reported in Table 2. The band at 1461 cm ™! can be referred to
fatty acid chain too, since arises from methylene bending vibrations. The
band at 1740 cm ™! is typical of ester compounds (C=O stretching) and
highlights the presence of DAG, TAG and PHOSPHO. The broad ab-
sorption at 3370 cm ™! and the band at 1048 cm™! arise from O—H and
C—OH stretching vibrations respectively and can be referred to alcohols.
However, the asymmetry of the broad signal with a maximum at 3370
em™}, indicates diversity in alcohol structures and/or a contribution
from amine groups (N—H stretching), as further suggested by the ab-
sorption band at 1620 cm™!, which may arise from out-of-plane N—H
bending vibrations. Finally, two characteristic peaks at 1582 and 1403
cm Y, likely arising from antisymmetric and symmetric COO" vibrations
respectively, are strongly indicative of the presence of carboxylate
groups (Giotta et al., 2011) in the CE.

3.4.2. Hydrophobic fraction
After fractionation into HF and PF, functional groups proved to
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distribute differently into the two samples. Specifically, HF spectrum
(red trace in Fig. 2) presents a major contribution from fatty acid chain
absorptions. The carbonyl stretching band, showing a maximum at 1741
em™!, exhibits a shoulder at 1720 cm ™2, suggesting the presence of free
fatty acids together with fatty acid esters. This hypothesis is supported
by the broad absorption at 3310 ecm ™! arising from O—H stretching
vibration. This absorption band likely presents a contribution from
alcoholic O—H vibrations too, as suggested by the C—OH stretching
signal at 1055 cm !, Alcohol marker bands are not surprising in HF,
since the presence of sterols, including CHOL, are expected. The char-
acteristic band of CHOL at 1377 cm™' (methyl bending vibration)
further outlines the presence of this hydrophobic compound in HF.

3.4.3. Polar fraction

The spectrum of PF (blue trace in Fig. 2) presents much less intense
signals ascribable to fatty acid chains, while the absorptions assigned to
carboxylate (1584 and 1403 cm_l), amine (1620 cm 1) and alcoholic
hydroxyl groups (3374 and 1047 cm ™) are well evident and charac-
teristic of this fraction. The signal at 1515 cm ™! and multiple overlapped
bands in the region 1650-1500 cm ™~ suggests the presence of aromatic
rings.

To support infrared band assignment and safely recognize main
components of PF, the sensitivity of absorption signals to treatment with
strong acids was assessed. To this aim 0.1 mL of HC1 0.1 N were added to
1.5 mg of PF and the mixture was vortexed for 30 min. A 3 pL aliquot of
the resulting slurry was layered onto the ATR crystal and the FTIR
spectrum was acquired after solvent evaporation. Interestingly the
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Fig. 2. ATR-FTIR profiles of crude extract and fractions. ATR-FTIR spectra of crude extract (CE, black trace) and of polar (PF, blue trace) and hydrophobic (HF,
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spectrum of HCl-treated PF, shown in the Supplementary Material
(Figure S1), lacks the signals at 1584 and 1403 cm™! attributed to
carboxylate groups, while new signals at 1732 and 1215 cm ™! appear, in
agreement with COO™ protonation and consequent formation of free
carboxylic acids (Giotta et al., 2011). Moreover, the simultaneous
appearing of broad absorptions in the 3100-2600 cm ™! region suggests
the protonation of primary amine groups.

Overall, the infrared spectroscopic analysis indicated that main
components of the PF are PHOSPHO with polar heads bearing alcoholic
(inositol, glycerol), amine (ethanolamine) or aminoacidic (serine)
groups, polyphenol compounds (hydroxyl and aromatic ring moieties)
and fatty acid salts (methylene and carboxylate groups). However, it is
not excluded the presence of further classes of compounds such as free
aminoacids and/or free sugars rich in hydroxyl and carboxylate
moieties.

