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Abstract: The immune system plays a crucial role in defending the body against foreign invaders,
and the balance of various polyunsaturated fatty acids, such as alpha-linolenic acid (ALA), eicos-
apentaenoic acid (EPA), and docosahexaenoic acid (DHA), can impact immune cell functions and
overall immune responses. This study aimed to assess the effectiveness of mussel oil extracts in
modulating inflammatory responses by analysing their effects on immune cell lines and cytokine
expression. Four different mussel oil extracts were obtained using two extraction methods (organic
solvent and supercritical CO2 extraction) from two tissue sources (fresh and commercial). These
extracts were then tested at various concentrations on T lymphocyte (Jurkat) cells, monocytes, and
macrophages (THP-1 and U-937). Cytokine levels were quantified using ELISA. The results showed
that the solvent-extracted samples had a dose-dependent effect on tumour necrosis factor alpha
(TNF-α) and interleukin-1 beta (IL-1β) cytokine secretion in THP-1 and U937 cells, with the extract
from a commercial mussel powder being more efficient than the extract from fresh powder. However,
supercritical CO2 samples showed elevated cytokine secretion levels despite their high omega-3
content. Furthermore, 100 ug/mL extract from fresh powder successfully reduced interleukin-2 (IL-2)
secretion while maintaining cell viability after stimulation. The study demonstrated that solvent-
extracted mussel oil can effectively regulate cytokine secretion, modulate immune cell activation, and
alleviate inflammation. These findings offer valuable insights into using mussel oil extracts to treat
inflammatory disorders and enhance immune responses.

Keywords: green-lipped mussel; polyunsaturated fatty acids; EPA/DHA; immunomodulation;
anti-inflammatory

1. Introduction

The immune system is a complex network of cells, chemicals, and processes that
protect the body from foreign substances and maintain a healthy balance [1,2]. It comprises
an initial nonspecific defence, an innate response, and specific and memory-based pro-
tection, the adaptive response [3,4]. The immune system responds to harmful pathogens
by activating inflammatory cytokines that recruit immune cells and create effector and
memory cells [1,4,5]. Inflammation management relies on macrophages and neutrophils
during acute inflammation [6]. Untreated inflammation can trigger the activation of im-
mune cells and lead to tissue damage, resulting in fibrosis, the formation of scar tissue,
and the release of cytokines, signalling molecules that can exacerbate inflammation and
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lead to chronic inflammation and immune system imbalance [7,8]. During this process,
lymphoid cells secrete cytokines, while macrophages release pro-inflammatory cytokines
and enzymes [9]. The pathological condition involves lymphocyte infiltration, leading
to tissue damage and the perpetuation of a persistent, low-grade inflammatory response.
Macrophages accumulate in the affected area and act as antigen-presenting cells, releasing
pro-inflammatory cytokines and chemokines [9]. Low-grade systemic chronic inflamma-
tion and non-communicable disease, recognized as the primary cause of death worldwide,
contribute to over 50% of all fatalities. Medical research has established a link between the
immune system, inflammatory processes, and various health issues, significantly impacting
global morbidity and mortality [10].

The innate immune system triggers an inflammatory response through pattern recog-
nition receptors (PRRs), gradually activating and recruiting immune cells [1,11]. The
PRRs start complex pathways for inflammatory signalling and transcription factors upon
activation [1,12]. The main pathway activated during the process is NF-κB-mediated in-
flammatory signalling. The pathway is responsible for regulating well-known target genes,
including inducible nitric oxide synthase (iNOS), cyclooxygenase (COX), and various
cytokines such as tumour necrosis factor-a (TNF-α), interleukin (IL)-6, and interleukin
(IL)-1β [13]. Due to the immune system’s role in chronic illnesses, allopathic medicine has
limited options for the treatment and prevention of chronic diseases and immune system im-
balances [14]. Numerous studies have explored the impact of natural compounds on these
genes, aiming to unravel the molecular mechanisms underlying their anti-inflammatory
effectiveness [15].

The body contains various types of omega-3 fatty acids, including free fatty acids
(FFA), ethyl ester (EE), phospholipids (PL), and triacylglycerol (TAG) [16]. Among these,
PL and TAG are known for their biological properties [17]. The PL form, where FFAs are
connected by a glycerol bridge, allows for unique biological functions. Meanwhile, omega-3
TAGs are found in cell membranes alongside PLs [16,18]. These compounds also impact
the bioavailability of omega-3. TAGs have a higher bioavailability due to their chemical
structure after breakdown, while PLs are more resistant to oxidative stress [16,19]. Omega-3
polyunsaturated fatty acids (PUFAs), such as a-linolenic acid (ALA), eicosapentaenoic acid
(EPA), and docosahexaenoic acid (DHA), have been studied for their regulatory impact
on immune function [20,21]. Omega-3 competes with omega-6 fatty acids in enzymatic
processes, affecting immune cell activities, integrating into cell membranes, influencing
signalling, gene expression, lipid mediator production, and playing a role in gene transcrip-
tion and lipid metabolism, thereby offering insights into immune modulation [22,23]. This
lipid modification plays a crucial role in the functions of both innate and adaptive immune
cells by affecting membrane composition, fluidity, and receptor interactions. Imbalances in
fatty acid saturation levels and the n-6/n-3 polyunsaturated fatty acid ratio can disrupt the
immune system, contributing to various diseases [24].

The New Zealand green-lipped mussel (Perna canaliculus) contains natural components
extensively studied in vitro for their immunomodulatory properties [25–30] and in in vivo
studies [29,31–37], demonstrating the presence of bioactive components in GLM extracts
with immunomodulatory and anti-inflammatory properties. Few studies have explored
the potential of GLM oil as an immunomodulatory agent [34]. In vitro experiments using
cell lines have shown that GLM oil can modulate inflammatory pathways and cytokine
release, specifically reducing the release of pro-inflammatory cytokines such as TNF-α,
IL-6, and IL-1β, while also decreasing nitric oxide synthesis [30]. Despite these findings,
discrepancies in therapeutic effectiveness persist, potentially due to the lack of standardized
extraction and fractionation protocols and the possibility of multiple anti-inflammatory
agents within GLM [27].

The research aimed to investigate a sample’s immunomodulatory and anti-inflammatory
properties, employing monocytes/macrophages and lymphocyte cell lines. Specifically, the
study sought to assess how the sample influenced immune responses, including regulating
pro-inflammatory cytokines by monocytes/macrophages and T lymphocytes’ role in coor-
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dinating cytokine release. Analysing the activation data of these cells can provide insight
into how extracts activate the immune system for pathogen elimination and tissue repair
during inflammation. In vitro experiments were performed to investigate the impact of the
extracts on immune cell functionality. The primary objective was to identify the type of
extract demonstrating the most robust efficacy in regulating inflammatory responses in
immune cell lines.

