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Abstract: Inflammation is a normal response in defense to agents that may cause damage to the
human body. When inflammation becomes chronic, reactive oxygen species (ROS) are produced;
which could lead to diseases such as cancer. The aim was to assess liposomes’ antioxidant and
anti-inflammatory capacity loaded with amaranth unsaponifiable matter and soybean lunasin
(UM + LunLip) in an in vitro model using fibroblasts and macrophages. To evaluate ROS production,
fibroblasts CHON-002 ABAP were added to promote ROS production; and the cells were treated with
UM + LunLip. For inflammation markers production, lipopolysaccharides (LPS)-stimulated RAW
264.7 and peritoneal macrophages were treated with empty liposomes (EmLip), liposomes loaded
with unsaponifiable matter (UMLip), liposomes loaded with lunasin (LunLip), and UM + LunLip.
ROS production was significantly decreased by 77% (p < 0.05) when fibroblasts were treated with
UM + LunLip at 2 mg lunasin/mL compared with the control treated with ABAP. Treatment with UM-
Lip was the most effective in reducing tumor necrosis factor-α (71–90%) and interleukin-6 (43–55%,
p < 0.001). Both liposomes containing unsaponifiable matter (UMLip and UM + LunLip) were more
effective than EmLip or LunLip. In conclusion, amaranth unsaponifiable matter-loaded liposomes
are effective in decreasing pro-inflammatory cytokine production.

Keywords: liposomes; interleukin-6; tumor necrosis factor-α; ROS-production; amaranth squalene;
soybean lunasin; inflammation

1. Introduction

Inflammation is a defense response against damaged tissue and foreign bodies [1];
it involves the activation, recruitment, and action of cells of the innate and adaptative
immunity [2]. There are two types of inflammation: acute and chronic. Acute inflammation
aims to eliminate agents that may cause damage, such as microbes or dead cells; once
eliminated, the inflammation decreases [1]. Chronic inflammation predisposes cancer
development and promotes tumorigenesis [1,2].

Under normal health conditions, inflammation is an essential process for maintain-
ing homeostasis [2]. Therefore, its regulation is required; once the emergency has been
addressed, the reaction ceases, and health restoration can proceed (acute inflammation).
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However, there are persistent transmissible pathological situations, such as microbial infec-
tions or non-transmissible disorders including diabetes, arthritis, and obesity, among others,
which keep the organism in a state of sustained inflammation (chronic inflammation) [1].
Unattended chronic inflammation predisposes tumor progression and promotes cancer
over time [1,2].

The inflammatory process can be produced due to the overexpression of certain
cytokines, such as interleukin (IL)-1, IL-6, and tumor necrosis factor (TNF)-α, among other
factors; including the interaction through membrane-associated molecules of B and T
lymphocytes, myeloid, epithelial, endothelial, and muscle cells, as well as fibroblasts and
adipocytes [3].

IL-6 is produced by monocytes and macrophages when infection or tissue injury
occurs [4,5]. Following IL-6 production, it enters the bloodstream and induces acute phase
proteins, such as the C-reactive protein, serum amyloid A, and others [6]. Thus, the presence
of IL-6 induces fever and increases C-reactive protein concentration in the human body [7].
When the host is relieved of stress, the production of IL-6 ceases [5].

IL-6 is an important marker expressed during chronic inflammatory disease [3] since
chronic inflammation is exacerbated by the dysregulation of IL-6 production [6]. Chronic
inflammation stimulates the production of reactive nitrogen/oxygen species (RNS/ROS)
that can produce DNA damage in organs during the inflammatory process, leading to
aggressive cancer development [8].

Some lipidic compounds can ameliorate inflammation; for instance, polyunsaturated
fatty acids, such as oleic acid, act as a precursor of lipids mediators that regulate inflamma-
tion and immune response [9].

Amaranth oil contains a high concentration of unsaturated lipids; linoleic acid is
the most abundant fatty acid, followed by oleic acid; amaranth unsaponifiable matter
includes tocopherols, tocotrienols, sterols, and squalene (SQ), among others [10,11]. There
are not too many reports about SQ and its anti-inflammatory activity. Nevertheless, the
anti-inflammatory effects of SQ have been reported in adipose tissue [12], monocytes [13],
and proinflammatory M1 macrophages [14].

On the other hand, it has been reported that lunasin, a soybean peptide, possibly
diminishes the obesity-induced inflammatory response. Lunasin effectively decreased
inflammation markers’ expression in LPS-stimulated macrophages RAW 264.7 and 3T3-L1
adipocytes, as well as the co-culture of both cell lines [15]. It has been suggested that
the anti-inflammatory effect of lunasin is due to the suppression of the nuclear factor
kappa-light-chain-enhancer of activated beta cells (NF-κβ) [16].

We hypothesized that liposomes prepared with dioleoyl phosphatidylcholine (DOPC)
and dioleoyl phosphatidylglycerol (DOPG), and loaded with amaranth unsaponifiable
matter as squalene source and soybean lunasin (UM + LipLun) can decrease the expression
of IL-6 and TNF-α in RAW 264.7 and mouse peritoneal macrophages after stimulation with
LPS; as well as the expression of ROS in CHON-002 fibroblasts.

The objective was to evaluate the production of IL-6 and TNF-α after the stimulation
with LPS of RAW 264.7 and peritoneal macrophages; as well as the ROS production after
stimulation with 2,2′-Azobis (2-methylpropionamidine) dihydrochloride (ABAP) using
UM + LunLip as treatments.

