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1. INTRODUCTION

1.1 AQUATIC SPECIES AND THEIR BENEFICIAL EFFECTS: POSIDONIA OCEANICA
AND HOLOTHURIA TUBULOSA

Seas and oceans, which cover three-quarters of the Earth’s surface, host an enormous variety
of organisms and represent a richest source of marine natural bioactives yet to be exploited.
Among the marine phanerogams, Posidonia oceanica (L.) (Delile, 1813; Liliopsida,
Najadales: Posidoniacee) is the most widely distributed and abundant endemic member in
the Mediterranean Sea. This slow-growing plant consists of buried roots and modified stems
(called rhizomes, which give rise to groups of long strap-like green leaves), and forms dense
and extensive underwater meadows, thus colonizing vast areas that account for about 1.5%

of the surface of the Mediterranean Sea.

Figure 1. Underwater meadows of Poceanica (ResearchGate, photo of Dimitris Poursanidis).

It is listed as a protected species by several international conventions and plays a central
ecological role as an indicator of the overall environmental quality of the coastal areas,
including the Sicilian coast, where it covers 76,000 hectares (Bellissimo et al., 2020). On the
other hand, dealing with biomedical applications, it is known that, similarly to many other
aquatic species, P. oceanica is a rich reservoir of numerous primary and secondary
metabolites; therefore, extracts from this species have been the subject of preclinical
investigations aimed at designing new preventive and/or treatment agents effective against
various diseases. Early reports assessed the antimicrobial activity of rhizome and grass
extracts (Bernard & Pesando, 1989; Berfad, 2014) and also demonstrated the dose-dependent
glucose lowering and vasoprotective effects of P. oceanica’s preparations in a diabetic rat
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model (Gokce & Haznedaroglu, 2008). In addition, the antioxidant, antiaging,
antiinflammatory and antiglycation activities of the leaf extracts have been recently
recognized (Cornara et al., 2018; Messina et al., 2021; Vasarri et al., 2020, 2021). A limited
number of papers have also examined the antitumoral potential of P. oceanica’s extracts.
Specifically, Barletta et al. (2015); Leri et al. (2018); Vasarri et al. (2021) described the
capacity of hydrophilic preparations to inhibit matrix metalloproteases (MMPs) gene and
protein expressions in human fibrosarcoma and neuroblastoma cells modulating the cells’
autophagic flux and also blocking the enzymatic activity of secreted MMPs, thereby
impairing the locomotory and invasive attitudes of the cells. Furthermore, as shown by
(Farid, 2018), different extracts of P. oceanica exhibited varying antiproliferative activity
against human breast, colon, liver, and larynx cancer cells, thus prompting further
investigation into the anticancer potential of the preparations. Among marine invertebrates,
edible sea cucumbers belonging to the class Holothuroidea of the phylum Echinodermata
have been shown to exert numerous beneficial effects on human health due to the wide range
of bioactive molecules present in their different body parts which are endowed with

diversified properties (e.g., antioxidant, neuroprotective, and antitumoral) (Hossain et al.,

2022; Shou et al., 2023).

-

Figure 2. A Holothuria tubulosa sea cucumber specimen (Luparello et al., 2022).

Holothuria tubulosa is an edible Mediterranean species, extensively distributed, that lives
on muddy rocks or sandy bottoms within meadows of P. oceanica. It has a light brown or
reddish surface covered with numerous long, dark conical papillae and three lines of mobile
tubular legs along the ventral face (Bay-Nouailhat A., 2006). Some reports in the literature
have been focused on the nutritional and pharmacological values of the extracts and isolated

compounds obtained from this sea cucumber. A study carried out on experimentally
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edematous mice assessed the anti-inflammatory role of a methanolic extract from H.
tubulosa through the partial inhibition of cyclooxygenase-2 activity (Zhu et al., 2020).The
low M.W. fucoidan isolated from the body wall of H. tubulosa has been shown to attenuate
the inflammatory reaction related to metabolic disease both in vitro and in vivo. The
significant fatty acid content of H. tubulosa’s tegument, in addition to being endowed with
an important nutritional quality, has been shown to exert antioxidant and free radical-
scavenging effects in vitro (Zmemlia et al., 2020) . In addition, the total body extracts of this
sea cucumber promoted apoptosis-based cytotoxicity against cancer cells, and the enzymatic
hydrolysates of the body wall proved to be a source of angiotensin-converting enzyme
(ACE) inhibitory peptides (Alper & Giines, 2020;Mecheta et al., 2020).Moreover, its
coelomocytes, mediating cells of the immune system, have been shown to be the source of
the antimicrobial peptides holothuroidin-1 and -2 (Schillaci et al., 2013). In echinoderms,
the coelomic fluid represents a significant part of their body mass. It provides a pseudo-
vascular system designed for transport and immune response and hosts a complex mixture
of soluble molecules, mostly proteins, constitutively secreted by different parts of the
invertebrate’s body. The use of the cell-free water extract from the coelomic fluid (CFE) of
H. tubulosa has previously demonstrated its in vitro anti-breast and liver cancer effects
(Luparello et al., 2022; 2019). In fact, if supplied to cancer cell cultures, the preparation
inhibited cell viability and proliferation by impairing cell cycle progress, locomotion,
mitochondrial activity, reactive oxygen species (ROS) production, and autophagic flux, in
some cases stimulating apoptotic death. A comprehensive proteomic analysis of the CFE

identified a subgroup of proteins potentially responsible for its anti-liver cancer activity.

1.2 HEPATOCELLULAR CARCINOMA

Hepatocellular carcinoma (HCC) is an aggressive cancer histotype that accounts for more
than 90% of primary liver cancers and is rated as the fifth most common cancer type
worldwide and the second main cause of cancer death in men (Asafo-Agyei, 2023). The
prognosis of HCC, which often gives rise to extensive metastasis and shows a high
recurrence rate after resection or ablation, is generally unfavorable. As reported by Philips
et al. (2021), in 2018, the estimated global incidence rate of liver cancer per 100,000 person-
years was 9.3, while the corresponding mortality rate was 8.5. In general, all cirrhosis-
inducing conditions can increase the risk of HCC. Oxidative stress, inflammation, and
continuous cycles of necrosis and regeneration are fundamental mechanisms in the

development of the neoplasia and, within this altered microenvironment, the damaged
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hepatocytes accumulate genetic alterations and undergo progressive de-differentiation,
leading to oncogenic transformation (Brar et al., 2018). Advances in the knowledge of the
dysregulation of various signaling pathways responsible for uncontrolled cell propagation,
metastasis, and recurrence of HCC cells have led to the identification of compounds that
could inhibit the specific targets of signal transduction by acting on cell cycle, cell migratory
behavior, apoptosis and autophagy that if altered or lost represent a key mechanism in
neoplastic spread and treatment resistance (Farzaneh et al., 2021). Many of these beneficial
compounds are being investigated as potential additives for functional foods or food-
packaging so that their regular intake might contribute to the maintenance of the health in
the organs of the digestive apparatus. However, the development of targeted therapies
requires biological characterization of the molecular mechanism of action of the agents

under investigation.

1.3 DIABETES MELLITUS

Diabetes mellitus is a metabolic disorder characterized by chronic hyperglycemia due to the
incapacity to produce sufficient insulin (type 1) or to use it efficiently (type 2). More in detail
the former, also called insulin-dependent or juvenile, is characterized by deficiency of insulin
secretion due to autoimmune destruction of pancreatic [ cells. Genetic tests or serologic tests
for autoantibodies, e.g., autoantibodies to cell islets and to insulin are commonly used for
the diagnosis of this type of diabetes. The second form, defined non-insulin dependent or
adult-onset, is characterized by insuline resistance and the following insuline deficiency is
not of autoimmune derivation. Unlike for type 1, affected individuals do not require insulin
for survival (A.D.A, 2013). At the cellular level, normally, hepatocytes internalize glucose
through the membrane glucose transporters GLUT-2 and -4. Specifically, GLUT-2 regulates
glucose levels in an insulin-independent manner and mediates transport in both directions
by exploiting concentration gradients and thus enhancing glucose uptake by cells (Mueckler
& Thorens, 2013; Fu et al., 2023). Therefore modulation of GLUT expression by the
transcription factor hepatocyte nuclear factor HNF-1a is a crucial event in the regulation of
glucose metabolism. GLUT-4, on the other hand, is a transporter whose presence in the
membrane is insulin-dependent through the activation of the pathway IRS-1/PI3K/Akt
(Furtado et al., 2002). Briefly insulin binds to its receptor, resulting in the activation of the
intrinsic tyrosine kinase, which causes in turn the phosphorylation in Tyr of the IRS-1
protein. These preliminary events determine the binding and activation of

phosphatidylinositol 3-phosphate, which will activate protein kinase Akt-2 responsible for
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the phosphorylation of many substrates, including proteins that stimulate the membrane
translocation of GLUT-4 (Saltiel & Kahn, 2001; Taniguchi et al., 2006). Alterations in the
expression levels of genes involved in these pathways may be responsible for the onset of
diabetes, described above, that is a serious threat to human health considering that,
worldwide, more than a half billion people are living with diabetes, 96% of the mellitus type,
and that this number is expected to more than double in the next 30 years (Ong et al., 2023).
Many pharmacological resources are available to help the control of blood glucose levels,
but many side effects are associated with the use of these drugs. On the other hand, as
reported in Zhang et al., (2019) and Abdel Raoof et al. (2018) the development of naturally
derived anti-diabetic compounds has attracted much attention as a safe, effective, available,
and low-cost alternative, that holds promise for its potential beneficial effects, while keeping

in mind that rigorous scientific validation is essential for their medical use.

1.4 THE BLOOD-BRAIN BARRIER AND NEUROINFLAMMATORY DISEASES

The BBB is a selective barrier that regulates the passage of substances between the
bloodstream and the CNS, protecting it from potential neurotoxic agents.This barrier is
localized in endothelial cells that line the blood vessels contributing to the maintenance of
homeostasis. Unlike peripheral endothelial cells, brain endothelial cells exhibit a low rate of
transcytosis and a limited paracellular permeability guaranteed by multiprotein junctional
complexes, such as of tight junctions (TJs) and adherent junctions (AJs) (Versele et al.,
2022), whose more used protein markers are Claudin-5 and VE-Cadherin, respectively.
Claudin-5 is a key tight junction protein that prevents the passage of potentially harmful
substances from the blood to the brain. On the other hand, VE-cadherin is an adherens
junction-specific protein that mediates adhesion between endothelial cells, which is critical
for the maintenance of cell cohesion and structural architecture of the BBB. Alterations at
VE-Cadherin levels, in response to various physiological and pathological stimuli, may
indicate vascular instability and increased permeability. After damage to the BBB an increase
in VE-Cadherin expression may be helpful in restoring barrier integrity since it tends to
strengthen the adherens junctions between endothelial cells, limiting the leakage of fluid and
inflammatory cells from blood to brain tissue, thus protecting the latter from further
damage.The causes of damage to the BBB and responsable for the development of
neuroinflammatory diseases can be various, such as brain injury, autoimmune diseases,
infections, and stress. In fact, these latter induce the immune system to release inflammatory

cytokines whose prolonged release can cause chronic neuroinflammation. The major
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neuroinflammatory disorders include multiple sclerosis, Alzheimer and Parkinson’s

diseases.

1.5 AIM OF THE RESEARCH

In the present study, preparations obtained from marine species were used to test their
beneficial effects on cell cultures in vitro; in particular, aqueous extracts prepared from P.
oceanica’s thizomes (RE) and leaves, both fresh (green; GLE) and beached (brown; BLE)
and the aqueous extract of the coelomic fluid from Holothuria tubulosa (CFE), used for
previous investigations. The HepG2 liver cell line, derived from a 15-year-old Caucasian
male affected by differentiated hepatocellular carcinoma (Donato et al., 2015), was chosen
as the in vitro model system for a tumor of the digestive apparatus, being one of the most
used in drug toxicity studies. Dealing with the novel potential anticancer preparations from
Poceanica’s extracts, in a first set of assays we examined whether and to what extent RE,
GLE and BLE could exert cytotoxic effects against HepG2 cells in culture. In particular, the
viability and locomotory behavior, cell cycle distribution, apoptosis and autophagy
modulation, mitochondrial membrane polarization, and cell redox state were selected as
biological endpoints. Next, since the liver is the main organ in which glucose metabolism
and storage take place and the main target for the molecular alterations of glucose uptake
and utilization, and since HepG2 cells express many differentiated hepatic functions,
including glycogen storage and insulin signalization (Donato et al., 2015), these cells were
also chosen to test the glucose-lowering and potential antidiabetic activity of GLE, RE and
CFE. In particular, using a combination of cytochemical, flow cytometric, PCR, and protein
blot techniques, we examined the role of GLE, RE and CFE in glucose consumption,
internalization, and accumulation and in the upregulation and surface translocation of the
two glucose transporters GLUT-2 and -4 (Karim, 2012). We also studied the changes in
expression, synthesis, and/or activation of the GLUT2-related transcription factor
hepatocyte nuclear factor-lo (HNFla) (Kim et al., 2017) and the GLUT4-translocation
regulatory factors insulin receptor substrate-1 (IRS-1) and AKT/pAKT (Ramachandran &
Saravanan, 2015). Finally, given the high presence of phenolic compounds in GLE and RE
which have been shown to possess anti-oxidant, antiinflammatory and neuroprotective
properties in vitro our aim was also to evaluate their potential anti-inflammatory effect, in
the context of CNS inflammatory diseases, by analyzing the effects induced on a TNF-a
inflamed human blood-brain barrier (BBB) model. Before proceeding with these latter
studies, however, we selected the concentrations to be used performing MTT assays and
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Griess reactions on LPS-treated RAW 264.7 cell cultures, commonly used as an in vitro
model for the study of inflammation. Specifically, the effects of GLE and RE on BBB
permeability, nitric oxide production and release, integrity of junctional complexes (both
adherens and tight) and on the expression of ICAM-1 and VCAM-1 markers of inflammation

after TNFa exposure were analyzed by qRT-PCR, Western blot and immunofluorescence.
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2. CYTOTOXIC ACTIVITY EXERTED BY GLE AND RE: FOCUS ON
AUTOPHAGY AND APOPTOSIS

2.1 MATERIALS AND METHODS

2.1.1 Preparation of green leaves extract (GLE), Brown Leaves extract (BLE) and Rhizomes

extract (RE) of Poceanica

Fresh samples of P. oceanica characterized by green leaves and rhizomes were collected by
scuba diving off the coast of the Gulf of Palermo (Sicily, Italy), while stranded brown leaves
were collected on the coastal beach at the same location.The plant material was extensively
washed under fresh water to remove sandy debris and manually cleaned to remove epiphytes.
For the extraction, 5 g of rhizomes, green and brown leaves were individually pulverized in
a mortar in the presence of liquid nitrogen. The aqueous extracts obtained by individual
resuspension of the powders in 2 M acetic acid (1:3 g/mL) plus a 1:200 antiprotease cocktail
(P8340, Sigma, St. Louis, MO, USA) were homogenized with an Ultra-Turrax T-25 digital
instrument (IKA, Staufen, D), sonicated with an ultrasonic processor (Sonics & Materials
Inc., Danbury, CT, USA), and centrifuged at 15,500 rpm for 20 min at 4 °C. The supernatants
were sterilized with filter (pore size = 0.22 um),lyophilized with an Alpha 2-4 LD plus
instrument (Martin Christ, Osterode am Harz,D), resuspended in a minimum volume of

sterile distilled water and stored at -20°C until use.