2. Materials and Methods
2.1. Extraction Methods and Characterization of Green-Lipped Mussel Oil

Mussel lipids were extracted using mechanical extraction (CO2 pressure extraction)
and chemical extraction. The supercritical CO2 extraction was set at a temperature of 70 ◦C
and a pressure of 500 bar for 2 h, using 150 g of mussel powder. The chemical extraction
method was executed according to a protocol described previously [38]. Extracts were dried
using a nitrogen flow evaporator and stored at −80 ◦C after yield quantification. Two differ-
ent raw mussel powder were used: a commercial powder provided by Nelson Greenshell
Mussel Farm, and a laboratory preparation using the lyophilization of live mussels.

Mussel lipid extracts were identified and quantified by thin-layer chromatography
using the Iatroscan MK 6s (Iatron Laboratories, Tokyo, Japan). The samples were also
analysed for fatty acid methyl esters (FAMEs) using gas chromatography. An aliquot
of the lipid extract was subjected to transmethylation, and the resulting FAME samples
were analysed in duplicate. Samples were diluted 1, 10, and 100 times. The analysis was
performed using an Agilent 7890A gas chromatograph coupled to an Agilent 5975C inert
XL mass spectrometer (Agilent Technologies, Santa Clara, CA, USA).

2.2. Green-Lipped Mussel Oil Extract Treatment

Four samples were generated using different extraction methodologies and named
accordingly. The samples extracted using organic solvents were marked as “SOLV” and
distinguished based on whether they were obtained from a fresh preparation or a com-
mercial brand powder. Similarly, samples extracted using supercritical CO2 were labelled
as “CO2” and identified based on the origin of the mussel powder. All samples were
initially diluted in 2% absolute ethanol and then in an appropriate medium. The IC50
values were determined by analysing cell viability using a linear regression graph. The
treatment concentrations ranged from 12.5 to 800 µg/mL, and the 2% ethanol used for
sample dilution did not affect cell viability. The assessment of sample toxicity indicated that
exposure to LPS (10 ng/mL) for 24 h did not impact cell viability. However, a concentration
of 200 µg/mL generally resulted in up to 70% cell viability. Therefore, to obtain a more
accurate assessment of potential sample effects on cell viability within a physiologically
relevant range, the focus was on the concentration range of 12.5 to 100 µg/mL for immune
cells stimulation.

2.3. Maintenance of Suspension Cells in Culture

The human monocyte THP-1 and U-937 cells and Jurkat T lymphoblast cells were
obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). The
suspension cells were cultured and sustained in RPMI media supplemented with 10%
foetal bovine serum (FBS), 100 units/mL penicillin + 100 µg/mL streptomycin. The cells
were incubated at 37 ◦C in an atmosphere of 5% CO2 and 90–95% humidity. Sub-culturing
of the cells was performed every two to three days, not allowing the cell concentration to
exceed 1 × 106 cells/mL.

2.4. Monocytes Differentiate into Macrophage Cells

THP-1 and U-937 cells were differentiated into macrophage-like cells (M0THP-1 and
M0U-937) by incubation in the presence of 75 ng/mL PMA (Sigma-Aldrich, St. Louis, MO,
USA). The cells were counted and seeded in 24-well plates at 200,000 cells/mL for 72 h,
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followed by washing with PBS and a 24 h rest period in fresh media before exposure to
pre-treatment [39].

2.5. MTT Cell Viability to Differentiated Macrophage Cell Lines

Cell viability analysis was conducted on differentiated cell lines of human macrophages
(U-937 and TPH-1) using the MTT assay, with triplicate measurements performed for each
sample concentration. A 100 µL/well volume was prepared with 5 × 104 cells/mL in
96-well plates. After the differentiation procedure, the samples were diluted in 100 µL and
added to the wells 24 h later, followed by incubation for 24 and 48 h. Following medium
replacement, MTT was added at a final concentration of 0.5 mg/mL, and the cells were
incubated at 37 ◦C and 5% CO2 for 4 h. Solid particles were dissolved in dimethyl sulfoxide
(DMSO) and subsequently measured at a wavelength of 540 nm via a microplate reader.
This procedure was replicated at various intervals to ensure accuracy and consistency.

2.6. Monocytes and PMA-Differentiated Cells Stimulation

The THP-1 monocyte and U-937 cells were seeded at a 200,000 cells/mL density in
24-well plates. Following the described protocol, the cells were treated with 75 ng/mL of
PMA for 72 h with 24 h of rest. Pre-treatment of the cells (M0THP-1 and M0U-937) with the
4 samples at different concentrations (12.5, 25, 50, and 100 ug/mL) was performed, and after
1 h, they were incubated with LPS at a concentration of 100 ng/mL for 24 h. Dexamethasone
at a 1 ug/mL concentration was used as a positive control to assess cytokine suppression.
After 6 h of incubation, the plates were centrifuged at approximately 125× g for 5 min, and
the supernatants were collected and stored at −80 ◦C until quantification. The experiment
was conducted in duplicate, with each well being tested twice. Additionally, the entire
experiment was repeated independently three times.

2.7. Jurkat Cell Line Stimulation

The experimental conditions for Jurkat cell stimulation were established, which in-
volved the utilization of phytohemagglutinin (PHA—2 µg/mL) as the primary stimulant,
along with the co-stimulator phorbol myristate acetate (PMA—20 ng/mL) and ionomycin
(IoM—350 ng/mL). The cells were enumerated and seeded at 5 × 105 cells/mL den-
sity in 24-well plates. Before stimulation, the cells underwent pre-treatment with dif-
ferent concentrations of the samples (12.5, 25, 50, and 100 µg/mL) and were incubated
for 1 h. Positive dexamethasone control at a concentration of 1 ug/mL was employed
to evaluate cytokine suppression. Subsequently, the cells were exposed to the desired
PMA + PHA + ionomycin concentration for 24 h. The plates were centrifuged at approxi-
mately 125× g for 5 min to collect the samples, and the supernatants were collected and
stored at −80 ◦C until they were quantified. The experiment was conducted in dupli-
cate, with each well being tested twice. Additionally, the entire experiment was repeated
independently three times.