2. Materials and Methods
2.1. Material

Cell line CHON-002 (ATCC CRL-2847) was purchased from the American Type Cul-
ture Collection (Manassas, VA, USA). Cell line RAW 264.7 was kindly donated by Dr. Diego
Luna Vital. Dulbecco’s modified eagle medium (DMEM, 12800-017) was purchased from
Gibco Life Technologies (Grand Island, NY, USA). Furthermore, 5-(and 6-) chloromethyl-
2′,7′-dichlorodihydrofluorescein diacetate, acetyl ester (CM-H2DCFDA, C6827) was ac-
quired from Invitrogen (Carlsbad, CA, USA). Mouse tumor necrosis factor-α (TNF-α),
ELISA kit (RAB0477-1KT), and mouse interleukin (IL)-6 kit (RAB0308-1KT) were purchased
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from Sigma-Aldrich (St. Louis, MO, USA). All the other reagents were purchased from
Sigma-Aldrich unless otherwise noted.

2.2. Methods
2.2.1. Liposomes Preparation

Liposomes were prepared as previously described by Castañeda-Reyes et al. [11].
Characterization regarding encapsulation efficiency, zeta potential, and morphology was
previously analyzed as well.

2.2.2. Cell Culture Procedures

Both cell lines (fibroblasts CHON-002 and mouse macrophages RAW 264.7) were
grown in DMEM with sodium bicarbonate (1.5 g/mL) supplemented with 10% or 5% fetal
bovine serum (FBS). Peritoneal macrophages were kept in Roswell Park Memorial Institute
Medium (RPMI), 1640 phenol red-free medium supplemented with 10% or 5% FBS. All the
cells were maintained or incubated at 37 ◦C using 95% air/5% CO2.

2.2.3. Thiazolyl Blue Tetrazolium Bromide (MTT) Cell Viability Assay

Aiming to investigate liposome cytotoxicity after 24 h exposure, an MTT cell via-
bility assay was performed. All the cells (CHON-002, RAW 264.7, and the peritoneal
macrophages; isolation is described below) were seeded in 96-well plates with 100 µL
of 4 × 105 cells/mL for CHON-002 and 100 µL of 1 × 106 cells/mL for both peritoneal
macrophages and RAW 264.7. MTT was used with a concentration of 0.5 mg/mL, as
described by Liang et al. [17].

2.2.4. Cellular Antioxidant Activity (CAA)

Cellular antioxidant activity (CAA) was measured according to Sinisgalli et al. [18],
with some modifications. An aliquot of 100 µL of CHON-002 (4 × 105 cells/mL) was
seeded in a 96-well plate and incubated overnight at the conditions specified before. Once
attached, the cells were washed twice with Hank’s saline buffered solution (HSBS) and
treated with 50 µL of different concentrations of liposomes loaded with soybean lunasin and
amaranth unsaponifiable matter (0.5–2 mg lunasin/mL); or quercetin (0–0.5 mM) and 50 µL
of 0.02 µM CM-H2DCFDA per 1 h at 37 ◦C and 95% air/5% CO2. Following three washes
with HBSS, the cells were stimulated with 600 µM 2,2′-Azobis(2-methylpropionamidine)
dihydrochloride (ABAP); and fluorescence kinetics were immediately recorded every 5 min
using a Varioskan lux (Thermo Fisher Scientific, Inc., Waltham, MA, USA).

2.2.5. Cytokines Expression in Mouse Peritoneal Macrophages

The laboratory animal procedures were conducted according to the Mexican Official
Guidelines NOM-062-ZOO-1999, “Technical specifications for the production, care, and use
of laboratory animals”. The Research Ethics Committee of the National School of Biological
Sciences, I.P.N., reviewed and approved the research protocol (number ZOO-007-2022).

Four C57BL6/J mice were purchased from the college of sciences’ biotherium, U.N.A.M.
For peritoneal extraction, we followed the methodology proposed by Muneoka et al. [19]
administering intraperitoneally 1 mL of 10% thioglycolate; after euthanasia, the peri-
toneum was washed with ice-cold PBS. The suspension was centrifuged twice per 5 min at
1200 RPM; the PBS was changed after the first centrifugation and was replaced for RPMI
1640 supplemented with 10% FBS after the second centrifugation; 1 mL of the isolated
macrophages were seeded in 24-well plates at 1 × 106 and incubated 2 h at 37 ◦C in 95%
air/5% CO2; 1 mL of treatments with liposomes were loaded with amaranth unsaponifiable
matter and lunasin (UM + LunLip) at a concentration of 2 mg lunasin/mL; liposomes were
loaded with lunasin (LunLip) at a concentration of 2 mg lunasin/mL; and both amaranth
unsaponifiable matter liposomes (UMLip) and empty liposomes (EmLip) were applied in
a concentration equivalent to the UM + LunLip to make them comparable. The control
group was grown in a fresh medium without liposomes or LPS, whereas the control LPS



Int. J. Environ. Res. Public Health 2022, 19, 11678 4 of 11

group was only stimulated with LPS to create a reference group with the highest cytokine
production. The treatments were diluted in RPMI 1640 supplemented with 5% FBS. After
30 min incubation, the cells were stimulated with 1 µg/mL lipopolysaccharide (LPS) from
Escherichia coli for 18 h. It was reported that after 16–18 h of LPS stimulation, cytokines
can be detected [20]. The culture supernatant was collected and stored at −80 ◦C for
further analysis.