2.1.1.1 Chromatographic Analysis

Aliquots of 10 mg of each sample were dissolved/diluted in 1.0 mL methanol in an
autosampler vial and sonicated for 5 min. The analysis was performed with an Alliance 2695
(Waters), a high-performance liquid chromatography (HPLC) system equipped with an
autosampler, degasser and column heater, coupled with a quadrupole time-of-flight mass
spectrum (Waters Q-TOF Premier). The compounds were separated with a Thermo Hypersil
Gold column, 5 cm, 2.1 mm, 1.9 pm particle size, at a temperature of 30°C and with an
injected volume of 5 pL. Triplicate injections of all samples were carried out with a
thermostatic autosampler maintained at 15°C. For HPLC analysis, solvent A (water, with 0.1
v/v% tormic acid) was mixed with solvent B (methanol, with 0.1 v/v% formic acid) with the
following gradient schedule:from 0 to 1 min, 95% A (flow rate0.25 mL/min);from 1 to 15
min, 100% B; from 15 to 20 min, the same percentage of solvent B; from 20 to 21 min, 100%
B; from 21 to 26 min, 95% A for column rebalancing. The mass spectrometry (MS)

experiments were carried out by the dynamic range enhancement (DRE) acquisition mode
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to avoid microchannel plate (MCP) saturation and maintain good sensitivity, thereby
ensuring a proper quantification of the compounds present in both high concentration and
trace levels. Electrospray ionization (ESI) was used in a negative ion mode under the
following conditions : capillary voltage, 2.0 KV; desolvation temperature, 300 °C; sampling
cone,0.0 V; extraction cone, 2.0 V; ion guide, 2 V; source temperature, 80 °C; cone gas N2,
flow 35.0 L/h; desolvation gas N2, flow 300.0 L/h; scan time, 1 s; delay between scans, 0.1
s. The acquisition mass interval was 100-1000 m/z; for data collection with an accurate mass

selection, an appropriate block mass was selected.

2.1.1.2 Proteomic Analysis

GLE and RE were centrifuged and the supernatants were placed on 10-kDa membrane filters
for subsequent solvent exchange. Protein concentrations were identified with a NanoDrop
3300 (Thermo Fisher, Waltham, MA, USA), then enzymatic digestion was performed as
previously reported (Luparello et al., 2022a; 2022b).Shortly, the proteins present in the
sample were reduced with RapiGest and dithiothreitol (Thermo Fisher), then alkylated with
iodoacetamide (Thermo Fisher) and finally digested with LysC-Trypsin and Trypsin (Mass
Spec grade, Promega, Madison, WI, USA) in two steps. Proteolysis was stopped by the
addition of formic acid (Thermo Fisher). Then, the samples were dried and desalted using
C18 spin columns (Thermo Fisher) and stored at -20 °C until analysis. Aliquots of each
sample (total nominal amount = 3 pg protein) were then processed with an Ultimate 3000
(Dionex, Sunnyvale, CA, USA) coupled to a Bruker Maxis II ETD mass spectrometer
(Bruker Daltonics GmbH, Bremen, D) via a CaptiveSpray nanobooster ion source. Peptides
were separated with an ACQUITY UPLC M-Class Peptide BEH C18 column (Waters,
Milford, MA, USA). Proteins were identified by searching in the FASTA Uniprot
Alismatales database (accessed Feb. 20, 2023), using the Byonic program (version 4.5.2.,
Protein Metrics Inc.). Based on the results, a protein database was developed and Scaffold
was used for protein quantification, using a 95% threshold for peptides ,1% false protein
discovery rate, and a minimum of 2 peptides per protein (version 4.11, Proteome Software).

Quantitative proteomic information was provided by Quantitative Scaffold Analysis.
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2.1.2 Cell culture and viability assay

HepG2 cells were cultured at 37°C and 5% CO: in a humidified atmosphere using DMEM
(Sigma), supplemented with 10% Fetal Bovine Serum (Sigma) and antibiotics (100 U/mL
penicillin and 100 pg/mL streptomycin; Sigma). Cell viability tests were performed by
exclusion test with trypan blue (Strober, 2015). Cells were seeded at a density of 5500
cells/well in 96-well plates and, after overnight adhesion, incubated for 24 h either with
DMEM alone for control conditions, or with GLE, RE or BLE at different concentrations in
a range between 10 and 100 pg dry extract/mL. In each experimental condition a cell
viability ratio was calculated as the ratio between treated cells and controls; the ICso (half
maximal inhibitory concentration) for GLE and RE was evaluated using the CompuSyn
software (Chou et al., 2004). In parallel, HepG2 cells were co-exposed to InM rapamycin
(macrolide antibiotic that actives autophagy (Librizzi et al., 2012) and ICso of GLE or RE

and subjected to trypan blue exclusion tests.

2.1.3 Clonogenic assay

The clonogenic assay was performed according to Ramos et al. (2005). HepG2 cells were
seeded and treated for 24 h with either extract at their ICso. At the end of the treatment, the
cells were trypsinizated and seeded in 6-wells plates at a density of 200 cells/well with fresh
medium. After an incubation of 10 days at 37°C and 5%CO: the colonies were stained with
crystal violet and counted. The obtained data were used to determine the plating efficiencies

(PE) and surviving fraction (SF), as follows :
PE = number of colonies counted/number of cells plated

SF = PE of exposed cells/PE of control x 100

2.1.4 Wound-healing assay

The wound healing assay was performed as described in Luparello et al. (2022a, b). HepG2
cells were seeded in 6-well plates (88.000 cells/well) and after the confluence was reached
the monolayer wasscraped with a 200 pL pipette tip. Culture media were replaced with
DMEM alone (control) or with medium containing GLE or RE at their ICso. Selected wound

sites were photographed with a phase-contrast microscope at different time points within 24
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hours from the start of the experiment. Finally, wound areas were quantified by Imagel/Fiji

and reported as mean area %+/- s.e.m.

2.1.5 Flow Cytometry Assays

For these assays, cells were seeded in 6-well plates at a density of 88.000 cells/well,
incubated for 24 h to allow for adhesion and for further 24 h with GLE or RE at their ICso
or in control conditions. Experiments were performed in triplicate (Luparello et al., 2019a;
2019 b; Luparello et al., 2022a; 2022b;), using a FACSCanto flow cytometer (BD
Biosciences, Franklin Lakes, NJ, USA) and taking into account 10,000 events for the
evaluation. Results were analyzed with Floreada, an online tool available at

https://floreada.io/. Cell debris, which had low FSC values, were excluded from the analysis

by gating in the FSC vs. SSC plot ; additionally duplicates and cell multiplets were excluded
from any cell cycle analysis by gating in the FSC-H vs. FSC-A plot.

2.1.5.1 Cell-cycle Analysis

For the analysis of the distribution of cells in the different phases of the cell cycle treated
and control cells were fixed with cold 70% ethanol, incubated with 40 ug /mL RNase A and
stained with 20 pg/mL propidium iodide.

2.1.5.2 Apoptosis Assay

Phosphatidylserine externalization, representative of apoptosis induction, was assessed in
control and treated cells with the Annexin V-FITC kit (Canvax Biotech, Cordoba, Spain)
using recombinant annexin-V conjugated to the green fluorescent FITC dye in conjunction
with propidium iodide (PI) to discriminate viable, early-apoptotic, late-apoptotic, or necrotic

cells.

2.1.5.3 Analysis of Mitochondrial Transmembrane Potential (MMP)

The MMP was analyzed with the JC-10 Mitochondrial Membrane Potential Assay kit
(Abcam, Cambridge, UK) using the cationic lipophilic JC-10 dye, a ratiometric fluorescent

indicator sensitive to modifications of MMP. In intact cells, JC-10 aggregates in the
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mitochondrial matrix and its fluorescence emission shifts from green (520 nm) to red (570
nm). Conversely, in the case of MMP dissipation, it remains monomeric in the cytosol
emitting green fluorescence. A positive control, obtained by incubating the cells with 1 uM

valinomycin, a K+ ionophore that dissipates MMP, was assayed in parallel.

2.1.5.4 Reactive Oxygen Species (ROS) Detection

The intracellular level of ROS in control and treated cells was analyzed with the ROS
Detection Assay kit (Canvax Biotech), monitoring the extent of deacetylation and oxidation
of the probe 2,7 dichlorodihydrofluorescein diacetate in the fluorescent 2,7

dichlorodihydrofluorescein species, following the manufacturer's instructions.

2.1.5.5 Acidic Vesicular Organelles (AVO)’ Accumulation Analysis

AVO’s accumulation was assessed by fixing treated and control cells with cold 70% ethanol

and staining with 100 pg acridine orange/mL (Sigma) for 20 min in the dark.

2.1.6 Caspase Activity Assay

Caspase activity was assessed using the Caspase Family Colorimetric Substrate kit IT Plus
(Abcam) in cells seeded in 6-well plates at a concentration of 88,000 cells/plate and

incubated for 24 h in control conditions or exposed to GLE or RE at their ICso.

2.1.7 Cell Lysates and Western Blot

Total protein samples were obtained from treated and control HepG2 cells by incubation in
a lysis buffer (7 M Urea, 2% CHAPS, and 10 mM DTT) containing a protease inhibitor
cocktail (Sigma) (Chiarelli et al., 2021). Separation of protein samples (25 ng) was carried
out by 13% SDS-polyacrylamide gel electrophoresis and after the transfer on nitrocellulose
membranes they were incubated with the primary antibodies overnight at 4°C. The
antibodies used were rabbit anti-p62/SQSTM1 (P0068, Sigma; working dilution 1:500),
rabbit anti-Beclin-1 (SC-11427, Santa Cruz Biotechnology, Delaware, CA, USA; working
dilution 1:500), rabbit anti-LC3 (L8918, Sigma; working dilution 1:1000), mouse anti-
HSP60 (H3524, Sigma; working dilution 1:500), and rabbit anti-actin (Ab8227, Abcam;
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working dilution 1:1000). After membrane washing the membranes were incubated with
peroxidase-conjugated anti-mouse or anti-rabbit secondary antibodies (W4021 and W4011,
Promega Corporation, Madison, WI, USA) at room temperature for 1 h. The Molecular
imager Versadoc MP imaging System (Bio-Rad, Hercules, CA, USA) was used to visualize
the protein bands after staining with the Immun StarTM WesternCTM chemiluminescent kit
(Bio-Rad). Finally, the bands’ quantitative analysis was performed using Quantity One

v.4.6.6 software (Bio-Rad), referring to actin band intensity as the loading control.

2.1.8 RNA extraction, Reverse Transcription and gRT-PCR

Total RNA samples were extracted from cells cultured and grown in 25 cm? flasks and then
incubated for 24 h in control conditions or exposed to either GLE or RE at their ICso, using
the PureLink RNA Mini kit (ThermoFisher, Waltham, MA, USA) with on-column DNase
treatment (PureLink DNase set, ThermoFisher). Bleach gel electrophoresis (Aranda et al.,
2012) was used to evaluate the quality and the integrity of the RNAs which were quantitated
spectrophotometrically. The cDNAs were synthesized from 250 ng of total RNA using 10 U
of Transcriptor reverse transcriptase (Roche, Manheim, Germany) and random hexamer
primers; their quality was checked through PCR amplification in the presence of 1 U/uL of
Taq DNA polymerase (TAQ-RO, Roche) and the forward and reverse primers for -actin.
Gene expression levels of BAD, BAX, BCL2, JUN and FOS were investigated through qRT-
PCR using the SYBR-Green method, the specific sets of primers listed in Table 1, and an
Applied Biosystems 7500 Real-Time PCR system. The 25 pLL PCR mixtures were prepared
with 2 uL of cDNA, 300 nM primers (forward and reverse) and 12.5 pL of Power SYBR-
Green PCR MasterMix (Applied Biosystems, Waltham, MA, USA). The sample
quantification was obtained using the 2—AACt method; the normalization was performed to
B-actin and the relative expression levels were evaluated calculating the ratio between the
normalized value of the target gene in each treated experimental conditions and that in

control condition.

Gene (Primer) Sequence (5'—3’) Reference

BAD (Forward) GTTCCAGATCCCAGAGTTTGAGC (Luparello et al.,
2008)

BAD (Reverse) TTAAAGGAGTCCACAAACTCGTCACT

BAX (Forward) ATGGACGGTCCGGGGAGCAGC (Luparello et al.,
2008)

BAX (Reverse) CCCCAGTTGAAGTTGCCGTCAG
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BCL2 (Forward) GCCTTTGTGGAACTGTACGGC (Luparello et al.,

2008)
BCL2 (Reverse) GGCAGTAAATAGCTGATTCGACGTT
DAPK (Forward) GATGGCAACATGCCTATCGTG (Luparello et al.,
2008)
DAPK (Reverse) GATGAAGAGTCCTCGGTGCGTAT
JUN (Forward) CCCCAAGATCCTGAAACAGA (Luparello et al.,
2012)
JUN (Reverse) CCGTTGCTGGACTGGATTAT
FOS (Forward) CCAACTTTATCCCCACGGTGAC (Ronchetti et al.,
2013)
FOS (Reverse) TGGCAATCTCGGTCTGCAAC
ACTB (Forward) GGAAGGTGGACAGCGAGGCC (Li et al., 2014)
ACTB (Reverse) GTGACGTGGACATCCGCAAAG

Table 1. Primers used for PCR amplification.

2.2 STATISTICS
The normality tests were performed by SigmaPlot 11.0 software (SYSTAT, San Jose, CA,

USA). For Western blot experiments, data were analyzed by unpaired two-tailed Student’s

t-test with GraphPad Prism 9 software (GraphPad, San Diego, CA, USA).

2.3 RESULTS

2.3.1 Effects of P.oceanica's extracts on short-term viability and long-term proliferative

potential of HepG?2 cells

The cytotoxic effects of GLE, BLE and RE were evaluated through the trypan blue exclusion
assay and, in case of dose-dependent viability inhibition, the ICso was determined. Cell
exposure for 24 h to GLE and RE exerted a concentration-dependent decrease in cell
viability, whereas treatment with BLE at all concentrations was ineffective at modifying cell
viability. For this reason the latter preparation was excluded from the subsequent analyses.
On the basis of the results obtained in the dose-response assays, 83 and 11.5 pg of dry extract
/mL were the estimated ICso for GLE and RE, respectively, and they were used in all the

following experiments.
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Figure 3. Representative graphs of cell viability rates following exposure of HepG2 cells to different

concentrations of GLE, BLE and RE (mean + s.e.m of three independent experiments).