2.8. Apoptosis Assay

Cell apoptosis was evaluated using the Annexin V flow cytometry Kit from Thermo
Fisher Scientific Inc. (Waltham, MA, USA) Jurkat cells were collected at a concentration
of 5 × 106 cells/mL in a 1.5 mL tube after treatment and stimulation. The cells were
centrifuged, and the supernatant was discarded. Subsequently, the cells were washed with
PBS and centrifuged at 1000× g for 5 min. After removing the supernatant, the cells were
resuspended in 1X Binding Buffer. Subsequently, 5 µL of fluorochrome-conjugated Annexin
V was added to 100 µL of the cell suspension and incubated at room temperature for 10 min.
Following the manufacturer’s protocol, the cells were analysed for cell apoptosis using a
flow cytometer (Guava® Muse® Cell Analyzer, Fremont, CA, USA).
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2.9. Enzyme-Linked Immunosorbent Assay (ELISA) of Proinflammatory Cytokines

The contents of TNF-α, IL-1β (monocytes/macrophage cells), and IL-2 (T lympho-
cyte cells) in the culture supernatants were measured using corresponding ELISA kits
(Thermofisher, Waltham, MA, USA), according to the manufacturer’s protocol. Double
tests were conducted on each well in the experiment.

2.10. Statistical Analysis

Mean ± SD values were obtained from at least two individual experiments for each
triplicate test. One-way ANOVA (analysis of variance) with a post hoc Tukey HSD (honestly
significant difference) test was used to assess statistical differences. The independent
Student’s test was used to compare means between groups. A p-value of less than 0.05 was
considered significant.

3. Results
3.1. Analysing the Lipid Content of Green-Lipped Mussel

The lipid compositions of the four samples varied depending on the preparation and
extraction method (Table 1). The SCCO2 method extracted the highest proportion of FFA
from powdered samples, yielding approximately 50% of the total lipid classes. Statistical
analysis (ANOVA with Tukey’s test) showed a significant difference between samples
prepared with commercial powder, with the mechanical extraction method proving more
effective in FFA recovery than the organic solvent method (p = 0.014). Remarkably, the
chemical method demonstrated superior efficiency in extracting phospholipids, with a
20-fold enhancement compared with SCCO2-extracted samples. The use of MTBE/Me
(methyl tert-butyl ether/methanol) was found to be a more efficient strategy for phospho-
lipid recovery (p = 0.001, ANOVA). Triacylglycerol and sterol recovery remained unaffected
by the method or sample source, with no significant differences observed.

Table 1. Classes of lipid recovery during the extraction process. Results are described as
average percentages.

Summary (% TLE)

Organic Solvent Supercritical CO2

Fresh Commercial Fresh Commercial

Mean ± SD p-Value

Aliphatic
Hydrocarbon 0.68 ± 0.013 3.70 ± 0.68 7.31 ± 1.706 3.65 ± 1.92 0.03

Triacylglycerol 25.79 ± 6.63 25.39 ± 3.68 37.69 ± 2.70 30.07 ± 2.81
Free Fatty Acid 27.32 ± 5.82 35.84 ± 6.67 47.47 ± 0.89 54.38 ± 0.0015 0.01

Sterol 11.03 ± 2.01 7.50 ± 6.28 6.88 ± 0.07 6.86 ± 0.39
Phospholipid 35.17 ± 2.82 27.56 ± 4.75 1.96 ± 0.03 5.05 ± 0.50 0.0006

p value = the differences between the groups’ means are statistically significant based on ANOVA (p < 0.05).

GC-MS analysis identified various fatty acids, including saturated, mono, and polyun-
saturated types (Table 2). The commercial powder sample yielded the highest FFA con-
tent for both extraction methods. The primary FFA in all samples was 5,8,11,14,17-
Eicosapentaenoic acid (cis-20:5 n-3, EPA), followed by Palmitic acid (16:0), 4,7,10,13,16,19-
Docosahexaenoic acid (cis-22:6 n-3, DHA), and Palmitoleic acid (cis-16:1n-7). The predomi-
nant lipid class across all samples was polyunsaturated fatty acids (PUFAs), with omega-3
(ω-3) being the most abundant subclass. At the same time, the total amount of omega-6
(ω-6) was consistent for all samples and extraction conditions. Fresh powder exhibited a
higher saturated FFA content compared with the commercial sample.
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Table 2. Fatty acid composition of crude oil extract from GLM obtained through two different
methods in fresh and commercial powder samples.

Class Free Fatty Acids

Organic Solvent Supercritical CO2

Fresh Commercial Fresh Commercial

Mean ± SD (mg/g) p-Value

PUFA

ω-3

cis-18:3 n-3 (ALA) 4.15 ± 1.71 a 8.3 ± 0.07 ab 5.13 ± 0.21 5.31 ± 0.32 b 0.02
cis-20:3 n-3 (ETE) 0.23 ± 0.006 c 1.12 ± 0.08 cd 0.32 ± 0.0004 0.52 ± 0.003 d 0.01
cis-20:5 n-3 (EPA) 52.03 ± 0.006 ek 45.36 ± 2.91 fk 61.71 ± 6.44 em 77.16 ± 1.09 fm 0.0002
cis-22:6 n-3 (DHA) 78.46 ± 2.19 g1 24.84 ± 6.49 1 89.35 ± 3.12 g4 26.31 ± 0.07 4 0.01

ω-5 cis-14:1n-5 0.08 ± 0.001 0.04 ± 0.0001 0.09 ± 0.0008 0.15 ± 0.0007

ω-6

trans-18:2 n-6 4.98 ± 2.57 4.87 ± 0.006 5.94 ± 0.23 5.42 ± 0.37
cis-18:3 n-6 (GLA) 0.3 ± 0.01 0.15 ± 0.002 0.42 ± 0.003 0.39 ± 0.004

cis-20:2 n-6 1.05 ± 0.12 2.28 ± 0.003 1.36 ± 0.005 1.62 ± 0.009 0.01
cis-20:3 n-6 (DGLA) 0.4 ± 0.02 0.26 ± 0.0001 T 0.49 ± 0.001 0.77 ± 0.004 T 0.01

cis-20:4 n-6 (AA) 6.1 ± 2.7 4.42 ± 0.006 5.6 ± 0.08 7.01 ± 0.32

ω-7 cis-16:1n-7 22.52 ± 50.74 22.73 ± 7.09 26.46 ± 32.52 29.2 ± 5.22

ω-9
trans-18:1 n-9 7.1 ± 6.07 6.44 ± 0.12 7.46 ± 0.32 4.85 ± 0.41

cis-22:1 n-9 0.16 ± 0.004 p 0.41 ± 0.005 p
r 0.14 ± 0 W 0.7 ± 0.0005 r

W 0.0001

Monosaturated
cis-20:1 n-9 9.39 ± 8.99 4.23 ± 0.004 8.45 ± 0.01 4.73 ± 0.14
cis-24:1 n-9 0.16 ± 0.002 0.1 ± 0.0003 0.12 ± 0.0009 0.14 ± 0.0001

