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Abstract: Chondrocyte behavior is critical in osteoarthritis (OA) progression and cartilage deterio-
ration. Recent studies have shown that green-lipped mussel (GLM) oil extracts obtained through
solvent extraction can regulate cytokine secretion in cell lines, potentially reducing inflammation and
immune cell activation. This study investigates the effects of these extracts on human chondrocyte
cell lines to understand their impact on osteoarthritis development. Chondrocyte cultures exposed
to osteoarthritis-related inflammatory factors were treated with various concentrations of GLM oil.
The results revealed that mussel oils, particularly a commercial mussel powder extract (SOLV.COM),
enhance glucose uptake and protect chondrocyte cells. SOLV.COM effectively manages the release of
inflammatory markers like interleukin-6 (IL-6) and matrix metalloproteinases-3 (MMP-3), showing
increased deoxyglucose uptake. This study highlights the significant influence of extract choice on
managing interleukin-6 (IL-6) secretion and cellular activation pathways, demonstrating the potential
of SOLV.COM in managing osteoarthritis by controlling reactive oxygen production, regulating
glucose metabolism, and inflammatory markers.

Keywords: green-lipped mussel; polyunsaturated fatty acids; osteoarthritis; chondrocytes;
anti-inflammatory; antioxidant; metabolism

1. Introduction

Osteoarthritis (OA) is a joint disorder that affects all joint tissues, not just cartilage.
Changes in subchondral bone, like increased porosity and remodeling, occur simultane-
ously with cartilage damage. The synovium also undergoes significant changes showing
inflammation, which plays a role in the condition’s initiation and progression [1]. Further-
more, alterations can be detected in the infrapatellar fat pad and meniscus during disease
development, not just in the cartilage [2]. Further investigation is required to understand
the complex crosstalk among different joint tissues and their roles in various stages of
OA. The pathogenesis of this disease is intricately linked to alterations in chondrocyte
growth, production of inflammatory cytokines, and response to signaling molecules. All
these factors collectively contribute to the breakdown of cartilage. Targeting these changes
could lead to therapeutic interventions that could slow the progression of OA and protect
articular cartilage [3]. Chondrocytes, essential in maintaining extracellular matrix (ECM)
equilibrium, can encounter disruption due to an imbalance between catabolic and synthetic
activities [4]. In response, forming “wear” particles triggered by inflammation or physical
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trauma activates a surveillance system. Influenced by autocrine and paracrine stimula-
tion, chondrocytes generate cytokines and proteases through fragmented matrix proteins
initiated by enzymatic activity [4,5].

Consequently, molecules arising from collagen and proteoglycan breakdown, internal-
ized by synovial macrophages, trigger the release of proinflammatory cytokines like tumor
necrosis factor-alpha (TNF-α), interleukin-1 (IL-1), and interleukin-6 (IL-6) [5]. Elevated
proinflammatory cytokine levels within the cartilage, synovial membrane, and subchondral
bone closely correlate with structural changes in OA-affected joints [6]. Proinflammatory cy-
tokines contribute to disease development, with IL-1β playing a central role in manifesting
symptoms [4,7]. IL-1β cytokine disrupts cartilage equilibrium, inhibits type II collagen and
proteoglycan expression, and triggers catabolic MMP enzymes, causing osteoarthritis [4].
While immune cells initially counteract these changes, phagocytes may fail to neutralize
generated mediators and byproducts, potentially leading to inflammation mediation [4,5].

A study showed inflammation and metabolic dysregulation may be exacerbated dur-
ing chondrocyte damage in osteoarthritis [7]. The control of glucose uptake by chondrocytes
is believed to impact their response to cytokine activation [8]. Wu et al. (2023) posit that an
increase in glucose transport under specific conditions may be linked to the development or
progression of osteoarthritis [9]. Moreover, the cells’ metabolic profile can cause impaired
mitochondrial function, producing an environment with high levels of oxidative stress [9].
Prolonged stress can have detrimental effects on the structure and function of mitochondria.
This can lead to an imbalance in the regulation of reactive oxygen species (ROS) production,
which is central to controlling cellular responses to cytokines and growth factors [10]. In
pathological conditions, a lack of oxygen and cytokine exposure can disrupt the delicate
balance of biochemical responses in the cartilage. This, in turn, can lead to the synthesis
of new cartilage extracellular matrix and the deterioration of the cartilage’s structural
integrity [11].

Even with the cascade of cytokines triggered in the intraarticular inflammatory process,
the main symptom reported by patients is persistent pain and reduced physical activity.
Symptoms are often the initial concern for patients, leading to medical intervention and
medication prescription. While joint damage is related to symptoms, it is not the primary
cause [12]. The pain associated with OA presents multifaceted factors, including peripheral
pain mechanisms, sensitization, central pain pathways, innate immune reactions, and
structural links. However, the precise interactions through which inflammation contributes
to concurrent pain remain elusive [13,14]. Significantly, mechanical factors heavily influence
OA, exacerbated by excessive joint strain. The concept of “mechanoinflammation” suggests
that mechanical signals can intensify OA pain by triggering inflammatory responses.
This emphasizes the interplay between mechanical stress and inflammatory pathways in
disease development and pain onset [12,14]. It is paramount to attain a comprehensive
understanding of the mediators engaged in osteoarthritis, with a specific emphasis on the
functions of cytokines in the disease process. Such knowledge is fundamental in unravelling
the underlying mechanisms of the ailment and formulating precise interventions that can
effectively target the disrupted cytokine network. In this way, symptoms can be alleviated,
and disease progression can be prevented [6].

Healthcare providers have recently been actively researching effective OA manage-
ment methods [15]. The principal approach to managing the disease involves using
pain-relieving medications wisely to provide temporary relief and incorporating core
interventions [16,17]. These interventions empower patients to manage their health and
conditions by making lifestyle adjustments [16]. However, there is an increase in the usage
of alternative and complementary methods, such as physical activity and nutraceuticals,
to reduce symptoms and improve patient wellbeing. [18–21].Extensive research is cur-
rently dedicated to investigating new treatment approaches for osteoarthritis. Among
these innovative treatments is using polyunsaturated fatty acids (PUFAs) to replace tra-
ditional corticosteroids and anti-inflammatory drugs. PUFAs are believed to have the
potential to significantly improve the symptoms of osteoarthritis and reduce the need for
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conventional medications. Although statistical significance was only sometimes achieved,
the results are promising [22–24]. Some studies suggest that n-3 fatty acids are essential
for maintaining health and preventing diseases. They serve as fundamental building
blocks for lipid molecules, regulating inflammation and potentially aiding in mitigating
autoimmune-induced inflammation [25].