In a second set of assays, the clonogenic assay (also known as colony formation assay) was
performed to investigate the ability of the cells to continue proliferating or, conversely, to
undergo to reproductive death after treatments with GLE or RE. To this purpose, we
evaluated the long-term ability of individual cells to give rise to colonies of at least 50
individuals after 24 hours of exposure to the ICso of the extracts (Franken et al., 2006).
Representative micrographs of the stained colonies and the PE and SF values under both
experimental conditions, obtained from colony counting in triplicate experiments, are shown

in Figure 4.
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control GLE RE
PE 0.46 +/-0.08 0.47+/-0.03 0.08 +/-0.01
SF 1.03 +/-0.07 0.17 +/-0.03

Figure 4. Representative images of clonogenic assays of HepG2 cells under control conditions or exposed to
the ICso of GLE or RE for 10 days. The corresponding plating efficiencies (PE) and surviving fractions (SF)

are shown in the attached table (mean =+ s.e.m. of three independent experiments).

The obtained results indicate that, unlike to the exposure of cells to GLE which was
ineffective in modifying cell behavior, the exposure to RE resulted in a significant reduction
of cells’ replicating capacity, down to about 16% of that of the untreated control, thus
suggesting the occurrence of phenotypic effects that could be distributed over time and

develop after a certain number of cell divisions.

2.3.2 Effects of P.oceanica’s extracts on cell-cycle status and apoptosis induction in HepG2

cells

In the light of the observed reduction in cell viability following short-term treatment with
the extracts, we evaluated the distribution of HepG2 cells along cell cycle phases under
control conditions and after 2 and 24 hours of exposure to GLE or RE. As shown in Figure
5, the treatment of cells for 2 hours produced no significant change in the percentage of the
cell populations in the cycle phases. In contrast, after 24 h of exposure we detected a shared
accumulation of cells in the sub-Go/Gi phase (more pronounced in the case of GLE
exposure) and a decrease in the percentage of cells in the other stages, with the exception of
RE-treated cells at the Go/M stage, whose amount remained significant and comparable to
that of controls. This suggests that, unlike the generalized cell damage induced by RE that
extends to the entire cycle, treatment with GLE could result in a sustained impairment of the
DNA checkpoint in G2, with a consequent arrest of cycle progress at G2/M, an event that

commonly precedes HepG2 cells’ apoptosis (Chao et al., 2014; Li et al., 2019). We next
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examined whether the observed alteration of the cell cycle and the increase in the proportion
of sub-Go/G1 hypodiploid cells could be, at least in part, attributed to an apoptosis-promoting
effect of the extracts on HepG2 cells. Cultures grown under control conditions or exposed
to GLE or RE for 14 or 24 h were analyzed for phosphatidylserine externalization in
combination with PI staining; the data obtained are shown in Figure 6 and indicate that, at
an early stage of exposure (14 h), the percentage of the viable annexin-V-/PI cells was
reduced from about 89% of controls to about 72% after both treatments. On the other hand,
the percentage of early apoptotic cells (annexin-V+/PI-) increased from about 9% of the
controls to about 25%. As expected, after 24 hours of exposure the number of viable cells
was drastically reduced by about 6 (for GLE) and 8% (for RE), while the percentage of late
apoptotic cells (annexin-V+/PI+) increased to about 92% (for GLE) and 89% (for RE) of the
population. This result is consistent with flow cytometry data on the observed accumulation
of cells in the sub-Go/G: fraction after 24 h of exposure to the extracts. No significant
difference was found for the necrotic cell populations, i.e., annexin-V-/PI+, under the
investigated experimental conditions.

Real-time PCR analyses were performed to detect the changes in BCL-2, BAX, BAD, FOS,
and JUN mRNA trascription at 4 and 14 hours of exposure to GLE and RE (Figure 7). As
suggested by Golestani Eimani et al. (2014), since the balance between anti-apoptotic
members (Bcl-2) and pro-apoptotic members (Bax and Bad) of the Bcl-2 family (Kale et al.,
2018) is a better indicator of apoptosis sensitivity, we focused on Bcl-2/Bax and Bcl-2/Bad
expression ratios instead of individual expression patterns. Under the experimental
conditions used, the >1 ratios found with both extracts after 4 h of treatment decreased after
14 h of culture, more drastically in the presence of GLE. In particular, the Bcl-2/Bax ratio
decreased from 1.71 to 0.44 with GLE and from 2.04 to 1.19 with RE, while the Bcl-2/Bad
ratio decreased from 2.49 to 0.35 with GLE and from 3.52 to 1.19 with RE. It is generally
recognized that the products of the immediate early genes FOS and JUN, which are involved
in the formation of the transcription factor AP-1, control various cellular functions, including
apoptosis (Singh & Czaja, 2007). In particular, the decreased level of FOS expression was
found to be associated with cell death induced by suppression of the expression of Cyclin
D1 and Go/G arrest in colorectal cancer cells and also with c-Jun/ATF2-mediated neuronal
apoptosis, while the increase of JUN trancription level was responsible for caspase activation
and apoptosis induction in myeloma cells (Podar et al., 2007; Yuan et al., 2009; Gao et al.,
2020). Regarding HepG2 cells, it has been shown that overexpression of JUN down-
regulates cyclin A2, thus leading to G arrest (Yang et al., 2013). In liver tissue, the decline

in the expression of FOS with sustained high levels of JUN expression is an hallmark of
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irreversible damage and correlates with the onset of programmed hepatocellular death
(Schlossberg et al., 1996). As displayed in the figure, and in line with the cited reports, the
up-regulation of JUN and concomitant down-regulation of FOS were detected at the

beginning and end of exposure to both extracts.
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Figure 5. Representative DNA profiles of control (green), GLE (blue), and RE-treated (red) HepG2 cells after
2 (A) and 24 h (B) of exposure. (C) Bar graphs show the effect of GLE and RE on the cell-cycle distribution
of HepG2 cells after 2 and 24 h of treatment compared with controls. The error bars indicate the standard error

of the mean (s.e.m.) of three independent measurements. * normality test vs. control passed.
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Figure 6. (A) Flow cytometry assays for apoptosis in HepG2 cells cultured under control conditions or exposed
to ICso of GLE or RE for 14 or 24 hours. The graphs show the results of representative experiments, and the
percentages, shown as mean + s.e.m. of three independent assays, refer to viable annexin-V-/PI- cells (lower
left quadrant), early apoptotic annexin-V+/PI- cells (lower right quadrant), late apoptotic annexin-V+/PI+ cells
(upper right quadrant) and necrotic annexin-V-/PI+ cells (upper left quadrant). (B) Bar graphs summarize the
data for live, early apoptotic and late apoptotic control and treated cells from triplicate experiments. * normality

test vs. control passed.
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Figure 7. (Upper graph) Real-time PCR analysis of expression of BAD, BAX, BCL2, JUN and FOS in HepG2
cells cultured under control conditions or exposed to the ICso of GLE or RE for 4 and 14 hours. Gene expression
values are normalized to ACTB. (Lower graph) Expression ratios of BCL2/BAX and BCL2/BAD in HepG?2 cells
exposed to the ICso of GLE or RE for 4 and 14 hours. Error bars indicate the standard error of the mean (s.e.m.)

of three independent measurements. All data passed the normality test compared with the control.

In addition, to obtain more details about the activation of specific caspases following

exposures, we submitted control and treated cell lysates to spectrophotometric
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measurements in the presence of p-NA-conjugated substrates for caspases 1 to -6 and -8 to
-9. Figure 8 shows that exposure to both extracts resulted in the activation of caspases-1, -2
and -6, whereas, in the presence of GLE alone, the additional and prominent activation of
caspase-3 was observed. No statistically significant results were obtained for caspases 4, -5,

-8 and -9.

0.04

B control

=3 GLE
— T RE ”
e 0.034
c
o
o
<
]
s
® 0.02- *
2 =
© *
= - *
8 *

.
< 0.01-
0" T T T T
caspase-1 caspase-2 caspase-3 caspase-6

Figure 8. Determination of caspase activity in HepG2 cells cultured under control conditions or exposed to the
ICso of GLE or RE for 24 hours. The error bars indicate the standard error of the mean (s.e.m.) of three

independent measurements. * normality test vs. Control passed.

2.3.3 Effects of P.oceanica’s extracts on mitochondrial membrane polarization and redox

status in HepG?2 cells

We examined whether cell exposure to GLE or RE could affect mitochondrial function by
examining the status of MMPs with the lipophilic cationic dye JC10. To this purpose, we
assessed the percentage of cells with either intense red or bright green/dim red fluorescence
(indicative of intact or collapsed MMPs, respectively) after 4, 14, and 24 hours. Figure 9
shows that, differently from GLE, treatment with RE resulted in the gradual increase of the
cell population exhibiting mitochondrial depolarization. Specifically, in the three time
intervals considered, the cells emitting dim red light increased from about 31, 31 and 28%

ofthe controls to about 57, 61 and 78%, respectively. However, in no experimental condition,
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the obtained values increased to the levels of the valinomycin-treated positive controls (98-
99%), indicating the persistence of a subpopulation of HepG2 cells with intact mitochondrial
functions. It is known that mitochondria are the main source of intracellular ROS, although
these can also be produced by other intracellular components, such as endoplasmic
reticulum-bound enzymes (Auten & Davis, 2009; Zaidieh et al., 2019). On the other hand,
HepG2 cells represent a useful model for examining ROS production mainly from
mitochondrial sources, since cytochrome P450 family 2 subfamily E member 1 (CYP2EI),
an endoplasmic reticulum ROS-generating enzyme, is poorly expressed in the cell line (Jiang
et al., 2015). The accumulation of different types of ROS (hydrogen peroxide, peroxynitrite,
hydroxyl radicals, nitric oxide and peroxy radicals) after 4 and 24 hours of exposure to GLE
or RE was examined by flow cytometry. As reported for other experimental models
(Belyaeva et al., 2008; Kenny et al., 2019; Luparello et al., 2022a;2022b), under each
condition studied, two distinct cell subpopulations endowed with low (ROS-) and high rates
(ROS+) of ROS generation were detected. The mean fluorescence intensity (MFI) values of
the events associated with ROS+ subpopulations, as well as the overall proportion of ROS+
cells within the entire populations, were calculated and reported in Figure 10. A reduction in
ROS generation could be observed already after 4 h of incubation with both extracts, with
an average decrease of 69% (for GLE) and 57% (for RE) in exposed cells compared with
controls, respectively (mean MFI of control cells = 11,989, mean MFI of GLE-treated cells
= 3831, mean MFI of RE-treated cells = 5184; p < 0.05). The reduction in the amount of
ROS was reversed after 24 h of treatment with RE alone (mean MFI of control cells = 6710,
mean MFI of treated cells = 6465; no statistical significance), while the level of ROS
produced in HepG2 cells treated with GLE remained lower, although slightly (58%), than
that of control cells (Mean MFI of control cells = 6710, mean MFI of treated cells = 2821; p
< 0.05). In addition, the proportions of ROS+ subpopulations of treated cells were always
lower than those of controls and decreased over the time interval studied, accounting for
about 19% (at 4 h) and 2% (at 24 h) with GLE and about 47% (at 4 h) and 14% (at 24 h)
with RE, as predicted by the progressive cell impairment and death.
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Figure 9. (Upper panel) flow cytometric assays for MMP in HepG2 cells cultured for 4, 14 and 24 under control
conditions or exposed to 1 uM valinomycin (positive control) or the ICso of GLE or RE. The graphs show the
results of representative experiments, and the percentages in each box, shown as mean + s.e.m. of three
independent assays, refer to the intense red-emitting cells with intact MMP in the gated area. (Lower image)
bar graph summarizing data for control and treated cells with intact MMP obtained from triplicate experiments.

* normality test vs. control passed.
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Figure 10. Histograms showing ROS-associated MFI in ROS+ subpopulations (upper graphs) and ROS+
cell/ROScell ratio (lower graphs) of HepG2 cells grown under control conditions or exposed to the ICso of
GLE or RE for 4 and 24 hours. The error bars indicate the standard error of the mean (s.e.m.) of three

independent measurements. * normality test vs. control passed.

2.3.4 Effects of P.oceanica s extracts on HepG2 cells’ autophagic activity

We then examined whether the extracts could affect the autophagic flux of HepG2 cells by
analyzing in parallel the accumulation of AVO and the intracellular presence of LC3, Beclin-
1, p62/SQSTMI1 and hsp60 protein markers at early (4 h), intermediate (14 h) and late (24
h) stages of exposure. LC3 protein is recognized to be anchored in the membrane of the
autophagosome after conversion of LC3-I (cytoplasmic form) to LC3-II (autophagosome
membrane-associated form). Beclin-1 is known to regulate autophagy, being an essential
effector that plays important roles in the crosstalk with the apoptosis pathway. The
dissociation of Beclin-1 from Bcl-2 is essential for its autophagic activity. Unlike LC3,
which is a marker of final autophagosome formation, Beclin-1 participates in the early stages
of autophagy, promoting the nucleation of the autophagic vesicle and recruiting proteins
from the cytosol. P62/SQSTMI1 protein is commonly found in the inclusion bodies

containing polyubiquinated protein and provides important protein information on proteins
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destined for autophagic degradation. Finally, considering the involvement of
polyubiquitinated proteins destined for autophagic degradation as indicated by the
p62/SQSTMI protein, we investigated the amount of hsp60, an indicator of cyto-protection,
being a component of the machinery for proper protein folding. (Decuypere et al., 2012;
Klionsky et al., 2021a; Pace et al., 2013). In addition, the expression levels of the DAPK
gene were monitored at the early and at intermediate stages by qRT- PCR. In fact, it is well
known that the expression of DAPK in various cell lines, also in HepG2 cells, leads to the
increased formation, trafficking and fusion of autophagosomes and also to the increased
levels of Beclin-1, thus being considered a potent and unique inducer of the autophagic
process (Farag & Roh, 2019; P. Singh et al., 2016). As shown in Figure 11, two distinct cell
subpopulations showing low AVO- and high rate (AVO+) of acridine orange fluorescence
were highlighted in the plot analyses. It’s recognized that HepG2 cells are endowed with a
high basal level of autophagy (Luparello et al. 2022a; 2022b) and, as a result, the percentage
of AVO+ cells was found to be about 90, 84 and 71% at 4, 14 and 24 h of culture in untreated
cells. Following exposure to the ICso of GLE or RE, two different results were obtained. In
fact, in the first experimental condition, the percentage of AVO+ cells after 4 h decreased to
about 48%, and the extension of the exposure time to 14 and 24 h did not cause a further
reduction in AVO+ cells (about 47% after 14 h; about 44% after 24 h); in contrast, exposure
to RE resulted in the almost complete disappearance of the fraction of AVO+ cells, whose
amount decreased to about 68, 50 and 4% of the total population after 4, 14 and 24 hours of
treatment. The Western Blot results on the expression levels of autophagy- and
cytoprotection-related proteins are shown in Figure 12. We investigated the LC3-1I/LC3-I
ratio to monitor the level of autophagic flux during the relative exposure times. After 4 hours,
an initial up-regulation of the ratio was observed after both exposures, with an approximately
1.8- and 2.2-fold increase for GLE- and RE-treated cells, respectively, compared with
controls, followed by an approximately 0.1- and 0.2-fold decrease at 14 hours from the start
of exposure. After 24 hours, a further slight decrease in the ratios was observed in both
experimental conditions (GLE-treated cells = approximately 0.1-fold ; RE-treated cells =
approximately 0.2-fold). Concerning Beclin-1, after 4 h of GLE treatment, its level was
found to be about 0.8-fold lower than in the control ; in contrast, a comparable level of
Beclin-1 was found in the presence of RE.

