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Abstract

Capsaicin, the main pungent component of chili peppers, exhibits several bioactive prop-
erties, such as modulation of adipogenesis and inhibition of liver steatosis by reducing
cytoplasmic lipid accumulation. However, no evidence is currently available regarding
its effect on the membrane fatty acid remodeling. In this work, we focused on the HepG2
cell model, commonly employed for hepatotoxicity, to examine the lipidome changes after
treatment with capsaicin (10 uM), and its combination with oleic acid (100 M), following
the effects after 1.5, 3, and 24 h. In addition, cell viability, lipid accumulation, and secretion
of inflammatory mediators were assessed. Notably, the combination of capsaicin with
oleic acid completely reverted the correlation between cytokine/chemokine levels and
omega-6/omega-3 fatty acids compared to capsaicin alone. Additionally, the combined
treatment influenced the protective effect of capsaicin against polyunsaturated fatty acids,
as investigated through biomimetic experiments.

Keywords: membrane fatty acid remodeling; capsaicin; oleic acid; inflammatory mediators;
lipidome; PUFA; liposome models; biomimetic experiments

1. Introduction

Phospholipids, the essential structural components of the plasma membrane bilayers,
regulate key biophysical properties such as fluidity and permeability. They are crucial for
positioning protein receptors, mediating membrane organization and conformational changes,
cell signaling, and intracellular trafficking [1,2]. A clear understanding of the mechanisms
involving membrane lipids is essential to unveil molecular processes in both physiological
and pathological conditions. Membrane lipidomics provides insights into the dynamics of
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phospholipid membranes connected to metabolism, diet, stress, nutraceuticals, and drug
supplementation [3]. There is a considerable interest in understanding how the phospholipid
membranes remodel in response to the interaction between xenobiotics or nutraceuticals [4].
This concept is fundamental for drug discovery, where plasma membrane phospholipids act
as direct targets or synergists of synthetic and natural product effects [5]. Our previous studies
explored the remodeling of fatty acid phospholipid membranes in response to external stimuli,
driven by bioactive molecules through the well-known Lands’ cycle [6-11]. In this work,
we focused on capsaicin (CAP), chemically identified as N-vanillyl-8-methyl-1-nonenamide,
the main pungent component of chili peppers (Capsicum spp.) that acts principally as a
selective exogenous agonist of the transient receptor potential vanilloid type 1 (TRPV1)
through which it exhibits its bioactive properties [12]. CAP exerts analgesic activity [13]; many
studies also describe its beneficial effect on metabolic disease by modulating the inflammatory
response, insulin sensitivity, and glycemia regulation. Moreover, CAP possesses antioxidant,
antimicrobial, anti-obesity, and anticancer properties [14-16]. In particular, the anti-obesity
property is likely connected with the capacity to stimulate the sympathetic nervous system,
reducing energy intake and consumption by fat oxidation through a catecholamine-mediated
mechanism [17]. CAP is known to prevent non-alcoholic fatty liver diseases (NAFLDs)
by modulating adipogenesis and liver steatosis and inhibiting neutral cytoplasmic lipid
accumulation [18,19]. Here, we used the HepG2 liver cancer cell line that is commonly
used to study drug metabolism and hepatotoxicity [20,21]. In fact, HepG2 cells maintain
many hepatocyte-like functions and therefore represent a suitable model for studying hepatic
steatosis, lipotoxicity, and early inflammatory responses in NAFLD [22]. In particular, these
cells treated with non-esterified fatty acid, specifically oleic acid (OA) and palmitic acid, can
accumulate intracellular triglycerides and form lipid droplets, mirroring hepatic steatosis (the
key feature of NAFLD) [23]. The present study was designed to better investigate the well-
known lipid-lowering effect of CAP [24] on an experimental model of hepatocellular steatosis
after OA exposure in search of new features involving lipids and their pathways. In particular,
evidence of CAP’s impact on phospholipid cell membranes is unknown, and data on the
role of CAP as a biophysical membrane modulator are obtained only through the liposome
models [25]. For this purpose, we obtained the fatty acid membrane profiles of HepG2 cells
treated with CAP and evaluated the remodeling also in the presence of OA, being the suitable
agent used to induce steatosis in cellular models as previously indicated [26-28]. Furthermore,
since several diseases, including obesity, are characterized by altered lipid metabolism and
dysregulated immune response [29-31], lipid accumulation and cytokine/chemokine secretion
were assessed and correlated with omega-6 and omega-3 fatty acid content. Additionally,
biomimetic experiments were performed by using the liposomal models to estimate the
modulation of CAP to protect polyunsaturated fatty acids due to its well-known antioxidant
property [32] when it is combined with OA, and the results from the HepG2 cellular model
were compared with those obtained from the biomimetic ones. To the best of our knowledge,
we are the first to apply membrane lipidomics to study the membrane remodeling induced by
CAP in HepG2 cells.

2. Results
2.1. Effect of Capsaicin on Oleic Acid-Induced Hepatic Steatosis HepG2 Cell Model

HepG2 cells have been widely used as a model of NAFLD [33] after exposure to free
fatty acids (FFAs) in culture medium [34-36]. We first tested the effect of CAP on HepG2
cells. As shown in Figure S1, CAP exerts a general dose-dependent antiproliferative activity
on HepG2 cells. Since 10 pM CAP had a slight effect on cell viability, this concentration
was chosen for subsequent experiments. A minimal dose was selected to investigate the
early and specific effects of CAP on lipid accumulation while avoiding potential off-target
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effects or cytotoxicity associated with higher concentrations. Oil Red O staining was used
as a well-established method to measure the effects of CAP on intracellular neutral lipid
accumulation, allowing visualization of lipid droplets within cells. Therefore, intracellular
lipid droplets were evaluated under a light microscope. The treatment with CAP decreased
the staining of intracellular lipid droplets in OA-treated cells (Figure 1A). Particularly, it
can be observed how the intensity of the staining in cells treated with OA alone is reduced
by the combined treatment with CAP, reaching levels comparable to those observed in
the control (CTRL) or CAP alone. The CAP-dependent suppression of lipid accumulation
in HepG2 cells was also confirmed by Oil Red-O quantitation (as described in Section 4)
(Figure 1B).
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Figure 1. Oil Red-O staining of HepG2 cells. Capsaicin (CAP) counteracts lipid accumulation induced
by oleic acid (OA) supplementation. Cells were starved for 24 h and then incubated in DMEM /FFA-
free BSA containing OA (100 pM) or CAP (10 uM) or both for 24 h. (A) The HepG2 cells were stained
with Oil Red-O and observed by a microscope (original magnification: 100x). (B) Representative
graphs showing intracellular lipid accumulation in HepG2 cells. The relative levels of lipids and
fatty acids were quantified by extracting the Oil Red-O dye and by measuring relative absorbance
at 490 nm. The bar graph shows the percentage (£SD) of lipids and fatty acids (CTRL = 100%).
Statistical significance: * p < 0.05.