3.5. Cell viability and lipid droplet accumulation in hepatic and intestinal
cells

To evaluate the impact of CE on cell viability, intestinal (HCT15) and
hepatic (HuH7) cell lines were treated with three different concentra-
tions of the extract. While 0.1 mg/mL and 0.2 mg/mL showed no sig-
nificant effects on cell viability at 12, 24, or 48 h, exposure to 0.4 mg/mL
for 48 h resulted in marked cytotoxicity in both cell types, indicating
that prolonged exposure to higher concentrations of CE may compro-
mise cell survival (Fig. 3A, B). These results were corroborated by
microscopic observations, which revealed evident morphological alter-
ations in cells exposed to increasing concentrations of CE (see Supple-
mentary Material, Figure S2). No appreciable morphological changes
were detected in either HCT15 or HuH7 cells exposed to 0.1 and 0.2 mg/
mL of CE for 48 h, with cells retaining a regular shape and confluence
comparable to controls. By contrast, treatment of cells with 0.4 mg/mL
for 48 h induced clear signs of cytotoxicity, including pronounced
cellular shrinkage, rounding, detachment from the culture surface and
reduced density, consistent with loss of viability. All experimental data
were normalized to the viability values obtained from DMSO-treated
controls to isolate the specific effects of CE. Morphological representa-
tions of the cells exposed to DMSO, as well as the corresponding viability
data, are provided in the Supplementary Material (Figure S3). At 0.1 and
0.2 mg/mL of CE, the concentration of DMSO, used as solvent, (0.5% v/v
and 1% v/v, respectively), did not affect cell viability or morphology,
whereas at 0.4 mg/mL of CE the concentration of DMSO (2% v/v)
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induced a modest reduction in cell viability at 48 h, affecting both cell
lines, particularly HCT15 cells, accompanied by evident morphological
alterations, including cell rounding and detachment (Supplementary
Material, Figure S3). Based on these findings, the concentration of 0.2
mg/mL for 24 h was selected as the optimal condition for subsequent
experiments.

Chemical analysis of the CE revealed abundance of unsaturated fatty
acids, which can be readily esterified into TAG, providing an ideal
substrate for intracellular lipid droplet (LD) synthesis. Consistent with
this composition, treatment of hepatic (HuH7) and intestinal (HCT15)
cells with the CE induced a dose-dependent accumulation of LDs, as
shown by BODIPY staining, following treatment with 0.1 mg/mL and
0.2 mg/mL of CE (Figs. 3C, D). This effect was reproduced primarily by
HF, rich in FFA, TAG, DAG, and CHOL, whereas PF, lacking neutral
lipids, did not stimulate LD formation. Notably, CE exhibited an oleic-to-
PA ratio of approximately 3:1. In a previous study, we demonstrated that
co-treatment with oleic acid and PA at a 1:1 ratio reduced PA-induced
lipotoxicity compared with PA alone, supporting a protective role of
oleic acid mediated by LD formation (Moliterni et al., 2024). Consistent
with this evidence, CE may contribute to the sequestration of potentially
toxic fatty acids into triacylglycerols (TAGs), a metabolically safe stor-
age form, thereby mitigating lipotoxic stress.

3.6. Crude extract rescues palmitic acid-induced toxicity in hepatic and
intestinal cells

Saturated fatty acids, particularly PA, are well-documented inducers
of lipotoxicity in various cell types, including hepatic and intestinal cells
(Moliterni et al., 2024). PA has been shown to trigger cell dysfunction
and reduced viability (Listenberger et al., 2003; Wei et al., 2006). These
mechanisms make PA a widely used experimental model to investigate
lipotoxic damage and evaluate the efficacy of potential protective
agents.

