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Abstract: Echinoderms are an acknowledged source of bioactive compounds exerting various benefi-
cial effects on human health. Here, we examined the potential in vitro anti-hepatocarcinoma effects
of aqueous extracts of the cell-free coelomic fluid obtained from the sea urchin Arbacia lixula using
the HepG2 cell line as a model system. This was accomplished by employing a combination of
colorimetric, microscopic and flow cytometric assays to determine cell viability, cell cycle distribution,
the possible onset of apoptosis, the accumulation rate of acidic vesicular organelles, mitochondrial
polarization, cell redox state and cell locomotory ability. The obtained data show that exposed HepG2
cells underwent inhibition of cell viability with impairment of cell cycle progress coupled to the
onset of apoptotic death, the induction of mitochondrial depolarization, the inhibition of reactive
oxygen species production and acidic vesicular organelle accumulation, and the block of cell motile
attitude. We also performed a proteomic analysis of the coelomic fluid extract identifying a number
of proteins that are plausibly responsible for anti-cancer effects. Therefore, the anti-hepatocarcinoma
potentiality of A. lixula’s preparation can be taken into consideration for further studies aimed at the
characterization of the molecular mechanism of cytotoxicity and the development of novel prevention
and/or treatment agents.

Keywords: coelomic fluid; sea urchin; echinoderm; HepG2 cells; apoptosis; cell cycle; acidic vesicular
organelles; mitochondrial transmembrane potential; reactive oxygen species; wound healing assay

1. Introduction

The marine environment, which occurs in about 70% of the globe’s surface and 90%
of the biosphere, is the largest habitat of the Earth. It harbors a significant fraction of the
world’s biodiversity with many still unknown species and represents a little exploited
treasure chest rich in bioactive natural products. In fact, animal adaptation processes to the
different and often extreme aquatic environments have led to the establishment of unique
bio-synthetic pathways [1]. Within this context, the development of interindividual signal-
ization systems and defensive strategies, e.g., against predators, infectious agents and UV
radiations, prompted sessile aquatic species to set up networks of chemical communication
through a variety of exclusive marine species-specific metabolites, which can be available
for extraction and characterization as a massive library of natural active compounds [2,3].

One of the acknowledged potential applications shared among several marine natural
products is related to cancer prevention and treatment. Studies performed on compounds
extracted from sponges, mollusks, soft corals and tunicates demonstrated their relevant
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cytotoxic and anti-tumoral properties against different human cancer cell lines in vitro, also
acting upon disparate cellular functions such as locomotory ability, gene expression repro-
gramming and autophagic flux [4–8]. Notably, based on their pharmacological properties
and added health benefits, marine bioactives are increasingly considered promising addi-
tives for the development of functional foods and active food-packaging material [9–11].

Among the marine invertebrates, the phylum Echinodermata (Klein, 1778) is widely
distributed worldwide, consisting of about 7000 extant species grouped into five well-
defined taxonomic classes. The non-edible sea urchin Arbacia lixula (Linnaeus, 1758; Echi-
noidea, Arbacioida: Arbaciidae), which colonized the Mediterranean shallow rocks during
the Pleistocene [12], is a warm-temperate water organism that has been used as a model
for chemical embryotoxicity studies and to determine the effects of high-frequency noises
on the immune response [13–15]. The data dealing with the biomedical applications of
A. lixula’s components are limited to date. In this regard, A. lixula’s eggs have been proven
as a valuable source of the free radical scavenger astaxanthin, whereas its coelomic fluid
and the cells contained therein were found to possess a strong anti-oxidant activity [16–18].
In addition, potentially anti-microbial peptides were also identified in the coelomic fluid of
this organism [19].

We previously demonstrated that the cell-free coelomic fluid extract (CFE) obtained
from this species is able to exert cytotoxic effects against triple-negative breast cancer cells
in culture [20], thus prompting the extension of such in vitro trials also to other tumor
cell model systems. The physiological benefits of potential additives for functional foods
or food-packaging purposes include the maintenance of the health of the organs of the
digestive apparatus. Thus, we chose to expand the knowledge on the potential anti-tumoral
effects of A. lixula’s CFE by focusing our interest on an in vitro model system representative
of tumor-affected liver parenchyma. For this purpose, we studied the biological effects
exerted on the HepG2 cell line derived from liver biopsies of a 15-year-old Caucasian male
suffering from a differentiated hepatocellular carcinoma [21]. It is widely acknowledged
that the proper characterization of the biological activity of new potential anti-cancer
products is valuable to establish their efficacy profiles and discover new applications.
Moreover, information on their mechanisms of action may reveal new molecular targets of
beneficial effect, ultimately serving as a link to clinical activity by designing appropriate
interventions and therapies for specific tumor cytotypes [22]. Therefore, the aim of our
investigation was to examine the CFE-mediated effects on cell viability and to obtain
more insight into the intracellular mechanisms of cytotoxic induction by employing a
combination of colorimetric, microscopic and flow cytometric assays to determine cell
cycle distribution, the possible onset of apoptosis, the accumulation rate of acidic vesicular
organelles (AVOs), mitochondrial polarization and cell redox state and cell locomotory
ability. The obtained data show that the CFE treatment of HepG2 cells caused the inhibition
of cell viability with impairment of cell cycle progress coupled to the onset of apoptotic
death, the induction of mitochondrial depolarization, the inhibition of reactive oxygen
species (ROS) production and AVO accumulation, and the impairment of cell motile
attitude. As a complement to the phenotypic characterization, the data obtained from the
proteomic analysis of the CFE identified a number of proteins plausibly responsible for the
observed impairment of biological activity in HepG2 cells.

2. Materials and Methods
2.1. Catching and Maintaining the Animals

A total of 60 individuals of sea urchins of the species A. lixula (Figure 1) were collected
from the rocky coves of the Gulf of Palermo (Sicily, Italy) at a depth of 5–10 m. Before
starting the experiments, the animals were acclimatized in aquaria for two weeks in recir-
culated and filtered artificial seawater (9 mM KCl; 0.425 M NaCl; 0.0255 M MgSO4·7H2O;
9.3 mM CaCl2·2H2O; 0.023 M MgCl2·6H2O; 2 mM NaHCO3, pH 8.0) at 15 ± 2 ◦C with
constant flow-through of dissolved O2 and fed with commercially available invertebrate
food (Algamac 3000, Aquafauna Bio-Marine Inc., Hawthorne, CA, USA).
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Figure 1. An A. lixula sea urchin specimen.