2.2. Lipidomic Profile
2.2.1. Membrane Fatty Acid Profile of HepG2 Cellular Model

The membrane fatty acid profiles (the list of fatty acids analyzed, including their
nomenclature, is provided in Supplementary Materials) of HepG2 cells were analyzed after
treatment with 10 uM CAP or 100 uM OA, or their combination for 1.5 h, 3 h, and 24 h to
assess the lipidome modifications at different time points. The fatty acid remodeling was
statistically evaluated by comparing the fatty acid profiles of the incubated cells with those
without supplementation by using the same conditions and incubation times in triplicate.
The membrane isolation, FAME (fatty acid methyl esters) preparation, and GC/GC-MS
characterization were performed as previously described [6,37]. Exposure to CAP for
1.5 h did not induce significant changes (Table S1). In the effect of OA, there was a fast
incorporation of significantly higher levels of the fatty acid (p = 0.0005), which was also
reflected in the total monounsaturated fatty acids (MUFAs)" increase (p = 0.012) (Figure 2A).
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Figure 2. SFA, MUFA, and PUFA families expressed as relative percentage of the quantitative analyses
obtained from the phospholipid membranes of HepG2 cell samples treated with 10 uM CAP, 100 uM
OA, and mixture (OA and CAP) for (A) 1.5 h, (B) 3 h, and (C) 24 h. The bar graph shows the
percentage (£SD). The statistical significance was carried out by comparing each treatment with
CTRL; * p < 0.05; * p < 0.01; *** p < 0.001; F > 5.12 for the significant p values.

Moreover, OA supplementation induced a significant decrease in stearic acid (18:0)
and in general of saturated fatty acids (SFAs) (p = 0.004 and 0.035, respectively) (Figure 2A).
It is important to notice that the loss of di-homo-gamma-linolenic-acid (DGLA omega-
6) balanced the increase in polyunsaturated fatty acids (PUFAs) omega-3, although this
variation was not significant (see Table S1).

With the combined treatment (OA and CAP), in addition to the expected incorporation
of OA in the membrane (p = 0.0013 compared to CTRL), an increase in myristic acid (14:0)
(p = 0.0082) and palmitoleic acid (9cis 16:1) was also observed. The increase in MUFA
content (p = 0.017) was balanced by a significant reduction in SFA (p = 0.017) (Figure 2A),
due to the decrease in palmitic acid (16:0) and stearic acid (p = 0.0081 and p = 0.023,
respectively) (see Table S1). After 3 h of incubation (Table 52), CAP induced not only a
significant decrease in sapienic acid (6¢is 16:1, 16:1 omega-10) (p = 0.029) and linoleic acid
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(18:2 omega-6) (p = 0.035), but also an increase in OA, although without significance. The
incubation with OA induced its incorporation into membranes (p < 0.0001) and increased
the content of MUFA (p = 0.0150) (Figure 2B). Simultaneously, a decrease in the total content
of SFA (Figure 2B), palmitoleic acid (p = 0.0005), and cis vaccenic acid (p = 0.0023) was
observed. Treatment with both molecules induced (i) the loss of SFA (p = 0.0058) (Figure 2B),
due to the decrease in myristic acid and palmitic acid (p = 0.0165); (ii) the increase in OA
(p < 0.0001) and its elongation products, gondoic acid (11cis 20:1) (p = 0.032), and erucic
acid (13cis 22:1) reflected in the total MUFA content (p = 0.0012) (Figure 2B). On the contrary,
a significant decrease in sapienic acid (p = 0.0001), palmitoleic acid (p < 0.0001), cis vaccenic
acid (11cis 18:1) (p = 0.0006), and linoleic acid (p = 0.0005) was observed, whereas the total
content of omega-10 was significantly reduced (p = 0.023). Interestingly, at 3 h (also noticed
in the results at 24 h, Table S3), all treatments modulated the content of sapienic acid and its
metabolites: 8cis 18:1 (18:1 omega-10) and sebaleic acid (5cis, 8cis 18:2, 18:2 omega-10) [6,37].
To the best of our knowledge, this is the first report regarding the omega-10 detection in the
HepG2 cell model (Figures S2 and S3). Figure 3 describes the omega-10 family pathway.
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Figure 3. Metabolism of sapienic acid (6¢is 16:1) starting from palmitic acid. The metabolites
of sapienic acid are formed through the following steps: elongation to 8cis 18:1 and subsequent
desaturation to 5cis, 8cis 18:2 (sebaleic acid).

Table S3 shows the effect of the treatments at 24 h. In detail, the incubation of HepG2
cells with CAP did not induce an evident and significant membrane remodeling. As expected,
the treatment with OA confirmed its significant incorporation into membranes (p = 0.0001).
Moreover, we observed its elongation to gondoic acid (p = 0.0027), as well as the increase in the
total MUFA content (p = 0.0001) (Figure 2C). However, sapienic, palmitoleic, and cis vaccenic
fatty acids were significantly decreased (p = 0.0011, p = 0.0001, and p = 0.0006, respectively).
This effect can be explained by the negative feedback on the desaturase enzyme activity
promoted by OA supplementation as previously reported [38,39]. Furthermore, the content of
SFA (p = 0.0017) (p = 0.044) also decreased (Figure 2C). In addition, a significant decrease in
docosahexaenoic acid (DHA) omega-3 (p = 0.034) and omega-10 levels (p = 0.0167), along with
an increased omega-6/omega-3 ratio (p = 0.027), was noticed.

The combined treatment of OA and CAP showed even more significant effects. On
the one hand, the incorporation of OA (p < 0.0001) and its metabolite 11cis 20:1 (p = 0.0078),
along with an increase in palmitic acid (p = 0.0109), was observed. On the other hand, the
myristic and stearic acids were diminished (p = 0.0002 and p = 0.0011, respectively) together
with sapienic acid (p = 0.001), palmitoleic acid, trans 16:1 (p < 0.0001), and cis vaccenic acid
(p < 0.0001). In contrast to the previous incubation times, a significant loss of PUFA was
observed (p = 0.0032) at 24 h (Figure 2C). Specifically, a significant reduction was observed
in omega-6 fatty acids (p = 0.0052), particularly in linoleic acid (18:2 omega-6; p = 0.025),
dihomo-y-linolenic acid (DGLA; p = 0.0051), and arachidonic acid (p = 0.0092). This decrease



Int. J. Mol. Sci. 2025, 26, 8242

6 of 23

was also detected in omega-3 fatty acids (p = 0.0022), specifically in docosapentaenoic acid
(DPA; p = 0.0086) and docosahexaenoic acid (DHA; p = 0.0004). The omega-6/omega-3
ratio was significantly altered compared to the control group (p = 0.027). Furthermore, the
omega-10 fatty acids were significantly reduced (p = 0.0009).