To evaluate the protective potential of CE against PA-induced lip-
otoxicity, hepatic HuH7 and intestinal HCT15 cells were treated with PA
alone or in combination with CE. As expected, PA exposure resulted in a
marked reduction in cell viability in both cell lines (Fig. 4A and B).
Interestingly, co-treatment with CE significantly mitigated the cytotoxic
effects of PA, as evidenced by higher cell viability (Fig. 4A and B).
Microscopic analysis further supported these findings, showing fewer
structural abnormalities in cells treated with both PA and CE compared
to those treated with PA alone. Specifically, PA exposure caused

CE 0.1 mg/mL CE 02 mg/mL'

CE 02 mgimL

R

Fig. 3. Effect of CE on cell viability and lipid accumulation. (A, B) Cell viability assay performed on HuH7 and HCT15 cells treated for 12, 24, and 48 h with
crude extract (CE) at concentrations of 0.1, 0.2, and 0.4 mg/mL. (C, D) Representative fluorescence microscopy images of HuH7 and HCT15 cells stained with
BODIPY 493/503 to visualize lipid droplets (LDs) after treatment with CE and relative quantification of BODIPY fluorescence intensity in HuH7 and HCT15 cells.
Scale bars = 100 pm. Data are expressed as mean + SE (n = 3). CTR: untreated control. (**) p < 0.01; (****) p < 0.001.
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Fig. 4. Effects of CE on PA-induced lipotoxicity. (A, B) Cell viability of HuH7 and HCT15 cells treated for 24 h with BSA (bovine serum albumin, vehicle control),
palmitic acid (PA), crude extract (CE) (0.2 mg/mL), or the combination PA-CE, assessed by crystal violet assay, and respective phase-contrast microscopy images of
HuH7 (A) and HCT15 (B) cells after the same treatments. (C, D) Representative fluorescence microscopy images of BODIPY 493/503 staining, and corresponding
quantification of BODIPY fluorescence intensity in HuH7 and HCT15 cells. Scale bars = 100 pm. Data represent the means =+ SE of three independent experiments. (*)

P < 0.05; (**) p < 0.01; (***) p < 0.005; (****) p < 0.001.

pronounced morphological alterations, including cell rounding,
detachment, and a marked reduction in cell density. In contrast, co-
treatment with CE largely preserved normal cell structure, restoring
morphology to conditions closely resembling controls and thereby
markedly reducing PA-induced cytotoxic damage. In HuH7 cells, PA
treatment led to LD accumulation, which was further enhanced by co-
treatment with CE, as evidenced by fluorescence imaging, which

revealed a marked increase in fluorescence intensity (Fig. 4C).
Conversely, in HCT15 cells, PA induced a little LD accumulation that
was increased by co-treatment with the extract, also supported by
fluorescence observations compared to the control (Fig. 4D). Thus, CE
demonstrated strong cytoprotective activity against PA-induced lip-
otoxicity, a condition characterized by oxidative stress, membrane lipid
peroxidation, and depletion of endogenous antioxidant defences.
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Fig. 5. Effects of CE on oxidative stress markers. Panels (A), (B), and (C) show
represent the H202, GSH, and MDA levels, respectively, in HCT15 cells. Both cell

(0.2 mg/mL), or the combination PA-CE. Data are expressed as mean + SE of three different measures. (*) p < 0.05, (**) p < 0.01, (*

the H202, GSH, and MDA levels, respectively, in HuH?7 cells. Panels (D), (E), and (F)
lines were treated for 24 h with BSA, palmitic acid (PA) 200 pM, crude extract (CE)
) p < 0.005, (****) p < 0.001.
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3.7. Crude extract modulates oxidative stress in palmitic acid-treated
hepatic and intestinal cells