2.2. Bleeding Procedure and Preparation of the CFE

As already reported by Luparello et al. [23], the CF was collected by cutting the
peristomial membrane of the sea urchins and harvesting the bleeding fluid in the presence
of cold 60ISO-EDTA anticoagulant (20 mM Tris, 0.5 mM NaCl, 70 mM EDTA; pH 7.5).
The CF was immediately centrifuged at 1000× g for 10 min at 4 ◦C to obtain a cell-free
extract, which was stored at −80 ◦C and subsequently lyophilized in an Alpha 2–4 LD
plus freeze-dryer (Martin Christ, Osterode am Harz, D). The lyophilized sample was
resuspended in the minimum volume of sterile distilled water and kept at −20 ◦C until
used for the cytotoxicity assays. The protein concentration of the CFE was determined
using the Qubit Protein Assay Kit in a Qubit 3.0 fluorometer (Thermo Fisher, Waltham, MA,
USA), according to the manufacturer’s instructions.

2.3. Proteomic Analysis

The proteomic analysis was performed as reported elsewhere [23], including sample
preparation, liquid chromatography–mass spectrometry (HPLC-MS) analysis and pro-
tein identification. Briefly, the proteins in the sample were reduced using RapiGest and
dithiothreitol (Thermo Fisher), then alkylated using iodoacetamide (Thermo Fisher) and
finally digested using LysC-Trypsin and Trypsin (Mass Spec grade, Promega, Madison,
WI, USA) in two-steps. After proteolysis was stopped by adding formic acid (Thermo
Fisher), the samples were dried and desalted using C18 spin columns (Thermo Fisher).
The samples were stored at −20 ◦C until the analysis. A total nominal amount of 1.5 µg
protein was then analyzed from each sample using a Dionex Ultimate 3000 nanoRSLC
(Dionex, Sunnyvale, CA, USA) system coupled to a Bruker Maxis II ETD mass spectrom-
eter (Bruker Daltonics GmbH, Bremen, D) via a CaptiveSpray nanobooster ion source.
For peptide separation, an ACQUITY UPLC M-Class Peptide BEH C18 column (Waters,
Milford, MA, USA) was used. Proteins were identified by searching against the Uniprot
Aechinodermata database using the Byonic (v4.2.10, Protein Metrics Inc., Cupertino, CA,
USA) software search engine. Protein hits were further filtered by Scaffold (version 4.11,
Proteome Software, Inc., Portland, OR, USA). Quantitative proteomic information was
provided by Scaffold’s quantitative analysis. Subsequently, protein identification was
also performed by BlastP comparison to the non-redundant protein sequence database
(available at https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins; accessed on 1 May
2022). An expected value <1 was set as the cutoff.

2.4. Cell Cultures

HepG2 hepatocellular carcinoma cells, taken from laboratory stocks, were grown in D-
MEM medium (Sigma, St. Louis, MO, USA) plus 10% fetal calf serum (FCS; Thermo Fisher,
Waltham, MA, USA) and antibiotics (100 U/mL penicillin and 100 µg/mL streptomycin;
Thermo Fisher, Waltham, MA, USA), at 37 ◦C in a 5% CO2 atmosphere.

https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins
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2.5. Viability Assays

An MTT assay was performed to evaluate cell viability under control and treated
conditions [24]. Briefly, after plating at a concentration of 5500 cells/well in 96-well plates
and overnight adhesion, HepG2 cells were exposed for 24 or 48 h to the CFE at 2.5, 5,
10 or 15 µg/mL concentrations. After the addition of MTT and the incubation with the
solubilization buffer, the absorbance of the solubilized formazan was evaluated in an
automated microplate reader at a λ = 550 nm. After calculation of the viability ratio
between treated and control cells, the half maximal inhibitory concentration (IC50) at
24 h (IC5024) and 48 h (IC5048) was evaluated with the online calculator available at https:
//www.aatbio.com/tools/ic50-calculator (accessed on 6 March 2021). The subsequent
biological assays were performed, exposing cells to either the IC5024 or the IC5048 of the
CFE for 24 or 48 h, respectively.

In parallel experiments, HepG2 cells were co-treated with 1 nM rapamycin (Sigma),
a macrolide antibiotic functioning as an autophagy activator [25] and IC50 of the CFE for
24 h. The reversion of the cytotoxic effect, if any, was monitored through the trypan blue
exclusion test. DMSO-treated cells were used as controls.

2.6. Wound Healing Assay

The scratch/wound healing assay, commonly used to study the cell motile attitude
in vitro, was performed according to [23]. Briefly, HepG2 cells were seeded in 6-well plates
and allowed to form a sub-confluent monolayer. Then, after the cell layer was scraped
three times in parallel with a 200 µL pipette tip and a perpendicular line was drawn with
a permanent marker, the culture medium was replaced with either an unsupplemented
medium (control sample) or medium containing the CFE at the IC5024 (treated sample).
Selected sites of intersection between the scratched monolayer and the drawn line were
photographed under a phase-contrast microscope at fixed time intervals in the 24 h follow-
ing the beginning of the assay. The quantification of the wound area was performed using
the ImageJ/Fiji® plug-in.

2.7. Flow Cytometry Assays

For each of the following analyses, three independent assays were performed as
described in [20,23,26,27] using a FACSCanto flow cytometer (BD Biosciences, Franklin
Lakes, NJ, USA) and evaluating 10,000 events. The resulting fcs files were processed with
the Floreada analysis tool available at https://floreada.io (accessed on 1 April 2022). In
order to exclude debris, which displayed low FSC values, from the analyses, gating in the
FSC vs. SSC plot was performed for every determination. Moreover, gating in the FSC-H vs.
FSC-A plot was also performed to exclude doublets and multiplets in cell cycle analyses.

2.7.1. Cell Cycle Distribution Assay

Cell cycle distribution was determined by fixation of control and exposed cells with
cold 70% ethanol, incubation with 40 µg RNAse A/mL and final staining with 20 µg
propidium iodide/mL before the flow cytometrical analysis.

2.7.2. Apoptosis Assay

The percentage of apoptotic cells under control and exposed preparations was eval-
uated using the Annexin V-FITC kit (Canvax Biotech, Cordoba, Spain), following the
manufacturer’s instructions.

2.7.3. Analysis of Mitochondrial Transmembrane Potential (MMP)

The MMP state was examined using the dye JC1 (Molecular Probes, Eugene, OR, USA),
which exhibits potential-dependent accumulation and a fluorescence emission shift from
green (~529 nm) to red (~590 nm) in intact mitochondria whereas, in the case of dissipated
MMP, a decrease in the red/green fluorescence intensity ratio occurs. In parallel with

https://www.aatbio.com/tools/ic50-calculator
https://www.aatbio.com/tools/ic50-calculator
https://floreada.io
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the negative controls and CFE-treated samples, HepG2 cells were also exposed to 1 µM
valinomycin, an MMP loss-inducer K+ ionophore, as a positive control.