Saturated

06:0 0.003 ± 0 0.003 ± 0 0.003 ± 0 0.0005 ± 0
08:0 0.005 ± 0 0.01 ± 0 0.0032 ± 0 0.0015 ± 0
10:0 0.006 ± 0 0.01 ± 0 0.0064 ± 0 0.0065 ± 0
11:0 0.004 ± 0 ş 0.04 ± 0 u

ş 0.0098 ± 0 0.01 ± 0 u 0.005
12:0 0.07 ± 0.002 0.14 ± 0.0004 0.08 ± 0.0018 v 0.37 ± 0.01 v 0.03
13:0 0.25 ± 0.02 0.2 ± 0.003 0.34 ± 0.04 0.23 ± 0.0001
14:0 15.51 ± 35.82 16.12 ± 0.79 17.74 ± 19.36 18.14 ± 0.19
15:0 2.75 ± 0.97 1.07 ± 0.05 2.8 ± 0.14 1.71 ± 0.06

16:00 67.4 ± 3.95 z 35.5 ± 55.55 z 72.15 ± 103.63 48.1 ± 14.96 0.01
17:0 3.38 ± 1.14 1.51 ± 0.08 3.03 ± 0.001 1.56 ± 0.02
18:0 14.26 ± 17.7 8.55 ± 2.26 12.83 ± 0.02 10.11 ± 0.3
20:0 0.53 ± 0.03 A 0.12 ± 0.0004 A 0.37 ± 0 0.16 ± 0.002 0.03
21:0 0.04 ± 0.0002 0.01 ± 0 0.03 ± 0 0.03 ± 0.0001

22:00 0.35 ± 0.01 B 0.11 ± 0.0003 B 0.21 ± 0 0.13 ± 0 0.03
23:00 0.08 ± 0.0005 D 0.02 ± 0 D 0.05 ± 0 0.02 ± 0 0.01
24:00 0.41 ± 0.01 E 0.11 ± 0.0003 E 0.22 ± 0.0001 0.15 ± 0.0003 0.03

p value = differences between the groups’ means are statistically significant based on ANOVA (p < 0.05). Letters
and symbols = differences between samples are statistically significant based on the Tukey test.

Specifically, the commercial sample showed higher levels of 11,14,17-Eicosatrienoic
acid (cis-20:3 n-3-ETE, ω-3), with 21% using SCCO2 and 16% with SOLV. Linoleic acid
(cis-18:3 n-3-ALA, ω-3) had the highest content in commercial samples, but in smaller
proportions (3% in solvent and 1.4% in SCCO2). Regardless of the sample, SCCO2 extraction
was more effective in EPA recovery (p = 0.0002) than solvent extraction. However, for DHA
recovery, the fresh sample was more efficient (p = 0.013), with CO2 being more effective
than SOLV. Commercial samples had better recovery rates for some omega-6 FFAs (p = 0.01).
Furthermore, the analysis revealed that the fresh crude oil sample contained significantly
more monounsaturated fatty acids (MUFAs) than the commercial sample (p < 0.05).

Effects of Mussel Extracts on Cell Viability

The cytotoxicity of crude oils was used to evaluate the potential immunomodulatory
effects of mussel oil on immune cells stimulated by LPS. Cell viability was measured after
24 and 48 h of exposure to serial dilutions of stock solutions prepared using supercritical
CO2 and solvent oil extraction. Subsequently, 2% ethanol was used for emulsification, and
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cells treated with ethanol were used as controls. Following 24 h of exposure, no significant
decrease in cell viability was observed. However, after 48 h, cell viability was impacted at
higher dilutions compared with ethanol, possibly due to a proliferation-activating effect.
The highest dilution rate of crude oil samples (100 ug/mL) that did not significantly affect
cell viability was selected for further experimentation, consistent with a previous in vitro
study [40].

3.2. Immune Cell Response to Mussel Oil
3.2.1. Monocytes

The precursor cells in bone marrow develop into monocytes, which enter connective
tissue through capillary walls and transform into macrophages [41]. Monocytes are highly
versatile cells that can alter their functional phenotype in response to external stimuli
and are often recruited to tissue damage or infection sites [42]. These cells are crucial in
inflammatory and homeostatic processes. Scientific evidence suggests that monocytes are
the primary source of TNF-α in humans, and their activation is involved in developing
various chronic human diseases [43,44].

The study involved analysing samples to determine their impact on the expression
of cytokines, specifically TNF-α, in cell lines THP-1 and U-937. We observed increased
cytokine activity after administering 100 ng/mL of LPS treatment for 6 h. The positive
control guided the range of suppression in cytokine secretion. The cytokine bioassay results
(Figure 1a) showed that the SOLV samples had a dose-dependent effect on decreasing
inflammatory cytokine levels compared with the LPS-treated control. At a concentration of
100 µg/mL of the SOLV.FR (solvent fresh) sample, the release of TNF-α showed a similar
reduction to that of the positive control: 38.80 ± 8.8% and 32.89 ± 14.27%, respectively.
Other dilutions displayed the potential to suppress cytokine release, although the rate
was not comparable to that of the positive control. Nevertheless, the SOLV.COM (solvent
commercial) sample showed more efficient management in TNF-α rescue for all dilutions.
Treatment with 12.5 µg/mL resulted in a secretion rate of 40.17 ± 26.51%, but the difference
from the positive control was not statistically significant. Treatment with 25 µg/mL resulted
in a 22.56 ± 15.40% TNF-α secretion rate, which was statistically significant compared
with the positive control (p < 0.05, t-test). The highest concentration showed significant
cytokine reduction (16.96 ± 15.95% and 11.64 ± 6.30%) with a substantial difference
between 50 µg/mL and 100 µg/mL (p = 0.05, Tukey test). In summary, the 25, 50, and
100 µg/mL concentrations of the SOLV.COM sample demonstrated a significant reduction
in TNF-α secretion compared with the SOLV.FR dilutions (p < 0.05, Tukey test). The SCCO2
samples did not show a significant decrease in TNF-α release, with some dilutions of both
samples presenting an increase in the secretion rate.