2.2.6. Cytokines Expression in RAW 264.7

The procedure for LPS stimulation was performed as described in the previous section
using the same conditions and treatments.

2.2.7. Cytokines Interleukin (IL)-6 and Tumor Necrosis Factor (TNF)-α

The protocols provided by the kits developer were strictly followed using the samples col-
lected after LPS stimulation of peritoneal macrophages and RAW 264.7 mouse macrophages.

2.2.8. Statistical Analysis

GraphPad Prism 8 (GraphPad Software 9, Inc., Sand Diego, CA, USA, 2021) was
used. Experimental data were analyzed by one-way analysis of variance with the Dunnett
post hoc test. A p < 0.05 was considered significant. All the data were expressed as
mean ± standard deviation.

3. Results and Discussion

The liposomes that were used in the present research are shown in Figure 1; the
liposome size was from 121.30 to 128.60 nm, with an encapsulation efficiency of 59–82%
and a zeta potential from −75.91 to −79.21 mV [11]. According to the zeta potential, the
liposome solutions were stable. The range to consider a particle solution as stable is greater
than 35 mV or lower than −35 mV; when the zeta potential is closer to 0, the particles will
aggregate [21].

3.1. Liposomes Decreased the Reactive Oxygen Species (ROS) Expression in CHON-002
Fibroblasts When Cellular Antioxidant Capacity Was Assessed

Aiming to establish the concentration of lunasin to be used in the cytokine expres-
sion experiments, we evaluated the ROS expression in fibroblasts CHON-002 using CM-
H2DCFDA and ABAP.

Once the non-fluorescent probe CM-H2DCFDA diffuses into the cells, the thiols
may interact with chloromethyl groups. After the interaction, the acetate groups will be
hydrolyzed by esterases to dichlorofluorescein (DCFH); which will enhance the intracellular
retention. The non-fluorescent DCFH will be oxidized by ROS into a highly fluorescent
dichlorofluorescein (DCF) [22].

Since cell viability was not affected after treatment with neither the higher dosage of
UM + LunLip nor quercetin or EmLip (Figure 2a), the reduction in ROS production will
be due to the treatments and not because the cell confluency was affected regarding any
cytotoxic effect. The kinetics (Figure 2b,c) showed that the higher concentration of both
quercetin and UM + LunLip decreased the ROS production to lower than the dosage of the
treatments. After 1 h (Figure 2d), the ROS production was decreased by 53% in 0.03 mM
quercetin compared to the untreated control; and by 77% when UM + LunLip was applied
at 2 mg lunasin/mL after ABAP application compared with the untreated control. Due
to these results, a concentration of 2 mg/mL UM + LunLip was selected for the cytokine
expression experiments.
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Figure 1. Transmission electron microscopy (TEM) micrographs and particle size distribution from 
dynamic light scattering (DSL): (a) empty liposomes (EmLip); (b) liposomes loaded with amaranth 
unsaponifiable matter (UMLip, 1.10 mg/mL) containing DOPC-DOPG 15.27 mg/mL; and (c) lipo-
somes loaded with unsaponifiable matter (1.10 mg/mL) and soybean lunasin (4 mg/mL). The bilayer 
of all the liposomes contained dioleoyl phosphatidylcholine (DOPC)/dioleoyl phosphatidyl glycerol 
(DOPG) 15.27 mg/mL. Bars = 200 nm. The larger structures are part of the holey carbon film, which 
contains unobstructed regions to reduce noise from the background. A picture of the holey carbon 
coat can be found at the supplier’s website: https://www.2spi.com/category/grids-custom-holey-
carbon/, accessed 17 August 2022. 
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Figure 1. Transmission electron microscopy (TEM) micrographs and particle size distribution from
dynamic light scattering (DSL): (a) empty liposomes (EmLip); (b) liposomes loaded with amaranth
unsaponifiable matter (UMLip, 1.10 mg/mL) containing DOPC-DOPG 15.27 mg/mL; and (c) lipo-
somes loaded with unsaponifiable matter (1.10 mg/mL) and soybean lunasin (4 mg/mL). The bilayer
of all the liposomes contained dioleoyl phosphatidylcholine (DOPC)/dioleoyl phosphatidyl glycerol
(DOPG) 15.27 mg/mL. Bars = 200 nm. The larger structures are part of the holey carbon film, which
contains unobstructed regions to reduce noise from the background. A picture of the holey carbon
coat can be found at the supplier’s website: https://www.2spi.com/category/grids-custom-holey-
carbon/, accessed 17 August 2022.

ABAP is an oxidant that damages the cells by peroxyl radical production. These
radicals affect the cell membrane [23], initiating lipid peroxidation in unsaturated fatty
acids [24]. Lipid peroxidation affects the integrity, fluidity, and function of biological
membranes. Lipid peroxidation is a self-propagating chain reaction; the initial oxidation of
a few lipids could lead to tissue damage [25].

