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Abstract: Lung cancer is one of the leading forms of cancer in developed countries. Interleukin8 (IL-8), a pro-inflammatory cytokine, exerts relevant effects in cancer growth and progression,
including angiogenesis and metastasis in lung cancer. Mesoporous silica particles, functionalized with
newly extracted fish oil (Omeg@Silica), are more effective than the fish oil alone in anti-proliferative
and pro-apoptotic effects in non-small cell lung cancer (NSCLC) cell lines. The mechanisms that
explain this efficacy are not yet understood. The aim of the present study is therefore to decipher
the anti-cancer effects of a formulation of Omeg@Silica in aqueous ethanol (FOS) in adenocarcinoma
(A549) and muco-epidermoid (NCI-H292) lung cancer cells, evaluating cell migration, as well as IL-8,
NF-κB, and miRNA-21 expression. Results show that in both cell lines, FOS was more efficient than
oil alone, in decreasing cell migration and IL-8 gene expression. FOS reduced IL-8 protein release in
both cell lines, but this effect was only stronger than the oil alone in A549. In A549, FOS was able
to reduce miRNA-21 and transcription factor NF-κB nuclear expression. Taken together, these data
support the potential use of the Omeg@Silica as an add-on therapy for NSCLC. Dedicated studies
which prove clinical efficacy are needed.
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1. Introduction
Lung cancer is one of the most common diagnosed and harmful forms of cancer,
above all in developed countries [1]. Amounting to approximately 15% of all lung cancers,
small-cell lung cancer (SCLC) is characterized by poor clinical progress in therapy, also
due to high proliferative rates [2]. Representing 85% of lung tumours, non-small-cell lung
cancer (NSCLC) is conventionally classified on the basis of histological type, as well as squamous cell carcinoma (LUSC), large cell carcinoma, and adenocarcinoma (LUAD). LUAD
represents the main diagnosed histological subtype, characterized by a poor response to
therapies and reduced long-term survivals [1]. NSCLCs indeed arise from different cells
and via different biological and molecular pathways [3].
In this context, we recently reported that mesoporous silica particles, functionalized
with newly extracted fish oil (Omeg@Silica), significantly inhibit (in vitro) NSCLC cell
growth [4]. In closer detail, when tested on lung adenocarcinoma A549 and Colo699 cells, a
hydroalcoholic formulation of “Omeg@Silica” submicron particles in aqueous ethanol (FOS)
was found to be significantly more active than the fish oil alone in terms of cell apoptosis,
long-term proliferation, and mitochondrial reactive oxygen species (ROS) production [4].
The new Omeg@Silica material is made of a whole fish oil (AnchoisOil) sustainably
sourced from anchovy fillet leftovers with citrus limonene [5], encapsulated within the
inner mesoporosity of periodic mesoporous Mobil Composition of Matter No. 41 (MCM-41)
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silica submicron particles [6]. Obtained from citrus peel, d-limonene is a biobased solvent
endowed with several health-benefitting properties [7].
The molecular mechanisms that explain this remarkable efficacy of said Omeg@Silica
submicron particles in aqueous ethanol, not yet understood, need to be urgently identified
in light of the numerous promising characteristics of this new material. Its components
(mesoporous silica, whole fish oil rich in polyunsaturated fatty acids, vitamin D3, and
residual limonene) are indeed highly biocompatible and actually used in several commercial
nutraceutical and pharmaceutical products.
The main polyunsaturated fatty acids (PUFAs) in fish oil are docosahexaenoic acid
(DHA, C22:6n-3) and eicosapentaenoic acid (EPA, C20:5n-3). In natural fish oil (i.e., not
chemically refined, as is the case with most omega-3 food supplements), said PUFAs are
present in triglyceride form. By significantly inhibiting tumour growth, suppressing cancer
cell viability, and inducing apoptosis in various cancer cells, these essential lipids exert a
therapeutic role against certain types of cancer [8], including lung cancer [9,10].
Tumour progression and formation result from a complicated network, in which
different cell populations and signals take part. Interleukin-8 (IL-8, an inflammatory
cytokine) is one of the key promoters of tumour progression given its ability to promote
the angiogenic response of endothelial cells; recruit immunosuppressive cells (such as
neutrophils); and induce the proliferation, survival, and migration of cancer cells [11].
Clinical trials in lung cancer patients have shown that patients with a high blood IL-8
concentration have worse outcomes and lower overall survival rate [12].
IL-8 production is regulated by different signalling pathways. Nuclear factor-kappa B
(NF-κB) and mitogen-activated protein kinase (MAPK) are the main triggers associated
with lung inflammation [13]. NF-κB, for instance, is one of main transcription factors
involved in the inflammatory response of lung cells to cigarette smoke [14]. Regulating