2.2.2. PUFA Evaluation in Biomimetic Models

We believe that a longer exposure to OA (24 h) could strongly influence the biophysical
membrane properties, such as the fluidity, as previously reported [40]. Therefore, CAP in
the presence of OA could diminish the hydrophobic interaction with fatty acid chains [41,42]
by promoting a decreased protection of PUFA moieties as reflected in their loss during
the incubation. This effect was not noticed when only CAP was used at the same time
of incubation. To prove this hypothesis, we performed the biomimetic experiments by
incubating unilamellar liposomes, since they are well-known as representative cellular
models [43]. The biomimetic experiments were performed by using the same treatments
as for HepG2 cells (10 uM CAP, 100 uM OA, or their combination). We evaluated the
modulation of the known antioxidant property of CAP to PUFA [44] in combination with
OA. The PUFA protection activity was assessed by using liposomes made of 1-palmitoyl-2-
linoleoyl-sn-glycero-3-phosphocholine and by measuring the loss of linoleic acid [43,45,46]
based on the ratio value of linoleic acid (18:2) to palmitic acid (16:0). As a liposome model,
we employed 1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphocholine, because the fatty acid
residue of palmitic acid (saturated fatty acid) is chemically stable to oxidative condition,
while the fatty acid residue of linoleic acid (omega-6 PUFA) reacts to oxidation. Therefore,
palmitic acid, unaffected by oxidation, can be used as the internal standard to measure the
linoleic acid reactivity in the model [43]. As shown in Table 1, we compared the results
obtained by using empty liposomes (1 mM in PBS, pH 7.4) incubated with CAP, OA, and
their combination in “open air” at 37 °C for 24 h with those obtained by incubating oleic
acid-entrapped liposomes (OA-liposomes) with CAP (10 uM) under the same conditions.

Table 1. PUFA protection activity of capsaicin (CAP).

o 1
Incubation of Liposomes at 37 °C, 24 h PUFA Loss%

(Mean + SD)
+10 uM CAP 0
+100 uM OA 62.05 + 0.05
Mixture 10 uM CAP + 100 uM OA 19 £ 0.09
(OA-liposome) 26 + 0.5
(OA-liposome) + 10 uM CAP 16.14 £ 1.06

1 PUFA loss % is calculated on the value of the linoleic/palmitic acid ratio of CTRL (controls) represented by
empty liposomes at the starting time, without incubation. OA, oleic acid.

In all experiments (performed in triplicate), the empty liposomes (1 mM at the starting
time and not incubated) were used as a control, where the reference value of the ratio
linoleic acid/palmitic acid was equal to 1, representing 100% of linoleic acid. The results
showed that only CAP provided the total protection of linoleic acid without any loss.
In contrast, its formulation with OA induced a 19% loss of linoleic acid, showing only
partial protection compared with the 62% linoleic acid loss observed with OA alone. When
OA-liposomes were incubated (linoleic acid loss equal to 26%), CAP was able to protect
84% of linoleic acid, displaying a result comparable to that observed after the treatment
of the CAP and OA mixture in empty liposomes (protection equal to 81%, Table 1). Our
results from the experiments conducted using the liposomal suspension model showed that
the protective effect of CAP on linoleic acid is critically dependent on its localization and
hydrophobic interaction with the fatty acid. These interactions, however, can be disrupted
by OA, which increases membrane fluidity and alters the biophysical properties of the
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liposomal system. To further investigate the critical role of the physical state, we performed
a complementary experiment using linoleic acid methyl ester in isopropanol to eliminate
the aqueous compartmentalization and the hydrophobic interaction between CAP and
the fatty acid chains [41,42]. This experiment enabled us to assess PUFA protection by
CAP in solution, where OA cannot interfere with the biophysics of the system, like in the
case of the liposomal model. Specifically, a solution of 1 mM linoleic acid methyl ester in
isopropanol was incubated with only CAP (10 uM) and its mixture with OA (100 uM) in
open-air conditions at 37 °C, for only 6 h to avoid solvent evaporation. Therefore, in this
experiment, a homogenous solution of linoleic acid methyl ester was used instead of a
liposomal suspension. By using this solution, the presence of OA in the mixture with CAP
did not influence the protective effect of CAP to linoleic acid (see Table 54).

Furthermore, we also considered that CAP could lose its protective interaction with
PUFA when mixed with OA, due to the spontaneous organization of OA into micelles
under our experimental conditions that could sequester CAP [47,48]. Therefore, by using
Dynamic Light Scattering (DLS), we monitored the formation of OA or OA and CAP
micelles when their solutions were dispersed in PBS buffer at pH 7.4. At the starting time
(0 time), the size of OA micelles was equal to 244.88 & 3.35 nm (polydispersity 0.220), while
OA and CAP micelles measured 197.12 + 6.14 nm (polydispersity 0.226). Our interest was
specifically focused on monitoring the micelles at 24 h at 37 °C, as we observed a decrease
in PUFA levels both in the cell model and in the biomimetic experiments. At this time,
DLS could no longer detect nanoparticle micelles but instead indicated the presence of
aggregates (size 11,005.15 £ 3670 nm, polydispersity 10,582). These findings suggest that
the protective effect of CAP is influenced by its physical state and membrane environment.

2.2.3. Triglyceride Fatty Acid Profile

In addition to the fatty acid profiles of phospholipid membranes, we also characterized
the fatty acid content of the cytoplasmic triglycerides (TGs), since at 3 h and 24 h, lipid
droplets were evidenced by TLC after treatments with OA and the combination of OA
with CAP (Tables S5 and S6). We compared the fatty acid profiles of TG formed after
OA with CAP supplementation with those formed after OA treatment. We observed that
both non-treated HepG2 cells and those treated with CAP were free of lipid accumulation.
The formation of triglycerides after exposure to OA confirmed the lipid accumulation
detected and monitored by Oil Red-O staining (see Figure 1). After 3 h, the fatty acid
composition of TG was characterized by an increase in stearic acid (p < 0.0001), sapienic acid
(p = 0.03), omega-10 fatty acid family (p = 0.04), and DGLA omega-6 (p = 0.009). This effect
was balanced by a decrease in total MUFA (p = 0.038), particularly OA (p = 0.034) and cis
vaccenic acid (p = 0.0071). After 24 h treatment, the total SFA (p = 0.018) and the myristic
and stearic acids content increased (p values 0.0003 and 0.0020, respectively). Conversely,
MUFA decreased (p = 0.016), specifically OA (p = 0.077), cis vaccenic acid (p = 0.0063),
and DHA omega-3 as PUFA (p = 0.04). The fatty acid distribution between phospholipid
membranes and cytoplasmic accumulations after the treatments can be seen in Figure 4,
where certain significant fatty acid changes in membrane phospholipid and cytoplasmic
triglyceride composition were highlighted.

Interestingly, after 3 h of incubation, sapienic, palmitoleic, and stearic acids reached
similar values between PL and TG, showing an equilibrated content between the two cellu-
lar compartments. A different trend occurred for palmitic and cis vaccenic acids, where
the fatty acids remained in the form of lipid accumulation in the cytoplasmic environment
rather than enriching the phospholipid membranes. OA increased in membrane phos-
pholipids and decreased in TG accumulation. Our results support the evidence that the
presence of CAP in the mixture prevents the further accumulation of OA [19,49-51], which
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was consequently incorporated in phospholipid membranes. After 24 h, the cytoplasmic
and membrane portioning showed an equal level for palmitic, sapienic, and palmitoleic
acids. On the contrary, stearic acid accumulated more in the cytoplasmic lipid droplets
rather than in the phospholipid membranes after OA with CAP treatment. The supplemen-
tary accumulation of OA in lipid droplets was avoided by merging an equilibrated content
with phospholipid membranes, while the cis vaccenic acid decreased in PL and TG.
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Figure 4. Certain significant fatty acid changes in membrane phospholipid and cytoplasmic triglyc-
eride (TG) composition after treatment with OA /OA with CAP. The significant values of fatty acids
of TG are reported in Tables S5 and S6.