Due to the compounds naturally found in amaranth unsaponifiable matter, such as
squalene, tocopherols, sterols, stigmasterol, among others [26], and the liposome bilayer
(unsaturated fatty acids) as well as the decrement observed on ROS production (Figure 2d),
the lipid peroxidation chain reaction induced by the addition of ABAP in cells could
be diminished by the UM + LunLip. It was shown that 50 µM of both squalene and α-
tocopherol decreased the production of ROS after 24 h of MCF10A breast epithelial cells
exposure [27].

https://www.2spi.com/category/grids-custom-holey-carbon/
https://www.2spi.com/category/grids-custom-holey-carbon/
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Figure 2. Liposomes prepared with dioleoyl phosphatidylcholine and dioleoyl phosphatidylglyc-
erol, and loaded with soybean lunasin and amaranth unsaponifiable matter (UM + LipLun) de-
creased ROS production when ABAP was applied to the CHON-002 fibroblasts. (a) Cell viability of
CHON-002 after treatment with empty liposomes (EmLip), UM + LunLip, and quercetin. (b) Rel-
ative fluorescence of dichlorofluorescein (DCF) after treatment with different concentrations of
quercetin (0–0.5 mM). (c) Relative fluorescence of DCF after treatment with different concentrations
of UM + LunLip (0.5–2 mg lunasin/mL). (d) ROS production after 1 h treatments with different con-
centrations of UM + LunLip; 0.031 mM quercetin was used as the antioxidant control and non-treated
cells as the control. The ROS production in cells (from a to c) was stimulated with 600 µM ABAP. The
data are present as the mean of two independent replicates; each was measured in triplicate. Data are
means ± standard deviation. * p < 0.05; **** p < 0.0001. ns, not statistically different.

The production of ROS resulting from oxidative stress is related to inflammatory
diseases [28]. It was reported that lipid nanoparticles prepared using squalene and adeno-
sine conjugation, and loaded with α-tocopherol showed that nanoparticles decreased both
inflammation and ROS generation [29].

3.2. UM + LunLip Inhibited the Production of Pro-Inflammatory Markers in RAW 264.7 and
Peritoneal Macrophages

Inflammation is an important factor in cancer since the inflammatory response can
lead to DNA damage, leading to tumor initiation/progression [30]. Inflammation can be
stimulated by lipopolysaccharides. LPS interacts with macrophages since they are Toll-like
receptor 4 (TLR4)-expressing host cells. The TLR4 activation produces a dysregulation of
pro-inflammatory cytokines, including IL-6 and TNF-α, and ROS production [19,31].

We hypothesized that UM + LunLip could reduce IL-6 and TNF-α production after
the LPS-stimulation of macrophages. Cell viability was measured in peritoneal (Figure 3a)
and RAW 264.7 (Figure 4a) macrophages to ensure that the cytokine production difference
was due to the treatments and not because of a cytotoxic effect. When all the treatments
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were compared to the control, there was no difference in the cell viability of the peri-
toneal macrophages. In contrast, there was a difference (p < 0.01) comparing LunLip and
UM + LunLip with the control in RAW 264.7 macrophages. Even though there was a statis-
tical difference, the cell viability was 88% when the RAW 264.7 cells were treated with UM
+ LunLip and 93% when treated with LunLip.
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Figure 3. Liposomes prepared with dioleoyl phosphatidylcholine and dioleoyl phosphatidylglycerol,
and loaded with soybean lunasin and amaranth unsaponifiable matter (UM + LipLun) decreased
TNF-α and IL-6 production after LPS stimulation of peritoneal macrophages. (a) Cell viability of
peritoneal macrophages after treatment with empty liposomes (EmLip), unsaponifiable matter-loaded
liposomes (UMLip), lunasin-loaded liposomes (LunLip), and UM + LunLip. (b) TNF-α expression
after treatment with liposomes to LPS-stimulated peritoneal macrophages. (c) TNF-α expression
after treatment with liposomes to non-LPS-stimulated peritoneal macrophages. (d) IL-6 expression
after treatment with liposomes to LPS-stimulated peritoneal macrophages. (e) IL-6 expression after
treatment with liposomes to non-LPS-stimulated peritoneal macrophages. All the treatments consisted
of 2 mg lunasin/mL or its equivalent in UMLip and EmLip **** p < 0.0001. ns, not statistically different.
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Figure 4. Liposomes prepared with dioleoyl phosphatidylcholine and dioleoyl phosphatidylglycerol,
and loaded with soybean lunasin and amaranth unsaponifiable matter (UM + LipLun) decreased TNF-
α and IL-6 production after LPS stimulation of RAW 264.7 macrophages. (a) Cell viability of RAW
264.7 macrophages after treatment with empty liposomes (EmLip), unsaponifiable matter-loaded
liposomes (UMLip), lunasin-loaded liposomes (LunLip), and UM + LunLip. (b) TNF-α expression
after treatment with liposomes to LPS-stimulated RAW 264.7 macrophages. (c) TNF-α expression
after treatment with liposomes to non-LPS-stimulated RAW 264.7 macrophages. (d) IL-6 expression
after treatment with liposomes to LPS-stimulated RAW 264.7 macrophages. (e) IL-6 expression
after treatment with liposomes to non-LPS-stimulated RAW 264.7 macrophages. All the treatments
consisted of 2 mg lunasin/mL or its equivalent in UMLip and EmLip.** p < 0.05; *** p < 0.001;
**** p < 0.0001.

In both cell lines, UMLip was the most effective treatment for TNF-α. Compared to
the LPS-stimulated control, UMLip reduced TNF-α production by 90% in the peritoneal
macrophages (Figure 3b) and 71% in the RAW 264.7 cells (Figure 4b). Inflammatory and
autoimmune diseases, including rheumatoid arthritis, osteoarthritis, asthma, inflammatory
bowel disease, and others are caused by TNF-α production. TNF-α overproduction is
thought to promote chronic inflammation [7].