2.7.4. ROS Assay

The extent of intracellular ROS production was evaluated using the ROS Detection
Assay Kit (Canvax Biotech, Cordoba, Spain) according to the manufacturer’s instructions.

2.7.5. AVO Accumulation Assay

The extent of AVO accumulation was examined by fixing control and treated cells
with cold 70% ethanol and staining with 100 µg acridine orange/mL (Sigma) for 20 min in
the dark before the flow cytometric analysis.

2.8. Statistics

The analysis of variance (ANOVA) tests was performed with SigmaPlot 11.0 software
(SYSTAT, San Jose, CA, USA). A p-value < 0.05 was considered statistically significant.

3. Results

In the first set of assays, we examined the effect exerted by exposure to A. lixula’s
CFE on HepG2 cells’ survival via an MTT assay. As shown in Figure 2, cell exposure for
24 or 48 h to either preparation caused a dose-dependent decrease in cell viability with
an average IC5024 of 15.7 µg/mL and IC5048 of 7.45 µg/mL, respectively. These IC50
concentrations were used in the subsequent analyses, which aimed to gather more detailed
data on the subcellular aspects of CFE-induced toxicity on HepG2 cells via a panel of flow
cytometric assays.

Figure 2. Dose-response effect of the CFE from A. lixula at 2.5, 5, 10 and 15 µg/mL concentration on
the viability of HepG2 after either 24 or 48 h of exposure. The error bars correspond to the standard
error of the mean (s.e.m.) of three independent measurements. * p < 0.05.

We initially examined which kind of perturbation of the cell cycle progress could
be found after treatment with the preparation. For this purpose, HepG2 cells exposed to
the IC5024 or IC5048 of the CFE were stained with propidium iodide (PI) and submitted
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to flow cytometric analysis of the distribution of cell population in the cycle phases. As
shown in Figure 3, if compared to controls, the result of 24 h of exposure to the extracts
was a decrease in the proportion of cells in the G0/G1 phase fraction (average control vs.
CFE = 47.4% vs. 29.72%), and an increase in the cell percentages in the sub-G0 fractions
(average control vs. CFE = 8.4% vs. 26.18%). No significant change was observed for the
other cell cycle phases. Only a progressive increase in the sub-G0 fraction could be observed
at earlier times, i.e., 2 and 4 h (not shown). In addition, cell treatments with the IC5048 of the
CFE for 48 h determined a generalized decrease in all the cell percentages in the cycle phases
and a further increase in the sub-G0 fraction, thus indicating the generalized exacerbation
of the cell cycle arrest and the induction of cell death as results of the longer-term exposure.

Figure 3. Representative DNA profiles of control (red line) and CFE-treated (blue line) HepG2 cells
after 24 and 48 h of exposure. The cell population distribution in the cycle phases in triplicate
experiments is reported in the annexed panels as the mean ± s.e.m.

Based on the accumulation of HepG2 cells treated with IC5024 CFE for 24 h in the
sub-G0 phase fraction, indicative of the occurrence of DNA fragmentation ascribable to the
onset of necrosis and/or apoptosis, the tumor cells were submitted to annexin V-FITC/PI
staining with the aim to determine the possible externalization of phosphatidylserine,
a hallmark of apoptosis promotion. On the one hand, the obtained results, shown in
Figure 4, demonstrate that the percentage of the viable annexin-V−/PI− cells decreased
from about 84% of the controls to about 56% after the treatment. On the other hand, the
percentage of late apoptotic cells (annexin-V+/PI+) increased from about 14% of the controls
to about 41%. This result is in accordance with the previous data regarding the increasing
amount of the sub-G0 cell population already at 24 h of exposure to the CFE. No significant
difference was found between the necrotic, i.e., annexin-V-/PI+, cell populations in the two
experimental conditions.
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Figure 4. Flow cytometric assays for apoptosis in HepG2 cells cultured under control conditions
or exposed to CFE IC5024 for 24 h. The plots show the results of representative experiments, and
the percentages indicated as the mean ± s.e.m. of three independent experiments refer to viable
annexin-V−/PI− cells (bottom left quadrant), early apoptotic annexin-V+/PI− cells (bottom right
quadrant), late apoptotic annexin-V+/PI+ cells (top right quadrant) and necrotic annexin-V−/PI+

cells (top left quadrant).

Then, we determined whether cell exposure to the extract could impair the mito-
chondrial function by monitoring mitochondrial polarization status with the membrane-
permeable JC1 dye, which is sensitive to changes in the MMP, thereby evaluating the
percentage of cells with bright green/bright red emission (indicative of intact MMP) and
of those ones with bright green/dim red emission (indicative of MMP collapse). Figure 5
shows that the CFE determined the dissipation of the MMP. In particular, after 24 h and
48 h of exposure to the preparations at the IC5024 and IC5048, the dim red-emitting cells
were found to increase from about 27% and 25% of the controls to about 48% and 98%,
respectively. In the latter case, the value obtained was coincident with that of the positive
control treated for 48 h with valinomycin.

The ability of the CFE to dysregulate mitochondrial metabolism was also investigated
through the evaluation of the accumulation of ROS. The produced amount of peroxide-like
and nitric oxide-derived reactive molecules was monitored by flow cytometric analysis
of the oxidation extent of the H2DCFDA probe to green-emitting DCF at early (4 h of
exposure) and late (24 h of exposure) time points. By analogy with other experimental
models [23,28–30], two distinct cell subpopulations endowed with low (ROS–) and high
rates (ROS+) of ROS generation were found in each sample. Thus, we evaluated the mean
fluorescence intensity (MFI) of the events associated with the ROS+ subpopulations in the
different experimental conditions to compare their rates. The results obtained show the
occurrence of a drastic down-regulation of ROS generation after short-term incubation with
the CFE (average control cells’ MFI vs. treated cells’ MFI = 11,662 vs. 2885), which remained
approximately constant after 24 h of exposure (average MFI = 2064) although a decrease
in ROS accumulation could be observed at this time point also under control conditions
(average MFI = 6710) (Figure 6). As reported by Raja et al. [29], we also evaluated the
ratio between ROS+ and ROS- cells within the whole population. As shown in Figure 7,
CFE treatment correlated with very low levels of basal ROS (average control cells’ ratio vs.
treated cells’ ratio = 1.39 vs. 0.18 at 4 h and 8.73 vs. 0.07 at 24 h). Cumulatively, the obtained
data are consistent with the idea that the switching-off of ROS production contributes to
the cytotoxic activity of the CFE.
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Figure 5. Flow cytometric assays for MMP in HepG2 cells cultured for 24 (A–C) or 48 h (D–F) under
control conditions (A,D), in the presence of 1µM valinomycin (B,E) and of either CFE IC5024 (C) or
CFE IC5048 (F). The plots display the outputs of representative experiments, and the percentages in
the bottom quadrants of each frame expressed as the mean ± s.e.m. of triplicate experiments are
related to dim red-emitting cells that underwent collapse of MMP.