To investigate the protective effects of CE against PA-induced
toxicity, we assessed key oxidative stress markers in HuH7 and HCT15
cells. Specifically, we measured levels of H202, GSH, and MDA following
PA treatment, both in the presence and absence of CE. These markers
were chosen due to their well-established roles in cellular redox ho-
meostasis and as indicators of oxidative damage (Katerji et al., 2019),
providing a comprehensive view of the antioxidant ability of CE. H202, a
major by-product of oxidative metabolism, functions as an important
mediator of cellular signalling at physiological concentrations, playing
roles in cell proliferation, differentiation, and apoptosis (Di Marzo et al.,
2018; Sies, 2017). However, an excessive accumulation of H202 is widely
recognized as a significant contributor to oxidative stress, leading to the
oxidation of lipids and proteins, and DNA damage (Njie-Mbye et al.,
2013; Schieber & Chandel, 2014). Consistent with previous research
demonstrating PA's pro-oxidative effects (Moliterni et al., 2024), our
results showed that PA treatment led to a marked increase in H20: levels
in both HuH7 and HCT15 cell lines (Fig. 5A, D). This aligns with the
understanding that saturated fatty acids like PA can overload mito-
chondrial respiration, leading to increased ROS production, including
H20: (Listenberger et al., 2003). Crucially, CE addition significantly
reduced H20: accumulation in both cell lines, further supporting its
established role in mitigating oxidative stress by modulating mito-
chondrial function and ROS generation (Afzal et al., 2023).

GSH is a crucial intracellular antioxidant, fundamental in neutral-
izing ROS and maintaining cellular redox balance (Jiao et al., 2023). As
the most abundant endogenous antioxidant, GSH directly scavenges free
radicals and acts as a substrate for various antioxidant enzymes, such as
GPx. Consequently, a reduction in GSH levels is commonly associated
with increased oxidative stress and cellular damage, compromising the
cell's ability to detoxify harmful oxidants (Ballatori et al., 2009; Sekhar
et al.,, 2011). In our experiments, PA exposure significantly decreased
GSH levels in both hepatic (HuH7) and intestinal (HCT15) cell lines,
indicating a substantial burden of oxidative stress and depletion of the
cellular antioxidant capacity. This finding is consistent with literature
showing that PA-induced lipotoxicity often depletes GSH reserves
(Alnahdi et al., 2019). However, co-treatment with CE effectively
restored GSH levels in both HuH7 and HCT15 cells (Fig. 5B, E). This
suggests that CE either directly enhances GSH synthesis, preserves
existing GSH by reducing ROS load, or upregulates enzymes involved in
GSH regeneration, thereby bolstering the cellular antioxidant defence
system.

MDA is a widely recognized and frequently used biomarker of lipid
peroxidation, a process in which ROS damage cellular membranes by
oxidizing polyunsaturated fatty acids (Ayala et al., 2014; Del Rio et al.,
2005). Elevated MDA levels are a direct indicator of increased oxidative
stress and severe cellular membrane damage (Ayala et al., 2014;
Cordiano et al., 2023). In our study, PA treatment resulted in a signifi-
cant rise in MDA levels in both hepatic HuH7 and intestinal HCT15 cell
lines (Fig. 5C and F), unequivocally confirming the induction of lipid
peroxidation and membrane integrity compromise. This observation
aligns with the known mechanisms of PA-induced lipotoxicity, where
excessive fatty acids lead to mitochondrial dysfunction and subsequent
oxidative assault on cellular membranes (Sies, 2017). Notably,
co-treatment with CE effectively lowered MDA levels in both cell lines
(Fig. 5C and F), demonstrating its potent ability to counteract
PA-induced oxidative damage and preserve membrane integrity. This
protective effect of CE against lipid peroxidation further underscores its
broad antioxidant properties, potentially by reducing the initial ROS
generation or by enhancing cellular antioxidant defences that mitigate
lipid damage.

These collective findings strongly suggest that CE protects against
PA-induced cytotoxicity in hepatic and intestinal cells through a
multifaceted mechanism involving a significant reduction in overall
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oxidative stress, the preservation of crucial intracellular antioxidant
defences, and the prevention of deleterious lipid peroxidation. This
comprehensive protective action highlights CE's potential as a thera-
peutic agent in conditions characterized by oxidative stress and
lipotoxicity.