the survival, activation, and differentiation of inflammatory T cells, NF-κB controls, and is
controlled (in a positive feedback mechanism), by the expression of microRNAs in a cycle
involved in the regulation of pro-inflammatory response [15].
Thus, in this study, we explored the anti-cancer properties of Omeg@Silica microparticles using NSCLC cells lines which originate from different geographical districts of the
lung, in particular adenocarcinoma (A549) and mucoepidermoid (NCI-H292) lung cancer
cell lines, by evaluating cell migration, as well as the expression/release of IL-8, NF-κB,
and miRNA-21.
2. Materials and Methods
2.1. Extraction of AnchoisOil
Fish oil was obtained from anchovy fillet leftovers gently given by an anchovy fillet
company (Agostino Recca Conserve Alimentari, Sciacca, Italy), according to a circular
economy process introduced in 2019, using biobased d-limonene as an extraction solvent [5].
An oil, in a deep orange colour, was obtained (AnchoisOil) containing a high quantity
(81.5 µg/kg) of vitamin D in the form of bioactive isomer vitamin D3 (cholecalciferol).
2.2. Preparation of Omeg@Silica
The Omeg@Silica particles used in this study were MCM-41 silica particles loaded
with 50 wt% anchovy fish oil. Their synthesis via the microencapsulation of AnchoisOil,
following the dropwise addition of oil to the mesoporous silica, was carried out, as previously described [6]. The aqueous formulations of diverse concentrations used in this
study were obtained by appropriate dilution of mother suspensions of Omeg@Silica, AnchoisOil, and MCM-41 in 10 v/v% ethanol–PBS Dulbecco’s phosphate-buffered saline
(Euroclone, Pero, Italy). In particular, the Omeg@Silica mother suspension was prepared
by adding 10.1 mg of material to 1 mL of ethanol and 9 mL of PBS. This formulation of
Omeg@Silica microparticles in aqueous ethanol is named FOS. The AnchoisOil and the
MCM-41 mother suspensions had a concentration of the single components equivalent to
that of the Omeg@Silica mother suspension. Then, 5 mg of AnchoisOil was suspended in
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10 mL of 10 v/v% ethanol–PBS and 5.1 mg of MCM-41 was suspended in 10 mL of 10 v/v%
ethanol–PBS.
2.3. Cell Culture and Treatment
A549 and NCI-H292 cells were purchased from Interlab Cell Line Collection (Genoa,
Italy). The cells were kept in RPMI with 10% heat-inactivated fetal calf serum, 100 U/mL
of penicillin, 100 µg/mL of streptomycin, 1% MEM non-essential amino acids, 2 mM of
L -glutamine, and 250 µg/mL of gentamicin, at 37 ◦ C in a humidified atmosphere containing
5% CO2 . In the sub-confluent cell monolayer, the serum concentration in the medium was
reduced to 1%, and then was treated with oil. Following this, FOS (10 µg/mL) was
performed.
In order to evaluate possible effects due exclusively to microparticles, we treated cells
with silica alone. The concentration of FOS (10 µg/mL) used in the present work was
identified in a previous work on A549 where cell viability, necrosis, and cell apoptosis were
assessed [4]. Cell viability data in H292 are shown in Figure S1. The cells were harvested
immediately after 3 h of stimulation to investigate the wound-healing assay (as cell motility
test) after 24 h to assess NF-κB expression, IL-8 release, as well as IL-8 and miRNA-21 gene
expression.
2.4. Wound-Healing Assay
A549 and H292 cells were seeded in a 6-well plate and were cultured to confluence.
Three circular wounds were prepared in each well using a 200-µL pipette tip as previously
described [16]. After washing with PBS to eliminate debris, cells were allowed to recover
for one hour and then stimulated with oil, silica, FOS (10 µg/mL), and anti-IL-8 (1 µg/mL)
(R&D Systems, Minneapolis, MN, USA), as already described. Images were captured using
a digital camera connected to an inverted phase-contrast optical microscope 0, 24, and 48 h
after wound creation. The wound area was measured using the ImageJ program in order
to assess the remaining wound sizes and wound closure rates.
2.5. RNA Extraction
The total RNA was extracted by A549 and H292 cell lines, treated or not with oil,
FOS, and silica, using the RNAspin mini kit (GE Healthcare Science, Uppsala, Sweden),
according to the manufacturer’s protocol. The RNA concentration was assessed using the
SpectroStar Nano reader (BMG Labtech, Ortenberg, Ortenberg, Germany). For this study,
we only used the RNA with a ratio of A260/280 from 1.9 to 2.
2.6. TaqMan RT-qPCR for IL-8 and miRNA-21-5p
From the total RNA, the cDNA was synthesized using the iScript cDNA synthesis kit
(Biorad), according to the manufacturer’s protocol. IL-8 gene expression was evaluated
with specific FAM-labelled probe and primers, as part of the TaqMan gene expression assay
for IL-8 (Hs00174103m1 Applied Biosystems, Foster City, CA, USA) with qRT-PCR using a
Step One Plus real-time PCR system (Applied Biosystems, Foster City, CA, USA). The gene
expression was normalized to GAPDH with a Taq-Man gene expression assay for GAPDH
(Hs03929097_g1, Applied Biosystems, Foster City, CA, USA) as a housekeeping gene. For
the normalization of RT-qPCR data, the 2-∆CT method was used.