Studies conducted on cell lines and animal models have extensively examined the
impact of various fatty acids on chondrocytes. These studies focus on the influence of
fatty acids on the release and presence of inflammatory agents like interleukins, TNF,
matrix metalloproteinases (MMPs), and prostaglandins. Findings from these investigations
highlight the ability of PUFAs, particularly eicosapentaenoic acid (EPA), and docosahex-
aenoic acid (DHA), to relieve pain associated with inflammation and protect against the
disease’s progression by delaying IL-1-induced cell death [14–18,26–30]. Studies have
also shown that preincubation with n-3 PUFAs, especially EPA, reduces the expression of
inflammatory factors such as a disintegrin and metalloproteinase with thrombospondin
motifs (ADAMTS-4, ADAMTS-5), cyclooxygenase-2 (COX-2), matrix metalloproteinases-3
(MMP-3), IL-1β, IL-1γ, and TNF-α. Notably, the presence of the n-6 PUFA arachidonic acid
had a minimal impact on the levels of the investigated inflammatory markers [28,30,31].
In the past few years, numerous clinical trials have explored the effect of green-lipped
mussel products on the management of OA [32–39]. These trials examined whole, green-
lipped mussel extract, crude oil, and powder forms. The results of these studies have
shown significant improvements in pain symptoms and overall quality of life for patients.
These benefits were observed even when a daily dosage of 3000 mg was sustained over
six months, and no adverse effects were reported during these trials [32–39]. Although
GLM extracts are generally known to have clinical benefits, it should be noted that not all
extracts exhibit these benefits. Nevertheless, it was observed that the usage of paracetamol
was reduced after intervention in the groups receiving GLM extracts, compared to the
placebo group [38]. Further research is required to determine these supplements’ long-term
efficacy and safety. Still, current findings emphasize their potential to reduce inflammation
and alleviate symptoms of osteoarthritis [40]. To continually enhance natural remedies
for inflammation, other lipid extract options derived from green-lipped mussels were
examined for their anti-inflammatory properties. Despite the availability of current extracts,
the unique composition, bioavailability, and bioactivity of each formulation necessitates
the exploration of new options.

Samples of green-lipped mussel oil were generated utilizing lyophilized powder.
This powder was obtained from two distinct sources—commercial suppliers and a freshly
prepared batch within a laboratory setting. The oil extract samples were meticulously
produced through solvent extraction, adhering to the established protocol outlined by
Salem et al. (2017) [41]. The data derived from the experiments suggest that these samples
can effectively modulate the secretion of cytokines in mouse macrophages and regulate the
inflammatory response in human immune system cells when exposed to an inflammatory
agent in vitro. The main goal of this study was to evaluate their impact on chondrocytes that
were stimulated to generate an inflammatory environment. The cells were then treated with
GLM oil extract samples. This study investigated the impact of the oil extract samples on
the levels of inflammatory markers and the degradation of extracellular matrix components.
These markers are closely correlated to the advancement of osteoarthritis. Furthermore,
this study measured the alterations in glucose metabolism of the cells and the management
of ROS production following stimulation with IL-1β.

2. Materials and Methods
2.1. Mussel Crude Oils Treatment and Cell Viability

The previous study investigated the chemical composition and biological properties
of GLM oil extracts obtained through organic solvent and supercritical CO2 extraction
from two different GLM raw materials. The organic solvent samples consistently regulated
cytokine expression in LPS-stimulated macrophages and activated lymphocyte cells, indi-



Nutraceuticals 2024, 4 4

cating their potential effectiveness in modulating inflammatory responses. The analysis
data suggests that GLM oil extracts obtained through organic solvents have the potential to
be effective therapeutic agents for managing diseases related to immune system imbalances.
The oil extract was produced using the water-based extraction method (methyl tert-butyl
ether: methanol). A prepared and sold powder from Nelson Greenshell Mussel Farm and a
laboratory-prepared powder were used as raw materials. The green-lipped mussels used
for the fresh sample were purchased from a local market without considering the gender
or season. The preparation involved manually opening the shells, removing the meat,
and freezing it immediately with liquid nitrogen. The meat was then lyophilized, finely
ground, and stored in a freezing environment to avoid oxidation. Finally, it was stored at a
temperature of −80 ◦C.

The solvent crude oils contain sterols, phospholipids, triglycerides, and several free
fatty acids. The samples were namely according to the raw material used as SOLV.COM to
the extract generated by the commercial mussel powder and SOLV.FR to the fresh powder
preparation. Table S1 (Supplementary Materials) describes the oil content of both samples.
Both samples contain a high percentage of DHA, EPA, and other omega-3 PUFA, like
α-linolenic acid (ALA). The samples have a w3:w6 proportion of 7:1 and are characterized
by a high content of phospholipids. The effectiveness of the extracts was evaluated through
a murine macrophage assay, which determined the IC50 value for each sample. This assay
measures the concentration needed to produce a 50% response, aiding in the precise dose
titration determination for the intended therapeutic outcome while carefully examining
any potential in vitro toxicity effects. In this way, the dilutions were prepared in 2% ethanol
in 12.5, 25, 50, and 100 µg/mL concentrations for both samples.

Human chondrocyte cell line, CHON-001 (ATCC—American Type Culture Collec-
tion, Manassas, VA, USA), was maintained in DMEM (Life Technologies, New York, NY,
USA), 0.1 mg/mL G-418 supplemented with 10% (vol/vol) fetal bovine serum (FBS). The
cells were cultured in a humidified environment at 37 ◦C and 5% CO2. In 96-well plates,
50,000 cells/mL were treated with sample dilutions. A quantity of 1 µg/mL of dexametha-
sone (CLT) was used to demonstrate cellular recovery after stimulation. The cell viability
rate assessed the number of viable cells through the MTT ((3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide)) cell proliferation assay for each concentration, according to
the Sigma-Aldrich MTT assay protocol. The experiments were prepared in triplicate.