3.8. Crude extract modulates antioxidant enzyme activity

To further elucidate the protective mechanisms of CE against PA-
induced toxicity, we investigated the activity of critical endogenous
antioxidant enzymes, namely catalase, GPx, and SOD-1. These enzymes
represent essential components of the cell's defence system against ROS
and were analysed in hepatic HuH7 and intestinal HCT15 cells following
PA treatment, both in the presence and absence of CE. Catalase is a
ubiquitous antioxidant enzyme that plays a crucial role in the detoxifi-
cation of H:0:, thereby preventing the accumulation of this oxidant
(Anwar et al., 2024). A reduction in catalase expression or activity is
indicative of impaired cellular defence against oxidative stress and can
exacerbate oxidative damage (Choi et al., 2009; Pizzino et al., 2017).
Our analysis revealed that PA exposure significantly reduced catalase
enzymatic activity in both HuH7 and HCT15 cell lines, suggesting a
compromised ability to neutralize H-02> and an overall weakened anti-
oxidant defence. This finding aligns with previous studies indicating that
lipotoxicity can impair antioxidant enzyme systems (Hauck & Bernlohr,
2016). Crucially, co-treatment with CE effectively restored catalase ac-
tivity in HuH7 (Fig. 6A) and HCT15 (Fig. 6D) cells. This suggests that CE
actively supports the cellular antioxidant machinery, potentially by
directly influencing gene expression or by preserving enzyme stability,
thereby boosting the cell's capacity to detoxify harmful peroxides.

SOD constitutes the first line of defence against oxidative stress by
catalysing the dismutation of superoxide radicals (Oz) into oxygen and
Hz0:, thereby preventing the formation of more harmful ROS species
(Fridovich, 1995). Specifically, SOD is a cytosolic enzyme crucial for
maintaining redox balance within the cytoplasm. A significant decrease
in SOD activity, as we observed following PA exposure, indicates an
overwhelming burden of superoxide radicals and a compromised ability
to neutralize ROS (Tacconi et al., 2023; Zheng et al., 2023). However,
co-treatment with CE effectively restored SOD activity in both HuH7 and
HCT15 cells (Fig. 6B, E), further supporting its broad protective role
against oxidative stress. To note that CE alone was able to significantly
increase SOD activity in hepatic HuH?7 cells (Fig. 6B). The restoration of
SOD activity is paramount, as it directly reduces the initial burst of su-
peroxide, thereby mitigating the downstream cascade of oxidative
damage.

GPx is a key selenoenzyme in the cellular antioxidant defence, cat-
alysing the reduction of hydrogen peroxide and lipid hydroperoxides to
water and corresponding alcohols by oxidizing GSH, thereby preventing
oxidative damage to lipids, proteins, and DNA (Zhao et al., 2018). A
decrease in GPx levels or activity directly correlates with increased lipid
peroxidation and subsequent oxidative damage, making cells more
vulnerable to cytotoxic insults (Alnahdi et al., 2019; Lubos et al., 2011).
In HuH7 and HCT15 cells, GPx activity was measured at 24 h of treat-
ment with PA, CE, or their combination. Our results demonstrated that
PA treatment significantly downregulated GPx activity in both cell lines,
indicating a heightened susceptibility to lipid damage and a diminished
capacity to manage oxidative stress. This is consistent with PA's known
role in inducing lipotoxicity and membrane dysfunction (Alnahdi et al.,
2019). In contrast, CE treatment increased GPx activity, indicating
upregulation of the selenoenzyme system by bioactive shrimp-derived
compounds (Pei, Pan, Wei & Hua, 2023). Notably, the
co-administration of CE effectively prevented this PA-induced reduction
in GPx (Fig. 6C and F), thereby preserving cellular antioxidant capacity.
This protective effect highlights CE's potential to counteract lipid per-
oxidation, which is a hallmark of PA-induced cellular injury.