Figure 6. Bar graphs showing the ROS-associated MFI in ROS+ cell subpopulations of control and
IC5024 CFE-treated HepG2 cells for 4 and 24 h. The error bars correspond to the standard error of the
mean (s.e.m.) of three independent measurements. * p < 0.05.
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Figure 7. Bar graphs showing the ROS+ cell/ROS− cell ratio in control and IC5024 CFE-treated
HepG2 cells for 4 and 24 h. The error bars correspond to the standard error of the mean (s.e.m.) of
three independent measurements. * p < 0.05.

In order to determine whether the CFE could affect the autophagic behavior of HepG2
cells, acridine orange staining was performed to label AVOs, a hallmark of autophagic
cells that is indicative of autophagosome accumulation and autolysosome formation [31],
at early (4 h of exposure) and late (24 h of exposure) time points. As shown in Figure 8,
in this case, two distinct cell subpopulations characterized by low (AVO−) and high rate
(AVO+) of acridine orange fluorescence were found after the flow cytometric assays and
plot analyses. The present data confirmed that HepG2 cells are characterized by a high
basal level of autophagy, as already indicated in [23,32]. In fact, the percentage of AVO+

cells accounted for about 90% and 70% at 4 and 24 h of culture under control conditions.
Conversely, the percentage of AVO+ cells decreased after 4 h of treatment with IC5024 CFE
to about 70%, and the prolongation of the time of exposure to 24 h determined the complete
disappearance of the AVO+ cell fraction, whose proportion dropped to about 0.2% of the
total population.

In order to verify to what extent inhibition of the autophagic process could be respon-
sible for the observed CFE-dependent cytotoxicity on HepG2 cells, cells were co-incubated
with IC5024 CFE and 1 nM rapamycin (sirolimus), a known inhibitor of mTOR (mammalian
target of rapamycin) serine/threonine protein kinase, which acts as autophagy promoter.
As shown in Figure 9, this co-treatment was unable to reverse the CFE-triggered decrease
in cell number, thereby suggesting the occurrence of extensive and widespread damage
induced by exposure to CFE.

Lastly, we examined the effect of the incubation with IC5024 CFE from A. lixula on
HepG2 cells’ migratory ability through a scratch wound healing assay. As expected, based
on some previously published results [23,33,34], the panel of micrographs in Figure 10
shows that control HepG2 cells exhibited a locomotory attitude that determined the re-
duction in the denuded area (mean area % = 23 at time 0), which had already started at
2 h from the scratch time (mean area % = 17) and led to its partial obliteration after 6 h
(mean area % = 6) and total closure within 22 h. Notably, since the doubling time of HepG2
cells is ≥24 h [35,36], the observed effect could not be ascribable to cell proliferation. In
contrast, the exposure to the CFE inhibited the cells’ ability to migrate into the scratched
area and, in addition, starting from 2 h of exposure and in line with the previous data, the
cells displayed prominent signs of suffering and damage, such as rounding and clumping,
ultimately determining their visible detachment from the substrate.
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Figure 8. Flow cytometric assays for AVO accumulation in HepG2 cells grown under control condi-
tions for 4 h (A) and 24 h (C) or incubated with IC5024 CFE for 4 h (B) and 24 h (D). The plots show
the results of representative experiments, and the percentages indicated as the mean ± s.e.m. of three
independent experiments refer to AVO+ cells (right quadrants) and AVO− cells (left quadrants).

In light of the observed cytotoxic role played by the CFE from A. lixula on HepG2
tumor cells, proteomic analysis of the preparations was performed after proteolysis of the
samples and MS sequencing to detect bioactive components. Overall, 1952 obtained spectra
matched forward peptides, and the final output reported 104 forward and 20 reverse
proteins and 329 unique forward peptides. The estimated spectrum-level FDR on true
proteins was 0.3%. A bioinformatic similarity search against the BlastP database identified
28 proteins contained in the CFE and potentially associated with the various aspects related
to the derangement of HepG2 cell biological activities reported previously here, as well as
with exosome secretion. The peptide sequences and the results of alignments selected on
the basis of sorting by the best E value are reported in Table 1.
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Figure 9. Bar graphs showing the absence of a statistically significant effect by 1 nM rapamycin co-
treatment on CFE-induced decrease in cell number after 24 h of exposure. The error bars correspond
to the standard error of the mean (s.e.m.) of three independent measurements.

Figure 10. Panel of representative phase-contrast micrographs acquired during the wound healing
assays at different time points under control conditions and in the presence of IC5024 CFE. The assay
was performed in triplicate. Microscopical magnification = 20×.
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Table 1. Cytotoxic activity-associated protein profile of the CFE from A. lixula.

Peptide Sequence(s) Sequence ID
(nr. of Matches/Range) Expected Identities (%) Positives (%) Protein Description Organism

(Sea Urchin)
Selected GO
Annotations

AIGNIGEPVER
AAIQSMR

LN [+0.984] QLHYLVGMEPSATDATVFLR
AYTIDAQYK

LQSPMIK
QGITFNVFSSYPTLNK

LALIALK

BAL43173.1 (1/501–511)
(1/543–549)

(1/807–828)
(1/1069–1077)
(1/1815–1821)
(1/5231–5246)

BAL43173.1 (1/494–500)

2 × 10−7

0.003

5 × 10−19

1 × 10−5

0.12
9 × 10−13

0.021

100
100

100
100
88

100

100

100
100
100
100
88

100
100

Apolipoprotein B-like protein,
partial

Apolipoprotein B-like protein,
partial

Mesocentrotus nudus

Strongylocentrotus
intermedius

-lipid transport

NTLPTKDTIEQEK AAC26833.1 (1/26–39) 1 × 10−7 93 100 Thymosin beta Strongylocentrotus
purpuratus

-actin monomer binding
-negative regulation of
cell cycle G1/S phase

transition
-regulation of cell

migration

RGTIEVSKYDGSYR
GEQVYGITTYADTR

XP_041457866.1 (1/572–584)
(1/725–738)

2 × 10−9

9 × 10−10
100
94

100
93

Low-density lipoprotein
receptor-related protein 1B-like Lytechinus variegatus

-integral component of
membrane

-receptor-mediated
endocytosis

GNPTTVFPEIFK

TSPNSLEPSTTVLSPYLK

VYSPIVFGK

XP_030853362.1 (1/206–217)
XP_030853363.1 (1/79–90)