After 14 hours, however, Beclin-1 was down-regulated in both treated samples, although to
different degrees and more pronouncedly in RE-treated cells (about 0.4-fold). The same
trend was also observed after 24 hours in both experimental conditions. After 4 hours of

treatment, the level of p62/SQSTMI1 increased of about 0.3-fold in GLE-treated cells
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compared with the untreated sample, while in the RE-treated cells it was comparable to that
of the control. Similarly, after 14 hours, a time during which physiologically control cells
express high levels of p62/SQSTMI, its levels increased for GLE-treated cells (about 0.4-
fold) and reduced for RE-treated cells (about 0.5-fold) with respect to control cells. This
treatment period coincided, however, with the highest levels of p62/SQSTMI in the whole
experiment. After 24 hours, low levels of p62/SQSTMI1 were detected in the controls
compared with treated samples, showing a larger increase in RE- cells (about 1.5-fold) than
in GLE-treated cells (about 0.5-fold). In general, it is noteworthy that p62/SQSTMI levels
in RE-treated cells remained constantly low in the three times of exposure. Finally,
concerning hsp60, its levels decreased after 4 hours of treatment compared with the control,
more prominently in GLE-treated cells (about 0.4-fold). After 14 hours, the level of hsp60
was elevated by about 0.2-fold compared with control only in the presence of GLE, while it
remained comparable to control for RE-treated cells. After 24 hours, the level of hsp60 was

reduced by about 0.9-fold in both treated conditions.
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Figure 11. (Upper panel) flow cytometric assays for AVOs in HepG2 cells cultured under control conditions or
exposed to the ICso of GLE or RE for 4, 14 and 24 hours. The graphs show the results of representative
experiments, and the percentages, shown as mean + s.e.m. of three independent experiments, refer to AVO+
cells (right quadrants) and AVO- cells (left quadrants). (Lower image) bar graph summarizing the data for

control and treated AVO+ cells obtained from triplicate experiments. * normality test vs. control passed.

As expected from the different extent of autophagy down-regulation indicated by flow

cytometry and protein blot data, different patterns of DAPK expression were detected after
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treatment with both preparations, confirming the previous results. In particular, an important
decrease in its transcription rate was observed at 4 h of exposure in the presence of GLE and
RE. Consistent with the gradual total disappearance of AVO+ cell population, the major
down-regulation of DAPK remained stable within 14 h of RE treatment, while, consistent
with the stabilization of AVO+ cells at values of about 50% of the total population, at 14 h
of GLE exposure, the amount of DAPK mRNA returned to values slightly lower than those
of control cells (Figure 13). Finally, the increased C-JUN transcription, which was reported
in our experimental system, may be considered as a prelude to the inhibition of
autophagy(Yogev et al., 2010). We next examined to what extent the inhibition of the
autophagic process could be responsible for the observed cytotoxic effect after the exposure
of HepG2 cells to GLE and RE. To this purpose, cells were co-incubated with the ICso of
GLE or RE and 1 nM of the autophagy stimulator rapamycin (sirolimus), which acts through
inhibition of mMTOR (mammalian target of rapamycin) serine/threonine kinase. As shown in
Figure 14 the co-exposure was able to significantly reverse the decrease in cell number only
in the presence of GLE ; in contrast, no significant effect was found after co-administration
of RE and rapamycin, thus confirming the occurrence of more extensive and diffuse damage

induced by exposure of HepG2 cells to this specific preparation.
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Figure 12. Immunoblotting and quantitative analysis. (A) Total lysates of control and GLE or RE-treated cells
after 4 h, 14 h and 24 h exposure, immunoreacted with anti-p62/SQSTM], - Beclin-1, -HSP 60, -LC3 and -
actin antibodies. The histograms show the densitometric analysis of the bands obtained for (B) LC3-II/LC3-1
ratio, (C) Beclin-1, (D) p62/SQSTM1, and (E) HSP 60. Actin was used as a loading control, and in C-E, relative
protein expression, reported as arbitrary units, was calculated as the ratio of protein band density to actin band
density. Experiments were performed in triplicate, and data are expressed as mean =+ standard deviation (n =3

+ SD). * p<0.05; ** p<0.01; *** p <0.005 compared with control for each treatment time.
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Figure 13. Real-time PCR analysis of DAPK expression in HepG2 cells cultured under control conditions or
exposed to the ICsp of GLE or RE for 4 and 14 hours. Gene expression values are normalized to ACTB. The
error bars indicate the standard error of the mean (s.e.m.) of three independent measurements. All data passed

the normality test relative to the control.
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Figure 14. Histogram showing the effect exerted by co-treatment with 1 nM rapamycin on the decrease in
HepG?2 cell viability induced by GLE or RE after 24 hours of exposure. The error bars correspond to the

standard error of the mean (s.e.m.) of three independent measurements. * normality test vs. control passed.
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2.3.5 Inhibition of the locomotory ability of HepG2 Cells exposed to P. oceanica s Extracts

To examine the effect of incubation with the ICso of GLE or RE on the locomotory ability of
HepG2 cells, a wound healing assay was performed. It is known that, under control
conditions, HepG2 cells show a motile attitude that allows them to drastically reduce the
wounded area within 24 h. (Luparello et al., 2022 a; 2022b; Xie et al., 2017; Zheng et al.,
2022). Consistent with these indications, the panel of micrographs in Figure 15 shows that
untreated HepG2 cells were endowed with a locomotory ability, resulting in a progressive
decrease in wounding (expressed as mean area % + s.e.m): 37.5+ 1.2 (0 h), 32.2+0.1 (2 h),
27.4+22(4h),23.4+1.1 (6h)and 9.1 + 1.7 (22 h) from the start of the experiment. Being
not less than 24 h the doubling time of HepG2 cells (Desquiret et al., 2006; Furth et al.,
1992), the effect observed at shorter times is not attributable to cell proliferation. On the
other hand, the ability of HepG2 cells to migrate to the scratched area was inhibited by
exposure to both extracts to different extents. Specifically, under both experimental
conditions, the wound size was not changed within 6 h after scratching. The mean area % =+
s.e.m. in the presence of GLE or RE was 37.8 £0.2 and 37.9+ 0.9 (2 h), 37.5+ 1.1 and 37.7
+1.2 (4 h),and 37.4+ 1.2 and 37.7 £ 0.8 (6 h) from the start of the experiment, respectively.
At 22 h after scratching, HepG2 cells cultured in the presence of GLE showed a moderate
migratory attitude, resulting in the gap area reduction to 24 + 0.6%, whereas, in the case of
exposure to RE, the ability of cells to migrate into the denuded area appeared even lower

and the wound size remained larger with an area of 31.8 £+ 2.7%.
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Figure 15. (Upper panel) Representative phase-contrast micrographs acquired during wound healing
experiments at different time intervals under control conditions and in the presence of GLE or RE at their ICs.
The test was performed in triplicate. Microscopic magnification = 20%. (Lower image) bar graph summarizing
data on wound closure by control and treated cells obtained from triplicate experiments. *Normality test vs.

control passed.
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2.3.6 Contribution of 14 of the 100 proteins found on the biological activity obtained

In light of the cytotoxic role played by GLE and RE on HepG2 cells and the sometimes-

variable involvement of autophagy, apoptosis, redox state imbalance, and mitochondrial

function derangement as revealed by the data previously shown, MS-based proteomic

analyses were performed on the extracts after proteolysis of the samples as reported in

2.1.1.2. A total of 100 proteins were identified by searching the Alismatales database ; this

was necessary, as protein sequence databases for P. oceanica are highly incomplete. This

bioinformatic similarity search identified 14 proteins contained in the preparations that could

be potentially associated with the various aspects related to the reported impairment of

biological activities. The identity of the proteins and their relative semi-quantitative

abundance in the GLE and/or RE samples are given in Table 2.

Accession number/ . GLE RE
. . Organism
Protein description amount amount
AQA843WPI_30 . Colocasia esculenta 5 34F404 3.72E405
ACB domain-containing protein
AO0A1D1ZBB9 Anthurium amnicola 4.68E+04 3.92E+04
Adenosine kinase (Fragment)
AO0A1D1YQU6
Adenosylhomocysteinase (Fragment) Anthurium amnicola 1.06E+05 6.39E+05
AO0A1D1YZX9
2-Cys peroxiredoxin BAS1-like, Anthurium amnicola 5850 6.58E+04
chloroplastic (Fragment)
AO0A0K9PQ40 Zostera marina 1.37E+05 0
Ferredoxin-NADP reductase, chloroplastic
A0A1D1ZGY1 Anthurium amnicola 0 1.31E+05
Glutathione reductase
AOAOK9P699 Zostera marina 0 2.01E+05
Glutathione transferase
AOAQK9P881 Zostera marina 9.56E+04 4.23E+04
Leucyl aminopeptidase
A0A843XPL2
Mechanosensitive ion channel protein Colocasia esculenta 7.32E+06 5.62E+06
A0A0K9Q3S1
Nucleoside-diphosphate kinase Zostera marina 3.87E+04 2.31E+05
AO0AO0K9P7Q)7
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Peptidyl-prolyl cis-trans isomerase Zostera marina

F8U875
Phosphoglucomutase (alpha-D-glucose- Amorphophallus konjac
1,6-bisphosphate-dependent)

AOAOK9PHAQ
Protein CutA 1, chloroplastic Zostera marina
A0A1D1IXUNO
Superoxide dismutase Anthurium amnicola

3.92E+05

1.96E+05

1.22E+05

4.93E+05

1.95E+06

Table 2. Cytotoxic activity-associated proteins identified in GLE and RE.

2.3.7 Characterization of GLE, BLE and RE

Polyphenols were evaluated in GLE, BLE and RE; the results are shown in Table 3. Not all

polyphenols identified were quantifiable, probably due to the extraction method used; these

compounds were indicated as n.q. Interestingly, the three preparations showed a different

polyphenol content. Higher polyphenols levels were observed in RE and, in particular, we

observed a considerable amount of delphinidin-3 glucoside and quercetin-3-O-galactoside

and a much lower, but still measurable, concentration of vanillic acid and procyanidins B2

and -3. In GLE and BLE, however, the most represented polyphenols are the caffeic acid

methyl ester and p-hydroxybenzoic acid, respectively.

Polyphenol GLE (ug/g) BLE (ug/g) RE (1g/g)
Delphinidin-3- nq - 11.52
glucoside
Quercetin 3-O- nq - 10.81
galactoside
Procyanidin dimer B nq - 0.20
type isomer 2
Procyanidin dimer B ngq n.q 0.30
type isomer 3
Pro-Cyanidin-Dimer-B ng nq -
Cyanidin 3-O- - nq -
glucoside
Vanillic acid - - 0.6
Gallic acid ng - n.g.
Kaempferol 3-O- - - ng.
glucoside
Kaempferol nq - -
Kaempferol 7-O- - - ng.

hexuronide
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Procyanidin trimer B - - n.g.

type
Gallic acid ethyl ester - - n.g.

Catechin nq nq n.g.

Epicatechin - - n.q.

Myricetin - - n.qg.

Peonidin 3-O-hexoside - - n.g.
isomer

Malvidin 3-O- - - n.qg.
pentoside

Quercetin 3-O- - - n.g.
hexuronide

Quercetin 3-O-(6" - nq nq -
malonyl) hexoside

Resveratrol tetramer - - n.g.
Caffeic acid methyl 0.37 - -
ester

Caffeic acid n.q nq -

p-Coumaric Acid n.q. - -

Ellagic acid nq - -

p-Hydroxybenzoic - 0.29 -
acid

Ferulic acid - nq -
Myricetin - nq -

Mpyricetin 3-O-hexoside - nq -
Petunidin 3-O-(6"- - nq -
acetyl) hexoside

Table 3. Quali-quantitative characterization of the phenolic components of GLE, BLE and RE. n.q. = not
quantifiable.
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3. ANTIDIABETIC EFFECT : EFFECT OF EXTRACTS FROM POCEANICA
(GLE AND RE) AND THE COELOMIC FLUID OF H.TUBULOSA (CFE)

3.1 MATERIALS AND METHODS
3.1.1 Cell culture and treatment

HepG2 cells were cultured at the same condition than in paragraph 2.1.2. On the basis of the
results from previous cell viability assays (Abruscato et al., 2023; Luparello et al., 2022), a
concentration of 2 ug/ml for CFE and a concentration of 2,2 pg/ml and 60 pg/ml for GLE
and RE respectively were selected as the maximum non-inhibitory concentrations on HepG2

cells and used for the following experiments

3.1.2 Pas Staining

HepG2 cells were seeded at a density of 88,000 cells/well in 6-well plates. Once
subconfluent, cells were treated with either CFE, GLE or RE, with or without the supplement
of 107 M insulin (Santa Cruz Biotechnology, Heidelberg, Germany), or only with insulin,
for 24 h. Control untreated cells were assayed in parallel. The evaluation of glycogen
accumulation was performed following the protocol reported by (Donato et al., 2015)
Briefly, treated and untreated cells were fixed with 4% paraformaldehyde in PBS (Santa
Cruz Biotechnology), covered with 0.5% periodic acid solution (Santa Cruz Biotechnology),
and finally exposed to the Schift’s reagent (Santa Cruz Biotechnology). The preparations

were observed under the microscope to assess the presence of glycogen granules.

3.1.3 Extracellular Glucose Determination

HepG2 cells were seeded at a density of 40,000 cells/well in 24-well plates. Once
subconfluent, cells were treated with either CFE, GLE or RE, with or without the supplement
of 107 M insulin (Santa Cruz Biotechnology, Heidelberg, Germany), or only with insulin,
for 24 h. The amount of extracellular glucose was measured as previously described by (X.
Zhang et al., 2019). Briefly, after 24 h of incubation in each experimental condition, cell
culture media were collected and diluted 1 :1 with sterile distilled water. Subsequently,
glucose levels were measured, in triplicate, using a blood glucose meter (Glucomen Areo
2k, Menarini Diagnostics, Firenze, Italy) and single-use test strips (Glucomen Areo Sensor,

Menarini Diagnostics). The media from control untreated cells were assayed in parallel.
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3.1.4 Flow cytometric assays

Flow cytometric analyses were carried out using the FACScanto instrument (BD
Biosciences, Franklin Lakes, NJ, USA) with the evaluation of 10,000 single-cell events. The
data obtained were analysed using the Floreada online tool available at the link

https://floreada.io/. A gating in the FSC vs. SSC plot was performed to exclude cell debris

with low FSC values from every analysis. For these assays, HepG2 cells were seeded at a
density of 88,000 cells/well in 6-well plates and, once subconfluent, treated with the extracts

and 10”7 M insulin for 24 h.

3.1.4.1 Flow cytometric assays for glucose uptake determination

The glucose uptake was determined as reported byCsepregi et al. (2018). Briefly, after 24h
of incubation, cell culture media were discarded and replaced with Ca™"/Mg ™ -containing
PBS. Subsequently the cells were exposed to the fluorescent glucose analog 2-(N-(7-
nitrobenz-2- oxa-1,3-diazol-4-yl) amino) -2-deoxyglucose (2-NBDG ; Peptide Institute,
Osaka, Japan) for 1 h and trypsinized. The amount of 2-NBDG internalised by the cells was
measured by flow cytometry in the FITC channel. Co-incubation with propidium iodide (PI)
was performed to identify the fraction of dead cells. A preparation without the addition of 2-

NBDG was assayed as a control.