2.2.4. HepG2 Membrane Lipid Class Characterization

The lipid classes of cell membranes were evaluated by using HPLC-MS after 24 h of
treatment. We monitored the content of the following components: phosphatidyl glycerol
(PG), phosphatidyl inositol (PI), cholesterol (CHO), phosphatidyl serine (PS), phosphatidyl
ethanolamine (PE), sphingomyelin (SM), and phosphatidylcholine (PC). As shown in
Table 2, CAP induced a significant increase in the content of PS (p = 0.0181), while PE and
SM were significantly decreased (p = 0.0003; p = 0.05) with respect to CTRL.
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Table 2. Main lipid classes isolated from HepG2 cell membranes treated with 10 pM capsaicin (CAP),
100 uM oleic acid (OA), and OA + CAP after 24 h.

CTRL CAP OA CAP + OA

PG 8.17 £ 0.61 8.85 £ 0.15 7.90 £ 0.40 7.90 £ 0.80

PI 10.17 £ 0.90 10.35 £ 0.45 9.46 + 1.05 10.80 = 0.50

CHO 5.96 £0.45 5.28 £0.53 5.27 £0.58 6.00 £ 0.20
PS 13.05 £1.25 1695 +£0.75* 1551 £1.15 16.68 £ 1.03 **
PE 18.62 +0.23 16.13 £ 0.39 ***  16.58 + 0.49 **  15.83 £ 0.57 ***

SM 735+£0.25 6.20 = 0.30 * 8.28 £ 0.85 6.30 = 0.40

PC 36.66 £ 1.94 35.93 + 0.42 36.70 £ 0.50 35.75 £ 0.85

Values are expressed as relative quantitative percentages (% rel. quant.) calculated from the quantities of lipids
obtained by HPLC-MS analysis, identified and calibrated by the standard references as described in Materials and
Methods. Values are mean =+ SD of the experiments performed in triplicate. Statistics were carried out in comparison
with control (CTRL) grown under the same conditions without treatments; significance p values * < 0.05; ** < 0.01;
*** <0.001; F > 6.8 for the significant p values; PG, phosphatidyl glycerol; PI, phosphatidyl inisitol; CHO, cholesterol;
PS, phosphatidyl serine; PE, phosphatidyl ethanolamine; SM, sphingomyelin; PC, phosphatidyl choline.

The OA treatment induced a significant decrease in PE content (p = 0.012), whereas
the combined treatment (OA and CAP) mirrored the effect of CAP alone, increasing the PS
content (p = 0.0078) and decreasing PE (p = 0.0002) content; also, SM showed a decreasing
trend, although without significance.

2.3. Effects of Capsaicin and Oleic Acid on Inflammatory Mediators

It has been demonstrated that CAP regulates the inflammatory response in TRVP1-
dependent and TRVP1-independent manner [52,53]. Moreover, adiposity is tightly related
to pro-inflammatory cytokines such as interleukin (IL)-1f, IL-6, and tumor necrosis factor
o (TNF-«) [54]. Therefore, we decided to measure using Luminex technology, in addi-
tion to IL-1p3, IL-6, and TNF-«, also the levels of the pro-inflammatory chemokine IL-8
(CXCLS8), and two other cytokines, namely, IL-4 and IL-10 (with general anti-inflammatory
activity) [55]. As shown in Figure 5, some differences were observed after treatments. In
particular, OA significantly reduced the levels of IL-6 and TNF-«, as also observed when
combined with CAP. Moreover, drugs combination also reduced the levels of IL-4 and IL-8
(Figure 5).

2.4. Multivariable Analysis Identifies Cytokine—Chemokine and PUFA Associations

The potential relationship between inflammatory mediators and the fatty acids in our
experimental model under the various treatments with CAP, OA, and their combination
was investigated. We assessed the multivariable comparison [6] between cytokine levels,
omega-3 and omega-6 PUFAs, precursors of anti-inflammatory and pro-inflammatory
prostaglandins (PGE3 and PGE2) [56]. Specifically, we performed a statistical multivariable
comparison analysis based on correlation matrices by using the cytokine-chemokine levels
shown in Figure 6 and the omega-6 and omega-3 values reported in Table S3. The results of
this multivariable analysis were graphically represented by the corresponding heatmaps
(Figure 6).
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Figure 5. Modulation of cytokines/chemokines secretion in HepG2 cells treated with 10 uM cap-
saicin (CAP) alone or in combination with 100 uM oleic acid (OA). Concentrations of the indicated
analytes in conditioned media were quantified by multiplex immunoassay. The results are shown as
mean + SD (statistical significance versus control cells: * p < 0.05; F > 4.6 for the significant p values).

Interestingly, in the control cells, IL-10 and IL-8 were positively correlated with DPA
(docosapentaenoic acid) omega-3 (p = 0.044) and omega-6 (p = 0.020) in a significant
way. CAP has induced an inverse correlation between cytokines and PUFA compared
to the control cells. In fact, we observed a significant negative correlation between ARA
(arachidonic acid) omega-6 and IL-1f (p = 0.006) and IL-10 (p = 0.001), which were posi-
tively correlated in the control. Furthermore, we observed a negative correlation between
DHA (docosahexaenoic acid) omega-3 and IL-4 (p = 0.037) and between DHA omega-3
and TNF-o (p = 0.045), the latter becoming significant compared to the control. Addi-
tionally, four significant correlations were found in OA-treated cells. Specifically, IL-1(3
showed negative correlations with ARA omega-6 and EPA (eicosapentaenoic acid) omega-3
(p =0.039 and p = 0.037, respectively), while omega-3 was positively correlated with IL-4
(p = 0.006) and negatively correlated with TNF-« (p = 0.006). By analyzing the correlations
in cells treated with CAP, OA, and their combination, it was observed that IL-1f3 showed a
significant negative correlation with EPA omega-3 (p = 0.045), while IL-6 was positively
correlated with PUFA omega-3 (p = 0.036).
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Figure 6. Heatmaps show the correlation matrices between PUFA omega-6 and omega-3 values and
cytokine levels in the HepG2 cell model under treatments. The results of the multiple variable analyses
based on correlation matrices were expressed as positive or negative coefficients of correlation r and
their p values; color code reported in the legend spans from red positive r to green negative r; the
white asterisks indicate the r coefficients with statistical significance detailed in the corresponding

Section 2.