2.2. Cellular Proliferation Assay

Proliferation assays were performed with RealTime-Glo MT Cell Viability Assay
(Promega, Madison, WI, USA). The Real-time-Glo MT Cell Viability Assay is commonly
used to determine the number of viable cells in culture by measuring the reduction po-
tential of cells and thus metabolism. Briefly, cells were plated into 96 wells at a density
of 100,000 cells/well overnight and incubated with RealTime-GloTM reagent according
to manufacture protocol. The viability of cells during stimulation with IL-1β was lumi-
nescence measured every 24 h using a SPARK 10M microplate reader (Tecan Trading AG,
Männedorf, Switzerland) over 72 h in a continuous read format. Due to the natural variance
in seeding cell count per well, the foldchange for SOLV.COM and SOLV.FR conditions were
calculated by dividing luminescence readings from every 24 h to the initial 0 h. This fold
change was compared to the fold change observed from cells without drug incubation and
reported as % viability. The experiment was conducted in triplicate, and a subsequent assay
was performed independently.

2.3. Cellular ROS Assay

A DCFDA cellular ROS detection assay (#ab113851, Abcam PLC, Cambridge, MA,
USA) was used to measure the cell’s hydroxyl, peroxyl, and other ROS activity. The
chondrocyte cells were harvested and seeded in a 96-well microplate overnight with
25,000 cells per well, to construct an in vitro osteoarthritic chondrocyte model. Then, they
were stimulated with IL-1β (10 ng/mL) for 24 and 72 h in DMEM media without phenol
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red and then treated with the sample’s concentrations overnight. Following the man-
ufacturer’s protocol, cells were incubated with the diluted dichlorodihydrofluorescein
diacetate (DCFDA) Solution for 30 min at 37 ◦C in the dark. The fluorescence was mea-
sured at Ex/Em = 485/535 nm in endpoint mode in the fluorescence plate reader (SPARK
10M—Tecan Trading AG, Switzerland).

2.4. Glucose Uptake Assay

The Glucose Uptake-Glo TM assay (Promega Corporation, Madison, WI, USA) was
used to measure glucose uptake by detecting 2-deoxyglucose-6-phosphate (2DG6P). CHON-
001 cell line was seeded in a 96-well plate with a density of 5000 cells per well and cultured
as described above after 24 and 72 h of stimulation with or without IL-1β under normal
glucose conditions. The cells were treated with four concentrations (12.5, 25, 50, and
100 µg/mL) of solvent-extracted oils. Cells were washed in 100 µL of phosphate-buffered
saline (PBS); then, 50 µL of the prepared 1 mM 2DG was added per well and incubated
for 10 min at room temperature. This was followed by adding 25 µL stop buffer, 25 µL
neutralization buffer and 100 µL 2DG6P detection reagent. The plate was incubated for
1 h at room temperature, and the luminescence was recorded using a 1 s integration on a
luminometer (SPARK 10M—Tecan Trading AG, Switzerland). Two separate experiments
were performed in triplicate.

2.5. Chondrocyte Cell Line Stimulation

In the context of the inflammatory model, the objective was to trigger catabolic transfor-
mations in chondrocytes. The CHON-001 cells were activated with IL-1β (Merck, Rahway,
NJ, USA, cat no. SRP6169) at a 10 ng/mL concentration to simulate osteoarthritis’s degrada-
tive and proinflammatory conditions in a laboratory environment for 24 and 72 h. The
study was performed thrice in duplicate, utilizing 24-well plates.

In a second approach, an experiment involving continuous stimulation was prepared,
following the hypothesis that Lorenz et al. (2013) postulated that bacterial metabolites
may be important causative agents for OA as the IL-1 β stimulation [42]. In this assay, an
experiment involving continuous stimulation, two groups of cells were prepared. A total of
20,000 cells were incubated for 21 days, with the medium changed every 3–4 days, in T25
Falcon cell culture flasks containing 7 mL of medium supplemented with either 10 µg/mL
LPS (Group 1) and 5 ng/mL IL-1β (Group 2) to establish an inflammation model [43]. The
experiment was carried out twice, ensuring duplication of the results.

In both in vitro inflammation models, the cells were treated with SOLV.FR and SOLV.COM
samples at different dilutions (12.5, 25, 50, and 100 µg/mL) for 24 h after the desired stimulation
period. The collected supernatants were stored at −80 ◦C until quantification.

2.6. Enzyme-Linked Immunosorbent Assay (ELISA) of Proinflammatory Cytokines

IL-6 (IL-6 Human Uncoated ELISA Kit with Plates) and MMP-3 (Matrix Metalloproteinase-
3 Human ELISA Kit) production by CHON-001 cell lines under several stimulation conditions
was measured using ELISA kits (Thermo Fisher Scientific, Waltham, MA, USA). ELISA was
performed as described by the manufacturer.

2.7. Statistical Analysis

Unless otherwise indicated, data are expressed as the mean ± standard deviation
(SD) values from at least three experiments for each test. All studies were repeated at
least three times. Statistical differences were evaluated using one-way ANOVA (analysis
of variance) with a post-hoc Tukey HSD (honestly significant difference) Test. The inde-
pendent Student test was used to compare the means of the two groups. p value < 0.05
was considered significant.
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3. Results
3.1. Cellular Proliferation Assay

To assess the cytotoxic activity of SOLV.COM and SOLV.FR on the CHON-001 cell
line, the MTT assay (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) was
utilized. These lipid extracts were tested on chondrocyte cells at varying concentrations
(12.5 to 100 µg/mL) without stimulation to evaluate potential cytotoxic effects. The results
showed that adding 2% ethanol to dilute the samples did not affect cell viability. The results
showed that samples not inducing toxicity at the tested concentrations kept cell viability
around 90%.