Upon analysing U-937 cells, a comparable pattern was observed in TNF-α secretion
in THP-1 cells (Figure 1b). However, it was discovered that 12.5 µg/mL of SOLV.FR did
not effectively reduce TNF-α secretion, with a recorded rate of 111.82 ± 8.97% (Figure 1b).
Subsequent dilutions displayed a dose-dependent reduction in TNF-α release, with rates
of 46.72 ± 19.95%, 35.24 ± 20.82%, and 22.66 ± 25.38%, respectively, and a p-value of 0.05.
In contrast, the SOLV.COM sample showed a significant decrease in all concentrations.
The four dilutions (12.5, 25, 50, and 100 µg/mL) achieved reduction rates (36.06 ± 10.97%,
22.78 ± 15.26%, 19.28 ± 20.21%, and 20.98 ± 24%, respectively) comparable to the positive
control, and did not exhibit any statistical difference between their control rates. In a
general comparison of the solvent group, it is possible to affirm that the samples generated
by commercial powder have a statistically significant reduction compared with the fresh
sample (p < 0.01). The CO2.FR sample also showed a dose-dependent reduction in secretion,
although the rates recorded for all dilutions were higher (127.90 ± 8.93%, 106.85 ± 0.63%,
96.17 ± 9.63%, and 85.95 ± 9.60%, respectively) than most solvent samples. Furthermore,
the samples obtained from CO2.COM demonstrated increased cytokine secretion across
all dilutions, with levels reaching or surpassing the 100% induction rate achieved by the
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LPS induction control. This result suggests that CO2.COM had a significant impact on the
increase in the cytokine production process.
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following samples: organic solvent—commercial powder (SOLV.COM), organic solvent—fresh powder
(SOLV.FR), supercritical—commercial powder (CO2.COM), and supercritical—fresh powder (CO2.FR)
in different concentrations then stimulated with LPS (100 ng/mL) for 6 h. Here, 1 µg/mL of dexam-
ethasone was used as a positive control. *, **, indicate p < 0.05 and p < 0.01, respectively, comparing
concentrations based on statistically significant differences; ++ indicates a p < 0.001 between-group
comparison, demonstrating statistically significant differences by ANOVA and Tukey’s post hoc test.

3.2.2. Macrophages

Macrophages are immune cells that can engulf foreign particles and secrete cytokines
such as TNF, IL-1, IL-6, IL-8, and IL-12. The purpose of these cytokines is to reinstate
tissue homeostasis, and their production must remain balanced for the benefit of the
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host. Overproduction of these cytokines can trigger acute generalized or systemic chronic
inflammation, which can harm the body [41,44].

A preliminary study on THP-1 macrophage cells showed that PMA differentiation
followed by a 24 h rest period resulted in a 5-fold reduction in TNF-α production in
untreated cells (from 5.812 ± 6.98% to 0.45 ± 1.22%). Treatment with dexamethasone
and a 24 h rest period improved TNF-α release compared with no rest, although the
difference was not statistically significant (33.56 ± 14.01% to 15.35 ± 19.12%). On the
other hand, LPS stimulation led to a substantial increase in cytokine release from cells,
with a 400-fold increase in TNF-α secretion after 24 h rest compared with untreated cells.
Based on the—results, the following assays used a 72 h PMA incubation period followed
by a 24 h rest period.

Following the administration of LPS treatment and subsequent M0THP-1 cell stimu-
lation for 6 h, the positive control displayed an average inhibition of TNF-α secretion of
15.35 ± 19.12%. Notably, the samples exhibited reduced cytokine secretion, with the high-
est decrease recorded at 70.08 ± 6.19% compared with stimulation with LPS. The reduction
in cytokine release did not display any statistically significant differences across the various
sample dilutions. (Figure 2a). The M0U-937 cells demonstrated an effective suppression
of dexamethasone within a range of 15.61 ± 3.18% for TNF-α secretion (Figure 2b). The
cytokine expression within this cell line exhibited a response dependent on the dosage
of solvent samples applied. The concentration of the solvent sample showed a gradual
decrease, as evidenced by the values of 91.78 ± 6.24%, 81.46 ± 1.88%, 68.84 ± 0.95%, and
50.76 ± 1.65% (p < 0.05). However, despite this trend, the highest concentration remained
beyond the dexamethasone suppression range. The results of the SOLV.COM sample
analysis indicate its promising potential as a cytokine secretion controller. Following
treatment with 25 µg/mL and 50 µg/mL oil concentrations, a range of 39.87 ± 2.82%
and 25.12 ± 3.25% was achieved, respectively. Notably, the maximum oil concentration
of 20.76 ± 3.68% produced a comparable range to the control range. An analysis of raw
sources found that the SOLV.COM exhibited greater efficacy in regulating inflammatory
processes initiated by LPS in macrophage cells, compared with SOLV.FR samples at concen-
trations of 25, 50, and 100 µg/mL (p < 0.05). The samples of CO2 did not exhibit a significant
impact on the secretion of cytokines in the cells in comparison to the cells stimulated by LPS.
The findings indicate that the CO2 samples did not significantly alter immune function.
However, additional investigations are required to fully understand the impact of the
solvent samples on cytokine production.
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treated with the samples: organic solvent—commercial powder (SOLV.COM), organic solvent—fresh
powder (SOLV.FR), supercritical—commercial powder (CO2.COM), and supercritical—fresh powder
(CO2.FR) in different concentrations then stimulated with LPS (100 ng/mL) for 6 h. Here, 1 µg/mL
of dexamethasone was used as a positive control. ** indicates p < 0.01 comparing concentrations
based on statistically significant differences and + indicates p < 0.05 between-group comparisons by
ANOVA with Tukey’s post hoc test.

The results of the IL-1β secretion analysis indicated that the effectiveness of dexam-
ethasone in suppressing cytokine release was lower in M0TPH-1 (48.41 ± 21.63%) and
M0U-937 (90.94 ± 8.87%) compared with TNF-α (15.35 ± 28.88% and 15.61 ± 3.18%, re-
spectively; p < 0.05) (Figure 3a). The results of the SOLV samples indicate a dose-dependent
control of cytokine release. Upon analysis, no statistical difference was detected between
the fresh and commercial powder at each respective concentration. The SOLV.FR exhib-
ited a decrease in cytokine secretion range with increasing concentration. A significant
difference was observed between the concentrations of 12.5 and 25 µg/mL and 50 and
100 µg/mL (88.05 ± 9.11%, 73.91 ± 9.97%, 69.26 ± 8.04%, and 50.69 ± 5.86%, respectively
p < 0.05), while no statistical significance was found in the analysis of 25 and 50 µg/mL con-
centrations. The same downtrend could be observed in SOLV.COM. The release of cytokine
range exhibited differences between concentrations of 12.5 and 25 µg/mL (106.22 ± 14.20%
and 95.97 ± 13.68%, p < 0.006). Additionally, significant differences were observed between
concentrations of 25 and 50 µg/mL (95.97 ± 13.68% and 68,18 ± 12.94%), as well as be-
tween concentrations of 50 and 100 µg/mL (68.18 ± 12.94% and 55.81 ± 11.10%), with a
p-value equal to 0.006 (Figure 3a) The samples treated with CO2 exhibited elevated levels
of cytokine secretion, regardless of concentration, reaching a level comparable to that of
LPS-stimulated cells. These samples did not demonstrate efficacy in blocking the release
of IL-1β in the M0THP-1 cell line. The analysis of both SOLV samples revealed that the
cytokine suppression range at the highest concentration was similar to that of the positive
control. These outcomes suggest that a concentration of 100 ug/mL would effectively
regulate cytokine release in the cellular lines under consideration.