3.1.4.2 Flow cytometric assays for GLUT-2 and -4 exposure on the plasma membrane

The exposure of GLUT-2 and -4 carriers on the plasma membrane has been quantitated by
immunostaining as reported by Koshy et al. (2010) and Bruzzone et al. (2012). Briefly, after
24 h of treatment with the extracts, the cells were trypsinized, washed with ice-cold PBS and
incubated with GLUT-2 or GLUT-4 polyclonal antibodies (bs-10379R-TR and bs-0384R-
TR, Bioss, Boston, MA, USA ; working dilution 1 :100) dissolved in 3% BSA-containing
PBS, for 20 minutes in the cold. Subsequently the preparation was incubated with the FITC-
conjugated secondary antibody (AP132F, Sigma, working dilution 1 :80) for further 20
minutes. After an extensive washing, the cell preparations were analyzed by flow cytometry.

An isotype control was included in the analysis.
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3.1.5 Conventional and gRT- PCR

The analysis of gene expression was performed by conventional and qRT-PCR (Abruscato
et al., 2023). Briefly the total RNAs from control and treated cells were extracted with the
PureLink RNA Mini kit (ThermoFisher) using the in-column DNase treatment with the
PureLink DNase set (ThermoFisher), as recommended by the manifacturer. Five hundreds
ng of RNA for each sample were reverse transcribed using the RevertUP™ II Reverse
transcriptase kit (Biotechrabbit, Berlin, Germany) and random hexamer primers. The
conventional PCR analysis was performed using 2.5 uM of the appropriate forward and
reverse primers (see Table 4), 1 U BIOTAQ™ DNA polymerase (Meridian Bioscience,
Cincinnati, OH/USA)/uL, 200 uM each of dNTPs, and 1 pL of the cDNA template, with
following the thermal cycle : 1 denaturation step of 94°C for 2 min, 33 cycles of 94°C for 1
min, the appropriate annealing temperature for 1 min and 72°C for 1 min, and a final
extension of the product for 5 min at 72°C .The amplified cDNAs were separated by 1%
agarose gel electrophoresis and visualized by Gel Red staining (Biotium, Fremont, CA,
USA) under the UV light. The quantitative analysis of the bands was performed with the
ImagelJ software and the normalization was carried out to ACTB band intensity, used as the
internal control. The differential expression of GLUT2, GLUT4, and HNFIA genes was
further investigated through the SYBR-Green-based qRT-PCR using the SYBR-Green qPCR
MasterMix (MedChem Express, Monmouth Junction, NJ, USA) in an Applied Biosystems
7500 Real-Time PCR system, as previously reported by (Abruscato et al., 2023). The
quantification was performed using the 2—AACt method and the normalization was carried

out between the expression levels of each target gene and that of ACTB as the internal

control.

Gene (Primer) Sequence (5' — 3 ) Reference
GLUT?2 (Forward) GATGAACTGCCCACAATCTC (Kang et al., 2014)
GLUT2 (Reverse) CTGATGAAAAGTGCCAAGTG
GLUT4 (Forward) GTTAATCGGCATTCTGATCG (Kang et al., 2014)
GLUT4 (Reverse) GTGAAGACTGTGTTGACCAC
AKT2 (Forward) GCTAGGTGACAGCGTACCAC (Mokashi et al., 2017)

AKT?2 (Reverse) GGCCTCTCGGTCTTCATCAG
IRS1 (Forward) TATCTGCATGGGTGGCAAGG (Mokashi et al., 2017)
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IRS1 (Reverse) GGGTAGGCAGGCATCATCTC

HNF1A (Forward) GAATGCATCCAGAGAGGGGT (Kang et al., 2014)

HNF1A (Reverse) GTGGACCTTACTGGGGGAGA

ACTB (Forward) GGAAGGTGGACAGCGAGGCC (Abruscato et al., 2023)
ACTB(Reverse) GTGACGTGGACATCCGCAAAG

Table 4. Primers used for PCR amplification.

3.1.6 Western Blotting

After 24 h of treatment with either extract, control and treated cells were trypsinized,
collected and lysed in a buffer containing 7 M Urea, 2% CHAPS, 10 mM DTT and
supplemented with a protease inhibitor cocktail (Sigma) (Abruscato et al., 2023). Equal
amounts of protein lysates were separated by 13% SDS-PAGE and transferred to the
nitrocellulose membrane. Subsequently the membranes were incubated with the following
rabbit primary antibodies: anti-GLUT2 (bs-10379R-TR, Bioss, Boston, MA, USA; working
dilution 1:500), anti-GLUT4 (bs-0384R-TR, Bioss; working dilution 1:500), anti-HNF1la
(PAG775Hu01, Cloud-Clone Corp., Katy, TX, USA; working dilution 1:1000), anti-AKT
(9272, Cell Signaling Technology, Danvers, MA, USA; working dilution 1:750), anti-pAKT
(sc-7985-R, Santa Cruz Biotechnology, working dilution 1:500), and anti-actin (Ab8227,
Abcam, Cambridge, UK; working dilution 1:1000) at 4°C overnight. After an extensive
washing, the membranes were incubated with the peroxidase-conjugated anti-rabbit
secondary antibody (Ab6721, Abcam; working dilution 1:3000) at room temperature for 1
h. The bands’ visualization was performed using the molecular imager Versadoc MP imaging
System (Bio-Rad, Hercules, CA, USA) and the Super Signal West Pico Plus substrate
(ThermoFisher). The quantitative analysis of the bands was performed with the Imagel

software, with the normalization to the actin band intensity, used as internal control.

3.2 STATISTICS

The normality tests were performed with the SigmaPlot 11.0 software (SYSTAT, San Jose,
CA, USA). For the Western blot experiments, the data were analyzed with the unpaired two-
tailed Student’s t-test using GraphPad Prism 9 software (GraphPad, San Diego, CA, USA).
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3.3 RESULTS

3.3.1 GLE and CFE stimulate glycogen accumulation in HepG?2 cells

In a first set of assays aimed to assess the effect of GLE, RE and CFE on glucose metabolism
in HepG2 cells, PAS staining was performed to evaluate the intracellular accumulation of
glycogen under the different culture conditions. As shown in the panel of representative
micrographs in Figure 16, the PAS assay showed that, as expected, in the presence of insulin
a marked reaction could be observed compared to the untreated control. Of note, exposure
to GLE, RE and CFE gave contrasting results. In fact, differently from RE that showed no
significant effect, the PAS staining in the presence of GLE and CFE was slightly more
intense than that of cells treated with insulin, whereas the co-treatment with GLE and CFE
plus insulin did not result in further substantial up-regulation of intracellular glycogen

accumulation. The staining in the presence of co-treatment with RE and insulin was

comparable to that of insulin alone.

Figure 16. Representative micrographs of PAS-stained HepG2 cells cultured for 24 h in control condition (A)
and in the presence of 2.2 pg/mL GLE (B), 60 ug/mL RE (C), 2 ug/mL CFE (D), 10" M insulin (E), 2.2 pg/mL
GLE+ 107 M insulin (F), 60 ug/mL RE+ 1077 M insulin (G) and 2 pg/mL CFE+ 10" M insulin (H). Microscopic

magnification = 10X.
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3.3.2 Glucose consumption and glucose uptake by CFE-, RE- and GLE-treated HepG2
cells.

The potential antidiabetic effect of GLE, RE and CFE in the presence or absence of insulin
was further investigated through the glucose consumption and glucose uptake assays. To this
purpose, glucose consumption was monitored by evaluating glucose content in the culture
media of control and treated cells, whereas the 2-NBDG uptake assay was performed to
determine the short-term glucose responsive action upon exposure to the extracts. As
reported in Figure 17 the treatment with CFE and GLE for 24 h significantly decreased
glucose concentration in the medium down to 82.1 +/- 3 % and 82.5 +/- 3.7 %, respectively
vs. control, a value analogous to that obtained in the presence of insulin (81.1 +/- 3.2%).
Conversely, no statistically significant difference was found after treatment with RE. No
synergistic effect has been highlighted after co-exposure to CFE or GLE and insulin (84.1+/-
3.2 % and 84.8 +/- 3.9 % respectively). Also, co-incubation with RE and insulin resulted in
a glucose consumption comparable to that of cells exposed to the sole insulin. Therefore,
based on the irrelevance of glucose measurement and PAS assay results, co-incubation
conditions were not included in the subsequent experiments. In support of the glucometric
data, the obtained flow cytometric data (Figure 18) of the internalization of 2-NBDG showed
that after 1 h of treatment only CFE and GLE induced a significant and immediate response
leading to the stimulation of 2-NBDG internalization up to +4.8 +/- 0.03 fold and 2.6+/-0.03
fold respectively vs. Control. Conversely, no significant short-term uptake increase was
found after exposure to RE (about +0.3 + 0.3 folds) or the sole insulin (about +0.1 £ 0.2
folds).
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Figure 17. Bar graph showing the percentage of glucose concentration in the media of HepG2 cells cultured

in the presence of 2.2 pg/mL GLE (B), 60 pg/mL RE (C), 2 ug/mL CFE(D), 10”7 M insulin (E), 2.2 pg/mL
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GLE+ 1077 M insulin (F), 60 pg/mL RE + 1077 M insulin (G) or 2 pg/mL CFE+ 1077 M insulin (H) vs. control
(A). The error bars indicate the standard error of the mean (s.e.m.) of three independent measurements.

*normality test vs. control passed.
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pg/mL CFE. Fully-processed preparations without 2-NBDG were assayed in parallel to control for background
derived from autofluorescence (unstained control). (Lower) Bar graph showing the relative geometric mean
fluorescence intensity (GMFI) of control (A), insulin (B), GLE (C) RE (D) or CFE-treated (E) HepG2 cells.
All the results from flow cytometry assays were analyzed for the GMFI of each condition and the GMFI of
either treated cell population was divided by the GMFI of the controls to normalize the data. The error bars
indicate the standard error of the mean (s.e.m.) of three independent measurements. *normality test vs. control

passed.
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3.3.3 Expression levels of glucose transporters and upstream regulators in CFE- and GLE-
treated HepG?2 cells

The effect of HepG2 cells’ exposure to GLE and CFE on the respectively insuline-
unresponsive and insuline-stimulated GLUT-2 and GLUT-4 transporters and other regulators
such as the hepatocyte nuclear factor- 1a. (HNF1a), a GLUT-2 transcription factor (Kim et
al., 2017; Parrizas et al., 2001), as well as insulin receptor substrate-1(IRS-1) and protein
kinase B(AKT) with its activated form pAKT, belonging to a signalling pathway responsible
of GLUT-4 traslocation on the cell surface(Zhang et al., 2019;Swiderska et al., 2020), was
investigated at the gene expression and protein accumulation levels. The amplicon panel
reported in Figure 19A and 20A, representative of triplicate experiment of conventional PCR
and the densitometric analysis performed with Image] software, showed that in non
stimulated-HepG2 cells, as expected (Chadt & Al-Hasani, 2020), GLUT-2 was apparently
up-regulated than GLUT-4. After exposure to CFE, about +6.1- and +2.4-fold increases in
AKT and IRS1 expression levels, respectively, were identified by analysis of the amplicon
intensity with the ImagelJ software and normalization set to ACTB level. Being undetectable
by conventional PCR, the differential expression of GLUT-2, GLUT-4, and HNFlo was
further studied through qRT-PCR. The bar graph in Figure 19B and 20B shows that the
exposure to the CFE promoted the upregulation of GLUT-4 (about +0.66-fold vs. control)
and HNFla (about +2.4-fold vs. control), whereas no significant change was found for the
expression level of GLUT-2. Concerning GLE-treated cells, only GLUT-4 and the two
GLUT-4 externalization-related genes, i.e., IRS1 and AKT2, were upregulated by 3.1 = 0.01,
2.1540.07 and 2.84 + 0.03 folds, respectively. Conversely, HNFlo was downregulated by
0.8 +0.02 folds, and no significant modification of band density was found for GLUT2. The
Western blot data on both glucose transporters, HNF1a and AKT, with its phosphorylated
forms are reported in Figure 19D and 20D. The obtained results demonstrate that in line with
the mRNA expression data GLUT-4 was less abundant than GLUT-2 in control cells, and
that the CFE and GLE induced an up-regulation of GLUT-4 (about +2.7-fold and 4.4 fold
respectively). CFE increased HNFla levels (about +1.3-fold) and, unexpectedly, also
GLUT-2 (about +1.8-fold), unlike GLE that did not induce any change in HNFla and the
downregulation of GLUT-2 (about -0.6-fold). The sole GLE determined the increase of both
activated pAKT (+1.3-fold) and pAKT/AKT ratio (+4.2-fold).
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Figure 19 (A) Representative results of PCR analysis for the expression of genes coding for glucose
transporters (GLUT-2, GLUT-4) and their regulators (IRS1, AKT, HNF I o) in HepG2 cells grown for 24 h under
control conditions or in the presence of 2 pg/mL CFE. The bar graph in B) shows the relative quantification
(treated/control) obtained by band densitometry, normalized to ACTB expression, of three independent
experiments. (C) Representative results of Western blot analysis for accumulation of glucose transporters and
regulators in HepG2 cells grown for 24 h under control conditions or in the presence of 2 pg/mL CFE. The bar
graph in D) represents the relative quantification (treated/control) obtained by band densitometry, normalized
to actin, of three independent experiments. The error bars indicate the standard error of the mean (s.e.m.). *p

<0.05; ** p<0.01.
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Figure 20 (A) Representative results of PCR analysis for the expression of genes coding for glucose transporters
(GLUT-2, GLUT-4) and their regulators (IRS1, AKT, HNFIa) in HepG2 cells grown for 24 h under control
conditions or in the presence of 2.2 pug/mL GLE. The bar graph in B) shows the relative quantification
(treated/control) obtained by band densitometry, normalized to ACTB expression, of three independent
experiments. (C) Representative results of Western blot analysis for accumulation of glucose transporters and
regulators in HepG2 cells grown for 24 h under control conditions or in the presence of 2.2 pg/mL GLE (GLE).
The bar graph in D) represents the relative quantification (treated/control) obtained by band densitometry,
normalized to actin, of three independent experiments. The error bars indicate the standard error of the mean

(s.em.). *p <0.05; ** p<0.01.

3.3.4 Exposure of GLUT-2 and -4 on the plasma membrane in CFE and GLE -treated HepG2
cells

Subsequently, to investigate more in detail the effect of CFE and GLE on the glucose
transport system, especially their involvement in the traslocation and exposure of GLUT-2
and GLUT-4 on the plasma membrane, HepG2 cells were immunostained and analyzed by
flow cytometry. Figure 21 and 22 show that unstimulated HepG2 cells displayed analogous
values of the mean fluorescence intensities (GMFI) of the flow cytometric data for the two
transporters. After treatment with 2 pg/mL CFE for 24 h, the cells showed a significant
increase in the amount of GLUT-2 (about 38 %) and GLUT-4 proteins (about +72%) exposed
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on the cell membrane. Concerning the treatment with 2.2 pg/mL GLE for 24 h, only an

increase in surface-exposed GLUT-4 (about 52%) was identified.
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Figure 21. Representative flow cytometric profiles of immunostained GLUT-2 (A) and GLUT-4 (B) exposed
on the plasma membrane of HepG2 cells cultured for 24 h in control conditions or treated with 2 pg/mL CFE.
An isotype control was included in the analysis. (C) Bar graph showing the relative geometric mean
fluorescence intensity (GMFI) of GLUT- 2 and GLUT-4 in HepG2 cells exposed to CFE and normalized to
control. In each experimental condition the cumulative data obtained by flow cytometry were analyzed for the
GMFT and the latter of either treated cell population was divided by the GMFI of the control for normalization.