The coexistence of LD-promoting and antioxidant activities in the
ethanol extract may be mechanistically linked: LDs can sequester
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Fig. 6. Effects of CE on antioxidant enzyme activity in HuH7 and HCT15 cells. (A), (B), and (C) Catalase, superoxide dismutase (SOD) and glutathione
peroxidase (GPx) activity in HuH7 and (D), (E) and (F) HCT15 cells. Cells were treated with BSA (control), palmitic acid (PA) (200 pM), crude extract (CE) (0.2 mg/
mL), or PA-CE. Data are presented as fold change relative to control (BSA). Statistical significance: (*) p < 0.05, (**) p < 0.01, (***) p < 0.001, (****) p < 0.0001.
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Fig. 7. Characterization of CE fractions and their effects on cell lipid composition and viability. (A) Representative TLC bands of major lipid classes of the
crude extract (CE) extract and its hydrophobic (HF) and polar (PF) components: triacylglycerols (TAG), free fatty acids (FFA), cholesterol (CHOL), diacylglycerols
(DAG), and phospholipids (PHOSPHO). (B) Relative abundance (% of total lipids) of each lipid class in CE, HF, and PF, quantified by densitometry. (C) Phase-contrast
microscopy images of HuH7 and HCT15 cells treated for 24 h with CE (0.2 mg/mL), HF (0.1 mg/mL), and PF (0.1 mg/mL), compared to untreated controls (CTR). (D)
Cell viability of HuH7 and HCT15 cells treated for 24 h with CE (0.2 mg/mL), HF, and PF at both 0.1 mg/mL and 0.2 mg/mL, assessed by crystal violet assay. (E)
Representative fluorescence microscopy images of BODIPY staining in HuH7 and HCT15 cells treated with HF or PF (0.1 mg/mL). Scale bars = 100 pm. (F) H20: level
in HuH7 and (G) HCT15 cells. Both cell lines were treated for 24 h with BSA, palmitic acid (PA) 200 uM, crude extract (CE) (0.2 mg/mL), HF (0.1 mg/mL), PF (0.1
mg/mL), or a combination of PA-HF and PA-PF. Data are the means of three different analyses. (*) p < 0.05; (**) p < 0.01; (***) p < 0.005; (****) p < 0.001.
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compounds limit ROS-mediated LD degradation and the release of toxic
lipid intermediates (Listenberger et al., 2003; Olzmann & Carvalho,
2019). In this way, the high unsaturated fatty acid content of
A. foliacea cephalothorax extract not only drives LD biogenesis but, in
concert with its diverse antioxidant components, contributes to a dual
protective strategy, physically isolating excess fatty acids in a safe
storage form and chemically neutralizing oxidative threats. This coor-
dinated action supports cellular redox homeostasis, preserves mem-
brane integrity, and mitigates lipotoxic stress, highlighting the extract’s
potential as a nutraceutical or pharmaceutical ingredient for the pre-
vention or management of oxidative stress-related disorders.

3.9. Polar and hydrophobic fractions of CE reduce palmitic acid-induced
lipotoxicity

To better understand the contribution of the distinct components of
the CE extract to its biological activity and LD accumulation, we ana-
lysed the lipid composition of the HF and PF fractions by TLC. This
analysis enabled us to determine the distribution of the major neutral
lipid classes within each fraction compared to the whole extract. We
then evaluated the individual effects of HF and PF to assess their po-
tential cytoprotective properties and ability to promote LD
accumulation.

In agreement with FTIR analysis, the CE extract was primarily
composed of FFA (54.6%), along with lower levels of TAG (11.3%),
CHOL (16.5%), DAG (8.2%), and PHOSPHO (9.4%) (Fig. 7A and B). All
these lipid classes were also present in the HF fraction, maintaining
similar relative proportions. Coherent with the FTIR spectrum, the PF
fraction contained only FFA and PHOSPHO (Fig. 7A and B).