For the reverse transcription of miRNA-21-5p, 1 µg of total RNA was incubated with
specific primers using the TaqMan™ microRNA assay (Assay ID: 000397, Applied Biosystems, Foster City, CA, USA) and the TaqMan miRNA RT kit (Applied Biosystems, Foster
City, CA, USA), according to the manufacturer’s protocol. miRNA-21-5p expression was
evaluated using specific TaqMan microRNA assays (Assay ID: 000397, Applied Biosystems,
Foster City, CA, USA) with qRT-PCR and the Step One Plus real-time PCR system (Applied
Biosystems, Foster City, CA, USA). MiRNA-21-5p expression was normalized with RNU6
using the TaqMan™ microRNA assay (Assay ID: 001973, Applied Biosystems, Foster City,
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CA, USA), as endogenous control. For the normalization of RT-qPCR data, the 2-∆CT
method was used.
The results were expressed as a percentage of area reduction at time point 24 h (T24h)
and 48 h (T48h), compared to time point 0 h (T0h).
2.7. IL-8 Protein Release
The release of IL-8 was evaluated by the ELISA method with the enzyme-linked
immunosorbent assays (DuoSet R&D Systems, Minneapolis, MN, USA), according to the
manufacturer’s instructions. Cell supernatants of both line cells were harvested after 24 h
of stimulation, centrifuged for 15 min at 15,000× g, and stored at −80 ◦ C until the assay
was used. These experiments were performed in triplicate.
2.8. NF-κB Expression by Western Blot Analysis
Nuclear translocation of NF-κB was assessed by Western blot analysis. Three hours
after treatment with oil, silica, and FOS, A549 and H292 pellets were collected, and cytoplasmic and nuclear proteins were extracted using a commercial kit (a nuclear and cytoplasmic
extraction kit from Thermo Scientific Waltham, MA, USA), as previously described [17].
Protein concentrations were evaluated using the Bradford assay (Biorad, Hercules, CA,
USA). Then, 30 µg of nuclear proteins was separated using 4–15% Mini-PROTEAN TGX
precast protein gels, before then being transferred onto a nitrocellulose membrane (Hybond C). Western immunoblotting was assessed with a polyclonal rabbit antibody diluted
1:200 in milk, directed against p65/NF-κB (C-20: sc-372, Santa Cruz Biotechnology, Santa
Cruz, CA, USA). Specific bands were highlighted using the enhanced ECL Western blotting
analysis system (Amersham Pharmacia Biotech, now GE Healthcare Life Sciences). For
the loading control, membranes were re-tested with a mouse anti-β-actin mAb (1/10,000;
Sigma, St. Louis, MO, USA). These experiments were performed in triplicate.
2.9. Statistical Analysis
The determination of statistical significance for differentially expressed signals and
for the scratch test assay was performed using an analysis of variance (ANOVA) approach
corrected with Fisher’s test. A value of p < 0.05 was regarded as statistically significant.
3. Results
3.1. Effects of Fish Oil, Silica, and FOS on Cell Migration in A549 and NCI-H292 Cells
Increased cancer cell motility is a feature of tumour aggressiveness [18]. To evaluate
whether the stimulation with FOS reduced cell motility, we used the wound-healing test.
Cells were stimulated with fish oil, silica, and FOS (10 µg/mL) for 24 and 48 h. A blocking
antibody of IL-8 activity was included to assess the specific role of IL-8 in cancer cell motility.
A scratch was made in each well using a 200 µL pipette tip. As shown in Figure 1A,B,
at 24 and 48 h in both cell lines, FOS and anti-IL-8 were able to significantly reduce cell
motility and FOS was more effective than fish oil alone. No significant difference was
detected between untreated cells and oil- and silica-treated cells.
3.2. Effects of Fish Oil, Silica, and FOS on IL-8 Gene Expression and Release, in A549 and
NCI-H292 Cells
A549 and NCI-H292 were cultured with fish oil, silica, and FOS (10 µg /mL). After 24 h,
the total RNA was extracted and supernatants were collected. To assess IL-8 gene expression, real-time PCR was used. The IL-8 concentration in cell supernatants was evaluated
with an ELISA kit. As shown in Figure 2A,B, in A549, FOS was able to significantly reduce
IL-8 gene expression and protein release, more than fish oil alone. Regarding NCI-H292
cells (Figure 2C,D), FOS significantly decreased IL-8 gene expression more than fish oil
alone, but significantly reduced IL-8 release with the same extent of fish oil. Although silica
significantly induced IL-8 gene expression (Figure 2A–C), it did not significantly increase
IL-8 release in both cell lines (Figure 2B–D).
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Figure 1. Effects of FOS in cell migration. A549 (A) and NCI-H292 (B) were stimulated with fish oil,
silica, FOS (10 μg/mL), and anti-IL-8 for 24 and 48 h, and cell motility was assessed using the
wound-healing test. We used anti-IL-8 (1 μg/mL) to further demonstrate the central role in the cell
migration of this cytokine. The results were expressed as a percentage of area reduction at 24 h and
48 h compared to time point 0 h (n = 3) ± SD. The comparison between different experimental conditions was evaluated by ANOVA corrected with Fisher’s test. * p < 0.05 was accepted as statistically significant.