XP_030853362.1 (1/367–386)
XP_030853363.1 (1/79–90) XP_030853362.1

(1/540–548)
XP_030853363.1 (1/413–421)

1 × 10−8

1 × 10−8

1 × 10−14

1 × 10−14

2 × 10−4

2 × 10−4

100
100
100
100
91
91

100
100
100
100
100
100

Cryptochrome-2 isoform X1
Cryptochrome-2 isoform X2
Cryptochrome-2 isoform X1
Cryptochrome-2 isoform X2
Cryptochrome-2 isoform X1
Cryptochrome-2 isoform X2

Strongylocentrotus
purpuratus

-circadian regulation of
gene expression
-DNA binding

LAAEGLR
IGTYGETR

VFLPWTTTGLPK
SLSWEGGHR

XP_041456451.1 (1/62–68)
XP_041464311.1 (1/109–118)
XP_041460692.1 (1/146–157)

(1/352–360)

0.007
3 × 10−4

1 × 10−8

1 × 10−4

100
100
100
91

100
100
100
100

Arylsulfatase-like Lytechinus variegatus
-sulfuric ester hydrolase

activity
-lysosome
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Table 1. Cont.

Peptide Sequence(s) Sequence ID
(nr. of Matches/Range) Expected Identities (%) Positives (%) Protein Description Organism

(Sea Urchin)
Selected GO
Annotations

LVDGSSSNEGR

MLGYNGALSAPR
LVGGSGPHEGR

LVGGSNDADGR

XP_030831017.1, (20/25–35, 132–142,
239–249, 346–356, 453–463, 560–570,
667–677, 774–784, 881–891, 988–998,
1098–1108, 1353–1363, 1460–1470,
1567–1577, 1674–1684, 1781–1791,
1995–2005, 2102–2112, 2319–2329,

2426–2436)
XP_030831023.1 (20/same as isoform X1

except for 1350–1360, 1457–1467, 1564–1574,
1671–1681, 1778–1788, 1992–2002,
2099–2109, 2316–2326, 2423–2433)

XP_030831029.1 (20/same as isoform X2)
XP_030831072.1 (19/same as isoform X1

without 2426–2436)

XP_030831034.1 (19/same as isoform X9
except for 1888–1898, 2212–2222, 2319–2329)

XP_030831054.1 (19/same as isoform X9)
XP_030831048.1 (19/same as isoform X4

except for 1995–2005)
XP_030831064.1 (19/same as isoform X6

except for 991–1001, 1246–1256)
XP_030831041.1 (19/same as isoform X9

except for 2212–2222, 2319–2329)
XP_030831078.1 (19/same as isoform X1

except for 1202–1212, 1309–1319, 1416–1426,
1523–1533, 1630–1640, 1844–1854,
1951–1961, 2166–2176, 2275–2285)

XP_030831079.1 (19/same as isoform X9
except for 2209–2219)

XP_030831086.1 (17/25–35, 132–142,
239–249, 346–356, 453–463, 560–570,

667–677, 774–784, 988–998, 1095–1105,
1202–1212, 1309–1319, 1416–1426,
1630–1640, 1737–1747, 1954–1964,

2061–2071)
XP_030834718.1 (1/278–289)
XP_030855705.1 (1/677–687)

(1/1259–1269)
(1/1917–1927)
(1/2449–2459)
(1/2129–2139)
(1/1590–1600)
(1/2553–2563)

XP_030851619.1 (1/839–849)
(1/1443–1453)

2 × 10−6

2 × 10−6

2 × 10−6

2 × 10−6

2 × 10−6

2 × 10−6

2 × 10−6

2e−6

2 × 10−6

2 × 10−6

2 × 10−6

2 × 10−6

5 × 10−6

0.27
1 × 10−6

0.27
0.017
0.096
0.19
0.78
0.49
0.061

100

100

100

100

100

100

100

100

100

100

100

100

100
69

100
77
77
77
77
69
85
92

100

100

100

100

100

100

100

100

100

100

100

100

100
76

100
76
76
84
76
69

100
100

Deleted in malignant brain
tumors (DMBT) 1 protein

isoform X1

DMBT1 protein isoform X2

DMBT1 protein isoform X3

DMBT1 protein isoform X9

DMBT1 protein isoform X4

DMBT1 protein isoform X7

DMBT1 protein isoform X6

DMBT1 protein isoform X8

DMBT1 protein isoform X5

DMBT1 protein isoform X10

DMBT1 protein isoform X11

DMBT1 protein isoform X12

DMBT1 protein-like
DMBT1 protein

DMBT1 protein-like

Strongylocentrotus
purpuratus

-membrane
-scavenger receptor

activity
-endocytosis
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Table 1. Cont.

Peptide Sequence(s) Sequence ID
(nr. of Matches/Range) Expected Identities (%) Positives (%) Protein Description Organism

(Sea Urchin)
Selected GO
Annotations

VLEQSDLVVDNEYALYTLIQPK XP_030847432.1 (1/183–192) 0.092 75 83 BTB/POZ domain-containing
protein At2g30600

Strongylocentrotus
purpuratus -protein ubiquitination

MIFIQGFVPAGADR CBX45521.1 (1/37–50) 3 × 10−11 100 100 Galectin-8 protein Paracentrotus lividus -membrane
-integrin binding

NLLSVAYK XP_780530.1 (1/20–26) 0.35 100 100 14-3-3-like protein 2 Strongylocentrotus
purpuratus -signal transduction

RLVELINQ XP_030850878.1 (1/715–722) 1 × 10−4 100 100 Centrosomal protein of 85 kDa
(CEP85) isoform X1

Strongylocentrotus
purpuratus

-spindle pole
-regulation of mitotic
centrosome separation

VLAYNVFELR XP_041469541.1 (1/103–112) 4 × 10−7 100 100 Sphingomyelinase C 2-like Lytechinus variegatus
- acid sphingomyelin

phosphodiesterase
activity

GDSTLQFKPK XP_041482277.1 (1/359–368) 5 × 10−6 100 100 Tripartite motif-containing
protein 45-like Lytechinus variegatus

-ubiquitin-protein
transferase activity
-zinc ion binding

RLITRNSYE
KEEELES

RAAQFAALM
KHQSYNVAMEWANIV

XP_030831990.1 (1/1592–1600)
(1/2501–2507)
(1/2775–2783)
(1/3026–3040)

4 × 10−6

0.003
2 × 10−5

2 × 10−13

100
100

100
100

Chromodomain-helicase-DNA-
binding protein

8

Strongylocentrotus
purpuratus

binding
-negative regulation of
canonical Wnt signaling

pathway

DN [+0.984] IVIGGQAGVYDPNR XP_001198520.2 (1/164–179) 1 × 10−12 100 100 Hemicentin-2 Strongylocentrotus
purpuratus