IL-6 behaves similarly to TNF-α; UMLip and UM + LunLip were the most effective
treatment in both cell lines. In the peritoneal macrophages, UMLip and UM + LunLip
reduced IL-6 production by 43% and 50%, respectively, in comparison to the LPS-stimulated
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control (Figure 3d). While in RAW 264.7, production decreased by 55% and 54%, respec-
tively (Figure 4d).

It is important to mention that the liposome bilayer was composed of two molecules
of oleic acid esterified to the glycerol. As shown (Figures 3 and 4b–d), EmLip decreased the
expression of TNF-α and IL-6 in both cell lines. Similarly to our results, in an in vivo acute
kidney injury model, animals were treated using oleic acid, an unsaturated fatty acid, at
either 10 or 30 mg/kg decreasing the production of IL-6 and TNF-α [32].

The application of TNF-α to cardiomyocytes produced a decrease in cell viability by
activating pro-apoptotic proteins; however, when oleic acid was applied, pro-apoptotic pro-
tein expression was mitigated and oxidative stress was decreased [33]. In LPS-stimulated
THP-1 monocytes, it was shown that the treatments with oleic acid decreased TNF-α and
IL-6 production by inhibiting NF-κβ [34].

Our results suggest that the amaranth unsaponifiable matter loaded into liposomes is
effective in reducing the inflammation markers TNF-α and IL-6, rather than lunasin; since
LunLip in both cell lines behaved similarly to the empty liposomes. Similarly, Kao et al. [7]
loaded squalene in liposomes at 1 mg/mL and treated LPS-stimulated RAW 264.7 with
different squalene concentrations. They reported the inhibition of the production of both
cytokines after the treatments. The application of squalene from olive oil unsaponifiable
fraction to human monocytes diminished the production of IL-6, TNF-α, and other markers
in a concentration-dependent manner [13].

Although some authors had reported a decrease in cytokines production when treating
RAW 264.7 cells with up to 1.10 mg/mL lunasin per 24 h [15,30,35], the current study found
that when LunLip was applied, IL-6 and TNF-α production decreased at the same level as
EmLip; this was the case even though the treatment time was only 18.5 h.

Inflammation can contribute to angiogenesis, metastasis, antitumor immune response,
and reaction to chemotherapeutics agents [36]. Moreover, inflammation has been related to
poor prognosis in cancer patients; and cytokines (IL-6 and TNF-α) play a role in melanoma
progression. IL-6 has been related to angiogenesis in melanoma tumors [37]. Additionally,
we have previously demonstrated that UM + LunLip is effective against melanoma skin
cancer [11]. The results from this research showed that there is a decrease in the production
of ROS and the pro-inflammatory markers IL-6 and TNF-α; therefore, this behavior can
influence the anticancer properties of the liposomes when applied to an in vivo model.

The scientific value of this manuscript was, to our knowledge, to demonstrate for
the very first time that the anti-inflammatory potential of amaranth unsaponifiable matter
loaded in liposomes decreased ROS, IL-6, and TNF-α in LPS-stimulated macrophages;
suggesting the anti-inflammatory potential of the nanoparticles, as well as the potential
anticancer effect previously reported using these liposomes [11,38].

4. Conclusions

The higher ROS production decrement was due to the higher dose of UM + LunLip
treatments in fibroblasts CHON-002. Unsaponifiable matter loaded into liposomes (UMLip)
was effective in decreasing the markers of inflammation TNF-α and IL-6 produced by
LPS-stimulated RAW 264.7 and peritoneal macrophages.

In addition to the encapsulated compounds, the phospholipids in the liposome’s
bilayer helped as well to decrease the production of the pro-inflammatory markers IL-6
and TNF-α; this was due to the presence of oleic acid. It would be interesting to test empty
liposomes with an additional phospholipid.



Int. J. Environ. Res. Public Health 2022, 19, 11678 10 of 11

Author Contributions: For research articles with several authors, a short paragraph specifying their
individual contribution, G.D.-O.: conceptualization; review and editing; supervision; resources; and
funding acquisition. E.D.C.-R.: conceptualization; methodology; experimentation; formal analysis;
writing—original draft; and visualization. C.I.J.-P.: methodology; experimentation; and review.
M.d.J.P.-F.: validation; writing—review; and editing. R.P.-P.-B.: conceptualization; review and editing;
supervision; resources; and funding acquisition. Y.K.M.-F.: methodology; experimentation; and
review. E.G.d.M.: conceptualization and validation. All the authors contributed to the final approval
of the version to be submitted. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted following the Mexican Official
Guidelines NOM-062-ZOO-1999, “Technical specifications for the production, care, and use of
laboratory animals”; and approved by the Research Ethics Committee of the National School of
Biological Sciences, I.P.N. (protocol number ZOO-007-2022, approved 17 January 2022).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank M.C. Aracely Acosta Caudillo for her technical assistance in the study;
to the BEIFI program from IPN for the scholarship, SIP Projects 20211113 (Y.K.M.-F.), 20220524
(G.D.-O.), and 20210344 (M.d.J.P.-F.); to Consejo Nacional de Ciencia y Tecnología (CONACyT),
México, for the doctoral scholarship to Erick Damián Castañeda Reyes; Ricardo Pérez-Pastén-Borja is
grateful to CONACyT for the funding, no. A1-S-25312; and to Secretaría de Investigación y Posgrado
del I.P.N. for funding (SIP20221448).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Oishi, Y.; Manabe, I. Macrophages in inflammation, repair and regeneration. Int. Immunol. 2018, 30, 511–528. [CrossRef] [PubMed]
2. Greten, F.R.; Grivennikov, S.I. Inflammation and cancer: Triggers, mechanisms, and consequences. Immunity 2019, 51, 27–41.