3. Discussion

The worldwide increase in obesity represents a significant health challenge due to its
strong association with insulin resistance, cardiovascular disease (CVD), and increased risk
of several cancers. Moreover, obesity (particularly abdominal obesity), along with dyslipi-
demia, hyperglycemia, and hypertension, is a key component of metabolic syndrome [57].
Chili peppers have been traditionally used for flavoring, food preservation, and medicinal
purposes. Several studies highlight that chili peppers, and capsaicinoids as their main
active compounds, may help reduce energy intake by promoting a sense of satiety [58].
Therefore, in this work, we studied the effects of CAP in a dyslipidemic cellular model
(HepG2 treated with OA). We first demonstrated that CAP showed a dose-dependent
antiproliferative effect on HepG2 cells, and we selected the 10 uM concentration for further
experiments due to its slight impact on cell viability. Moreover, CAP 10 uM was found to
reduce intracellular lipid droplet accumulation in cells treated with OA. To further elucidate
the lipid pathways involved, we performed lipidomic profiling of HepG2 cells treated with
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CAP, OA, or their combination at 1.5, 3, and 24 h. This time-course analysis was designed
to follow up the lipidome changes compared to untreated cells, with a specific focus on
fatty acid remodeling in both membrane phospholipids and cytoplasmic triglycerides (see
Figures 2 and 4). Fatty acid content was quantified using a previously validated and highly
accurate analytical protocol [6]. First of all, we observed that by performing the lipidomic
analysis, we found the omega-10 fatty acid family in the starting HepG2 cells, reporting the
presence for the first time in this type of cell. The metabolic pathways of these fatty acids
are illustrated in Figure 3. Interestingly, following treatment with CAP and OA + CAP at
3 h, a significant decrease in 16:1 omega-10 (6¢is-16:1, sapienic acid) and in total omega-10
fatty acid content was observed in membrane phospholipids, accompanied by a parallel
increase in the cytoplasmic triglyceride fraction (see Figure 4, Tables 52 and S5). A similar
trend was also observed at 24 h following the combined treatment (see Tables S3 and S6),
affecting both membrane phospholipids and triglycerides. Additionally, the content of 18:2
omega-10 (5cis, 8cis-18:2, sebaleic acid) was also significantly decreased at 24 h in response
to the combined treatment.

Notably, sebaleic acid (5cis, 8cis 18:2) represents the first detected PUFA endogenously
produced by mammal cells; from chemical perspective, it is a positional isomer of linoleic
acid (9cis, 12 cis 18:2). It is well known that mammal cells have to get the two essential
PUFAs, linoleic acid omega-6 and alpha-linolenic acid omega-3 from external sources, as
these are exclusively produced by plants, which have the appropriate desaturase enzymes
for their biosynthesis [59]. Only after uptake, these essential fatty acids are endogenously
converted by cellular metabolic pathways into long-chain omega-6 and omega-3 fatty
acids. In this work, we determined the omega-10 fatty acid content by chemical-analytical
strategy (see Section 4), based on the characterization of diagnostic fragments by GC-MS
(Figure S3) according to the described procedures [37,60]. As previously published by our
group, the omega-10 fatty acid family plays an emerging and interesting role in tumor
development [61]. They are present in several tumoral cells, such as Caco-2 colorectal
cancer cells [37], prostate PC-3 and LNCaP cancer cells [62], human bronchial epithelial
BEAS-2B cells, and relative exosomes [63], as well as in human red blood cells and plasma
in obesity-associated disorders [64,65]. We demonstrated that the omega-10 fatty acids
were able to modulate the expression and activation of EGFR receptor (epidermal growth
factor receptor), AKT (protein kinase B), and mTOR (mammalian target of rapamycin)
signaling pathway in MCF-7, MDA-MB-231, and BT-20 breast cancer cell lines [6]. The
role of omega-10 fatty acids in cancer is still debated, as well as their possible xenobiotic
activity. In a recent study, we demonstrated a pro-cancer effect associated with omega-10
fatty acids [6]. However, research in this area is still ongoing to further elucidate the role of
omega-10 fatty acids across different tumor cell types.

In general, membrane fatty acid remodeling observed at the early time points (1.5 h and
3 h) revealed a significant increase in MUFAs, attributable to the incorporation of oleic acid
following OA and OA + CAP treatments. This increase in MUFA content was accompanied
by a decrease in SFA, while PUFA remained unchanged (see Figure 2). Interestingly,
membrane lipidomics at 24 h revealed that the OA + CAP treatment induced a significant
loss of PUFA, which was not observed with CAP alone (see Figure 2 and Table S3). We
believe that prolonged exposure to OA (24 h) altered the biophysical properties of the
cell membrane, increasing membrane fluidity [40], weakening hydrophobic interactions
between CAP and fatty acids [41,42], and consequently reducing the protective effect
of CAP on PUFA [44]. To investigate this, we carried out biomimetic experiments by
incubating unilamellar liposomes, commonly used as representative cell membrane models,
with the same treatments applied to HepG2 cells. In particular, we demonstrated that in
the liposomal model composed of 1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphocholine,
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the PUFA residue of linoleic acid was fully preserved only during the incubation with CAP
under “open-air” conditions at 37 °C. In contrast, we observed a decrease in linoleic acid
content, with a 19% loss, when CAP was combined with OA (see Table 1). Our results
obtained from the liposomal suspension model showed that the protective effect of CAP on
linoleic acid is critically dependent on its localization and hydrophobic interaction with
the fatty acid due to the chemical structure of CAP [43]. The addition of OA increases
membrane fluidity, altering the biophysical properties of the model and generating a
“disturbing effect” on the hydrophobic interactions, leading to a loss of PUFA protection
by CAP. This phenomenon was observed in a heterogeneous physical system, such as
aqueous suspensions, as indicated by our results. To further support this hypothesis,
we also performed complementary incubations in a different environment by using a
model fully soluble in the experimental system, specifically linoleic acid methyl ester in
a solution of isopropanol. Being in solution rather than in an aqueous suspension, this
system lacks the hydrophobic interactions between CAP and fatty acid chains. As a result,
the incubations with the same treatments, particularly the addition of OA (or CAP + OA),
did not introduce a “disturbing element”, did not change the physical state, and did not
impair the general PUFA protection by CAP (see Table S4). This highlights that the efficacy
of antioxidants against oxidative stress conditions is influenced not only by their intrinsic
chemical properties but also by their localization and by the system'’s physical conditions.
Moreover, we also considered that, under our experimental conditions, the protective
interaction between CAP and PUFA could be impaired due to the incorporation of CAP in
spontaneously formed micelles with OA. This hypothesis was confirmed by DLS, which
indicated the formation of micelles with an average diameter of approximately 200 nm in
PBS buffer at pH 7.4. Notably, these micelles evolved into large aggregates (~11,000 nm)
after 24 h, a timing point at which the reduction in PUFA levels was observed both in the
cellular model and in the biomimetic liposomal system. Considering these experimental
results, we concluded that the CAP sequestration in big aggregates might have affected
the interaction with PUFA and, therefore, the ability to protect them in membranes. These
findings clearly demonstrate how the CAP ability against PUFA oxidation is influenced
by its state, aligning with the observations from the cell model, where the CAP and OA
mixture promoted a significant loss of PUFA compared to the treatment with only CAP at
24 h. Our biomimetic experiments using liposome suspension mirroring the cell models
suggest that CAP may lose its protective interaction with fatty acid chains when combined
with certain molecules, such as oleic acid, enhancing membrane fluidity [40,41] or, even
more critically, disrupting membrane integrity through aggregate formation, as previously
reported [66]. Figure 7 describes the modulation of PUFA protection by CAP in more
fluid or altered membranes due to OA by comparing the membrane fatty acid families
remodeling of the HepG2 cells (Figure 7A) with the results obtained from the biomimetic
experiments (Figure 7B). This outcome is very important for developing formulations and
supplements containing antioxidant molecules, for which the beneficial effect could be
altered by the other components, excipients, and physical state.