-calcium ion binding
-response to stimulus

RVASGPLGLI XP_030854745.1 (1/1903–1912) 1 × 10−5 100 1000 WD repeat-containing protein
81

Strongylocentrotus
purpuratus -cytoplasmic vesicle

QINLDLLR XP_041482078.1 (1/665–674) 2 × 10−4 100 100 TBC1 domain family member
2B-like isoform X1 Lytechinus variegatus -activation of GTPase

activity

YPHTQLISQMDR XP_030846390.1 (1/372–383) 1 × 10−9 100 100 Growth/differentiation factor
8-like

Strongylocentrotus
purpuratus

-signaling receptor
binding

-negative regulation of
skeletal muscle satellite

cell proliferation

MQVQ [+0.984] SGVPK XP_003726849.3 (1/1–9) 1 × 10−4 100 100 Selenide, water dikinase Strongylocentrotus
purpuratus

-selenocysteine
biosynthetic process

KYSEPTVEDISPVEHVE XP_030841466.1 (1/132–148) 3 × 10−10 100 100 Kv channel-interacting protein
4-like

Strongylocentrotus
purpuratus

-potassium channel
regulator activity

-calcium ion binding

DFIVIQNFITEEEEDSLLK XP_011661956.1 (1/144–162) 2 × 10−16 100 100
Alpha-ketoglutarate-dependent

dioxygenase alkB homolog 7,
mitochondrial

Strongylocentrotus
purpuratus

-mitochondrial matrix
-regulation of
mitochondrial

membrane permeability
involved in

programmed necrotic
cell death
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Table 1. Cont.

Peptide Sequence(s) Sequence ID
(nr. of Matches/Range) Expected Identities (%) Positives (%) Protein Description Organism

(Sea Urchin)
Selected GO
Annotations

REVPVASL XP_011668608.2 (1/721–728) 0.001 100 100
Sterile alpha motif

domain-containing protein
9-like

Strongylocentrotus
purpuratus

-intracellular
membrane-bounded

organelle

LAKALQLSE XP_030841717.1 (1/221–229) 0.003 91 90
Hematopoietically expressed

homeobox protein HHEX
homolog

Strongylocentrotus
purpuratus

-Wnt signaling pathway
-negative regulation of

cyclin-dependent
protein serine/threonine

kinase activity

SQIPTK XP_041485363.1 (1/1915–1920)
XP_041485364.1 (1/1424–1431)

0.024
0.024

100
100

100
100

Methylcytosine dioxygenase
TET3-like isoform X1

Methylcytosine dioxygenase
TET3-like isoform X2

Lytechinus variegatus
-methylcytosine

dioxygenase activity
-chromatin organization

QVTGTGATGR
GGSSAQAIR

XP_796458.1 (1/107–116)

NP_999723.1 (1/36–44)

2 × 10−5

4 × 10−4

100

100

100

100

Histone H1, gonadal-like
Histone H1-beta, late

embryonic

Strongylocentrotus
purpuratus

HLQLAIR
NDEELNKLLGGVTIAQGGVLPNIQAVLLPK

KLLSGVTIAQGGVLPNIQAVLLPK
GDEELDSLIK

XP_030843320.1 (1/83–89)

XP_001175793.2 (1/89–118)
NP_999718.1 (1/97–119)

NP_001116980.1 (1/93–102)

0.002

6 × 10−26

3 × 10−18

7 × 10−6

100

100
100
100

100

100
100
100

Histone H2A-like, partial

Histone H2A, embryonic-like
Late histone H2A.L3

Histone H2A.V

Strongylocentrotus
purpuratus

RKESYGIYIYKV
VLK

QVHPDTGISSR
AMSIMNSFVNDVFER

STITSR

IAAEASR
RLLLPGELAKH

HAVSEGTK

P022892 (1/33–42)
(1/43–45)
(1/46–56)

0.002 100 100 Histone H2B, embryonic Strongylocentrotus
purpuratus

NP_001229615.1 (1/56–70)
XP_030836142.1 (1/84–89)

AAB48832.1 (1/75–81)
(102–110)
(110–118)

6 × 10−12

0.10

0.016
6 × 10−5

0.002

100
100

100
100
100

100
100

100
100
100

Histone H2B-like
Histone H2B

Cleavage stage histone H2B Psammechinus
miliaris

YRPGTVALR
STELLIR

EIAQDFKTELR
FQSSAVMALQEASEAYLVGLFEDTN

[+0.984] LC [+57.021] AIH-AK

XP_030830328.1 (1/42–50)
(1/58–64)
(1/74–84)

(1/85–112)

2 × 10−5

0.008
7 × 10−8

3 × 10−22

100
100
100

94

100
100
100

93

Histone H3, embryonic-like Strongylocentrotus
purpuratus

DNIQGITKPAIR
RISGLIYEETR

VFLENVIR

TLYGFGG

CAA75404.1 (1/1–12)
(1/22–32)
(1/37–44)

XP_011664585.2 (1/97–102)

2 × 10−7

3 × 10−6

2 × 10−4

0.051

100

100

100

100

Histone H4, partial

Histone H4-like

Arbacia lixula

Strongylocentrotus
purpuratus
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4. Discussion

Sea urchins’ coelomic fluid represents a pseudo-vascular system designed for the
transport of nutrients and gases and the fulfillment of the immune defense and stress
response reactions. It contains a complex mixture of soluble molecules secreted consti-
tutively by different parts of the echinoderm’s body, whose identification and biological
characterization are still very limited. In terms of possible biomedical translation, the
available literature data only indicated that the cell-free CF from Tripneustes depressus
possessed anti-viral properties against Suid herpesvirus type I and rabies virus, whereas
that of Echinometra mathaei was endowed with a high radical-scavenging activity [37,38].
Additional studies focused on the characterization of protein components in the CFEs from
different echinoderm species, pointing them out as potential sources of anti-microbial and
anti-cancer agents [19,39]. Interestingly, D’Alessio et al. [40] recently found the presence
of exosome-like extracellular vesicles in Strongylocentrotus purpuratus’s CF and charac-
terized their associated protein cargo, thus suggesting an increasing complexity in the
composition of the fluid.

Previous results had revealed for the first time the beneficial effects of A. lixula’s
CFE against human triple-negative breast cancer, using MDA-MB231 cells as a model
system [20]. In this case, the biological characterization of the cytotoxic activity highlighted
the arrest of the cells in the S phase of the cell cycle, the depolarization of the mitochondria
and the up-regulation of ROS production, although no occurrence of apoptotic death and
of modification in AVOs’ accumulation rate was observed.