3.2. Effects of Fish Oil, Silica, and FOS on IL-8 Gene Expression and Release, in A549 and
NCI-H292 Cells
A549 and NCI-H292 were cultured with fish oil, silica, and FOS (10 μg /mL). After 24
h, the total RNA was extracted and supernatants were collected. To assess IL-8 gene expression, real-time PCR was used. The IL-8 concentration in cell supernatants was evaluated with an ELISA kit. As shown in Figure 2A,B, in A549, FOS was able to significantly
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prognosis, signalling pathways, and gene expression. Moreover, LUAD provides about 40%
of all diagnosed lung cancers [19]. NSCLC patients generally have a poor prognosis, with a
5-year survival rate of less than 18% and approximately 0–10% for patients in advanced
stages [20]. Despite continuing advances in personalized therapy and immunotherapy,
only some subgroups of patients benefit from these treatments, although most of them tend
to develop drug resistance [18,21], and new lung cancer therapies are needed.
Submicron mesoporous silica particles, functionalized with whole fish oil extracted
with limonene only (Omeg@Silica) and further dispersed in aqueous ethanol (FOS), have
recently been demonstrated to exert in vitro anti-tumour effects on NSCLC cell lines, increasing mitochondrial ROS production and cell apoptosis, and reducing cell growth ability.
Herein, we further investigated the anti-cancer effects of FOS in two LUAD cancer cell
lines which originate from different districts: adenocarcinoma (A549) and mucoepidermoid
(NCI-H292) cell lines. This involves evaluating IL-8, NF-κB, and miRNA-21 expression, as
well as molecules associated with cell migration (a process with a relevant role in cancer
progression).
In lung cancer, it was demonstrated that ω-3 PUFAs and their metabolites regulate
pathways controlling the progression of lung cancer. Trombetta et al. showed that in A549,
ω-6 and ω-3 PUFAs have anti-proliferative effects, affecting the DNA-binding activity of
AP-1 and inducing PPAR [22]. In addition, on A549, Zajdel et al. demonstrated that both
EPA and DHA suppress lung cancer cell growth and improve cell death [23].
Further, 17-oxo-DHA has antitumor effects in NSCLC cell lines and, in combination
with gemcitabine, leads to stronger anti-cancer effects compared to gemcitabine alone [24].
The connection between chronic inflammation and tumour growth is well established [25]. It represents one of the most crucial epigenetic and environmental causes,
promoting tumour progression [26]. Therefore, removing (or reducing) inflammation may
be essential for cancer prevention and therapy.
Upon dietary consumption, long-chain polyunsaturated fatty acids (PUFAs), especially ω-3 docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), commonly found
in fish oils, have helpful effects against inflammation. Clinical studies on the dietary intake
of PUFAs and in vitro studies showed that DHA can significantly decrease the expression
of inflammatory cytokines and the expression of genes involved in inflammatory pathways
such as NF-κB [27]. A pivotal step to establish the progression of a tumour is the obtainment
of aggressive characteristics by carcinoma cells. Increased inflammation can support the
achievement of aggressive behaviour, leading to metastasis, the prevalent cause of death
from cancer. During the process of metastasis, tumour cells leave the primary site and
spread throughout the body, forming secondary sites. Several different mechanisms in the
tumour microenvironment influence the regulation of cancer cell migration and invasion,
including the presence of hypoxia, chemo-attractants, and epithelial–mesenchymal transition (EMT) processes. EMT promotes the switch from a non-motile epithelial to a motile
mesenchymal state, endowing cancer cells with multiple malignant features, such as the increased invasiveness and resistance to senescence, apoptosis, and treatment. In the tumour
microenvironment, IL-8, supporting all the above-cited events, appears markedly important
and has been presented as one of the prominent promoters of tumour progression.
Taking these findings into account, we tested whether FOS exerted anti-cancer effects,
decreasing cell migration via the scratch assay. For the first time, we found that, both in
A549 and H292, FOS decreases cell migration, more than in fish oil alone, and the FOS
effects were similar to the effect exerted by anti-IL-8. These findings prompted us to test
the effect of FOS, oil, and silica treatments on IL-8 expression and release in both cell lines.
As expected, FOS was able to reduce IL-8 gene expression and protein release both in A549
and NCI-H292. Only in A549, FOS was more efficient in reducing both IL-8 gene expression
and protein release than fish oil alone. In A549 cells, ω-3 fatty acids significantly decreased
IL-8 [28]. Here, for the first time, we show that the use of whole fish oil encapsulated in
silica particles (FOS) is more efficient than fish oil alone in reducing IL-8 expression in
a cell-specific manner. Although silica alone increased IL-8 gene expression in both cell
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lines, this effect was not biologically relevant because it is not associated with the increased
release of IL-8. In addition, the gene expression and release of IL-8 in FOS treated cells
were reduced in comparison to silica-treated cells. We found that the mostly spherical
Omeg@Silica particles with their inner mesoporosity filled with 50 wt% fish oil were 269 nm
in size and had both a low (0.3) polydispersity index and a large negative (−37.6 mV)
value of zeta potential [6]. Originating from an electrostatically stable dispersion once
dispersed in water or in aqueous ethanol, the latter negative Z-potential beyond −30 mV is
a crucially important characteristic to develop effective drug delivery applications [6]. The
encapsulation of AnchoisOil fish oil in mesoporous silica particles dispersed in aqueous
ethanol thus seems to change the mechanism of action of the new whole fish oil sustainably
extracted from anchovy fillet leftovers with bio-solvent limonene [5], resulting in different
anticancer activity mechanisms. We ascribe such a remarkable change in the activity of
encapsulated PUFAs in triglyceride form to the much higher bioavailability of the silicaencapsulated lipid molecules when compared to the free AnchoisOil.