Another interesting aspect is the profile of the lipid classes present in cell membranes
(see Table 2). On the one hand, CAP significantly increased PS levels, while simultaneously
reducing PE and SM. On the other hand, OA alone reduced PE, and combined treatment
(OA + CAP) similarly to CAP increased PS levels and reduced PE, with a trend toward
a non-significant reduction in SM. These findings provided insights into the differential
effects of CAP and OA on the lipid composition of cell membranes. It is important to
highlight the increase in PS content induced by CAP treatment, which modulates PS levels
within cell membranes. PS plays a crucial role in various cellular processes, including cell
death and signaling [67,68]. For instance, the pro-apoptotic effect of CAP on the HepG2 cell
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line has been well established at higher concentrations [69]. In our experiments, however,
the CAP concentration of 10 uM induced only a slight decrease in cell proliferation (see
Figure S1), an effect that may be linked to the observed increase in PS content. These
findings are consistent with a previous study showing that CAP significantly increased PS
externalization in bone marrow mesenchymal stem cells [70]. Furthermore, the decreased
content of SM induced by CAP can lead to an increase in membrane fluidity at a low
concentration, aligning with the data previously published, in which CAP at relatively
low concentrations is intercalated in phospholipid moieties, perturbing the membrane
lipids” packing and increasing membrane fluidity [71]. The significant decrease in PE is
the only common effect observed in all treatments. This observation could suggest that
they modulate the PE transformation to N-acyl-phosphatidyl-ethanolamine via N-acyl
transferase and N-acyl phosphatidylethanolamine phospholipase D (NAPE-PLD), also
in a dose-dependent manner, as well as with time and temperature, in agreement with
previously published studies [72-74].
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Figure 7. (A) Membrane fatty acid families remodeling of HepG2 cells treated with CAP (10 uM),
OA (100 uM), and OA + CAP for 24 h. (B) The lipidomic profiles were compared with biomimetic
experiments performed by incubating liposomes made of PLPC for 24 h in open-air conditions
at 37 °C with CAP and OA + CAP. This shows the decrease in PUFA protection by CAP due
to loss of CAP-PUFA interaction in more fluid membranes or membranes disrupted by OA and
CAP aggregates.

It has been demonstrated that dietary CAP reduces obesity-induced inflammation
and metabolic dysfunction in obese mice by lowering glucose intolerance, inflammatory
cytokines, and macrophage infiltration in adipose tissue and liver [75]. Therefore, we
measured a panel of inflammatory mediators in order to investigate the effects of CAP
with or without OA in our experimental model. Results showed that OA significantly
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lowered IL-6 and TNF-« levels, an effect also seen with the OA and CAP combination,
which additionally reduced IL-4 and IL-8 levels (see Figure 5). These data suggest that
CAP alone is not able to modify the secretion of selected cytokines/chemokines, probably
due to the low concentration of the drug in our experimental model. In fact, on the one
hand, several studies on LPS-stimulated macrophages provided evidence for the anti-
inflammatory properties of CAP, which include the inhibition of IL-1f3, IL-6, and TNF-o
production [76,77]; on the other hand, it has been also reported that CAP supports IL-6
secretion in human bronchiolar epithelial (BEAS-2B) [78] and in TNF-«a-stimulated PC-3
prostate cancer cell line [79]. The observed reduction in pro-inflammatory mediators after
combined treatments suggests that CAP might enhance the well-known anti-inflammatory
effects of OA [80,81].

Moreover, multivariable comparison analysis between cytokine levels, omega-
3 and omega-6 PUFAs, and precursors of anti-inflammatory and pro-inflammatory
prostaglandins (PGE3 and PGE2) was conducted to explore their potential relationships
(see Figure 6). The statistical correlation between cytokine levels and omega-3 and omega-6
yielded intriguing findings. In general, the metabolite correlation analysis showed that
IL-1$ had the highest number of correlations, consistently displaying an inverse correlation
with PUFA across all treatments compared to control, supporting its potential role in the
regulation of lipid metabolism as previously reported [82,83]. For the first time, our data
revealed connections between cytokine levels and membrane fatty acids in HepG2 cells
treated with CAP and its combination with OA. Some distinct patterns have emerged,
indicating differential modulation of cytokine-PUFA relationships across treatment groups.
Specifically, we considered the effect of CAP related to IL-4 and IL-10, both well-established
anti-inflammatory cytokines [55,84]. The observed significant inverse correlations between
IL-4 and DHA omega-3 suggest that an increase in IL-4 level is associated with the for-
mation of PGE3 and DHA-derived resolvins. In contrast, no correlation was found with
ARA omega-6. Furthermore, the anti-inflammatory cytokine IL-10 exhibited a significant
inverse correlation with ARA omega-6, while no correlation was observed with DHA
omega-3. The inverse correlation between increased IL-10 levels and ARA omega-6 may
be attributed to the conversion of ARA into pro-inflammatory PGE2 mediators. These
mediators were counterbalanced by the production of the anti-inflammatory PGE3 from
EPA and DPA omega-3 [85], which were conversely correlated with IL-10, although with no
significance. The anti-inflammatory effect was also supported by the significant negative
correlations observed between IL-13 and ARA omega-6 and between TNF-« and DHA
omega-3. We can conclude that the modulation of the inflammatory effect of the cytokines
was correlated with the inhibition of ARA transformation into the inflammatory mediator
PGE2, promoted by DHA omega-3. All these outcomes with the CAP treatment suggest
that omega-3 PUFA may contribute to the formation of anti-inflammatory lipid mediators,
therefore modulating the production of pro-inflammatory cytokines. The inhibition of
PGE2 production, a potent pro-inflammatory mediator, by DHA omega-3 has been reported
in various cell types, including LPS-stimulated RAW 264.7 cells [86]. Our results are in
agreement with the previous evidence, demonstrating that inflammatory cytokines, such
as IL-1 and TNF-«, can also be influenced by lipid mediators derived from PUFA, notably
PGE2 from ARA omega-6 and PGE3 from EPA and DHA omega-3 [85,87]. Interestingly, the
combined treatment of CAP with OA completely reverted the correlation between PUFA
and IL-4, compared to CAP alone. Indeed, IL-4 gave a positive correlation with all omega-6
and omega-3 PUFAs, although without significance (see Figure 6). This positive correlation
was also evidenced in the treatment with OA alone. Specifically, we noted a significant
correlation between IL-4 and the anti-inflammatory precursor omega-3 PUFA. Additionally,
omega-3 demonstrated a significant positive correlation with TNF-«, implying a potential
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anti-inflammatory role of these fatty acids in the presence of oleic acid. The data suggest
that OA may exert modulatory effects on cytokine responses through the PUFA pathway.
Overall, considering the decreasing trend of the levels of the inflammatory cytokines in
treatments (see Figure 5), which were especially significant in the case of molecule combi-
nation, could suggest that cytokines were directly modulated by omega-3 PUFA. In fact,
the inhibition of pro-inflammatory mediators such as IL-6, TNF-&, PGE2, and nitric oxide
by omega-3 fatty acids has been well-documented in the literature [88-90].