Three independent measurements were performed. Normality test vs. control passed.
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Figure 22. Representative flow cytometric profiles of immunostained GLUT-4 (A) exposed on the plasma
membrane of HepG2 cells cultured for 24 h in control conditions or treated with 2.2 ug GLE/mL. An isotype
control was included in the analysis. (B) Bar graph showing the relative geometric mean fluorescence intensity
(GMFI) of GLUT-4 in HepG2 cells exposed to GLE and normalized to control. In each experimental condition
the cumulative data obtained by flow cytometry were analyzed for the GMFI and the latter of either treated
cell population was divided by the GMFI of the control for normalization. Three independent measurements

were performed. Normality test vs. control passed.
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4. ANTI-INFLAMMATORY AND PROTECTIVE EFFECT OF P OCEANICA
EXTRACTS (GLE AND RE) ON RAW 264.7 AND HUMAN IN VITRO BLOOD-
BRAIN BARRIER MODEL

4.1 MATERIALS AND METHODS
4.1.1 Cell culture and viability assay

RAW 264.7 cells, taken from laboratory stocks, were cultured in D-MEM (Sigma),
supplemented with 10% fetal calf serum (Sigma) and 100 U/mL penicillin-streptomicin
(Gibco) at 37°C and 5% COa. For the viability test, the cells were seeded at a density of
10.000 cells/well in 96-well plates, allowed to adhere overnight and grown in control
conditions or exposed to different concentrations of GLE or RE (1-20 pg/mL and 0.1-1
png/mL respectively). After 24 h of incubation the standard MTT [3-(4,5- dimethylthiazol-2-
yl) -2,5- diphenyltetrazolium bromide] assay was performed. The absorbance of samples
was measured in an automated microplate reader at A=600 nm. Cell viability% in each
experimental condition was determined as the ratio between treated cells’ and control cells’

optical density (OD) *100.

4.1.2 Evaluation of nitrite production

The ability of the GLE and RE in scavenging the NO radical in the LPS-inflammed RAW
264.7 was evaluated using the Griess method. After 24 h of incubation with GLE, RE at
different concentrations and 0.1 pg/mL LPS (Kim et al., 2024) the culture media from control
and treated cells were collected and 150uL were transferred to a 96-well plate. Following
manufacturer’s recommendation after 30 minutes of incubation with the Griess reagent
(Biotium, Fremont/CA, USA) at room temperature, the absorbance of the samples was
measured in an automated microplate reader at A = 548 nm. The NO release ratio in each
experimental condition was determined as the ratio between the O.D. of the media from

exposed cells and that of the controls.

4.1.3Human blood-brain barrier model (BBB)

For this study, a human in vitro blood-brain barrier (BBB) model was utilized. This model
was created using brain-like endothelial cells (BLECs) following the protocol developed by
(Cecchelli et al., 2014). CD34+ hematopoietic stem cells were isolated from human
umbilical cord blood as described by (Pedroso et al., 2011) and subsequently differentiated
into BLECs. The BLECs were then co-cultured with human brain pericytes to create a
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functional BBB model. Briefly, 8 x 10* BLECs at passage 6 were seeded onto Matrigel-
coated (Matrigel®, Growth Factors reduced, BD Biocoat 354230, Corning Inc., New
York/NY, USA) inserts (pore size 0.4 um, Costar Transwell inserts, Corning Inc., Corning,
NY, USA). Then, the BLECs were co-cultured with human brain pericytes at passage 10 in
a 12-well type I collagen-coated plates with Promocell medium (Promocell GmBH,
Heidelberg, Germany). The co-cultures were incubated at 37°C under 5% CO2 in humidified
air, and the medium was renewed every two days until the co-culture system was ready for
use, that is, at the sixth day of incubation. Once the BLEC phenotype was established, the
cells formed two distinct compartments: the apical compartment, representing the blood side,
and the basolateral compartment, representing the brain side, allowing for treatment

application.

4.1.4 Treatments

GLE and RE were prepared in basal endothelial cell growth medium with the addition of
0.1% BSA. In light of the previously obtained results about GLE and RE dose-response
effect on HepG2 cells (Abruscato et al., 2023)10 ug/mL (for GLE) and 0.1 pg/mL (for RE)
were selected as the maximum non-inhibitory concentrations and used for the present assays.
The extracts were applied to the luminal compartment (blood side) and after 30 minutes of
exposure, TNF-a (SRP3177; Sigma Aldrich, Lyon, France) was applied at a concentration
of 5 ng/mL to the same compartment, either with or without GLE and RE, to establish an

inflammatory condition for further 24 h.

4.1.5 Evaluation of nitric oxide release in culture media
The ability of the GLE and RE in scavenging the NO radical in the TNFa-treated BBB was

evaluated using the Griess method as in paragraph 4.1.2

4.1.6 Evaluation of BBB permeability

The effects of GLE and RE on the integrity of the BBB monolayer following exposure to
TNFa were assessed by calculating the endothelial permeability coefficient (Pe) of sodium
fluorescein (NaFlu, GS291A Interchim Montlugon, France; working dilution 1:1000)
translocating from the luminal to the basolateral compartment, as previously described in
(Dehouck et al., 1992). NaFlu is a hydrophobic small molecule that displays a low rate of
passage through the BBB under physiological conditions and whose Pe is therefore
indicative of monolayer integrity. After 24 h of exposure to the extracts and TNFa, the

BLECs-containing inserts were transferred to a 12-well plate containing HEPES-buffered
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Ringer’s solution (RH: 8.8 g NaCl, 0.387 g KCl, 0.244 g CaCl2, 0.0406 g MgCl2, 0.504 g
NaHCO3, 1.19 g HEPES, 0.504 g Glucose) and then 10 uM sodium fluoresceine (NaFlIu) in
RH were injected into the luminal compartment. Every 20 minutes and for a total of one
hour, the inserts were transferred to a new well containing 500 uL of heated RH. At the end
of the incubation, the inserts were removed, and aliquots from the donor solution were taken
at the beginning and end of the experiment. Fluorescence was measured using a microplate
reader (Synergy H1®, BioTek) at 490/525 nm. The cleared volume was calculated by
dividing the amount of NaFlu in the receiver compartment at the end by its initial
concentration in the donor compartment, then dividing by the duration of the experiment (60
minutes) to obtain the permeability surface area product (PS, uL/min). Both the permeability

of filters without cells (PSf) and with cells (PSt) were considered in the calculation.
1/PSe = 1/Pst — 1/Psf

The permeability surface area product of the endothelial cell monolayer (PSe, in pL/min)
was calculated and then the PeNaFlu values referred to BLECs (Pe, in cm/min), were
obtained dividing the PSe value by the surface area of the filter (1.12 cm?) and therefore
using this formula “PeNaF= PSe/ S”.

4.1.7 Immunostaining

After 24 h of treatment with TNFa or co-treatment with TNFa and either GLE or RE, BLECs
were rinsed with PBS for 5 min, then fixed and permeabilized as described in (Versele et al.,
2022a). After blocking-with Sea Block Blocking Buffer (37527;Thermofisher, Rockford/IL,
USA) for 30 minutes, BLECs were incubated for 1 h with one of the following rabbit
primary antibodies in 5% Sea Blocking Buffer in PBS-CMF at room temperature: anti-
claudin-5 (34-1600, Thermofisher; working dilution 1:200), anti VE-cadherin (ab33168,
Abcam, Cambridge, UK; working dilution: 1:400) anti-ZO-1 (61-7300, Thermofisher;
working dilution 1:200). Following additional washes, the cells were incubated with the
flurochrome-conjugated secondary polyclonal antibodies (Goat anti-Rabbit Alexa Fluor 488,
A11034, Molecular Probes, Eugene/OR, USA) diluted 1:500 in 5% sea blocking buffer in
PBS-CMF for 30 minutes in the dark and at room temperature. After a final series of washes
the filters were placed on glass slides and mounted under coverslips with ProLong Gold
Antifade Mountant® containing DAPI (Thermo-Fisher). Images were taken and analyzed in
a Axio Imager A2® fluorescence microscope (Leica Microsys-tems, Wetzlar, Germany) and

processed using Imagel software.
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4.1.8 mRNA expression analysis

The analysis of mRNA expression was performed through qRT-PCR, as reported by
Abruscato et al. (2023) and Versele et al. (2022). Essentially, total RNA from control and
treated BLECs of the BBB was extracted using NucleoSpin® RNA/Protein minikit
(Macherey-Nagel, Dueren, Germany) according to manufacturer’s instructions. RNA purity
was monitored by measuring the absorbance at 260, 280 and 320 nm using a Take 3 plate
and Agilent’s Synergy H1 spectrophotometer. The amount of extracted mRNA was assayed
by spectrophotometry (Synergy HI1, Biotek, Colmar, France). Reverse transcription was
performed using iScript™ reverse transcription supermix (Bio-Rad, Hercules/CA, USA).
The SYBR Green-based qPCR was performed in 96-well plates on triplicate samples. The
differential gene expressions in BLECs were assayed using the SsoFast™ Evagreen
SuperMix (Bio-Rad) in a CFX96 Real-Time System thermal cycler (Bio-Rad). The primer
pairs used are reported in Table 5. Gene expression levels were assessed using the AACt

method and normalized to GAPDH as reference gene.

Gene (Primer) Sequence (5' — 3 ) Reference

ICAM-1 (Forward) GCAGACAGTGACCATCTACAGC (M. Kim et al., 2014)

ICAM-1 (Reverse) CCTCACACTTCACTGTCACCTC

VCAM-1 (Forward) AGTGGTGGCCTCCTGAATGG (T. Chen et al., 2020)
VCAM-1 (Reverse) CTGTGTCTCCTGTCTCCGCT
CLAUDIN-5 (Forward) GAGGCGTGCTCTACCTGTTTT (Versele et al., 2022b)

CLAUDIN-S (Reverse) CACAGACGGGTCGTAAAACTC

VE-CADH (Forward) GATCTCCGCAATAGACAAGGAC (Versele et al., 2022b)

VE-CADH (Reverse) TCCGTGAGGGTAAAGTTGTTCT
GAPDH (Forward) GATGACATCAAGAAGGTGGTGA (Dib et al., 2023)
GAPDH(Reverse) GCTGTTGAAGTCAGAGGAGACC

Table 5. Primers used for PCR amplification
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4.1.9 Western blotting

Following treatments, cells were harvested in RIPA buffer (Millipore) supplemented with
protease and phosphatase inhibitor cocktails (Sigma Aldrich). The cell lysates were then
centrifuged at 10,000 rpm for 10 minutes at 4°C. Protein concentrations were measured using
a Bradford assay (Bio-Rad) according to the manufacturer's instructions. Equal amounts of
protein lysates (20 pg) were combined with Laemmli reagent (Bio-Rad), heated at 95°C for
5 minutes, and subjected to SDS-PAGE on 4-15 % acrylamide gels (Bio-Rad) at 200 V for
45 minutes. The separated proteins were transferred to nitrocellulose membranes (GE
Healthcare) at 100 V for 1 hour. Membranes were then blocked with TBS-T containing 1%
Tween 20 and 5% skim milk for 1 hour, followed by incubation with primary antibodies at
4°C overnight, except for B-actin. The rabbit and mouse primary antibodies used to probe
the blots were: anti-claudin-5 (GTX49370, Genetex, Irvine/CA,USA; working dilution
1:500), anti-ZO-1 (Ab216880; working dilution 1:1000), anti-VE-cadherin (Ab33168;
working dilution 1:1000), anti-ICAM-1 (Ab53013; working dilution 1:2000) all from
Abcam, anti-VCAM (PA5-80213, Invitrogen; working dilution 1:1000) and, as an internal
control, either anti-GAPDH (GTX627408, Genetex; working dilution 1:20000) or anti-actin
(A5441, Sigma; working dilution 1:20000). After reaction with the peroxidase-conjugated
secondary antibodies, (P0447, Dako/Agilent Technologies, Inc., Santa Clara, CA, USA;
working dilution 1:5000) (P0448, Dako/Agilent Technologies, Inc., Santa Clara, CA, USA;
working dilution 1:8000) at room temperature for 1 h and after membranes incubation with
enhanced chemiluminescence reagent (ECL, Cytiva TM Amersham, UK) the bands were
revealed by the Western immunoblotting Imaging system Azure c600 (Azure Biosystems,
Dublin, Ireland). Protein band intensities were quantified using Imagel software, and the

data were normalized to the band intensity of the internal control.

4.2 STATISTICS

Data are presented as mean + SEM. The one-way variance analysis ANOVA and t- test were
performed. Statistical analyses were performed using the GraphPad 9 Prism software

(GraphPad Software, San Diego, CA).
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4.3 RESULTS
4.3.1 Preliminary viability test and evaluation of NO levels in LPS-inflamed RAW 264.7 cells

With the aim of beginning the analysis of the potential anti-inflammatory effect at a
peripheral level and to exclude the cytotoxic effect by GLE and RE on RAW 264.7 cells,
preliminary MTT assays were performed. As shown in Figure 23A and B, cells exposure for

24 h to GLE and RE did not affect cell viability.
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Figure 23. Representative graphs of cell viability rates following exposure of RAW 264.7 cells to different
concentrations of GLE and RE (mean + s.e.m of three independent experiments). Unpaired ¢-fest was

performed.

In light of the results obtained and as reported in literature, RAW cells were inflamed using
0.1pg/mL LPS and then treated for 24 h with GLE and RE at different concentrations to
evaluate the nitric oxide release in the culture media. As shown in Figure 24A and B GLE
and RE differently modulate NO release. In order to proceed with the evaluation of GLE and
RE potential anti-inflammatory effects at the BBB level, we determined the concentrations
to be used by selecting the highest tested concentrations at which the lowest release of NO

was detected.
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Figure 24. Effects of GLE and RE on nitric oxide release in RAW 264.7 culture media following 0.1 pg/ mL
LPS exposure. Nitric oxide levels were quantified using the Griess reagent. The histogram shows a significant
increase in nitric oxide levels after 24 hours of 0.1 pg/mL exposure (p-value in fig. A= 0.01, in fig. B=0.0015)
However, treatment with GLE and RE, in combination with LPS, resulted in OD values comparable to or lower
than the LPS alone, indicating a variable modulation of the potential anti-inflammatory effect at the
concentrations tested. For all the above graphs, each bar is representative of at least three independent
experiments performed in triplicate. The one-way ANOVA test was used. The threshold for statistical

significance compared to the LPS-treatment condition was set to * p < 0.05; ** p <0.01; *** p <0.001.