It is well known that the hydrophilic–lipophilic balance (HLB) of cancer cell membranes is altered, with an increase in cell permeability and enhanced hydrophilic character.
Hence, for example, the uptake of hydrophobic curcumin microencapsulated by A549 cells
is highest for submicron pluronic-stabilized gelatin particles with the lowest hydrophobicity [29]. We make the hypothesis that the cellular uptake of both hydrophobic PUFA
molecules in triglyceride form (and vitamin D3 ) [30] of AnchoisOil, encapsulated and
stabilized in the inner porosity of the highly hydrophilic mesoporous silica via endocytosis and direct translocation [31], is significantly enhanced when compared to the free
hydrophobic molecules in the hydrophilic cellular medium. Moreover, in agreement with
previous knowledge on sol–gel-entrapped materials [32], we assume that the PUFA triacylglycerol and vitamin D3 molecules entrapped in the silica pores are protected from
chemical oxidative degradation due to the air’s oxygen and natural light.
The overexpression of IL-8 is present in different types of cancer, including multiple
myeloma, hepatocarcinoma, chronic lymphocytic leukemia [33–37] melanoma, colon carcinoma, pancreatic cell lines [33–38], and lung cancer [39]. In the same type of lung cancer,
IL-8 concentrations is linked to tumour progression, survival, timing, and relapse [39]. In
NSCLC, IL-8 promotes the angiogenic response of endothelial and epithelial cells [40,41].
NF-κB is the main regulator of pro-inflammatory gene expression, particularly IL-8
expression [42]. In the related pathway, NF-κB is a homo- or heterodimer usually consisting
of the p65/p50 dimer. In resting cells, it is bound to IκB, remaining inactivated in the cytosol.
Following stimulation, IκB is phosphorylated, ubiquitinated, and degraded, allowing
p65/p50 to translocate to the nucleus and bind to κB sites in promoters of target genes [43].
Hence, we assessed the nuclear expression of NF-κB in both cell lines. Only in A549
cell line, FOS was more efficient than fish oil alone to induce a significantly impairment in
NF-κB expression. In the H292 cell line, under the same conditions, NF-κB expression was
unaltered. These findings suggest that in H292, the effect of FOS on IL-8 gene expression
and release can be due to the modulation of different transcription factors and kinase
cascades, such as C/EBP-1, CREB, or AP-1, which bind to the IL-8 promoter [44].
Remarkably, it has already been demonstrated that in different uroepithelial cells,
uropathogenic E. coli induces a differential IL-8 gene regulation pathway [45], with celltype-specific mechanisms [46]. Similarly, the use of poly-(propyleneimine) (PPI) glycodendrimers as potential immunomodulatory induces IL-8 expression in a different way
in HL-60 and THP-1 cells (via AP-1 binding and mRNA stabilization, respectively) [47].
Furthermore, it is noteworthy that a great variance of cellular control networks, such as
biological determinants or tumour progression mechanisms, can induce transformation in
adenocarcinomas versus squamous cell lung cancers [48].
In this regard, in the same subgroup of lung cancer (NSCLC), Sorrenti and co-workers
have shown that tin mesoporphyrin (SnMP) has different anti-cancer effects in A549 and
NCI-H292, likely due to gene level regulation by miRNA [49]. As stated above, different
biological pathways have been highlighted, such as the overexpression of COXO2 in
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mucoepidermoid cells (NCI-H292) with respect to adenocarcinoma cells (A549) [2] and a
higher expression of HO-1 in A549 cells in comparison with H292 cells.
These differences can be explained by the fact that these cancer cells have a different
origin: H292 originates from the minor salivary glands lining the tracheobronchial tree,
while A549 is derived from bronchioalveolar stem cells or from alveolar type 2 (AT2) cells.
A significant relationship between microRNAs and IL-8 exists: at the post-transcriptional
level, IL-8 is controlled by the miRNA network [50]. In addition, in NSCLC NF-κB upregulates the expression of miRNA-21, through the binding of NF-κB to the miRNA-21
promoter region [51].
MiRNA-21, an onco-miR, represents a fundamental link between cancer and inflammation, as its increased expression has been found in different cancers. In lung cancer,
specifically in NSCLC, several studies report on the upregulated levels of miRNA-21 in
diagnosed patients. The affected expression of miRNA-21 disturbs different pathways,
including cell proliferation and angiogenesis, as well as chemo- and radio-resistance [52].
The use of miRNA-21 antisense sequences as therapeutic modulators shows encouraging results in the management of NSCLC [52]. Thus, we assessed the expression of
miRNA-21 in both cell lines. FOS, only in A549, reduces miRNA-21, and this reduction is
more effective than fish oil alone.
5. Conclusions
In conclusion, after studying in vitro the effect of whole fish oil encapsulated in
mesoporous silica formulated in aqueous ethanol on adenocarcinoma (A549) and mucoepidermoid (NCI-H292) lung cancer cell lines, we discovered that a formulation comprised of
submicron mesoporous silica particles functionalized with whole fish oil extracted with
limonene only (Omeg@Silica) dispersed in aqueous ethanol (FOS) reduces IL-8 release,
affecting cell migration and cancer progression in lung cancer cells. In adenocarcinoma cells,
FOS inhibits cell migration through the inhibition of NF-κB and miRNA-21 in a cell-typespecific manner. Offering the first mechanistic insight into deciphering FOS anti-cancer
property, these findings delineate a novel pharmacological and therapeutic strategy for
lung cancer patients based on whole fish oil derived from the most abundant fish species
(the anchovy) across the world’s seas.
Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics14102079/s1. Figure S1: Cell viability in H292.
Author Contributions: Conceptualization, R.C. and E.P.; data curation, C.D. and C.D.S.; formal
analysis, C.D., C.D.S. and S.D.V.; funding acquisition, R.C. and E.P.; investigation, C.D., C.D.S.,
S.D.V., S.T., G.C. and A.S.; methodology, S.D.V., S.T., G.C. and A.S.; supervision, M.P., R.C. and E.P.;
writing—original draft, C.D. and C.D.S.; writing—review & editing, M.P., R.C. and E.P. All authors
have read and agreed to the published version of the manuscript.
Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.