In the context of IL-1β secretion by M0U-937 cells, the analysed SOLV samples dis-
played a discrete reduction in the percentage of cytokine released (Figure 3b), notwith-
standing the higher concentration of samples administered in the treatment of cells stim-
ulated by LPS. In the context of IL-1β secretion by M0U-937 cells, the analysed SOLV
samples displayed a discrete reduction in the percentage of cytokine released (Figure 3b),
notwithstanding the higher concentration of samples administered in the treatment of cells
stimulated by LPS.
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Figure 3. Effect of crude oil on IL-1β secretion: M0THP-1 (a) and M0U-937 (b) cells were pre-
treated with the samples: organic solvent—commercial powder (SOLV.COM), organic solvent—fresh
powder (SOLV.FR), supercritical—commercial powder (CO2.COM), and supercritical—fresh powder
(CO2.FR) in different concentrations then stimulated with LPS (100 ng/mL) for 6 h. Here, 1 µg/mL
of dexamethasone was used as a positive control. ** indicates p < 0.01 comparing concentrations
based on statistically significant differences, and + indicates p < 0.05 between-group comparison by
ANOVA with Tukey’s post hoc test.

The cell line analysis leads to the inference that despite a hesitant decrease in cytokine
production, the sample presented a superior result in managing immunomodulation
compared to dexamethasone (Figure 3b). The CO2 samples exhibit a similar trend to the
TPH-1 results, showing elevated cytokine secretion levels regardless of concentration. The
levels of cytokine production in the samples appear to exceed those of LPS-stimulated cells.
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3.2.3. T lymphocytes

T lymphocyte cells are a critical component of cellular immunity, as they substantially
impact inflammation and immune responses by producing cytokines [45]. During the
immune activation, T cells become activated and multiply upon recognizing antigens on
macrophage surfaces, which is crucial in regulating inflammatory responses [46]. Studies
have demonstrated that delayed inflammatory reactions may be attributed to the interac-
tion of various T cell subtypes, suggesting a potential role for these cells in developing
immune-related disorders [45,47]. Among the cytokines these cells release, interleukin-2
(IL-2) promotes T-cell proliferation and differentiation while triggering inflammatory re-
sponses [46]. A more comprehensive understanding of cytokine regulation can yield novel
therapeutic strategies for various human diseases [46,47].

An initial assessment of the controls indicated that using PHA, PMA, and IoM re-
sulted in a substantial elevation in IL-2 discharge in Jurkat cells, reaching 700 times higher
compared with untreated cells (Figure 4). However, dexamethasone treatment did not
effectively suppress the activation process, leading to a reduction of only 130 times in
cytokine secretion, which was less compared with the combination of stimulant substances.
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Untreated—cells with no stimulation or treatment; PMA (20 ng/mL) + PHA (2 µg/mL) + IoM
(350 ng/mL—phytohemagglutinin associated with phorbol myristate acetate and ionomycin; Positive
control (dexamethasone).

In all the samples presented, there was a trend of dosage dependence (12.5, 25, 50,
and 100 µg/mL), where increased concentrations were associated with decreased cytokine
secretion (Figure 5). Specifically, the SOLV.FR sample demonstrated a gradual decline in
cytokine secretion levels (77.86 ± 9.24%, 48.61 ± 10.60%, 18.31 ± 10.64%, and 1.59 ± 0.08%,
respectively, p < 0.001), with its highest concentration yielding a range similar to that of
untreated cells. Meanwhile, the SOLV.COM sample proved less effective at suppressing
secretion, with its highest concentration (63.63 ± 2.22%) falling within a range resembling
that of the positive control (78.65 ± 9.37%). Furthermore, when analysing the powder
source for the solvent extraction methodology, it was found that the SOLV.FR sample
performed better in regulating lymphocyte cytokine secretion than the SOLV.COM at all
concentrations (p < 0.01).
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Figure 5. Effect of crude oil on IL-2 secretion—Jurkat cells were pre-treated with the samples:
organic solvent—commercial powder (SOLV.COM), organic solvent—fresh powder (SOLV.FR),
supercritical—commercial powder (CO2.COM), and supercritical—fresh powder (CO2.FR) in differ-
ent concentrations, then stimulated with PMA (20 ng/mL) + PHA (2 µg/mL) + IoM (350 ng/mL) for
24 h. Here, 1 ug/mL of dexamethasone was used as a positive control. ** and *** are p < 0.01 and
p < 0.001, respectively, comparing concentrations based on statistically significant differences and
++ indicates p < 0.01 between-group comparison by ANOVA with Tukey’s post hoc test.

The CO2 samples with a concentration of 12.5 µg/mL did not have any noticeable
effect in controlling the activation mechanisms of cellular pathways that lead to IL-2 re-
lease. Both samples maintained a range similar to the set of stimulators, with percentages
of 104.64 ± 10.38% and 103.23 ± 9.26%. The CO2.FR sample showed a similar trend to
the SOLV.FR sample. Still, it was less effective in suppressing the IL-2 release by Ju-
rkat cells at concentrations of 25, 50, and 100 µg/mL (76.47 ± 10.78%, 52.43 ± 23.53%,
and 22.59 ± 15.24%, respectively, p < 0.01). In comparison, the CO2.COM sample at
the same concentrations had a more subtle suppression in the release (87.73 ± 12.29%,
73.95 ± 10.64%, and 55.09 ± 3.23%, respectively, p < 0.01). The highest concentration
yielded better results for both samples than the positive control. This extraction methodol-
ogy has shown similar performance in regulating lymphocyte IL-2 secretion, as observed
in the solvents, with fresh samples exhibiting better regulation than commercial samples,
except for the 12.5 µg/mL concentration (p < 0.01).