To assess cytotoxicity, HuH7 and HCT15 cells were treated for 24 h
with CE (0.2 mg/mL), as well as with HF and PF at two concentrations,
0.1 mg/mL (matching their estimated content in the total extract) and
0.2 mg/mL. At 0.1 mg/mL, neither HF nor PF induced cytotoxic effects,
as confirmed by both phase-contrast microscopy (Fig. 7C) and viability
assays (Fig. 7D). The phase-contrast images show that cell morphology
and confluency remain comparable to untreated control cells (CTR),
indicating that HF and PF are not cytotoxic at this concentration.
However, treatment with HF, and not PF, at 0.2 mg/mL resulted in a
marked reduction in cell viability in both cell lines, suggesting that the
cytotoxic effect of CE is attributable to the HF fraction. Additionally,
representative morphological images of both cell lines treated with 0.2
mg/mL HF and 0.2 mg/mL PF further support the quantitative findings
(see Supplementary Material, Fig.e S4).

BODIPY staining revealed that only HF, and not PF, was capable of
inducing LD accumulation in HuH7 and HCT15 cells when used at 0.1
mg/mL (Fig. 7E). These data agree with the major presence of FFA in the
HF fraction.

Moreover, we assayed the antioxidant potential of the two different
components of CE. Thus, intracellular H-0: levels in HuH7 and HCT15
cells were quantified following 24 h of treatment with BSA (vehicle
control), PA, CE, HF, PF, and each combination with PA at their
respective working concentrations. As expected, PA alone induced a
significant increase in H20: in both HuH7 and HCT15 lines. Treatment
with CE, HF, and PF alone reduced basal H20: levels in both cell lines
(Fig. 7F and G). Co-treatment of PA with total extract markedly atten-
uated the PA-induced rise in H202 (Fig. 7F and G). Co-treatment of PA
with either of the two isolated fractions (HF and PF) reduces its pro-
oxidant effect, although to a lesser extent than the combined fractions
in the whole ethanol extract (CE) (Fig. 7F and G). Notably, HF and PF
alone exerted a partial attenuation of PA-induced oxidative stress (PA vs.
PA-HF and PA-PF). In contrast, the combined fraction (CE) in the pres-
ence of PA (PA-CE) produced the strongest reduction in H20: levels,
restoring values well below those observed with PA alone, and also
significantly different from PA-HF and PA-PF (Figs. 7F and G). This
finding indicates that the concomitant presence of hydrophobic and
polar bioactive compounds in CE confers a superior protective effect,
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supporting a synergistic interaction between HF and PF fractions.
Together, these findings indicate that the high unsaturated fatty acid
content of CE underlies its capacity to promote LD formation, a process
that may contribute to its overall protective effect by safely storing
excess fatty acids and reducing lipotoxic damage. At the same time, the
synergistic antioxidant action of its lipid and non-lipid components
helps maintain redox homeostasis, preserve membrane integrity, and
support endogenous antioxidant defences, making the ethanol extract of
A. foliacea cephalothorax a promising candidate for nutraceutical or
pharmaceutical applications targeting oxidative stress-related
conditions.

The remarkably high FFA content of CE (54.6%) is indicative of
extensive post-mortem lipolysis, likely driven by the phospholipases and
lipases abundantly present in the hepatopancreas, which represents the
main lipid storage and digestive organ in the shrimp cephalothorax. The
liberation of PUFAs from their esterified forms renders them susceptible
to oxidative degradation, with potential generation of pro-oxidant spe-
cies such as lipid hydroperoxides and secondary aldehydes. However,
given the strong net antioxidant capacity exhibited by CE both in
chemical assays (TEAC: 163 TE umol/g) and in cell-based experiments,
it can be concluded that any pro-oxidant contribution is substantially
outweighed by the overall protective activity of the extract.

4. Conclusions

This study demonstrates that ethanol extraction is an effective and
sustainable strategy for the valorisation of Aristaeomorpha foliacea
cephalothorax, a distinct bioactive-rich by-product of the fishing
industry.

The resulting CE exhibited a valuable chemical profile, characterized
by high yields of AST and polyphenols, alongside a fatty acid composi-
tion remarkably rich in MUFA and PUFA. Specifically, the exceptionally
high MUFA content (46%) appears to be a characteristic trait of the
cephalothorax in deep-sea shrimp species, as evidenced by statistical
analysis of literature data. The low level of SFA is equally noteworthy,
warranting further investigation into the role of ethanol selectivity in
this finding. The fractionation process revealed that while AST and
neutral lipids are concentrated in the hydrophobic fraction, the polar
fraction retains a significant portion of the antioxidant power, which can
be ascribed only partially to the presence of polar phenolic compounds,
highlighting the chemical complexity of the matrix.