2.

Nie, Y.; Feng, F.; Luo, W.; Sanders, A.J.; Zhang, Y.; Liang, J.; Chen, C.; Feng, W.; Gu, W.; Liao, W.; et al. Overexpressed transient
receptor potential vanilloid 1 (TRPV1) in lung adenocarcinoma harbours a new opportunity for therapeutic targeting. Cancer
Gene Ther. 2022, 1–13. [CrossRef] [PubMed]
Sung, S.; Park, Y.; Jo, J.R.; Jung, N.K.; Song, D.K.; Bae, J.; Keum, D.Y.; Kim, J.B.; Park, G.Y.; Jang, B.C.; et al. Overexpression
of cyclooxygenase-2 in NCI-H292 human alveolar epithelial carcinoma cells: Roles of p38 MAPK, ERK-1/2, and PI3K/PKB
signaling proteins. J. Cell Biochem. 2011, 112, 3015–3024. [CrossRef] [PubMed]

Pharmaceutics 2022, 14, 2079

3.
4.
5.
6.
7.
8.
9.

10.
11.
12.

13.
14.
15.

16.
17.

18.
19.
20.
21.

22.

23.
24.
25.
26.
27.
28.

10 of 11

Chen, Z.; Fillmore, C.M.; Hammerman, P.S.; Kim, C.F.; Wong, K.K. Non-small-cell lung cancers: A heterogeneous set of diseases.
Nat. Rev. Cancer 2014, 14, 535–546. [CrossRef] [PubMed]
Di Sano, C.; D’Anna, C.; Scurria, A.; Lino, C.; Pagliaro, M.; Ciriminna, R.; Pace, E. Mesoporous silica particles functionalized with
newly extracted fish oil (Omeg@Silica) inhibit lung cancer cell growth. Nanomedicine 2021, 16, 2061–2074. [CrossRef] [PubMed]
Ciriminna, R.; Scurria, A.; Avellone, G.; Pagliaro, M. A Circular Economy Approach to Fish Oil Extraction. ChemistrySelect 2019, 4,
5106–5109. [CrossRef]
Ciriminna, R.; Lino, C.; Pagliaro, M. Omeg@Silica: Entrapment and Stabilization of Sustainably Sourced Fish Oil. ChemistryOpen
2021, 10, 581–586. [CrossRef] [PubMed]
Ciriminna, R.; Lomeli-Rodriguez, M.; Cara, P.D.; Lopez-Sanchez, J.A.; Pagliaro, M. Limonene: A versatile chemical of the
bioeconomy. Chem. Commun. 2014, 50, 15288–15296. [CrossRef]
Vega, O.M.; Abkenari, S.; Tong, Z.; Tedman, A.; Huerta-Yepez, S. Omega-3 Polyunsaturated Fatty Acids and Lung Cancer:
Nutrition or Pharmacology? Nutr. Cancer 2021, 73, 541–561. [CrossRef]
Yin, Y.; Sui, C.; Meng, F.; Ma, P.; Jiang, Y. The omega-3 polyunsaturated fatty acid docosahexaenoic acid inhibits proliferation
and progression of non-small cell lung cancer cells through the reactive oxygen species-mediated inactivation of the PI3K/Akt
pathway. Lipids Health Dis. 2017, 16, 87. [CrossRef]
Maucher, D.; Schmidt, B.; Kuhlmann, K.; Schumann, J. Polyunsaturated Fatty Acids of Both the Omega-3 and the Omega-6 Family
Abrogate the Cytokine-Induced Upregulation of miR-29a-3p by Endothelial Cells. Molecules 2020, 25, 4466. [CrossRef]
Lagiou, P.; Trichopoulos, D. Inflammatory biomarkers and risk of lung cancer. J. Natl. Cancer Inst. 2011, 103, 1073–1075. [CrossRef]
[PubMed]
Orditura, M.; De Vita, F.; Catalano, G.; Infusino, S.; Lieto, E.; Martinelli, E.; Morgillo, F.; Castellano, P.; Pignatelli, C.; Galizia, G.
Elevated serum levels of interleukin-8 in advanced non-small cell lung cancer patients: Relationship with prognosis. J. Interferon
Cytokine Res. 2002, 22, 1129–1135. [CrossRef] [PubMed]
Wang, J.; Huang, J.; Wang, L.; Chen, C.; Yang, D.; Jin, M.; Bai, C.; Song, Y. Urban particulate matter triggers lung inflammation via
the ROS-MAPK-NF-kappaB signaling pathway. J. Thorac. Dis. 2017, 9, 4398–4412. [CrossRef] [PubMed]
Rom, O.; Avezov, K.; Aizenbud, D.; Reznick, A.Z. Cigarette smoking and inflammation revisited. Respir. Physiol. Neurobiol. 2013,
187, 5–10. [CrossRef] [PubMed]