The RealTime-Glo MT cell viability assay determined which IL-1β stimulation pro-
tocol resulted in the most viable cells. Two stimulation protocols were tested: the cells
were incubated with IL-1β (10 ng/mL) for 24 or 72 h. After that, they were treated with
SOLV.COM and SOLV.FR until 72 h after the stimulation. The data presented in Figure 1
demonstrated a decrease in cell viability after 72 h of incubation, with no recovery in
viability observed even after 48 h of treatment for lipid extract samples, with a reduction of
up to 30% for SOLV.COM and SOLV.FR, including the cells treated with dexamethasone at
a concentration of 1 ug/mL. Based on the results, 72 h IL-1β stimulation was excluded for
further assays.
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Figure 1. The viability of CHON-001 cells was tested by stimulating them with IL-1β for 24 and
72 h, treating them with varying concentrations of GLM oil extracts for 48 h, and subjecting them
to the RealTime-Glo MT cell viability assay. Dexamethasone was used as positive control (CLT).
(a) The effect of SOLV.FR on cell viability after 24 h of IL-1β incubation and 48 h of sample treatment.
(b) The effect of SOLV.COM on cell viability after 24 h of IL-1β incubation and 48 h of sample
treatment. (c) The effect of SOLV.COM on cell viability after 72 h of IL-1β incubation and 48 h of
sample treatment. (d) The effect of SOLV.COM on cell viability after 72 h of IL-1β incubation and
48 h of sample treatment. Data represents percentage means ± SD. * p < 0.001, based on ANOVA
(p < 0.05).
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Conversely, the cells incubated for 24 h with IL-1β showed increased cell viability after
48 h of treatment for lipid extract samples. SOLV.FR sample in a concentration of 100 µg/mL
showed a viability range of 74.17 ± 4.45% (p < 0.001), with an increase of approximately
30%. The same trend was observed in low concentrations with less evidence of recovery.
The cell number also increased for the 25 and 50 µg/mL concentrations (59.80 ± 0.8%;
66.20 ± 4.45%, respectively, p < 0.001). A similar effect was noted in the SOLV.COM sample.
The sample concentrations 50 and 100 µg/mL, showed a recovery in cell viability, with
statistical significance for the highest concentration (59.11 ± 3.8%, p < 0.001). Notably, the
1 µg/mL dexamethasone treatment (CLT) did not increase cell viability. The results suggest
that SOLV.FR may protect cells, increasing cell viability above the positive control.

3.2. ROS Production Following Sample Treatment

To detect the generation of hydrogen peroxide before the formation of stable organic
peroxides, DCFH-DA was used. CHON-001 cells were incubated with IL-1β (10 ng/mL)
for 24 h before analysis. As previously determined, cell samples were treated with varying
concentrations of SOLV.FR and SOLV.COM samples and analyzed via fluorescence to detect
reactive oxygen species production. The effect of dexamethasone treatment in cells stim-
ulated with IL-1β can be observed by comparing the range of ROS generation in treated
cells (65.54 ± 1.93%) to untreated cells (42.52 ± 15.35%). The results presented in Figure 2
indicate a significant difference in the control of ROS generation between cells treated with
dexamethasone and those stimulated with IL-1 β (p < 0.001). It is important to note that the
level of ROS production in untreated cells was similar to that of regular cellular activity,
suggesting that the cells maintained their signaling functions during the assay. As depicted
in Figure 3, it can be observed that neither of the samples exhibited a decrease in ROS
generation following stimulation. The treatment with SOLV.FR (Figure 3a) at low concen-
trations (12.5 and 25 µg/mL) slightly decreased ROS, producing a significantly lowered
fluorescence intensity with a significant difference to the stimulated cells (p < 0.005), while
the 100 µg/mL dilution showed an increase in the captured fluorescence. The SOLV.COM
sample (Figure 3b) demonstrated a low regulation of ROS generation for all dilutions, with
no dose dependence. Despite the dose dilution, the SOLV.COM decreased ROS generation
by around 10%. In comparing the concentrations, no statistically significant difference was
found in the efficacy of reducing ROS generation. Analyzing the effectiveness of managing
ROS generation through dexamethasone treatment, it is possible to assume that the mussel
oils do not effectively decrease hydrogen peroxide generation under IL-1β stimulation.
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Figure 3. Intracellular ROS expression in CHON-001 cell line. Measured after treating stimulated cells
for 24 h with sample concentrations (12.5, 25, 50, and 100 µg/mL). A decrease in mean fluorescence
intensity (MFI) was observed, indicating the sample’s effect on controlling intracellular ROS. The
impact of SOLV.FR (a) and SOLV.COM (b) on cells was measured, showing a significant decrease in
MFI of intracellular ROS (ANOVA comparison * p < 0.05 and ** p < 0.005, respectively, compared to
stimulated cells without treatment).

3.3. Cell Glucose Levels Recovered after Sample Treatment

Samples were administered without external stimulation to assess the effects of mussel
oil extract on CHON-001 cells. The cells were maintained in their original DMEM media
formulation with 1 g/L of glucose, and no supplementary glucose support was provided.
The procedure allowed for a clear understanding of the extract’s impact on the cells without
interference from external factors. Figure 4 illustrates a comparison of glucose uptake
standards under different chondrocyte conditions. Normal chondrocyte cells exhibit lower
metabolic activity than cells stimulated with IL-1β for 24 h (p < 0.00005). The results
confirmed the expected higher demand for glucose in inflammatory conditions. The cells
stimulated with IL-1β and treated with dexamethasone showed an increase in glucose
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uptake of around 30%. The data demonstrated that dexamethasone does not suppress
glucose uptake, which increases glucose concentration in cells (p < 0.001).
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Figure 4. Glucose uptake-Glo TM assay in CHON-001 cell line. Comparison of glucose uptake
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To evaluate the protective effect of mussel extract on CHON-001, SOLV.FR and
SOLV.COM were administered in cells without any stimulation and incubated for 24 h.
The data presented in Figure 5a indicates that SOLV.FR significantly impacted glucose
uptake, particularly at a concentration of 12.5 µg/mL (with a p-value of 0.03). It was
observed that there was a discernible reduction in glucose levels at the most concentrated
levels of SOLV.FR (25, 50, and 100 µg/mL). The reduction was equivalent to the basal
state in untreated cells. In contrast, SOLV.COM demonstrated superior efficiency in trans-
porting glucose, evidenced by a slight increase in luminescence at 50 and 100 µg/mL
(p < 0.05).