[CrossRef] [PubMed]
3. Hirano, T. IL-6 in inflammation, autoimmunity and cancer. Int. Immunol. 2021, 33, 127–148. [CrossRef] [PubMed]
4. Tanaka, T.; Narazaki, M.; Masuda, K.; Kishimoto, T. Regulation of IL-6 in immunity and diseases. Adv. Exp. Med. Biol. 2016, 941,

79–88. [CrossRef] [PubMed]
5. Kang, S.; Tanaka, T.; Kishimoto, T. Therapeutic uses of anti-interleukin-6 receptor antibody. Int. Immunol. 2015, 27, 21–29.

[CrossRef]
6. Tanaka, T.; Narazaki, M.; Kishimoto, T. IL-6 in inflammation, immunity, and disease. Cold Spring Harb. Perspect. Biol. 2014,

6, a016295. [CrossRef]
7. Kao, Y.F.; Wu, Y.H.S.; Chou, C.H.; Fu, S.G.; Liu, C.W.; Chai, H.J.; Chen, Y.C. Manufacture and characterization of anti-inflammatory

liposomes from jumbo flying squid (Dosidicus gigas) skin phospholipid extraction. Food Funct. 2018, 9, 3986–3996. [CrossRef]
8. Murata, M. Inflammation and cancer. Environ. Health Prev. Med. 2018, 23, 1–8. [CrossRef]
9. Rod-In, W.; Monmai, C.; Shin, I.S.; You, S.G.; Park, W.J. Neutral lipids, glycolipids, and phospholipids, isolated from sandfish

(Arctoscopus japonicus) eggs, exhibit anti-inflammatory activity in LPS-stimulated RAW264.7 cells through NF-κB and MAPKs
pathways. Mar. Drugs 2020, 18, 480. [CrossRef]

10. Martinez-Lopez, A.; Millan-Linares, M.C.; Rodriguez-Martin, N.M.; Millan, F.; Montserrat-de la Paz, S. Nutraceutical value of
kiwicha (Amaranthus caudatus L.). J. Funct. Foods 2020, 65, 103735. [CrossRef]

11. Castañeda-Reyes, E.D.; de Mejia, E.G.; Eller, F.J.; Berhow, M.A.; Perea-Flores, M.d.J.; Dávila-Ortíz, G. Liposomes loaded with
unsaponifiable matter from Amaranthus hypochondriacus as a source of squalene and carrying soybean lunasin inhibited
melanoma cells. Nanomaterials 2021, 11, 1960. [CrossRef] [PubMed]

12. Xiao, L.; Aoshima, H.; Saitoh, Y.; Miwa, N. The effect of squalane-dissolved fullerene-C60 on adipogenesis-accompanied oxidative
stress and macrophage activation in a preadipocyte-monocyte co-culture system. Biomaterials 2010, 31, 5976–5985. [CrossRef]

13. Martin, M.E.; Millan-Linares, M.C.; Naranjo, M.C.; Toscano, R.; Abia, R.; Muriana, F.J.G.; Bermudez, B.; Montserrat-de la Paz, S.
Minor compounds from virgin olive oil attenuate LPS-induced inflammation via visfatin-related gene modulation on primary
human monocytes. J. Food Biochem. 2019, 43, e12941. [CrossRef] [PubMed]

14. Sánchez-Quesada, C.; López-Biedma, A.; Toledo, E.; Gaforio, J.J. Squalene Stimulates a Key Innate Immune Cell to Foster Wound
Healing and Tissue Repair. Evid. Based Complement. Altern. Med. 2018, 2018, 9473094. [CrossRef] [PubMed]

15. Hsieh, C.C.; Chou, M.J.; Wang, C.H. Lunasin attenuates obesity-related inflammation in RAW264.7 cells and 3T3-L1 adipocytes
by inhibiting inflammatory cytokine production. PLoS ONE 2017, 12, e0171969. [CrossRef] [PubMed]

http://doi.org/10.1093/intimm/dxy054
http://www.ncbi.nlm.nih.gov/pubmed/30165385
http://doi.org/10.1016/j.immuni.2019.06.025
http://www.ncbi.nlm.nih.gov/pubmed/31315034
http://doi.org/10.1093/intimm/dxaa078
http://www.ncbi.nlm.nih.gov/pubmed/33337480
http://doi.org/10.1007/978-94-024-0921-5_4/FIGURES/2
http://www.ncbi.nlm.nih.gov/pubmed/27734409
http://doi.org/10.1093/intimm/dxu081
http://doi.org/10.1101/cshperspect.a016295
http://doi.org/10.1039/C8FO00767E
http://doi.org/10.1186/s12199-018-0740-1
http://doi.org/10.3390/md18090480
http://doi.org/10.1016/j.jff.2019.103735
http://doi.org/10.3390/nano11081960
http://www.ncbi.nlm.nih.gov/pubmed/34443791
http://doi.org/10.1016/j.biomaterials.2010.04.032
http://doi.org/10.1111/jfbc.12941
http://www.ncbi.nlm.nih.gov/pubmed/31368572
http://doi.org/10.1155/2018/9473094
http://www.ncbi.nlm.nih.gov/pubmed/30363968
http://doi.org/10.1371/journal.pone.0171969
http://www.ncbi.nlm.nih.gov/pubmed/28182687