Pace, E.; Di Vincenzo, S.; Di Salvo, E.; Genovese, S.; Dino, P.; Sangiorgi, C.; Ferraro, M.; Gangemi, S. MiR-21 upregulation
increases IL-8 expression and tumorigenesis program in airway epithelial cells exposed to cigarette smoke. J. Cell Physiol. 2019,
234, 22183–22194. [CrossRef] [PubMed]
Di Vincenzo, S.; Sangiorgi, C.; Ferraro, M.; Buscetta, M.; Cipollina, C.; Pace, E. Cigarette smoke extract reduces FOXO3a promoting
tumor progression and cell migration in lung cancer. Toxicology 2021, 454, 152751. [CrossRef]
Ferraro, M.; Di Vincenzo, S.; Dino, P.; Bucchieri, S.; Cipollina, C.; Gjomarkaj, M.; Pace, E. Budesonide, Aclidinium and Formoterol
in combination limit inflammaging processes in bronchial epithelial cells exposed to cigarette smoke. Exp. Gerontol 2019, 118,
78–87. [CrossRef]
Dickhoff, C.; Hartemink, K.J.; Kooij, J.; van de Ven, P.M.; Paul, M.A.; Smit, E.F.; Dahele, M. Is the routine use of trimodality therapy for
selected patients with non-small cell lung cancer supported by long-term clinical outcomes? Ann. Oncol. 2017, 28, 185. [CrossRef]
Chen, J.W.; Dhahbi, J. Lung adenocarcinoma and lung squamous cell carcinoma cancer classification, biomarker identification,
and gene expression analysis using overlapping feature selection methods. Sci. Rep. 2021, 11, 13323. [CrossRef]
Duma, N.; Santana-Davila, R.; Molina, J.R. Non-Small Cell Lung Cancer: Epidemiology, Screening, Diagnosis, and Treatment.
Mayo Clin. Proc. 2019, 94, 1623–1640. [CrossRef]
Yanagitani, N.; Uchibori, K.; Koike, S.; Tsukahara, M.; Kitazono, S.; Yoshizawa, T.; Horiike, A.; Ohyanagi, F.; Tambo, Y.; Nishikawa,
S.; et al. Drug resistance mechanisms in Japanese anaplastic lymphoma kinase-positive non-small cell lung cancer and the clinical
responses based on the resistant mechanisms. Cancer Sci. 2020, 111, 932–939. [CrossRef] [PubMed]
Trombetta, A.; Maggiora, M.; Martinasso, G.; Cotogni, P.; Canuto, R.A.; Muzio, G. Arachidonic and docosahexaenoic acids reduce
the growth of A549 human lung-tumor cells increasing lipid peroxidation and PPARs. Chem. Biol. Interact. 2007, 165, 239–250.
[CrossRef] [PubMed]
Zajdel, A.; Wilczok, A.; Tarkowski, M. Toxic effects of n-3 polyunsaturated fatty acids in human lung A549 cells. Toxicol. Vitr.
2015, 30, 486–491. [CrossRef] [PubMed]
Siena, L.; Cipollina, C.; Di Vincenzo, S.; Ferraro, M.; Bruno, A.; Gjomarkaj, M.; Pace, E. Electrophilic derivatives of omega-3 fatty
acids counteract lung cancer cell growth. Cancer Chemother. Pharm. 2018, 81, 705–716. [CrossRef] [PubMed]
Monkkonen, T.; Debnath, J. Inflammatory signaling cascades and autophagy in cancer. Autophagy 2018, 14, 190–198. [CrossRef]
[PubMed]
Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [CrossRef] [PubMed]
Alaarg, A.; Jordan, N.Y.; Verhoef, J.J.; Metselaar, J.M.; Storm, G.; Kok, R.J. Docosahexaenoic acid liposomes for targeting chronic
inflammatory diseases and cancer: An in vitro assessment. Int. J. Nanomed. 2016, 11, 5027–5040. [CrossRef]
Tantipaiboonwong, P.; Chaiwangyen, W.; Suttajit, M.; Kangwan, N.; Kaowinn, S.; Khanaree, C.; Punfa, W.; Pintha, K. Molecular
Mechanism of Antioxidant and Anti-Inflammatory Effects of Omega-3 Fatty Acids in Perilla Seed Oil and Rosmarinic Acid Rich
Fraction Extracted from Perilla Seed Meal on TNF-alpha Induced A549 Lung Adenocarcinoma Cells. Molecules 2021, 26, 6757.
[CrossRef]