Following a 24 h stimulation with IL-1β, the cells were treated with SOLV.FR and
SOLV.COM. The anti-inflammatory response was measured using dexamethasone as the
standard. This approach provided a reliable means of quantifying the efficacy of an anti-
inflammatory agent in response to stimulation. The cells exposed to SOLV.FR showed a
similar result profile to non-stimulated cells that received the same treatment. Glucose
uptake increased at 12.5 µg/mL concentration (p < 0.05) and then declined at higher
concentrations. In contrast, SOLV.COM resulted in a significant rise in glucose uptake at
25 and 50 µg/mL concentrations (p < 0.01), while concentrations of 12.5 and 100 µg/mL
showed a similar range to dexamethasone treatment (Figure 5b). These results indicate that
SOLV.COM promotes tissue homeostasis and accelerates cell recovery.
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Figure 5. Glucose uptake-Glo TM assay in CHON-001 cell line. (a) Untreated cells presented a basal
level of glucose uptake. The cells did not receive stimulation and were incubated with SOLV.FR
and SOLV.COM for 24 h with four concentrations (12.5, 25, 50, and 100 µg/mL) each (* p < 0.05,
respectively, compared with cells that did not receive treatment in Student’s t-test). (b) The cells
were stimulated with IL-1β (10 ng/mL) for 24 h following treatment with SOLV.FR and SOLV.COM
concentrations (+ p < 0.01 and +++ p < 0.0001, respectively, compared to dexamethasone-treated cells
in Student’s t-test). Data are presented as mean ± SD of triplicates of two independent experiments.

3.4. Modulation of IL-6 and MMP-3 Secretion in Chondrocyte Cells Following Treatment with
Mussel Oil Extracts

To assess the effectiveness of the inflammatory model in chondrocyte cells activated
by IL-1β, the secretion of IL-6 and MMP-3 was measured. The objective of administering
SOLV.FR and SOLV.COM was to examine the extracts’ capacity to regulate the impact of the
proinflammatory cytokine in the cells. The results were normalized based on the protein
secretion by cells after stimulation. It was assumed that the IL-1β or LPS stimulation
generated the highest cytokine release for each group. This approach minimizes relative
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variations across conditions, enabling an accurate assessment of the impact of stimulation
on cytokine release.

The levels of target proteins (IL-6 and MMP-3) in the cell supernatant were determined
using immunoassay. The analysis of IL-6 data indicates that both SOLV.FR and SOLV.COM
can significantly reduce cytokine secretion dose-dependently. Upon dilution to 12.5 µg/mL,
both SOLV.FR and SOLV.COM decreased IL-6 secretion to levels comparable to those
achieved with dexamethasone treatment (99.17 ± 0.56%). SOLV.FR reduced secretion to
96.65 ± 0.34%, and SOLV.COM to 98.2 ± 0.7% (Figure 6a). As the concentration increased,
IL-6 secretion decreased. At a concentration of 50 µg/mL, SOLV.FR achieved a release rate
of 83.49 ± 1.94%, followed by 66.53 ± 0.4% at 100 µg/mL concentration (p < 0.01). Similarly,
SOLV.COM reached 81.83 ± 3.28% at 50 µg/mL and 66.32 ± 6.5% at 100 µg/mL (p < 0.01).
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Figure 6. IL-6 and MMP-3 secretion induced by IL-1β and suppression by mussel oil extract. ELISA
levels of IL-6 (a) and MMP-3 (b) secreted in culture supernatants from CHON-001. The cell line
was treated with SOLV.FR and SOLV.COM at different concentrations (12.5, 25, 50, and 100 µg/mL)
for 24 h. The mean ± SD values are shown, and statistical significance is indicated by * p < 0.01
and + p < 0.05 (ANOVA with Tukey’s multiple comparison test) for each sample analyzed with two
independent assays in duplicate.

Treatment with dexamethasone reduced the range of 56.12 ± 6.8% in the release
of MMP-3. SOLV.FR and SOLV.COM regulated enzymes responsible for degrading the
extracellular matrix. Figure 6b shows that SOLV.FR at a concentration of 12.5 ug/mL was
able to reduce the MMP-3 release by 52.53 ± 16.10%, reaching the rate of 32.15 ± 9.93% at
25 ug/mL (p < 0.05). However, with extract concentration increased to 100 ug/mL, secretion
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was slightly increased (46.25 ± 14.95%). A similar pattern was observed in SOLV.COM,
with a reduction of 41.64 ± 6.6% in MMP-3 secretion at a dilution of 12.5 ug/mL and a
more pronounced decrease at 25 ug/mL (16.5 ± 5.8%). However, the analysis revealed that
this extract, in the highest concentration, managed to decrease the MMP-3 release to close
to 30% (30.3 ± 16.55% at 50 ug/mL and 39.01 ± 16.25% at 100 ug/mL).

Initially, the effect of continuum stimulation on CHON-001 cells was analyzed by
observing their morphological changes. The cells were stimulated with IL-1β and LPS, and
alterations in their shape, nuclear size or shape, and cytoplasmic granulation or granularity
were observed under a microscope (Figure 7). The differences between the stimulated cells
and the untreated ones were visible. The stimulated cells exhibited changes in morphology,
such as transitioning from a typical rounded or polygonal shape to a more elongated or
irregular morphology, indicating that the stimulation was successful.
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Figure 7. Representative photo of CHON-001 cell line. The cells were cultured in a T25 Falcon
cell culture flasks and subculture until they reached 80% confluency. (a) Cells without stimulation,
(b) cells stimulated with 5 ng/mL of IL-1β, and (c) stimulated with 10 µg/mL of LPS. All groups
were cultured for 21 days.

In the second approach, an immunoassay was conducted to measure the levels of IL-6
in the supernatant collected from two groups of chondrocyte cells. CHON-001 cells were
exposed to IL-1β (5 ng/mL) and LPS (10 µg/mL) for 21 days in T25 Falcon cell culture
grow flasks. The effectiveness of the treatment was analyzed after treatment with SOLV.FR,
SOLV.COM, and dexamethasone for 24 h. It was checked whether the control of cytokine
secretion was equally suppressed by dexamethasone in both groups. Group 1, stimulated
with IL-1β, presented a rate of 96.55 ± 0.8% in the IL-6 release, while group 2, stimulated
with LPS, showed a significant reduction, reaching 26.66 ± 0.45% (Figure 8a,b). Preliminary
analysis suggests that the pathways for stimulating chondrocyte cells with these substances
could differ.