4.3.2  Evaluation of NO release in BLECs culture media

Turning then to the in vitro model of BBB, in order to mimic CNS inflammation, TNFa was
added at a concentration of 5 ng/mL for 24 h to the luminal compartment of the BBB model,
corresponding to the blood side. Next, we assessed the nitric oxide levels - a critical
biomarker in inflammation processes in BLECs culture media after exposure to TNFa, as
well as after treatment and co-treatment with GLE and RE, performing the Griess reaction.
Consistent with an inflammatory state and as shown in Figure 25 the NO level was higher
after 24h TNFa exposure (p-value= 0.0001) and returned to levels comparable to the control

when treated with GLE or RE alone or in the presence of TNFa.
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Figure 25. Effects of GLE and RE on nitric oxide release in BLECs culture media following TNFa exposure.
NO levels were quantified using the Griess reagent. The histogram shows a significant increase in NO levels
after 24 hours of TNFa exposure (p-value= 0.0001) However, treatment with GLE and RE, either alone or in
combination with TNFa, resulted in OD values comparable to or lower than the control, indicating a potential
anti-inflammatory effect at the concentration tested. In the graph each bar is representative of at least three
independent experiments performed in triplicate. The one-way ANOVA test was used. The threshold for
statistical significance compared to the control condition (for the TNFo, GLE and RE alone) and to the TNFa
treatment- condition (for both co-treatments) was set to * p < 0.05; ** p < 0.01; *** p < 0.001 ; **** p <

0.0001.

4.3.3  Effects of GLE and RE on BBB permeability after TNFo. exposure

To investigate the potential protective effects of GLE and RE on BBB permeability
following TNFa-induced inflammation, we monitored the physical integrity of the BLECs
by measuring the rate of sodium fluoresceine (NaFlu) passage, a small hydrophobic
molecule, from the luminal to the abluminal compartment to calculate the endothelial
permeability coefficient (Pe). As shown in Figure 26, treatment with GLE or RE alone
resulted in Pe values similar to the control (0,54 x 107> cm'min~' and 0,59 x 10~ cm'min"!
respectively), confirming that these extracts do not alter the baseline permeability of the
BBB. Instead, BLECs treated with TNFa for 24 h showed a significant increase in Pe values
from 0,55 t0 2,7 x 1073 cm'min ! compared to untreated controls. This increase in endothelial

permeability coefficient (Pe), as expected, indicates a disruption of the BBB's integrity under

inflammatory conditions.
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Figure 26. Effects of GLE and RE treatments alone and after TNFa exposure on BLECs permeability
determined by measuring the endothelial permeability coefficient (Pe) of Sodium Fluoresceine. After TNFa
exposure the Pe value is 2,7 x 1073 cm-min ' and increased compared to the control (0.55 x 10 cm-min"). Co-
treatment with GLE and RE in the presence of TNF a reduced Pe values to 1,75 and 1,81 x 107 cm-min™!
respectively. When administered alone, both GLE and RE maintained Pe values comparable to those of the
control (0,54 and 0,59 x 103 cm'min ! respectively) indicating their potential role in preserving BBB integrity.
In the graph each bar is representative of at least three independent experiments performed in triplicate. The
one-way ANOVA test was used. The threshold for statistical significance compared to the control condition
(for the TNFa, GLE and RE alone) and to the TNFa. treatment- condition (for both co-treatments) was set to *
p <0.05; ** p <0.01; *** p <0.001 ; **** p <0.0001.

However, when co-exposed to TNFa, Pe values were significantly reduced compared to
TNFa treatment alone, indicating that both GLE and RE effectively attenuate TNFa-induced

increase in BBB permeability (1,75 and 1,81 x 107> cm-min ! respectively).

4.3.4  Effects of GLE and RE on Tight and Adherens Junctions at the BBB level

The integrity and functionality of the BBB are closely related to the various junctional
complexes that regulate its permeability. Given that TNFa can induce modifications in BBB
permeability that could be related to changes in the expression of proteins of tight and
adherens junctions, the expression levels of Claudin-5 and VE-cadherin following treatment
with GLE or RE, both in the presence or absence of TNFa were assessed by qRT-PCR,

Western Blot, and immunostaining. This allowed us to determine whether GLE and RE can
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counteract TNFa-induced changes in the expression of these key proteins. As shown in
Figure 27A, the mRNA level of CLAUDIN-5 significantly increased after TNFa exposure
(by about 138.87%) compared to the control. The co-treatment with GLE or RE and TNFa
result in an increase of CLAUDIN-5 mRNA expression compared to TNFa treatment alone
(respectively by 68% and 164.7%). In contrast, treatments with GLE or RE alone maintained
CLAUDIN-5 mRNA levels at values higher than the control (respectively 176.39% and
257.55%). Western blot analysis, presented in Figure 27B, further revealed that protein
expression levels of CLAUDIN-5 were decreased across all experimental conditions
compared to the control especially following TNFa treatment (about 0.4 fold). This suggest
that while GLE and RE do not alter CLAUDIN-5 mRNA levels in the presence of TNFa,

they may influence protein expression in a manner that warrants further investigation.
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Figure 27. Effects of GLE and RE after TNFo exposure on the expression and the localization of the tight
junction Claudin-5 determined by qRT-PCR (A), Western Blotting (B) and immunostaining (C). After 24 h
treatment and co-treatment with TNFo, GLE or RE, mRNA (A) and protein (B) levels were quantified and
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compared to the control condition. Staining of Claudin-5 (C), obtained using immunofluorescence, visualize
the protein in green and the nuclei aee counterstained in blue. For all the above graphs, each bar is
representative of at least three independent experiments performed in triplicate. Each bar represents the mean
+ SEM relative to the control. The one-way ANOVA test was used. The threshold for statistical significance
compared to the control condition (for the TNFa, GLE and RE alone) and to the TNFa treatment- condition
(for both co-treatments) was set to * p < 0.05; ** p <0.01; *** p <0.001; **** p <0.0001.

Changes in tight junctions protein expression induced by TNFo may be associated with
changes in the localization of tight junction proteins.This latter event was investigated by
immunofluorescence analysis. As shown in Figure 27C TNFa treatment alone led to the
expected delocalization of tight junction proteins to cytosolic compartments. In contrast, co-
treatment with TNFa and GLE or RE restored the proper localization of these proteins at the
cell borders . Treatment with GLE or RE alone maintained protein localization comparable
to control conditions. These findings indicate that GLE and RE can counteract TNFa-
induced disruptions in protein localization, thereby potentially preserving BBB integrity.
Referring to the VE-cadherin, its mRNA level (Figure 28A) was not significantly different
following all experimental conditions except for the co-treatment with RE and TNFa, where
an increase of 135.15 % compared to TNFa treatment alone was observed. At the same time,
Western Blot analyses (Figure 28B) showed an increase in VE-cadherin protein across all
experimental conditions, with a significant increase (0.47 fold) following TNFa exposure
compared to the control. In this case, we also examined localization by immunofluorescence,
that showed an increase in protein levels at the cell border, despite the observed change in
morphology in the presence of TNFa. This increase confirms the protein's role in

maintaining barrier architecture, especially under inflammatory conditions.
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Figure 28. Effects of GLE and RE after TNFa exposure on the expression and the localization of the adherens
junction VE-Cadherin determined by qRT-PCR (A), Western Blotting (B) and immunostaining (C). After 24 h
treatment and co-treatment with TNFo, GLE or RE, mRNA (A) and protein (B) levels were quantified and
compared to the control condition. Staining of VE-Cadherin (C), obtained using immunofluorescence, visualize
the protein in green and the nuclei are counterstained in blue. For all the above graphs, each bar is
representative of at least three independent experiments performed in triplicate. Each bar represents the mean
+ SEM relative to the control. The one-way ANOVA test was used. The threshold for statistical significance
compared to the control condition (for the TNFa, GLE and RE alone) and to the TNFa treatment- condition

(for both co-treatments) was set to * p < 0.05; ** p <0.01; *** p <0.001 ; **** p <0.0001.

4.3.5 Assessment of BBB inflammatory markers following treatment with GLE and RE

It is well known that [ICAM-1 and VCAM-1 are important cell adhesion molecules typical
of endothelial cells whose expression, absent or nearly absent under basal conditions,
increases upon exposure to pro-inflammatory factors;therefore, they are widely recognized
as markers of BBB inflammation. Given that GLE and RE have shown potential anti-
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inflammatory properties, we assessed their effects on the expression levels of [CAM-1 and
VCAM-1 by qRT-PCR and Western Blot analysis. As shown in Figure 28 and 29 mRNA and
protein expression levels of both markers increase after TNFa exposure (by 401.74% and
1.29 fold for ICAM-1 - by 181.67 % and 19.13 fold for VCAM-1). Following treatment with
the sole GLE or RE, ICAM-1 mRNA and protein levels were basal and absent, respectively,
as in the control ; in contrast VCAM-1 mRNA and protein were maintained at basal levels.
Following co-treatment with GLE or RE and TNFa, no reduction was observed for both
markers at the transcriptional level compared with the treatment with the sole TNFa. ICAM-
1 protein expression level was reduced after co-treatment with RE (by 0.4 fold) but not after
co-treatment with GLE, in contrast VCAM-1 expression level was significantly reduced

after both co-treatment (respectively by 8.53 and 12.46 fold).
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Figure 29. Effects of GLE and RE treatments after TNFa exposure on the mRNA and protein expression levels
of the cell adhesion molecule ICAM-1. (Left) The black line correspond to the control (100%). After 24 h of
TNFa exposure the mRNA level was increased (by 401.7 %) compared to the control. Co-treatments with GLE
or RE and TNFa did not reduce mRNA levels but increased them or kept them to the level of the treatment
with the sole TNFa. A condition comparable to the control was found after treatment with the sole GLE or RE
(about 109.25% and 110.9% respectively). (Right) After 24 h of TNFa exposure the protein level was increased
(by 1.29-fold). The increased levels were downregulated following co-treatment with RE (by about 0.4-fold)
but not GLE. In control condition and after treatment with the sole GLE or RE alone, no protein expression
was detected. For all the above graphs, each bar is representative of at least three independent experiments
performed in triplicate. Each bar represents the mean + SEM relative to the control. The one-way ANOVA test
was used. The threshold for statistical significance compared to the control condition (for the TNFa, GLE and
RE alone) and to the TNFa treatment- condition (for both co-treatments) was set to * p < 0.05; ** p < 0.01;
**% p <0.001; ¥*** p <0.0001.
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Figure 30. Effects of GLE and RE treatments after TNFo exposure on the mRNA and protein expression levels
of the cell adhesion molecule VCAM-1. (Left) The black line correspond to the control (100%). After 24 h of
TNFa exposure the mRNA level was increased (by 181.67%) compared to the control. Co-treatments with
GLE and TNFa did not reduce the mRNA levels but slightly increased them; in contrast, co-treatment with RE
slightly reduced the values. Conditions comparable to the control and slightly lower than the control were
found after treatment with the sole GLE or RE (88.59% and 64.44% respectively) (Right) After 24 h of TNFa
exposure the protein level was increased (by 19.13-fold). A significant reduction in protein expression levels
was shown following co-treatment with GLE or RE (respectively by 8.53 and 12.46-fold). Treatment with the
sole GLE or RE showed a condition comparable to control (1.21 and 1.31-fold) For all the above graphs, each
bar is representative of at least three independent experiments performed in triplicate. Each bar represents the
mean = SEM relative to the control. The one-way ANOVA test was used. The threshold for statistical
significance compared to the control condition (for the TNFo, GLE and RE alone) and to the TNFa treatment-
condition (for both co-treatments) was set to * p < 0.05; ** p < 0.01; *** p <(0.001; **** p <0.0001.
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5. DISCUSSION

The aquatic ecosystem constitutes the largest habitat of Earth, hosting an enormous diversity
of animal and plant organisms and representing an underexploited source rich in natural
bioactive molecules, which only to a small extent have been investigated for their potential
utilization as treatment agents for numerous disease states, e.g., (Lazzara et al., 2019;
Luparello et al., 2020a; 2020b) ; Mauro et al., 2020; Punginelli et al., 2023).The present
study was aimed to ascertain whether the water-soluble extracts from different anatomical
parts of the seagrass P. oceanica grown in the northwestern Sicilian coast could exert any
cytotoxic effect on HepG2 liver cancer cells (chosen as an in vitro model of a cancer
histotype of the digestive system), anti-inflammatory effect at the central nervous system
level using an in vitro human blood-brain barrier model and, along with the coelomic fluid
of H. tubulosa, in vitro antidiabetic effect on HepG2 cancer cells, in this case chosen as a

liver cell model for the study of glucose metabolism.

GLE and RE as modulators of autophagy and apoptosis on HepG?2 liver cancer cells

The obtained results suggest the potential antitumoral effect of GLE and RE, whereas BLE
failed to show any effect on cell numbers at all the concentrations tested. On the other hand,
although we showed that 24 hour exposure to both RE and GLE reduced the number of
cancer cells in a dose—response manner, with regard to the biological endpoints chosen, the
two extracts did not appear appeared to produce completely overlapping effects. Referring
to the number and nature of the polyphenolic compounds found in the two different
biologically active Posidonia matrices, they were mostly in agreement with the data present
in the literature (Messina et al., 2021; Ammar et al., 2021; Farid, 2018). The differences
could be related to the extraction method followed and the volume/weight amounts
extracted. Delphinidin-3-glucoside and quercetin 3-O-galactoside were the most abundant
polyphenols in RE, while lower amounts of vanillic acid and some procyanidin dimers were
above the threshold for quantification. Interestingly, Maciel et al., (2018)reported that a low
amount (5.39 pg/mL) of the delphinidin-3-glucoside-rich aqueous extract from Hibiscus
sabdariffa acted as LCso (50% lethal concentration) in HepG2 cells, while Martinez-Alonso
et al., (2022) showed that the delphinidin-rich red bean extract acted by reducing ROS
production. In addition, quercetin 3-O-galactoside (also known as hyperoside) has been
reported to arrest the cell cycle of HepG2 cell through down-regulation of the BMP-
7/PI3K/AKT signaling (Wei et al., 2021). Akbar et al. (2021) demonstrated a substantial
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inhibition of HepG2 cell viability by vanillic acid, which induced cell-cycle disruption
through inhibition of cyclin-dependent kinase 2. In addition, procyanidin B2 and B3 showed
antiproliferative activity against HepG2 cells, the former being a proven cell-cycle inhibitor
and promoter (Huang et al., 2021 ; Ibrahim, 2019). Caffeic acid methyl ester is the most
abundant polyphenol in GLE and its cytotoxic activity against HepG2 cells has been
demonstrated by (Zhou et al., 2022). In addition, according to the data by Razali et al.,
(2015), it may be responsible for the prolonged reduction in ROS amount observed during
GLE treatment. Furthermore, the reduced dissipation of MMP observed after exposure of
HepG2 cells to GLE could be due to the recognized protective effect of the compound
against mitochondrial dysfunctions in this cell line (Tsai et al., 2017). However, we cannot
rule out the cooperation of other trace components of both GLE and RE in inducing the
effects observed in our assays on HepG2 cells. In the search of other molecular components
that might be involved in the cytotoxic activity described, we performed a proteomic analysis
of GLE and RE, which allowed us to predict a number of protein signatures putatively
responsible for the panel of biological implications observed. In addition, the protein
component showed a certain degree of heterogeneity between the two preparations. Among
the identified signatures, some may be associated with the down-regulation of autophagy.
Indeed, it is known that hepatocytic autophagy is suppressed by adenosine kinase-mediated
AMP formation and leucyl aminopeptidase overexpression(Samari & Seglen, 1998 ;Feng et
al., 2022); acyl-CoA binding (ACB) protein has also been described as a suppressor of
autophagy in breast cancer cells through its ability to bind to phosphatidylethanolamine of
the phagophore membrane, resulting in the inhibition of LC3 lipidation (Udupa et al., 2023).
Other protein signatures may be primarily associated with the onset of apoptosis, also in
relation to the impairment of mitochondrial function and modulation of the autophagic flux.
Zheng et al. (2022) demonstrated the cell-cycle inhibition and apoptosis activation effect of
phosphoglucomutase over-expression on colorectal tumor cells via the PI3K/AKT pathway.
Human CutAl protein has been shown to sensitize HeLa cells to copper-induced inhibition
of cell proliferation and promotion of apoptosis the mechanosensitive ion channel proteins
have been reported to induce mitochondrial dysfunctions leading to reduced autophagy and
intensified apoptosis (Shi et al., 2022). Adenosylhomocysteinase is known to promote
adenosine-induced apoptosis in HepG2 and esophageal cancer cells, also blocking their
motility, and to inhibit autophagy in osteosarcoma cells in an MTORC1-independent manner
(Hermes et al., 2007 ; Huang et al., 2022 ; Li et al., 2014). In the mitochondria, the
nucleoside-diphosphate kinase NME4 participates in supporting the externalization of