4. Materials and Methods
4.1. Materials

Commercially available cis and trans fatty acid methyl esters (FAMEs), dimethyl
disulfide, cholesterol, and a mixture of phospholipids and iodine were purchased from
Merck (Darmstadt, Germany) and used without additional purification; the trans FAME
isomers not commercially available were synthesized as described [91], 6¢is hexadecenoic
acid methyl ester, 7cis hexadecenoic acid methyl ester, 8cis 18:1 methyl ester, and 5cis, 8cis
18:2 methyl ester and 1-palmitoyl-2-linoleoyl-sn-glycero-3-phosphocholine were purchased
from Lipidox (Liding®, Sweden). Acetonitrile, chloroform, methanol, diethyl ether, n-
hexane (HPLC grade), and absolute ethanol were purchased from J.T. Baker (Phillipsburg,
NJ, USA) and used without further purification. Analytical thin-layer chromatography
(TLC) was performed on Merck silica gel 60 plates, 0.25 mm thickness, and spots were
detected by spraying the plate with cerium ammonium sulfate/ammonium molybdate
reagent and revealed by heating the plate. Dulbecco’s modified Eagle’s medium (DMEM),
glutamine, penicillin (10,000 U/mL) and streptomycin (10.000 mg/mL), phosphate buffer
saline (PBS), capsaicin (CAP), oleic acid (OA), fatty acids-free (FFAs) bovine serum albumin
(FFA-free BSA), dimethyl sulfoxide (DMSO), Oil Red-O, and all reagents were from Merck
(Darmstadt, Germany) unless stated otherwise. Fetal calf serum (FCS) was purchased from
Corning Incorporated (Corning, New York, NY, USA). OA was diluted in isopropanol (95%
HPLC grade) to obtain a 40 mM stock solution, while CAP was dissolved in ethanol to
obtain a 100 mM stock solution.

4.2. Cell Culture and Treatments

The human HepG2 cells (from American Type Culture Collection, Manassas, VA,
USA; kindly provided by Dr. Claudia Giampietri, Dept. of Anatomy, Histology, Forensic
Medicine and Orthopedics, Sapienza University of Rome, Italy), a well-established model
for studies on lipid metabolism [20,26], were cultured in DMEM supplemented with
10% FCS, 0.05% L-glutamine, 1% penicillin and streptomycin, and kept at 37 °C in a
humidified atmosphere in the presence of 5% CO;. For proliferation studies, HepG2 cells
were seeded (8 x 10%) in 6-well plates in complete medium and treated with different
concentrations (10, 50, and 100 uM) of CAP for 24, 48, and 72 h. Cells were then harvested
and counted with a Neubauer-modified chamber. To induce lipid accumulation, HepG2
cells were exposed to 100 uM OA. The use of OA is supported by its ability to be rapidly
esterified into triglycerides and stored in lipid droplets, effectively mimicking intracellular
fat accumulation. In contrast, other fatty acids, such as linoleic acid, are more prone to
oxidative stress and may induce cytotoxicity [92]. In detail, the cells were seeded in 100 mm
petri dishes in DMEM complete medium. After 24 h, the culture medium was removed,
and the cells were washed three times in PBS (without Ca**/Mg**) to eliminate residual
FCS. Then cells were starved for 24 h in serum-free medium. Finally, cells were incubated
in DMEM/FFA-free BSA (1%) containing OA (100 pM) or CAP (10 uM) or both for the
indicated time.
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4.3. Oil Red-O Staining

Intracellular lipid content was examined by Oil Red-O staining as previously de-
scribed [25], with slight modifications. Briefly, a stock Oil Red-O solution was prepared by
dissolving 0.7 g Oil Red-O in 200 mL isopropanol, while a working solution was obtained
by mixing 6 parts Oil Red-O stock with 4 parts of bi-distilled water [27]. The HepG2 cells
were cultured as described in the previous paragraph and treated with OA and/or CAP for
24 h. The cells were then washed three times in PBS and fixed with 4% paraformaldehyde
for 30 min. After the incubation, the cells were washed three times with PBS and stained
with Oil Red-O solution for 15 min at room temperature. The cells were subsequently rinsed
with distilled water, and the samples were lysed in DMSQO; the absorbance of extracted dye
was read at 490 nm on a MultiLabel Plate Reader VICTOR X3 (PerkinElmer, Norwalk, CT,
USA). Additionally, the cells were also analyzed by EVOS xI microscope (AMG, Seattle,
WA, USA).

4.4. Lipidomic Profiles

Fatty acid methyl esters (FAMEs) were analyzed by GC (Agilent 6850, Cernusco sul
Naviglio, Milan, Italy), using the split mode (50:1), equipped with a 60 m x 0.25 mm x 0.25 um
(50%-cyanopropyl)-methylpolysiloxane column (DB23, Agilent, Santa Clara, CA, USA), and
a flame ionization detector with the following oven program: The temperature started from
165 °C, held for 3 min, followed by an increase of 1 °C/min up to 195 °C, held for 40 min,
followed by a second increase of 10 °C/min up to 240 °C, and held for 10 min. A constant
pressure mode (29 psi) was chosen using helium as carrier gas. FAMEs were identified by
comparing the retention times of standard references. They are expressed in quantitative
relative percentages (mean + SD) quantified based on calibration curves of standard references
as previously reported (36). Dimethyl disulfide adducts of FAMEs were analyzed by GC-
MS (Thermo Scientific Trace 1300; Thermo Fisher, Waltham, MA, USA) equipped with a
15 mm x 0.25 mm x 0.25 pm TG-5QC 5% phenyl methyl polysiloxane column with helium as
carrier gas coupled to a mass selective detector (Thermo Scientific ISQ; Thermo Fisher. Waltham,
MA, USA) with the following oven program: temperature started at 80 °C, maintained for
2 min increased at a rate of 15 °C/min up to 140 °C, increased at a rate of 5 °C/min up to
280 °C, and held for 10 min. The membrane lipid class characterization was performed with an
Agilent 1260 Infinity Il HPLC system equipped with a 5 um C18 column (25 x 4.6 mm) using
as eluent: acetonitrile/isopropanol/tri-distilled water + 10 mM ammonium acetate: 30:60:10,
detector UV at 203 nm, injection 20 puL, coupled with an InfinityLab single quadrupole Liquid
Chromatography/Mass Selective Detector (LC/MSD). Phospholipids and cholesterol were
identified by comparing the retention times of commercially available references. The values
were expressed in relative quantitative percentages (% rel. quant.), i.e., they were obtained in
ug/mL by using the calibration curves and converted to percentages of each lipid class over the
total amount of lipid classes taken as 100% (6). The liposome reactions were performed in an
incubating orbital shaker (Argolab, Ski 4, Carpi, Italy), at 37 °C. The hydrodynamic diameters
of liposomes and micelles were measured using the Dynamic Light Scattering (DLS) technique
(Malvern Instruments Series NanoZS, Malvern Instruments, Malvern, UK) with a detection
angle of 173°. All measurements were recorded at 25 °C.