Group 1 and group 2 showed differences in the control of cytokine secretion upon
administration of SOLV.FR and SOLV.COM dilutions. Following the stimulation of cells
with IL-1β, SOLV.FR treatment was found to have a slight effect on the management of
cytokine release at a dilution of 100 µg/mL, achieving a rate of 90.98 ± 16.26%. At a dilution
of 50 µg/mL, it achieved a rate of 87.63 ± 10.57%, lower than the rate for cells treated with
dexamethasone in the same group, although not statistically significant (Figure 8a). The
other dilutions did not demonstrate significant control in the release of IL-6. In group 1,
SOLV.COM did not appear to affect the levels of IL-6 and maintained similar ranges across
all dilutions (Figure 8a). After a comprehensive analysis, it was determined that there is no
statistically significant difference present in any of the compared variables.
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Figure 8. Comparison of the effects of mussel oil extract on chondrocyte inflammation in two different
models—ELISA was used to measure the levels of IL-6 in cell culture supernatants from CHON-001
cells stimulated with IL-1β ((a)—Group 1) and LPS ((b)—Group 2). Following 21 days of stimulation,
the cell line was treated with SOLV.FR and SOLV.COM at varying concentrations (12.5, 25, 50, and
100 µg/mL) for 24 h. Mean ± SD values are shown, and statistical significance is indicated by
* p < 0.05 and ++ p < 0.001 (ANOVA with Tukey’s multiple comparison test) for each sample analyzed
in duplicate.

In group 2, the results showed a potential control of the proinflammatory target.
SOLV.FR effectively controlled the secretion of IL-6 at dilutions of 12.5 and 25 µg/mL
(58.80 ± 5.33% and 50.03 ± 5.65%, respectively, with p < 0.05). However, at higher concen-
trations, it was reduced, with a rate of 77.24 ± 7.95% for 100 µg/mL and 74.1 ± 1.8% for
50 µg/mL (Figure 8b). In contrast, SOLV.COM successfully managed secretion levels in a
dose-dependent manner. At a concentration of 100 µg/mL (33.86 ± 5.1%), the effectiveness
of secretion management was almost equal to that of administering dexamethasone to
the same group. Meanwhile, at a concentration of 50 µg/mL, the effectiveness of secre-
tion management was measured at 47.16 ± 8.62% (as shown in Figure 8b). The lower
dilutions showed a release rate similar to SOLV.FR dilutions at the same concentrations
(54.54 ± 10.5% at 12.5 µg/mL and 58.68 ± 13.5% at 25 µg/mL). The data analysis indicates
a significant difference in cytokine secretion control between SOLV.FR and SOLV.COM at
100 ug/mL concentration (74.1 ± 1.8% and 33.86 ± 5.1%, respectively, with p < 0.001).
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4. Discussion

This study sought to promote screening of mussel lipid extract as an agent to treat OA
and improve disease symptomatology due to their beneficial free fatty acid composition.
An earlier analysis using gas chromatography–mass spectrometry was conducted to deter-
mine the fatty acid content of GLM extracts. The results showed the presence of mono-,
poly-, and unsaturated fatty acids. Based on the analysis, SOLV.COM has higher ALA
content (8.3 ± 0.07 to 4.15 ± 1.71 mg/g, p < 0.05) than SOLV.FR. However, SOLV.FR has
the highest content of EPA (52.03 ± 0.006 mg/g, p = 0.03) and DHA (78.46 ± 2.19 mg/g,
p = 0.002) (Table S1—Supplementary Materials). Although SOLV.FR contains more mo-
nounsaturated and saturated fatty acids than SOLV.COM, statistical analysis showed no
significant difference. Notably, the amount of palmitic acid (67.4 ± 3.95 mg/g, p < 0.05) in
SOLV.FR composition is approximately twice that of SOLV.COM.

This study utilized an in vitro model to screen the extract that generated a more ro-
bust response in stimulated cells. However, using chondrocyte monolayer cell cultures
to study inflammatory processes has certain limitations that must be considered. It does
not accurately represent all the components involved in disease development, such as
cell–cell interactions, mechanical loading, and the native extracellular matrix (ECM). How-
ever, utilizing monolayer cell cultures to search for the most effective anti-inflammatory
nutraceutical agent is a practical experimental approach. This method offers simplicity, re-
producibility, and high-throughput capabilities, making it ideal for controlled experiments.

4.1. Chondrocytes Cell Viability after IL-1β Stimulation

The development of osteoarthritis is characterized by a gradual deterioration of the
articular cartilage, which a range of primary and secondary factors can cause. One common
factor in this process is the production of IL-1β, which can trigger inflammation [44]. IL-
1β triggers cartilage degradation by increasing inflammatory mediators like cytokines
and MMPs. During OA development, more proinflammatory cytokines, like IL-6, can
be released, further degrading the cartilage matrix and ultimately causing damage to
surrounding tissues and structures [45]. IL-6 promotes inflammation, destroys joint tissues,
and causes cartilage loss and joint damage. IL-6 also affects chondrocyte functions and
regulates MMP activity, stimulating MMP production and affecting matrix synthesis and
degradation [46–48]. Studies indicate that overexpression of IL-1β can impact a variety of
pathways within the body, such as cell cycle, autophagy, cytokine signaling, NF-κB, and
Toll-like receptor pathways. In vitro models of articular inflammation by IL-1β-treated
chondrocyte cells can help study the mechanisms and treatments for this condition [49].

This study analyzed the effect of IL-1β on chondrocyte cell viability and investigated
the protective effects of mussel oil extract against cytokine exposure. The cells were exposed
to IL-1β for 24 and 72 h, and metabolic activity was used to analyze the effects on total live
cells in culture. This study found that incubation with 10 ng/mL of IL-1β for 24 h resulted
in acceptable cell viability, and treatment with the samples for 24 h presented a protective
effect, enabling an increase in cell viability. After 72 h of stimulation, the samples did not
exhibit the same level of protective effect observed in the group stimulated for 24 h. A 2020
study attempted to replicate an OA cell model using IL-1β to induce inflammation [50]. The
researchers found that administering IL-1β significantly increased cell apoptosis and the
expression of MMPs, leading to decreased chondrocyte viability and extracellular matrix
synthesis. In Li and colleagues’ study, the examined sample was found to have effectively
countered the harmful impact of IL-1β [50]. Our study produced similar results, indicating
that mussel oil can potentially reduce the negative impact of IL-1β. It may be helpful to
conduct further research in this area to understand its effectiveness fully.