Here we focused our attention on determining the possible protective effects exerted
by the extract against the HepG2 cell line selected as an in vitro model of cancer of the diges-
tive system, i.e., hepatocellular carcinoma. This aggressive neoplastic histotype represents
the most common form of primary liver cancer, ranking sixth in incidence and fourth in
mortality among all tumors [41]. Although hepatocarcinogenesis is multifactorial, the main
risk factors include chronic fibrosing liver disease and cirrhosis [42]. Within the altered
microenvironment of chronic liver injury, the damaged hepatocytes are addressed to a sus-
tained regeneration program coupled with liver progenitor cell expansion, which ultimately
results in the accumulation of genetic alterations and progressive cell de-differentiation
likely responsible for their neoplastic transformation [43]. The advances in the knowledge
of the major molecular signaling pathways involved in the development of hepatocellular
carcinoma (HCC) prompted the analysis of the potential preventive and therapeutic roles
of natural products, able to intervene in the modulation of the oncogenesis-linked intra-
cellular events [44,45]. However, an accurate biological characterization of the molecular
mechanism of action of the agents under study is the essential foundation for the successful
development of targeted treatments.

Our data depicted an anti-HCC role of the CFE preparation, at least under the condi-
tions used, but displaying different characteristics from those reported for breast carcinoma
cells. In fact, exposure of HepG2 cells to the extract determined cell addressing to the
sub-G0 phase after arrest at the G2/M phase associated with apoptotic death that reached
massive completion after 48 h. During this time, cells underwent gradual mitochondrial
depolarization and ROS and AVO depletion. Consistent with the derangement of cells’
healthy state, an early block of cells’ motile activities was also demonstrated, thus sug-
gesting that the CFE may also act as a potential suppressor of HCC metastatic ability. The
panel of study endpoints chosen to test the efficacy of the CFE on HCC cells provides a
framework of phenotypic changes that converge to confirm its powerful inhibitory effect.

As a complement to the study of the effect of CFE treatment on cell phenotype,
we undertook a search at the proteomic level of CFE’s molecular constituents that may
conceivably be involved in the observed cytotoxic activity. This study predicted a number
of putative anti-cancer proteins responsible for the lethal effect on HepG2 cells. In addition,
as already reported for Holothuria tubulosa’s CFE [23], histones, which can be considered
exosome-linked signatures, were also detected, suggesting the release of extracellular
vesicles carrying, among the others, the intracellular constituents likely causing the anti-
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HepG2 effects. It is known that extracellular histones are involved in exosome-mediated
adhesion and could conceivably be involved in exosome uptake by target cells and the
subsequent activation of signaling [46]. Exosomes are conceivably preserved intact by
the method of preparation of the CFE and, therefore, could be ready to fuse with and
transfer their cargo into cancer cells. In addition, to strengthen our hypothesis, Tadayoni
Nia et al. [47] reported that the siRNA-mediated silencing of the gene coding for the
transmembrane WD repeat-containing protein 81, one of the protein signatures found in
our analysis, was able to reduce the release of exosomes by human glioblastoma cells.

Among the protein signatures identified, most of them may be mainly, but not exclu-
sively, associated with the activation of programmed cell death. Lipid-free apolipoprotein B
has been shown to exert cytotoxic effects on several cytotypes through binding and disturb-
ing the structure of their plasmalemma, thereby triggering apoptosis [48]. The early report
by Hall [49] ascribed to thymosin β10 an apoptosis-controlling role by functioning as an
actin-mediated tumor suppressor, which induces cytoskeletal disorganization. In addition,
Thr20 was found to be specifically required for actin sequestration and apoptosis promotion
in ovarian cancer cells, whose thymosin-dependent inhibition of the Ras pathway was
acknowledged [50,51]. Arylsulfatases are common components of toxic secretions of differ-
ent animal organisms [52]; of note, Lai et al. [53] reported the effect of the up-regulation
of SULF1, coding for arylsulfatase-1, on the decrease in the proliferation rate and motile
attitude in vitro and tumorigenesis in vivo of liver tumor cell lines, and the potentiation of
cell sensitivity to apoptotic stimuli possibly via inhibition of both the MAP kinase/ERK and
PI3 kinase/AKT kinase pathways. Deleted In Malignant Brain Tumors 1 (DMBT1), which
was also found in the CFE of Holothuria tubulosa [23], acts as a tumor growth suppressor
and an effector of genetic resistance to liver carcinogenesis in rats and humans [54]. Its
overexpression in GBC-SD gallbladder cancer cells was proven to decrease cell proliferation
rate and induce apoptosis via stabilization of the phosphatase and tensin homolog (PTEN)
and inhibition of the PI3K-Akt pathway, also reducing xenograft tumor growth in vivo [55].
BTB/POZ domain-containing proteins were found to inhibit proliferation, locomotion and
invasion; impair cell cycle; and promote apoptosis in a panel of different tumor cell lines,
also restraining xenograft tumor growth [56–58]. Hadari et al. [59] demonstrated that the
integrin-binding protein galectin-8 was responsible for the inhibition of the adhesion of
human lung cancer cells to the substrate, thereby addressing them to apoptosis. Autelli
et al. [60] produced evidence that the increase of intracellular ceramide generated by acid
sphingomyelinase-mediated sphingomyelin cleavage determined the activation of caspases
and the stimulation of the intrinsic pathway of apoptosis in rat hepatoma cells co-treated
with TNF and cycloheximide. Tripartite motif-containing protein 45 is a tumor suppressor
member of the RING-finger-containing E3 ligases. Data from Peng et al. [61] and Zhang
et al. [62] demonstrated its ability to promote cell apoptosis by activating the p38 signal and
inhibit proliferation by down-regulating p-ERK in lung cancer cells, as well as to suppress
glioblastoma proliferation and tumorigenicity by protecting p53 from degradation and
inactivation, thereby allowing cells to undergo apoptosis. The inhibition of the intrinsic
pathway of apoptosis was a result of the absence of functioning growth/differentiation
factor 8, a.k.a. myostatin, in knockout C2C12 cells; the same factor was also proven to
reduce the viability and disrupt the migratory and proliferative potential of MCF-7 breast
cancer cells [63,64]. Ultimately, sterile alpha motif domain-containing protein 9 was re-
ported to play a fundamental role in the interferon β-induced apoptotic pathway in human
glioblastoma cells [65].