Lipid Characterization and Fatty Acid Analysis from HepG2 Cells

To the HepG2 cell samples (3 x 10° cells), washed with PBS, 1 mL of tri-distilled water
was added, followed by a cycle of centrifugation (14,000 rpm for 15 min at 4 °C). The result-
ing membrane pellets (resuspended in 1 mL of tri-distilled water) and the aqueous super-
natant phases were separately extracted with a 2:1 chloroform/methanol (CHCl3 /MeOH)
solution (4 x 4 mL) using the Folch method [93]. The organic layers of each extraction were
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collected, dried with anhydrous sodium sulfate (Na;SOj), and then evaporated to dryness.
The lipid extracts obtained from the membrane pellets and the supernatant aqueous phases
were analyzed by TLC (eluent n-hexane-diethyl ether 9:1) to determine the lipid class
composition. The lipid extract (1.03 & 0.32 mg) of the membrane pellets, which contained
phospholipids (PLs) and free cholesterol (CHO), was also characterized using HPLC-MS
by dissolving 0.2 mg of extract in 100 uL. MeOH [6]. The TLC monitoring of the extract
obtained from the supernatant aqueous phases revealed the presence of triacylglycerols
(TGs), only at 3 and 24 h (0.6 =+ 0.04 mg) [37]. In the next step, the lipid extracts were
converted to FAME by adding 0.5 M KOH/MeOH (0.5 mL), followed by 10 min stirring
for the extracts containing PL, while those containing TG were stirred for 30 min. Both
reactions were performed at room temperature. The selective transesterification reactions
were quenched with brine (0.5 mL), and the FAME mixtures were extracted with n-hexane
(4 x 2mL), dried with anhydrous Na,;SOy, evaporated to dryness, and then dissolved in
n-hexane for GC analyses. An example of a GC chromatogram is shown in Figure S2.

4.5. Dimethyl Disulfide (DMDS) Derivatization

The derivatization of the FAME mixture from HepG2 cells was performed by using
a known procedure [37], and GC/MS was used to assign the double bond position [38].
Specifically, in a Wheaton vial containing FAME dissolved in n-hexane (50 pL), dimethyl
disulfide (50 puL) and 2 drops of a 6% solution of iodine in diethyl ether were sequentially
added. The reaction was stirred at 38 °C for 2.5 h under an argon atmosphere. Then
1 mL of n-hexane and 1 mL of a 5% aqueous sodium thiosulfate solution were added. The
organic phase was dried with anhydrous Nay;SOy, concentrated under a gentle stream of
nitrogen, and injected for GC-MS analysis. An example of DMDS derivatization is reported
in Figure S3.

4.6. Preparation and Incubation of Biomimetic Models

The liposomes were developed by applying published procedures [43,45,46]. Specif-
ically, in two separate 10 mL round-bottom flasks, 10 mg (0.013 mmol) of 1-palmitoyl-2-
linoleoyl-sn-glycero-3-phosphocholine (PLPC) were added. OA (0.37 mg, 0.0013 mmol)
was inserted in one of the flasks. The reagents were dissolved in chloroform and evaporated
to dryness until a thin lipid film was obtained. The flasks were kept under vacuum for
5 h to eliminate traces of solvent. Then 1.3 mL of tri-distilled water was added to obtain
a stock liposomal suspension of 10 mM, followed by stirring at 2500 rpm for 5 min to
form multilamellar vesicles (MLVs). The unilamellar vesicles were then prepared by the
extrusion technique (LUVET) using a filter of 200 nm diameter. The empty liposomes (final
experimental concentration of 1 mM in PBS pH 7.4) were treated according to the cellular
model with OA (100 uM), CAP (10 uM), or the mixture of both molecules. The liposomes
containing OA (OA-liposomes) (final concentrations 1 mM and 100 uM in PBS pH 7.4)
were treated only with CAP (10 pM). The incubations of all suspensions were performed
in open-air conditions at 37 °C for 24 h in an orbital shaker, followed by work-up (lipid
extraction, transesterification, and GC analysis) as described.

4.7. Cytokine/Chemokines Evaluation in HepG2 Conditioned Medium

The conditioned media (CM) of HepG2 cells, treated as previously described, were
collected and centrifuged to remove any cell debris. IL-1f3, IL-4, IL-6, IL-8 (CXCL-8), IL-10,
and TNF-« were quantified in the HepG2 CM using a human magnetic Luminex assay
(R&D Systems, Minneapolis, MN, USA) according to the manufacturer’s instructions. The
quantification was carried out with a Bio-Plex array reader (Bio-Plex 200 System) equipped
with a magnetic washer workstation and Bio-Plex Manager software (Version 6.1 Bio-Rad
Laboratories, Hercules, CA, USA).
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4.8. Statistical Analysis

All the experiments were performed in triplicate (n = 3). All the values are expressed
as means =+ SD. Statistics were calculated with GraphPad Prism 8.0 software (GraphPad
Software, Inc., San Diego, CA, USA). The comparisons were conducted by ANOVA analysis
followed by Dunnett’s test; two-group comparison was conducted by using a two-tailed
Student’s t-test. Multiple Variable Analyses were performed between PUFAs, omega-6,
and omega-3, and cytokine-chemokine levels. The significance of the comparisons and
Multiple Variable Analyses was given as p-value < 0.05.

5. Conclusions

It has been reported that in a large Mediterranean cohort of adults, regular con-
sumption of chili peppers, where CAP is the main representative bioactive compound, is
associated not only with a lower risk of CVD mortality but also with an increased level
of circulating lipids (i.e., cholesterol and triglycerides) [94]. Therefore, improving the
knowledge of CAP effects on lipid metabolism sparks particular interest. To the best of our
knowledge, this is the first literature report where the membrane fatty acid remodeling
promoted by CAP was investigated by using the HepG2 cell line, a common model for
steatosis. Furthermore, we have observed these effects by treating cells with relatively low
doses of CAP, avoiding the apoptotic effects previously observed following exposure to
higher doses [71]. Our data demonstrated changes in cytokine levels and their correlation
with PUFA omega-6 and omega-3, as well as modulation of the well-known antioxidant
property of CAP as a PUFA preservative after treatment with or without OA.
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