4.2. Green-Lipped Mussel Extract in the Control in ROS Generation

Reactive oxygen species (ROS) are metabolites that have undergone partial reduction
and possess powerful oxidative capabilities. Elevated levels of ROS can harm cellular
health. However, normal physiological concentrations play complex roles in governing
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various cellular phenomena, including growth regulation, cellular adhesion, differentiation,
senescence, and programmed cell death [51]. ROS production is increased in OA due
to chondrocytes responding to inflammatory cytokine stimulation, like that by IL-1β.
This highly stimulated environment contributes to cellular damage and inflammation
by forming molecules that exacerbate oxidative stress [14,52]. The mussel oil extracts
do not effectively decrease hydrogen peroxide generation under IL-1β stimulation at all
concentrations. Compared to the samples, SOLV.COM presented a more effective potential
to manage hydrogen peroxide than SOLV.FR. The findings corroborate our previous study,
where antioxidant DPPH examination was undertaken to evaluate the samples’ efficacy
in reducing the hydrogen providers or free radicals. Sato and colleagues (2013) reported
instability of omega-3 PUFAs for supplementation when exposed to oxygen, heat, or
daylight [53]. Their discovery may explain that the mussel powder preparation’s solvent
extraction samples exhibit low antioxidant activity. However, it has been proven that
adding α-cyclodextrin can enhance the stability of green-lipped mussel (GLM) oil against
oxidation [53].

Numerous publications have documented the antioxidant potential of omega-3 EPA
and DHA in vitro models [26,54–59]. The studies utilized omega-3 samples originating
from different commercial brands. It is worth noting that certain brands have included
vitamin E and olive oil in their formulations, which are known for their exceptional antioxi-
dant qualities. The observed antioxidant activity in these studies may be attributed to the
inclusion of stabilizing or other compounds aimed at enhancing the sample’s capacity to
manage hydrogen peroxide and free radical generation.

Heshmati and colleagues (2019) conducted a systematic review and meta-analysis
to summarize the findings of randomized clinical trials examining the effects of omega-3
FAs on OS markers. Data analysis suggested that omega-3 fatty acids can improve the
body’s defense against ROS [60]. Based on the evidence presented, it can be inferred that
SOLV.COM can mitigate oxidative stress and safeguard cells from damage triggered by
IL-1β stimulation.

4.3. Increased Glucose Transport in Response to Green-Lipped Mussel Extract in Chondrocytes Cells

The absence of vascular and lymphatic networks in adult cartilage requires diffusion
from synovial fluid for nutrient distribution to chondrocytes. Adequate glucose supply
is crucial to sustain primarily anaerobic metabolism and synthesize extracellular matrix
(ECM) macromolecules [61]. The cells primarily use glucose as energy. Still, lipids,
cholesterol, and fatty acids are crucial for energy, structural support, and signaling to
maintain healthy cartilage [62,63]. The glucose uptake was measured after subjecting
chondrocyte cells to incubation with mussel oil extract (SOLV.COM) for 24 h. There was
a noticeable increase in glucose uptake without surpassing the level observed in cells
stimulated with IL-1β, indicating that the sample could aid nutrition in healthy cells. In
OA, the lack of blood vessels in cartilage tissue prevents cells from obtaining sufficient
glucose, leading to compromised cell function and disrupting the balance between ECM
synthesis and degradation.

Limited glucose supply significantly impairs the ability of chondrocytes to repair
the matrix during OA progression [61]. Some studies have examined the regulation of
glucose transport in human articular chondrocytes by proinflammatory cytokines. They
concluded that stimulation of glucose transport represents a component of the chondrocyte
response to IL-1β stimulation [8,61,64]. In the present study, it was possible to observe
the regulation since the cells’ stimulation with IL-1β increased glucose uptake compared
with untreated cells. The cells treated with GLM samples presented an enhancement in
glucose uptake, as observed in the control treatment. However, the sample SOLV.COM
enhanced the cell glucose supply more efficiently than the sample SOLV.FR. Our previous
study found traces of cis-16:1n-7 in the solvent samples. Although the detected amount
was not significantly high, it still comprised 8.2% of SOLV.COM and 5.2% of SOLV.FR.
Research conducted by Cruz and colleagues (2018) suggests that this MUFA can improve
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the metabolic and oxidative capacity of 3T3-L1 adipocytes [65]. Therefore, it is conceivable
that the variation in metabolism and oxygen uptake between commercial and fresh samples
may be attributed to the difference in cis-16:1n-7 levels. Nonetheless, additional research is
needed to grasp this FFA’s role in chondrocyte function fully.

Several articles have discussed the role of omega-3 PUFAs in cell metabolism. They
agree that omega-3 daily supplements can enhance glucose absorption and regulation in
different cells by activating signaling pathways [66–71]. SOLV.COM may have the potential
to regulate uptake in chondrocyte cells. However, glucose uptake did not correspond
in a dose-dependent manner to both sample types. This indicates that more studies are
needed to understand the influence of mussel oil extracts on the regulation mechanisms
of glucose transporters. These events lead to the hypothesis that the extracts could have
protective effects on the chondrocyte once they improve glucose uptake, allowing for the
cells’ nutrition and recovery.

4.4. Exploring the Interplay of Inflammatory Cytokines and Green-Lipped Mussel Oil Extracts in
Stimulated Chondrocyte Cells

Inflammatory cytokines play a significant role in the development of OA. IL-6 con-
tributes to both constructive and destructive mechanisms in cartilage physiology, disrupting
tissue homeostasis at high levels [46,47]. IL-6 manages matrix creation and breakdown
and negatively impacts other chondrocyte functions, such as slowing growth and raising
oxidative stress [47].

The efficacy of mussel oil extracts in regulating IL-6 secretion was observed through
reduced cytokine release in a dosage-dependent manner over 24 h of treatment with IL-
1β. In an experiment to monitor the impact of cell stimulation on secretion rates, the
experimental cell group stimulated with IL-1β did not show a significant decrease in IL-6
secretion rates over a long time. Notably, the positive control (1 ug/mL of dexamethasone)
failed to suppress IL-6 release. Conversely, LPS-stimulated cells showed a dose-dependent
decrease in the SOLV.COM treated group, with the highest concentration demonstrating
a rate similar to that of the positive control; this suggests that the pathways activated by
chondrocyte cells via IL-1β and LPS differ.