During the investigation into the apoptotic assay, it was observed that cell viability
was decreased by 48% after stimulation treatment (Figure 6). Cell viability was assessed
by treating the cells with SOLV samples to determine whether cytokine secretion was
possible. The results revealed that fresh powder samples caused fewer late apoptotic cells
(31.10%) than stimulated control cells. However, the dead cells were slightly decreased
by commercial samples (42.65%). After a thorough analysis, it was observed that the
decrease in IL-2 secretion in the fresh samples did not result from reduced cell viability post
stimulation. As a result, it can be deduced that the SOLV.FR samples successfully reduced
IL-2 stimulation while simultaneously maintaining cell viability.
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4. Discussion
4.1. Impact of GLM Oil on Inflammation and Immune Regulation

As previously noted, inflammation is a natural immune response to combat invading
pathogens, but it can also have detrimental effects when left uncontrolled. To effectively
manage infections and restore tissue integrity, it is paramount to have a comprehensive
understanding of the various types of immune cells and the factors that contribute to
bolstering the immune system. This knowledge lets us discern disease patterns and re-
compose the immune system’s health. The balance between saturated and unsaturated
FAs is crucial for the functions of innate and adaptive immune cells, as it affects their
membrane composition, fluidity, and interactions with specific receptors [2,12]. Disruption
of FA saturation levels and the ratio of n-6/n-3 polyunsaturated FAs can lead to immune
system imbalances and contribute to various diseases [24]. In analysing the impact of
dietary fat composition on immune cell fluidity, crude oil containing various fatty acids
could influence cytokine production and cell activity.

Some studies have demonstrated that the primary source of anti-inflammatory effec-
tiveness in mussel oil is mainly found within the free fatty acids section of the oil. The most
remarkable efficacy is observed within the polyunsaturated fatty acid (PUFA) category [26].
Extracting oils from whole GLM involves a multitude of complex and diverse lipids. As a
result, a meticulous screening and purification process is necessary to isolate and identify
the valuable bioactive compounds within the oil extracts. Although this procedure may
take some time, it is crucial for obtaining high-quality results [27]. Moreover, the instability
of specific bioactive compounds during oil extraction creates an additional challenge. Some
lipid-based bioactive compounds require further investigation, which requires additional
research to identify potential bioactive components and understand the mechanisms re-
sponsible for GLM oil’s impact on chronic inflammation-related conditions [30]. Persisting
disparities in therapeutic efficacy observed across studies may result from multiple anti-
inflammatory mediators in GLM. Consequently, the isolation and purification of specific oil
components may not always represent optimal strategies, hypothetically overlooking the
inclusion of undiscovered potential bioactive compounds [27]. The present study utilizes
crude oil extracts to investigate the intricate interplay of diverse bioactive compounds
through various extraction techniques.

In the inflammatory process, pro-inflammatory cytokines such as TNF-α, IL-6, and
IL-1β play a significant role in the development of the inflammatory process [48]. In prior
studies, the suppression of TNF-α and interferon (IFN)-γ expression by GLM oil was
observed in an adjuvant-induced arthritis model in rats [33], as well as the inhibition of
TNF-α and IL-12 expression in LPS-induced human THP-1 monocytes [25]. Additionally,
Chen et al. (2017) demonstrated GLM oil’s inhibitory effect on TNF-α, IL-6, and IL-1β
expression levels in LPS-stimulated macrophage RAW264.7 cells through ELISAs [30]. The
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anti-inflammatory properties of GLM oil have been attributed to its ability to modulate
the NF-κB and MAPK signalling pathways in cells. These revelations provided a deeper
understanding of the underlying mechanisms behind the anti-inflammatory efficacy of
GLM oil [30]. According to a recent study, GLM oil extract has the potential to reduce
inflammation, enhance glucose uptake, and effectively manage the release of inflammatory
markers, namely, IL-6 and MMP-3, on human chondrocyte cell lines. This highlights the
promising role of SOLV.COM in controlling reactive oxygen production, regulating glucose
metabolism, and managing OA [40].

4.2. Comparative Analysis of Immune Modulation by GLM Lipid Extracts

The study of immune system regulation can be challenging when attempting to
simulate the human system. Typically, peripheral blood mononuclear cells (PBMCs) are
used to evaluate immune cell functions in metabolic disorders [49]. However, there are
limitations associated with the utilization of human stem cells, such as ethical concerns
with PBMCs [50]. The most significant factors that affect the use of PBMCs are accessibility
to the material and higher inherent variability across donors. In this context, cell lines offer
a reliable model for investigating immune cell functions, responses, and differentiation [51].

By virtue of their relative consistency and ease of handling, cell lines present a reliable
tool for researchers seeking to study the complex workings of immune cells. Based on
Riddy et al.’s (2018) data analysis, it was found that THP-1 and U-937 cells had a more
similar protein expression pattern compared to PBMCs, especially after differentiation.
However, the absolute expression levels varied considerably. The study concluded that
most of the analysed genes were expressed similarly across cells, except for IL-6, which
exhibited variation [49]. THP-1 and U937 cell lines are commonly used as macrophage
precursor models in immunology research due to their ability to mimic macrophage differ-
entiation and exhibit similarities to primary monocytes and macrophages [52]. According to
Nascimento et al. (2022), in vitro studies using cell lines offer valuable insights into immune
cell biology and its significance in different contexts, despite their inherent limitations [52].

Upon further examination of the literature review, it appears that there may be varia-
tions in mRNA levels during monocyte differentiation between immortalized and primary
cells. However, for screening, it is feasible to use the immune cell line in the immunomod-
ulation study. Considering the published data, it was decided to evaluate the impact of
TNF-α and IL-1β expression levels on LPS-stimulated monocyte/macrophage THP-1 and
U937 cell lines after treatment with GLM lipid extracts.

Furthermore, we delved deeper into the immunomodulatory function of IL-2 samples
by examining their effects on lymphocyte Jurkat cells. Our findings provide valuable in-
sights into the potential therapeutic applications of these samples in the context of immune
system regulation. THP-1 and U-937 monocytes/macrophage cell lines were exposed to
bacterial LPS, while the Jurkat T-cell line was exposed to a combination of stimulants
(PHA, PMA, and IoM). The levels of cytokines released in the cell-cultured medium were
measured, and the extract’s ability to modulate the synthesis of TNF-α, IL-1β, and IL-2 in a
dose-dependent manner was analysed. The research data analysis indicates that the sam-
ples generated through solvent extraction effectively regulate immunity. Specifically, these
samples demonstrated a reduction in TNF-α secretion in both TPH-1 and U-937 cell lines
(monocytes and macrophages) after LPS stimulation. Furthermore, a dose-dependent effect
was observed in the monocyte cells treated with these samples and in U-937 macrophage
cells. Although the same samples also successfully decreased IL-1β secretion with increased
concentration, this difference was not statistically significant for M0U-937. Upon analysing
the powder source, it was found that both fresh and commercial samples had comparable
effects on cells, exhibiting only minor variations between concentrations. During lympho-
cyte stimulation, it was observed that the solvent samples were also capable of managing
immune regulation. Notably, the SOLV.FR samples outperformed those from SOLV.COM
in this cell line.
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4.3. Understanding Immune Modulation and Inflammation through GLM Extract Composition

The compositional analysis of the oil samples revealed that those obtained through
solvent extraction demonstrated a higher ratio of n-3 to n-6, along with notable levels of
palmitic acid (16:0), 20:5 n-3 (EPA), and 22:6 n-3 (DHA). Moreover, these samples exhibited
a higher concentration of polar and negatively charged phospholipids, setting them apart
from other samples.