Int. J. Environ. Res. Public Health 2022, 19, 11678 11 of 11

16. de Mejia, E.G.; Dia, V.P.; Gonzalez de Mejia, E.; Dia, V.P. Lunasin and lunasin-like peptides inhibit inflammation through
suppression of NF-κB pathway in the macrophage. Peptides 2009, 30, 2388–2398. [CrossRef]

17. Liang, R.; Cheng, S.; Dong, Y.; Ju, H. Intracellular antioxidant activity and apoptosis inhibition capacity of PEF-treated KDHCH
in HepG2 cells. Food Res. Int. 2019, 121, 336–347. [CrossRef]

18. Sinisgalli, C.; Faraone, I.; Vassallo, A.; Caddeo, C.; Bisaccia, F.; Armentano, M.F.; Milella, L.; Ostuni, A. Phytochemical profile of
Capsicum annuum L. cv senise, incorporation into liposomes, and evaluation of cellular antioxidant activity. Antioxidants 2020,
9, 428. [CrossRef]

19. Muneoka, S.; Goto, M.; Kadoshima-Yamaoka, K.; Kamei, R.; Terakawa, M.; Tomimori, Y. G protein-coupled receptor 39 plays an
anti-inflammatory role by enhancing IL-10 production from macrophages under inflammatory conditions. Eur. J. Pharmacol. 2018,
834, 240–245. [CrossRef]

20. Bartosh, T.; Ylostalo, J. Macrophage Inflammatory Assay. Bio-Protocol 2014, 4, e1180. [CrossRef]
21. Castañeda-Reyes, E.D.; Perea-Flores, M.d.J.; Davila-Ortiz, G.; Lee, Y.; de Mejia, E.G. Development, characterization and use of

liposomes as amphipathic transporters of bioactive compounds for melanoma treatment and reduction of skin inflammation: A
review. Int. J. Nanomed. 2020, 15, 7627–7650. [CrossRef] [PubMed]

22. King, B.A.; Oh, D.H. Spatial control of reactive oxygen species formation in fibroblasts using two-photon excitation. Photochem.
Photobiol. 2004, 80, 1–6. [CrossRef] [PubMed]

23. Mu, G.; Li, H.; Tuo, Y.; Gao, Y.; Zhang, Y. Antioxidative effect of Lactobacillus plantarum Y44 on 2,2′-azobis(2-methylpropionamidine)
dihydrochloride (ABAP)-damaged Caco-2 cells. J. Dairy Sci. 2019, 102, 6863–6875. [CrossRef] [PubMed]

24. Bartesaghi, S.; Wenzel, J.; Trujillo, M.; López, M.; Joseph, J.; Kalyanaraman, B.; Radi, R. Lipid peroxyl radicals mediate tyrosine
dimerization and nitration in membranes. Chem. Res. Toxicol. 2010, 23, 821–835. [CrossRef]

25. Lasagni Vitar, R.M.; Reides, C.G.; Ferreira, S.M.; Llesuy, S.F. The protective effect of Aloysia triphylla aqueous extracts against
brain lipid-peroxidation. Food Funct. 2014, 5, 557–563. [CrossRef]

26. Lozano Grande, M.A.; Gorinstein, S.; Espitia Rangel, E.; Dávila Ortiz, G.; Martínez Ayala, A.L. Plant sources, extraction methods,
and uses of squalene. Int. J. Agron. 2018, 2018, 1829160. [CrossRef]

27. Warleta, F.; Campos, M.; Allouche, Y.; Sánchez Quesada, C.; Ruiz Mora, J.; Beltrán, G.; Gaforio, J.J. Squalene protects against
oxidative DNA damage in MCF10A human mammary epithelial cells but not in MCF7 and MDA-MB-231 human breast cancer
cells. Food Chem. Toxicol. 2010, 48, 1092–1100. [CrossRef]

28. Lacatusu, I.; Badea, N.; Badea, G.; Mihaila, M.; Ott, C.; Stan, R.; Meghea, A. Advanced bioactive lipid nanocarriers loaded with
natural and synthetic anti-inflammatory actives. Chem. Eng. Sci. 2019, 200, 113–126. [CrossRef]

29. Dormont, F.; Brusini, R.; Cailleau, C.; Reynaud, F.; Peramo, A.; Gendron, A.; Mougin, J.; Gaudin, F.; Varna, M.; Couvreur, P.
Squalene-based multidrug nanoparticles for improved mitigation of uncontrolled inflammation in rodents. Sci. Adv. 2020,
6, eaaz5466. [CrossRef]

30. Dia, V.P.P.; Wang, W.; Oh, V.L.L.; de Lumen, B.O.; Gonzalez de Mejia, E.; de Lumen, B.O.; de Mejia, E.G. Isolation, purification
and characterisation of lunasin from defatted soybean flour and in vitro evaluation of its anti-inflammatory activity. Food Chem.
2009, 114, 108–115. [CrossRef]