LPS can trigger the activation of immune system cells, such as macrophages and
neutrophils, leading to tissue inflammation. This property of LPS has been utilized in the
induction of OA in animal models owing to its disease-related characteristics [72]. Haglund
et al. (2008) reported that rat chondrocytes express TLR4 as a primary receptor type. Upon
exposure to LPS, a TLR4 stimulant, the cells generate MMPs and elements linked to the
innate immune response. Notably, there was no detection of TNF-α or IL-1 in the culture
media post-LPS exposure [73]. In this study, the release of IL-6 was successfully detected
in the supernatant. Although, in the LPS-stimulated group, IL-1 and TNF-α were not
detectable in the media supernatant.

Chondrocyte morphology changes were observed after IL-1β and LPS treatment, as
shown in Figure 6. Zainal and colleagues (2009) reported that IL-1-treated cells exhibited
spindle-like, sharp, or stellate forms with increased cellular debris and death after 48 h.
However, cells preincubated with EPA maintained a rounded morphology and were
protected against the detrimental effects of IL-1 [30].

OA development is influenced by the exact immune-triggering mechanisms that
contribute to LPS. The TLR4 activation leads to elevated NF-κB in joint cells, triggering
the activation of the inflammatory cascade and creating an environment conducive to
in-stalling cell damage [72]. Conversely, cell activation via IL-1β follows four cellular
signal-ling pathways; three are related to MAPK pathways, and the other is to the NF-κB
pathway [74]. It is also thought that IL-1β stimulates chondrocytes in multiple ways,
resulting in multiple cell clusters with variably expressed genes, modified functions, and
different proportions of genes [75]. It is plausible to hypothesize that several molecular
pathways are linked to the activation of chondrocytes, which subsequently results in the
release of cytokines. The data analysis shows that mussel oil extracts have exhibited
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different levels of effectiveness when managing IL-6 secretion. The effectiveness of the
extracts depends on the pathway of cell activation during chondrocyte stimulation caused
by IL-1β and LPS. Further research on mussel oil extracts is necessary to understand their
potential benefits.

As a glucocorticoid, dexamethasone suppresses NF-κB, a key transcription factor.
When activated, the receptor represses these factors through various mechanisms and
modifies the proinflammatory action of NF-κB [76]. Therefore, it is possible to assume that
the difference in glucocorticoid response among groups (group 1 and group 2) was related
to the complex activation of this condition, involving several signal/transduction pathways
and affecting many genes. According to the results of the present study, the effectiveness
of glucocorticoids in managing inflammatory cytokines is significantly impacted by the
type of OA model used. The model impact was also mentioned in a review article about
the chondroprotective effects of corticosteroids [77].

The interplay between IL-6 and MMP-3 underscores the complex mechanisms through
which cells and their microenvironment interact to shape tissue remodeling processes [47].
The increased concentration of IL-6 collaborates to reduce type II collagen production and
elevate MMP enzyme production, irrespective of IL-1β stimulation [47,78–81].

The mussel oil extracts appeared to manage IL-6 and MMP-3 synergistically. Both
SOLV.FR and SOLV.COM demonstrated noteworthy decreases in MMP-3 secretion in cells
stimulated with IL-1β. The reduction rate in the sample SOLV.COM was higher than in the
positive control, but both samples did not follow a dosage-dependent decrease. Based on
the available data, it can be inferred that SOLV.COM is highly proficient in regulating the
release of IL-6 and MMP-3. This characteristic makes it a potential contender for preserving
the homeostasis of chondrocytes. Nonetheless, it is imperative to conduct further research
to gain a comprehensive understanding of its anti-inflammatory properties.

Indeed, it is crucial to consider that omega-3 undergoes conversion into specialized
pro-resolving mediators (SPMs), exhibiting potent anti-inflammatory characteristics. Nev-
ertheless, it is essential to highlight that bioactive lipids and fatty acids, such as saturated
fatty acids, monounsaturated fatty acids, and omega-6, can function as both proinflam-
matory and anti-inflammatory agents within the framework of OA [82]. The biological
impacts of fatty acids depend on their length and level of saturation, with saturated fatty
acids being recognized as proinflammatory lipids [31]. The molecular mechanisms that
underlie the interplay between dietary intake of omega-3 FA and the progression of os-
teoarthritis involve intricate adjustments in protein expression profiles that dictate disease
evolution [30]. Several preclinical studies described in a narrative review suggest that
omega-3 polyunsaturated fatty acids (PUFAs) may protect against cartilage deterioration
in OA and reduce inflammatory markers [40]. Furthermore, studies conducted on in vivo
models have provided evidence that the extract derived from GLM exhibits the potential
to mitigate symptoms of joint disease and regulate immune cells that contribute to the ad-
vancement of the ailment [26,83]. The differences in the assay results observed in SOLV.FR
and SOLV.COM may be linked to the diverse spectrum of bioactive lipids in each extract.
Consequently, it cannot be stated that the significance of the inflammatory response solely
relies on the amounts of EPA and DHA in a lipid extract.

In summary, GLM extracts, particularly SOLV.FR, exhibit promising protective effects
on cell viability. Administering SOLV.COM after 24-h IL-1β stimulation increased cell
viability, with SOLV.FR at 100 µg/mL showing significant protection. Regarding hydrogen
peroxide generation, mussel oil extracts (SOLV.FR and SOLV.COM) have limited impact.
However, dexamethasone effectively controls ROS production. Additionally, SOLV.FR
reduces glucose levels, while SOLV.COM enhances glucose transport efficiency, particu-
larly under IL-1β stimulation. The two extracts show a dose-dependent decrease in IL-6
secretion, comparable to dexamethasone, after 24 h of IL-1 β stimulation. The extracts
effectively regulate MMP-3 release in chondrocyte cells, demonstrating their potential anti-
inflammatory properties. In conclusion, this study suggests that SOLV.COM can regulate
various physiological processes linked with osteoarthritis, including glucose metabolism
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and levels of inflammatory markers. These potential therapeutic functions may effectively
aid in managing the symptoms of osteoarthritis and improving the overall quality of life
for those suffering from this condition. Nonetheless, further investigation is required to
comprehensively understand the GLM extract’s mechanism of action and the implications
of prolonged use.
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