In addition, some protein signatures may be mainly associated with the impairment
of the cell cycle and the inhibition of cell proliferation. This is the case of 14-3-3 protein,
CEP85, cryptochrome-2, chromodomain-helicase-DNA-binding protein 8, HHEX, low-
density lipoprotein receptor-related protein 1B and TET3 [66–74]. In particular, the p53-
inducible oncosuppressor 14-3-3 is known to prevent the import of the cyclin B1/cdc2
complex in the nucleus and to bind to CDK2 and CDK4, thus likely affecting the G1/S
transition. Overexpression of CEP85 was found responsible for preventing centrosome
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disjunction during mitosis. Knockdown of cryptochrome-2, a core component of the
circadian clock, was proven to up-regulate osteosarcoma cell proliferation and migration
by inducing cell cycle progression and promoting the MAPK and Wnt/β-catenin signaling
pathways; similarly, chromodomain-helicase-DNA-binding protein 8 also functions as a
tumor suppressor by regulating Wnt/β-catenin signaling and the cell cycle. Overexpressed
HHEX was reported to restrain hyperproliferation, metabolism activity, cell size and
transformation characteristic of c-Myc tumorigenic activities by binding and breaking
c-Myc/Max heterodimers; in particular, dealing with liver cancer, HHEX proved capable
of inhibiting tumorigenicity of Hepa1-6 hepatoma cells by suppressing their growth and
colony-forming ability in vitro and tumor development in nude mice. Overexpression of
full-length LRP1B, coding for the low-density lipoprotein receptor-related protein 1B, led to
an impaired proliferation of human non-small cell lung cancer cells, whereas its knockdown
exerted the opposite effect. In addition, this protein was found to function as a tumor
suppressor also against renal cell cancer, its down-regulation leading to the increase in
cell migration and invasion, possibly via actin cytoskeleton remodeling regulated through
the Cdc42⁄RhoA pathway and expressional alteration of the components of focal adhesion
complexes. Ultimately, a knockdown of the expression of TET3 was reported to promote
the proliferation of HepG2 cells.

One of the identified protein signatures, i.e., alkB homolog 7, could be associated with
mitochondrial damage. In fact, data from Fu et al. [75] demonstrated its involvement in the
massive loss of mitochondrial homeostasis leading to permeability transition pore opening,
NAD+ efflux into the cytoplasm and, eventually, energy depletion and cellular demise.

Regarding the four remaining signatures listed, it may be inferred that: (i) selenide and
water dikinase determine the decrease in ROS accumulation since Na et al. [76] reported
that deficient cells showed the down-regulation of genes involved in ROS scavenging;
(ii) Kv channel-interacting protein 4 acts as a putative tumor suppressor, as shown in
hepatocellular carcinoma [77]; (iii) hemicentin-1 acts as putative cytotoxicity-associated
factor, as shown in breast cancer [78]; and, (iv) TBC1 domain family member 2B, a Rab22-
binding protein, is an inhibitor of cell motile attitude by blocking E-cadherin degradation
necessary for epithelial-mesenchymal transition, as demonstrated with human lung cancer
cells [79].

By taking the obtained results and the literature data into consideration, the findings
reported here allow us to make the following comments:

(1) For HepG2 cells, anti-cancer agent-triggered growth arrest at the G2/M phase is an
event commonly leading up to apoptosis. This impairment was ascribed to different
causes, such as the inhibition of cyclin-dependent kinase-2A, the activation of p38
MAPK signalization or the inhibition of tubulin polymerization, determining the
failure of the assembly and dynamics of mitotic spindle structure [80–82]. Therefore,
the molecular basis of CFE-stimulated cell cycle block is an interesting aspect that
remains to be clarified and can bring to light new intracellular targets for anti-HCC
treatment options;

(2) It is known that HepG2 cells are endowed with elevated levels of basal autophagy [23,56].
This allows their survival, active growth and locomotion by fulfilling the related high
metabolic and energetic demands. Thus, it is conceivable that the suppression of
“protective” autophagy may contribute to CFE’s cytotoxic activity. Interestingly, in line
with [83], autophagy down-regulation may lead to the inhibition of cell proliferation
and the onset of apoptosis via the intrinsic pathway, as suggested in our model system
by the derangement of mitochondrial function. On the other hand, the failure of
rapamycin co-treatment to restore cell viability suggests that autophagy inhibition is
secondary to the other CFE exposure-linked aspects of cell damage, i.e., mitochondrial
dysfunction, ROS depletion and apoptosis promotion, the latter determining a massive
impairment of cell functions that cannot be rescued by the sole autophagy reactivation;

(3) It is worth mentioning that the HepG2 cell line is characterized by low levels of
expression of the cytochrome P450 family 2 subfamily E member 1 (CYP2E1) protein,
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a ROS-generating enzyme of the endoplasmic reticulum, and therefore is considered
a helpful model to test the formation of ROS mainly from mitochondrial sources [84].
Our results show a drastic reduction in the generation of mitochondrial ROS in ex-
posed cells. It is known that low levels of ROS act as redox-active signaling messengers
necessary for cell proliferation and functions and that cancer cells require a greater
supply of these molecules; otherwise, they become unable to grow normally [85].
Thus, by analogy with the literature data, it is conceivable that the redox imbalance
occurring in CFE-treated HepG2 cells may also contribute to the cytotoxicity-leading
vicious cycle by promoting mitochondrial dysfunction and triggering mitochondria-
mediated apoptosis.

A limitation of this study is represented by the lack of identification of the “active
constituent(s)” of the CFE responsible for the death-promoting activity. Our results indicate
that this (these) compound(s) withstand(s) lyophilization, resuspension and freeze–thawing
cycles. Nevertheless, the proteomic profile analysis revealed the presence of a rich mix of
proteins that can seemingly play anti-cancer roles at different levels. Moreover, molecular
docking analyses by Wydananda et al. [39] also demonstrated the potential of peptides
from A. lixula’s CF to act as anti-non small cell lung cancer agents due to their ability to
inhibit different signaling pathways implicated in the progression of this tumoral histotype.
Thus, cumulative evidence prompts focusing attention on the protein components of
the CFE for a future and more detailed examination of their biological properties and
possible applications.

5. Conclusions

Overall, our results provide evidence for the cytotoxic potential of A. lixula’s CFE
against HCC cells, which comes in addition to the anti-triple negative breast cancer effect
previously published [Luparello], thus increasing the interest in the biomedical imple-
mentation of the preparation. Future work will focus on the isolation of the substance(s)
responsible for the cytotoxic effect and on the more detailed characterization of the underly-
ing molecular mechanism(s) that mediate(s) cell death. Given the great need for developing
alternative treatment options against liver cancer, our results indicate that the aqueous
extract of A. lixula’s CF can be taken into consideration as a potential anti-HCC agent
for the development of novel prevention and/or treatment agents, which could also be
included as a supplement in functional food or during food processing and packaging.
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