31. Park, H.J.; Jo, S.M.; Seo, S.H.; Lee, M.; Lee, Y.; Kang, I. Anti-Inflammatory potential of cultured ginseng roots extract in
lipopolysaccharide-stimulated mouse macrophages and adipocytes. Int. J. Environ. Res. Public Health 2020, 17, 4716. [CrossRef]

32. Zhang, B.; Zeng, M.; Wang, Y.; Li, M.; Wu, Y.; Xu, R.; Zhang, Q.; Jia, J.; Huang, Y.; Zheng, X.; et al. Oleic acid alleviates
LPS-induced acute kidney injury by restraining inflammation and oxidative stress via the Ras/MAPKs/PPAR-γ signaling
pathway. Phytomedicine 2022, 94, 153818. [CrossRef] [PubMed]

33. Al-Shudiefat, A.A.R.; Sharma, A.K.; Bagchi, A.K.; Dhingra, S.; Singal, P.K. Oleic acid mitigates TNF-α-induced oxidative stress in
rat cardiomyocytes. Mol. Cell. Biochem. 2013, 372, 75–82. [CrossRef] [PubMed]

34. Santamarina, A.B.; Pisani, L.P.; Baker, E.J.; Marat, A.D.; Valenzuela, C.A.; Miles, E.A.; Calder, P.C. Anti-inflammatory effects of
oleic acid and the anthocyanin keracyanin alone and in combination: Effects on monocyte and macrophage responses and the
NF-κB pathway. Food Funct. 2021, 12, 7909–7922. [CrossRef] [PubMed]

35. Hernández-Ledesma, B.; Hsieh, C.C.; de Lumen, B.O. Antioxidant and anti-inflammatory properties of cancer preventive peptide
lunasin in RAW 264.7 macrophages. Biochem. Biophys. Res. Commun. 2009, 390, 803–808. [CrossRef] [PubMed]

36. Bronkhorst, I.H.G.; Jager, M.J. Inflammation in uveal melanoma. Eye 2013, 27, 217–223. [CrossRef]
37. Dunn, J.H.; Ellis, L.Z.; Fujita, M. Inflammasomes as molecular mediators of inflammation and cancer: Potential role in melanoma.

Cancer Lett. 2012, 314, 24–33. [CrossRef]
38. Castañeda-Reyes, E.D.; De Jesús, M.; Flores, P.; Dávila Ortiz, G.; Gonzalez De Mejia, E. Liposomes loaded with soybean lunasin

and amaranth unsaponifiable matter promoted apoptosis through caspase 3 and cell proliferation arrest in an in vivo melanoma
model. Curr. Dev. Nutr. 2022, 6, 271. [CrossRef]

http://doi.org/10.1016/j.peptides.2009.08.005
http://doi.org/10.1016/j.foodres.2019.03.049
http://doi.org/10.3390/antiox9050428
http://doi.org/10.1016/j.ejphar.2018.07.045
http://doi.org/10.21769/BioProtoc.1180
http://doi.org/10.2147/IJN.S263516
http://www.ncbi.nlm.nih.gov/pubmed/33116492
http://doi.org/10.1562/2004-03-01-RA-093.1
http://www.ncbi.nlm.nih.gov/pubmed/15339206
http://doi.org/10.3168/jds.2019-16447
http://www.ncbi.nlm.nih.gov/pubmed/31178173
http://doi.org/10.1021/tx900446r
http://doi.org/10.1039/c3fo60392j
http://doi.org/10.1155/2018/1829160
http://doi.org/10.1016/j.fct.2010.01.031
http://doi.org/10.1016/j.ces.2019.01.044
http://doi.org/10.1126/sciadv.aaz5466
http://doi.org/10.1016/j.foodchem.2008.09.023
http://doi.org/10.3390/ijerph17134716
http://doi.org/10.1016/j.phymed.2021.153818
http://www.ncbi.nlm.nih.gov/pubmed/34798521
http://doi.org/10.1007/s11010-012-1447-z
http://www.ncbi.nlm.nih.gov/pubmed/22961439
http://doi.org/10.1039/D1FO01304A
http://www.ncbi.nlm.nih.gov/pubmed/34250536
http://doi.org/10.1016/j.bbrc.2009.10.053
http://www.ncbi.nlm.nih.gov/pubmed/19836349
http://doi.org/10.1038/eye.2012.253
http://doi.org/10.1016/j.canlet.2011.10.001
http://doi.org/10.1093/cdn/nzac053.012

	Introduction 
	Materials and Methods 
	Material 
	Methods 
	Liposomes Preparation 
	Cell Culture Procedures 
	Thiazolyl Blue Tetrazolium Bromide (MTT) Cell Viability Assay 
	Cellular Antioxidant Activity (CAA) 
	Cytokines Expression in Mouse Peritoneal Macrophages 
	Cytokines Expression in RAW 264.7 
	Cytokines Interleukin (IL)-6 and Tumor Necrosis Factor (TNF)- 
	Statistical Analysis 


	Results and Discussion 
	Liposomes Decreased the Reactive Oxygen Species (ROS) Expression in CHON-002 Fibroblasts When Cellular Antioxidant Capacity Was Assessed 
	UM + LunLip Inhibited the Production of Pro-Inflammatory Markers in RAW 264.7 and Peritoneal Macrophages 

	Conclusions 
	References