The study results indicated that cytokine secretion levels were increased in mono-
cytes/macrophage cells following treatment with CO2 samples, regardless of concentration.
This suggests that despite containing a high concentration of omega-3, these oils may
increase cytokine production, which goes against the initial expectation that the highest
omega-3 concentration can suppress the inflammatory process in these cells. On the other
hand, SOLV samples were more effective in managing cytokine secretion and promot-
ing better immunomodulation. Phospholipids comprise glycerol, fatty acids, phosphate
groups, and hydrophilic residues. These lipids have proven highly effective in providing
fatty acid components for cell membranes [53]. A previous study indicated that incorpo-
rating this lipid group into immune cell membranes may result in an internal negative
charge profile, leading to a dynamic equilibrium of T immune cells due to changes in trans-
membrane proteins’ activities [54]. Furthermore, other research suggests that this charge
profile may activate an innate immune response in the macrophage cell cascade, which
aids in controlling infection [55]. It has been suggested that supplementing with high-w-3
phospholipids can modulate the lipidome, proteome, and metabolome of macrophages,
influencing multiple metabolic pathways in the immune response caused by inflamma-
tion [56]. In the future, conducting a thorough analysis of the phospholipid composition
in mussel extracts could offer valuable information on whether this substance affects the
immune cells’ immunomodulatory functions.

4.4. Effects of Fatty Acid Ratios on Immune Cells and Cytokine Regulation

Regarding the lipid composition of the samples, the n-3/n-6 ratio exceeds the rec-
ommended levels in the literature for maintaining health and preventing the onset of
chronic low-grade inflammation. A systemic review revealed that the omega 3/omega 6
acid ratio in tissues significantly impacts chronic diseases and influences the microbiome
in a transgenic mouse model, leading to various health disorders [57,58]. Thus, main-
taining an appropriate balance in the dietary n-3/n-6 ratio is crucial to prevent excessive
and prolonged inflammatory responses that may result in tissue damage and potential
autoimmune disease [24,59].

Although studies suggest that the ratio of omega 3 to omega 6 can affect inflammation,
this was not observed in the CO2 samples. These samples had a higher n-3/n-6 ratio than
the solvent samples but did not reduce cytokine secretion from monocytes/macrophages.
The results of the testing have revealed that there was a level of regulation in the release of
IL-2 from the lymphocytes. However, it was found to be less efficient compared with the
supernatant of cells that were treated with solvent samples.

Based on the conducted experiments, it has been observed that the extraction of
varied samples from mussels could activate inflammatory cytokine pathways in immune
cells in vitro. A 2021 study by Semenoglou et al. highlighted that crude oils obtained
through supercritical CO2 extraction might contain impurities such as moisture, volatile
compounds, proteins, minerals, and oxidation products. These impurities’ presence and
extent depend upon the chosen extraction method and conditions. Interestingly, the study
found that higher temperature and pressure during extraction resulted in greater oil yield
and FA concentration. However, this also led to increased oxidation compared with
conventional extracts. To avoid this issue, they suggest refining treatment as an effective
way to remove impurities and increase the content of MUFA and PUFA. This study sheds
light on the importance of refining techniques in the extraction process to ensure the purity
and nutritional quality of the final product [60].
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Upon examination of the regulation of IL-2 secretion, it has been observed that samples
in the supercritical state display greater efficacy in reducing the release of this cytokine
compared with the secretion of cytokines studied in monocytes and macrophages. Cytokine
release may be initiated through various cellular receptors, including pattern recognition
receptors such as TLRs and immunoglobulin- or complement-receptor-mediated signalling
that pathogens may activate. Consequently, soluble mediators such as TNF-α, IL-1, and IL-2
are secreted through the activation of nuclear-factor- and NF-κB-mediated transcription
activation [12]. Once the stimulatory agent for these cells triggers different receptors (TLRs
in monocytes/macrophages and TCR in lymphocyte cells), incorporating FFA in the cell
membrane could affect the pathways differently and generate different responses.

The fatty acid composition analysis of the samples Indicates that higher DHA con-
centrations can impact lymphocyte activation. This is evident in the data concerning IL-2
release control through the oils generated by fresh powder, where the solvent and CO2
contain higher DHA concentrations (18.04% and 18.34%, respectively) in comparison to
commercial values (7.23% and 9.05%, for solvent and CO2, respectively). Verlengia et al.
(2004) discovered that different fatty acids, including DHA and EPA, can modify the ex-
pression of a significant portion of genes, affecting signal transduction pathway activation
and other cell functions. Their research showed that DHA and EPA reduced the production
of IL-2 and INF-γ, whereas only EPA decreased the production of IL-10 [61].

Incorporating DHA and EPA into the diet has been shown to have health benefits.
Other free fatty acids (FFAs), such as linoleic acid, have also been found to positively
affect the body. It is widely recognized that including mono-unsaturated fatty acids,
particularly oleic acid, in the diet can have physiological benefits and reduce the risk of
chronic diseases [62,63]. Studies have demonstrated that the mechanisms of action of FFA
vary depending on the cell type, impacting cellular signalling and functions [24]. Therefore,
developing extracts containing a balanced combination of different FFA can benefit various
cell types, including immune cells.

This initial analysis of the immune cell activation data can show which extract has
the potential to be an anti-inflammatory agent and can activate the immune system ef-
fectively. Identifying and characterizing the properties of these extracts could lead to the
development of more focused and efficient treatments for chronic inflammatory disorders,
thus improving patient outcomes. GLM oils could potentially reduce TNF-α and IL-1β
expression, contributing to anti-inflammatory responses. Additionally, the extracts can
regulate lymphocyte cells and impact immune cell membranes and inflammatory path-
ways. The study found that the extraction method and the sample’s origin can impact the
immuno-modulatory efficacy of the extracted oil. The results suggest that lipids derived
from mussels through organic solvents can modulate cytokine secretion in TPH-1, U-937,
and the Jurkat cell lines that have been treated. This indicates that these extracts may be
effective therapeutic agents for managing inflammation and regulating immune cell activa-
tion. In summary, analysis of the data indicates that SOLV samples exhibit potential as a
promising therapeutic agent for conditions arising from imbalances in the immune system.
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