From a biological perspective, the CE displayed potent cytopro-
tective effects in hepatic and intestinal cell lines challenged with PA-
induced lipotoxicity. Our findings suggest that this protection relies on
a dual mechanism of action. First, the high content of unsaturated fatty
acids in the extract promotes the biogenesis of LDs, facilitating the safe
sequestration of excess free fatty acids into neutral triacylglycerols,
thereby mitigating membrane stress. Second, the extract exerts a strong
antioxidant activity by scavenging intracellular ROS (H30>), preventing
lipid peroxidation (MDA reduction), and restoring the pool of endoge-
nous antioxidant defences (GSH, Catalase, SOD, and GPx) depleted by
PA treatment. Notably, the comparative analysis of the isolated fractions
indicates a synergistic effect within the CE. While the hydrophobic
fraction drives the adaptive lipid storage response and the polar fraction
contributes significantly to radical scavenging, the whole extract offers
superior protection against oxidative stress compared to either fraction
alone.

Collectively, these results support the potential of A. foliacea ceph-
alothorax ethanol extract as a cost-effective and high-value nutraceuti-
cal ingredient capable of targeting metabolic and oxidative stress-
related disorders, thus promoting a circular economy approach in the
seafood sector. In this context, future investigations should focus on
verifying ethanol’s preferential extraction of unsaturated fatty acids and
bioactives subsequently elucidating the underlying mechanisms. A
deeper understanding of this selectivity could guide the optimization of
sustainable extraction protocols, aiming to produce lipid preparations
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with enriched unsaturation profiles, specific antioxidant pools and
maximized health-promoting value. Furthermore, the therapeutic value
of the shrimp oil described in this study appears extremely promising,
particularly considering that its biological activity may be further
enhanced by addressing the lipolytic degradation of the raw matrix due
to cephalothorax enzymes. Minimizing this predictable aspect, by
reducing the time between catch and extraction, is expected to yield
preparations with a lower pro-oxidant burden and an even more potent
antioxidant and cytoprotective profile, further strengthening the appli-
cative potential of this seafood by-product as a functional ingredient.
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Glossary

ABTS: 2,2'-azinobis(3-ethylbenzothiazoline-6-sulfonate)
AST: Astaxanthin

ATR: Attenuated total reflectance
BSA: Bovine serum albumin

CAT: Catalase

CE: Crude extract

CHOL: Cholesterol

CTR: Untreated control

DAG: Diacylglycerols

DHA: Docosahexaenoic acid
DMEM: Dulbecco’s Modified Eagle Medium
DMSO: Dimethyl sulfoxide

DPA: Docosapentaenoic acid
DTNB: 5,5-Dithiobis(2-nitrobenzoic acid)
EPA: Eicosapentaenoic acid

FBS: Fetal bovine serum

FFA: Free fatty acids

GAE: Gallic acid equivalents

GPx: Glutathione Peroxidase

GSH: Reduced glutathione

H:20:: Hydrogen peroxide

HCT15: Human intestinal cell line
HF: Hydrophobic fraction

HuH7: Human hepatic cell line

LD: Lipid droplet

MDA: Malondialdehyde

MUFA: Monounsaturated fatty acids
NCDs: Non-communicable diseases
PA: Palmitic acid

PF: Polar fraction

PHOSPHO: Phospholipids

PUFA: Polyunsaturated fatty acids
ROS: Reactive oxygen species

SD: Standard deviation

SFA: Saturated fatty acids

SOD: Superoxide dismutase

TAG: Triacylglycerols

TEAC: Trolox Equivalent Antioxidant Capacity
TE: Trolox equivalents

TLC: Thin-layer chromatography
TPC: Total phenolic content
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