Pharmaceutics 2022, 14, 2079

29.
30.
31.
32.
33.

34.
35.
36.

37.
38.
39.

40.

41.
42.
43.
44.

45.

46.
47.

48.
49.

50.
51.
52.

11 of 11

Das, R.P.; Gandhi, V.V.; Singh, B.G.; Kunwar, A. Balancing loading, cellular uptake, and toxicity of gelatin-pluronic nanocomposite
for drug delivery: Influence of HLB of pluronic. J. Biomed. Mater. Res. A 2022, 110, 304–315. [CrossRef]
Scurria, A.; Lino, C.; Pitonzo, R.; Pagliaro, M.; Avellone, G.; Ciriminna, R. Vitamin D3 in fish oil extracted with limonene from
anchovy leftovers. Chem. Data Collect. 2020, 25, 100311. [CrossRef]
Gan, Q.; Dai, D.; Yuan, Y.; Qian, J.; Sha, S.; Shi, J.; Liu, C. Effect of size on the cellular endocytosis and controlled release of
mesoporous silica nanoparticles for intracellular delivery. Biomed. Microdevices 2012, 14, 259–270. [CrossRef] [PubMed]
Gill, I.; Ballesteros, A. Bioencapsulation within synthetic polymers (Part 1): Sol–gel encapsulated biologicals. Tr. Biotechnol. 2000,
18, 282–296. [CrossRef]
Fujita, Y.; Okamoto, M.; Goda, H.; Tano, T.; Nakashiro, K.; Sugita, A.; Fujita, T.; Koido, S.; Homma, S.; Kawakami, Y.; et al.
Prognostic significance of interleukin-8 and CD163-positive cell-infiltration in tumor tissues in patients with oral squamous cell
carcinoma. PLoS ONE 2014, 9, e110378. [CrossRef] [PubMed]
Punyani, S.R.; Sathawane, R.S. Salivary level of interleukin-8 in oral precancer and oral squamous cell carcinoma. Clin. Oral
Investig. 2013, 17, 517–524. [CrossRef]
Herrero, A.B.; Garcia-Gomez, A.; Garayoa, M.; Corchete, L.A.; Hernandez, J.M.; San Miguel, J.; Gutierrez, N.C. Effects of IL-8
Up-Regulation on Cell Survival and Osteoclastogenesis in Multiple Myeloma. Am. J. Pathol. 2016, 186, 2171–2182. [CrossRef]
Perbellini, O.; Cioffi, F.; Malpeli, G.; Zanolin, E.; Lovato, O.; Scarpa, A.; Pizzolo, G.; Scupoli, M.T. Up-regulation of
CXCL8/interleukin-8 production in response to CXCL12 in chronic lymphocytic leukemia. Leuk. Lymphoma 2015, 56, 1897–1900.
[CrossRef]
Brew, R.; Erikson, J.S.; West, D.C.; Kinsella, A.R.; Slavin, J.; Christmas, S.E. Interleukin-8 as an autocrine growth factor for human
colon carcinoma cells in vitro. Cytokine 2000, 12, 78–85. [CrossRef]
Singh, S.; Singh, A.P.; Sharma, B.; Owen, L.B.; Singh, R.K. CXCL8 and its cognate receptors in melanoma progression and
metastasis. Future Oncol. 2010, 6, 111–116. [CrossRef]
Yuan, A.; Yang, P.C.; Yu, C.J.; Chen, W.J.; Lin, F.Y.; Kuo, S.H.; Luh, K.T. Interleukin-8 messenger ribonucleic acid expression
correlates with tumor progression, tumor angiogenesis, patient survival, and timing of relapse in non-small-cell lung cancer. Am.
J. Respir. Crit. Care Med. 2000, 162, 1957–1963. [CrossRef]
Masuya, D.; Huang, C.; Liu, D.; Kameyama, K.; Hayashi, E.; Yamauchi, A.; Kobayashi, S.; Haba, R.; Yokomise, H. The intratumoral
expression of vascular endothelial growth factor and interleukin-8 associated with angiogenesis in nonsmall cell lung carcinoma
patients. Cancer 2001, 92, 2628–2638. [CrossRef]
Waugh, D.J.; Wilson, C. The interleukin-8 pathway in cancer. Clin. Cancer Res. 2008, 14, 6735–6741. [CrossRef] [PubMed]
Guo, Y.; Zang, Y.; Lv, L.; Cai, F.; Qian, T.; Zhang, G.; Feng, Q. IL8 promotes proliferation and inhibition of apoptosis via
STAT3/AKT/NFkappaB pathway in prostate cancer. Mol. Med. Rep. 2017, 16, 9035–9042. [CrossRef] [PubMed]
Refsnes, M.; Skuland, T.; Lag, M.; Schwarze, P.E.; Ovrevik, J. Differential NF-kappaB and MAPK activation underlies fluorideand TPA-mediated CXCL8 (IL-8) induction in lung epithelial cells. J. Inflamm. Res. 2014, 7, 169–185. [CrossRef] [PubMed]
Hui, W.; Zhao, C.; Bourgoin, S.G. Differential Effects of Inhibitor Combinations on Lysophosphatidic Acid-Mediated Chemokine
Secretion in Unprimed and Tumor Necrosis Factor-alpha-Primed Synovial Fibroblasts. Front. Pharm. 2017, 8, 848. [CrossRef]
[PubMed]
Tsai, K.W.; Lai, H.T.; Tsai, T.C.; Wu, Y.C.; Yang, Y.T.; Chen, K.Y.; Chen, C.M.; Li, Y.S.; Chen, C.N. Difference in the regulation of
IL-8 expression induced by uropathogenic E. coli between two kinds of urinary tract epithelial cells. J. Biomed. Sci. 2009, 16, 91.
[CrossRef]
Medin, C.L.; Rothman, A.L. Cell type-specific mechanisms of interleukin-8 induction by dengue virus and differential response to
drug treatment. J. Infect. Dis. 2006, 193, 1070–1077. [CrossRef] [PubMed]
Jatczak-Pawlik, I.; Gorzkiewicz, M.; Studzian, M.; Zinke, R.; Appelhans, D.; Klajnert-Maculewicz, B.; Pulaski, L. Nanoparticles for Directed Immunomodulation: Mannose-Functionalized Glycodendrimers Induce Interleukin-8 in Myeloid Cell Lines.
Biomacromolecules 2021, 22, 3396–3407. [CrossRef]
Relli, V.; Trerotola, M.; Guerra, E.; Alberti, S. Abandoning the Notion of Non-Small Cell Lung Cancer. Trends Mol. Med. 2019, 25,
585–594. [CrossRef]
Sorrenti, V.; D’Amico, A.G.; Barbagallo, I.; Consoli, V.; Grosso, S.; Vanella, L. Tin Mesoporphyrin Selectively Reduces Non-SmallCell Lung Cancer Cell Line A549 Proliferation by Interfering with Heme Oxygenase and Glutathione Systems. Biomolecules 2021,
11, 917. [CrossRef]
Cullen, B.R. MicroRNAs as mediators of viral evasion of the immune system. Nat. Immunol. 2013, 14, 205–210. [CrossRef]
Yang, Z.; Fang, S.; Di, Y.; Ying, W.; Tan, Y.; Gu, W. Modulation of NF-kappaB/miR-21/PTEN pathway sensitizes non-small cell
lung cancer to cisplatin. PLoS ONE 2015, 10, e0121547. [CrossRef]
Bica-Pop, C.; Cojocneanu-Petric, R.; Magdo, L.; Raduly, L.; Gulei, D.; Berindan-Neagoe, I. Overview upon miR-21 in lung cancer:
Focus on NSCLC. Cell Mol. Life Sci. 2018, 75, 3539–3551. [CrossRef] [PubMed]