cardiolipin following organelle dysfunction, thus signaling apoptosis (Schlattner et al.,
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2018). Finally, a group of proteins exhibit antioxidant properties. High ROS scavenging
capacity has been found for recombinant 2-Cys peroxiredoxin from Citrus sinensis in Vero
cells, for heterologous ferredoxin-NADP reductase in Cos-7 cells, and for recombinant
peptidylprolyl cis-trans isomerase from Pyropia yezoensis in HepG2 cells (Mediavilla et al.,
2010) (Kim et al., 2017 ;Gupta et al., 2022).On the other hand, the protective effect of
glutathione reductase, glutathione transferase, and superoxide dismutase against oxidative
damages is well-known (Couto et al., 2016; Elhusseiny et al., 2021). Interestingly, Aniya &
Imaizumi (2011) reported that glutathione transferase bound to the mitochondrial membrane
can form a permeability transition pore, which leads to the loss of MMP. Given the selective
presence of this protein in RE, it may be responsible for the increased population of cells
showing mitochondrial depolarization following exposure to this extract. At present, we
have no data confirming whether these proteins present in the aqueous samples can be
effectively internalized by the cells and can exert their putative functions, apart from
peptidyl-prolyl cis-trans isomerase that has been successfully administered as an antioxidant
to HepG2 cells and superoxide dismutase that, together with its conjugates and mimetics,
possesses a significant recognized therapeutic action/potential against several diseases in
humans and animals (Aniya & Imaizumi, 2011; Kim et al., 2017; Younus, 2018; Elhusseiny
et al., 2021). A study carried out on experimentally edematous mice assessed the anti-
inflammatory role of a methanolic extract from H. tubulosa through the partial inhibition of
cyclooxygenase-2 activity. On the other hand, it is worth-mentioning that we (Punginelli et
al., 2023; Abruscato et al., 2023) have recently shown that an isolated peptide obtained from
RE exhibits an apoptotic-promoting ability on HepG2 cells, thus providing a first direct
indication of the contribution of the protein component of the extract to the cytotoxic effect.
Exposure to both extracts was found to reduce ROS accumulation as early at 4h of exposure,
while after 24 h, although RE-induced ROS generation on individual cells was comparable
to that of the control, the fraction of ROS+ cells was drastically reduced in the entire
population. The decrease in intracellular ROS levels has been documented in quercetin-
treated HepG2 cells by Jeon et al. (2019) and linked to the anti-proliferative effect of the
compound. The apoptotic-promoting role of ROS reduction in HepG2 cells was explained
by Liuetal. (2014), in terms of lacking the necessary amount of an important class of redox-
active signaling molecules required for cell survival and growth. Autophagy is an important
pathway that plays a key role in normal physiological processes, under various stress
conditions, i.e., in the presence of damaged organelles or misfolded aggregated proteins, and
under conditions of nutrient deprivation. The modulation of autophagy plays dual roles in

tumor suppression and promotion in many types of cancers. Much evidence supports
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modulation of autophagy as a promising and potential therapeutic target (Mizushima, 2007;
Morel et al., 2017;Yun & Lee, 2018). High levels of basal autophagy, such as those observed
in HepG2 cells, enable cancer-cell survival, growth, and motility by meeting the high
metabolic and energetic demands (Luparello, 2021). Therefore, the suppression of
“protective” autophagy could be one of the cytotoxicity mechanism of the extracts under
study leading to the inhibition of cell proliferation and the promotion of apoptosis.
Interestingly, the reversion of autophagy inhibition by rapamycin was sufficient to restore
cell viability in the presence of GLE, whose effect on the down-regulation of autophagy, as
well as MMP dissipation and decrease in clonogenic potential was milder than in RE
treatment, thus suggesting, in the latter case, a more extensive and multitarget cellular
damage of death than simple autophagy inhibition. The more pronounced alteration of
HepG2 cells’ healthy state by RE also emerged from the stronger inhibition of cell motility,
as observed in the wound-healing assays, thus suggesting that this preparation may be a
potential potent suppressor of the metastatic attitude of liver cancer cells. At the molecular
level, our data showed that autophagy in HepG2 cells has been modulated, especially from
14 to 24 h of exposure and with greater effect for RE- treated cells than for GLE-treated
cells. However, in both cases there was a reduction in the early and late autophagic processes,
monitored by Beclin-1 accumulation and LC3-II/LC3-I ratio, respectively. On the other
hand, during the early stages of treatment (4 h), autophagy levels seemed to be more evident
in the treated sample than in the control, but this was recorded only for the late autophagy
process (LC3-II/LC3-I ratio) and not for the early autophagic process (quantitation of
Beclin-1). This result could be justified, considering that LC3-1I marker levels do not depend
directly on its translation but on a post-translation modification, i.e., the rapid conversion of
LC3-I to LC3-II through a lipidation event. Therefore, in the early times of exposure, the
cells already seemed to perceive the effect of the treatments, transiently triggering a defense
mechanism represented by the rapid conversion of LC3. At the same time, AVOs levels were
reduced at this early stage. As it is well known, by promoting the digestion of the content of
autophagosome, the LC3-II protein itself begins to be degraded in these acidic vesicles. In
fact, since there was a reduction in AVOs after both treatments, and thus a reduction in the
number of autophagosomes fusing with lysosomes, the autophagic organelles were left with
their membrane marker intact (LC3-II). A decrease in the levels of LC3-1I/LC3-I ratio was
observed in treated cells after 14 and 24 h of exposure (again with greater effect for RE
treatment than GLE), when AVOs levels were very low. Therefore, this decline in the
autophagic process could be attributed to the direct action of the treatments on autophagic

protein expression. These data were confirmed by the Beclin-1 protein levels in the Western
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blot assays, being the signals consistently very low in the treated samples compared with the
control samples and showing a more pronunced effect for RE- than GLE-treated cells. The
monitoring of the changes of the amount of proteins destined for autophagic degradation was
accomplished by the analysis of the p62/SQSTMI1 marker. It could be observed that, after
14 h, the GLE-treated cells showed a peak of this marker, indicating the possible activation
of a cytoprotective mechanism. This result was confirmed by the peak for hsp60 detected
after this treatment, confirming that a probable cytoprotection against the accumulation of
damaged proteins was active. After 4 h of treatment, hsp60 levels detected in both treatments
were low compared with the control, indicating a possible early reduction of stress due to
the clearance process promoted by autophagy (high levels of LC3-II/LC3-I ratio). However,
in general, there was a reduction in the autophagic processes for longer treatment times and
this was conceivably related to the simultaneous activation of apoptotic processes, which
were marked after 24 h of exposure. Indeed, at this stage, p62/SQSTM1 protein levels were
elevated in GLE- and especially RE-treated cells, indicating the accumulation of protein
aggregates that the cells were unable to eliminate due to the suspension of the autophagic
clearance process and the simultaneous triggering of apoptotic cell death. In this context, as
expected, a parallel reduction in the cytoprotective mechanisms exerted by hsp60 has been
shown, thus confirming a synergistic effect of the treatments that reduce defense strategies,
i.e., autophagy and cytoprotective mechanisms against stress, and increase cell death
processes. Taken together, these data suggest that cells exposed to the extracts initially
promote defense strategies, while they appear to offer less resistance to the persistence of
the exposure and reduce the cell survival processes (autophagy) and the cytoprotection,
giving way to the degenerative processes. We explored the cellular response following
exposure to the extracts by studying the activation levels of caspases—key mediators of
apoptosis—in order to identify also a possible relationship with other mechanism of cell
survival or death. It is known that there is a crosstalk between autophagy and apoptosis in
cancer(Yogev et al., 2010) and that caspases may be involved in autophagy (Tsapras & Nezis,
2017). Among the initiator caspases, we did not detect the increase in signals related to
caspase-8 and -9 (indicative of the activation of the extrinsic and intrinsic pathway,
respectively), but the presence of cleaved caspase-1 and -2 was observed after 24 h for both
extracts. Cleavage of caspase-1 was shown to correspond to the increased rate of apoptosis
recorded in xanthoangelol-treated HepG2 cells (Pang et al., 2021) and, similar to what we
observed for RE- and GLE-treated cells, the increase in its activation in hepatocytes was
accompanied by a reduction in autophagy, as evidenced by the loss of LC3 and Beclin-1.

Caspase-2 possesses characteristics of both initiator and effector caspases (Vigneswara &
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Ahmed, 2020) and has been identified as the only activated caspase involved in the onset of
apoptosis following exposure of HepG2 cells to TNFa (Tsagarakis, 2011). In general, its
activity is related to ROS scavenging and negative regulation of autophagy (Shalini et al.,
2012; Tiwari et al., 2014). Our data are in line with these findings, since, under the
experimental conditions used, we observed a decrease in ROS accumulation and ROS+ cell
population and the down-regulation of AVOs and the autophagic markers LC3-II and Beclin-
1, the latter especially in samples of RE-treated cells. Among the executing caspases, we
observed a marked increase in cleaved caspase-3 signals after 24 h of GLE treatment and a
significative increase in those of activated caspase-6 for both treatments compared with the
controls. Apoptosis of HepG2 cells after bile acid treatments was reported to be caspase-6
dependent, while the activation of caspase-3 was found to be responsible for the apoptotic
death of HepG2 cells after exposure to sulforaphane and ursolic acid, in the latter case due
to the inactivation of the PI3K/Akt/survivin pathway; in addition, caspase-3 was shown to
inhibit ROS generation, similarly to what was prominently observed in our experimental
system in the presence of GLE. These two caspases have been located upstream or
downstream of each other in different experimental systems, suggesting the existence of a
complex pattern of reciprocal interactions (Park et al., 2007; Rust et al., 2009; Tang et al.,
2009). Moreover, in this case, we found a correlation with the autophagic state observed in
our assays for exposed cells. Indeed, as reported in the literature, several pro-apoptotic
caspases directly interact with essential ATG proteins and cleave them, resulting in the
inhibition of autophagy; for example, caspase-3 cleaves Beclin-1 and inhibits autophagy
(Klionsky D.J. et al., 2021b). On the other hand, caspase-6 has a role in p62 cleavage, and
N-terminal p62 cleavage product of caspase-6 (p62-N) plays a dominant negative role in
blocking p62-droplet and autophagosome formation (Valionyte et al., 2022), confirming a
modulation of autophagy through the caspase-6—p62 axis in the presence of certain stress
stimuli. Similarly, this was also observed in our experiments, where, considering the whole
treatment, the lowest levels of p62 were detected after 24 h of exposure, particularly in the
presence of GLE. The results obtained on caspase activities, taken together, allow us to
hypothesize that, in the response to the treatments on HepG2 cells, a crosstalk between
autophagy and apoptosis exists, suggesting that the observed response is modulated through

the orchestration of these processes.
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GLE and CFE differently modulate the glucose uptake and metabolism in HepG?2 cells

The studies conducted have also allowed us to attribute a promising efficacy of the GLE as
another potential anti-diabetic agent to be added to the existing lists, while the RE showed
no effect. The dysfunction of glucose metabolism that occurs in diabetes mellitus sees the
nodal involvement of the GLUT transporters. In the hepatocytes, in particular, the glucose
flux is mainly mediated by GLUT-2, the insulin-independent transporter, which is
responsible for glucose uptake but, in some cases, also for glucose output, thus controlling
the balance between the intracellular and extracellular glucose concentration (Thorens,
2015). Interestingly, Yonamine et al. (2017)reported that the resveratrol-mediated restoration
of the glycemic homeostasis in diabetic mice resulted in decreased GLUT-2 expression in
the liver, possibly due to reduced hepatic glucose outflow. On the other hand, GLUT-4 is
characterized by its responsiveness to insulin signaling that triggers the translocation of
GLUT4-containing vesicles to the membrane via the insulin-stimulated IRS1/PI3K/AKT
pathway (Kouznetsova et al., 2017). Thus, an alteration in the expression level of GLUTs
and a reduction in both the recruitment of GLUT-4 from cytoplasmic vesicles and its
positioning on the cell surface are molecular alterations that contribute to the disruption of
the glycemic control in diabetes mellitus. The data obtained show that, as reported for other
natural products, e.g. Kim et al., 2017; Mokashi et al., 2017 ; Zhang et al., 2019; Chen et al.,
2017), GLE resulted in an increased gene expression level of IRS1, an increased activation
of AKT and in the up-regulation of GLUT-4 transcription and translation levels, followed by
an increased exposure of the transporter on cell membranes. This is consistent with the
increased glucose consumption and internalization observed with GLE treatment.In the
present study, however, we found no significant change in HNFla protein, whereas we
observed a limited down-regulation of GLUT-2 in GLE-treated cells; this could be related
to a reduction in the glucose efflux by HepG2 liver cells, as reported in (Yonamine et al.,
2017), although further experiments will be needed to confirm this correlation. The
polyphenolic and protein composition of the GLE used in the present experiments was
studied and reported in Abruscato et al. (2023). In light of literature data, some of these
molecules in the extract could be associated with its effects in reducing extracellular glucose
and regulating GLUT in HepG2 cells. Regarding the polyphenols present in the GLE, but
not in RE, methyl ester of caffeic acid, which is the most abundant compound found in the
preparation, and the trace constituents ellagic acid, kaempferol, p-coumaric acid and
procyanidin B2 were all shown to stimulate glucose uptake in different cell lines, including

HepG2, mainly through the increased expression and translocation of GLUT-4 mediated by
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insulin- and/or 5° AMP-activated protein kinase (AMPK)-dependent mechanisms (Chen et
al., 2010; Yoon, 2013; Eid et al., 2017; Poulose et al., 2011; Yamashita et al., 2016) Dealing
with the previously-cited proteomic analysis of GLE and RE based on mass spectrometry
(Abruscato et al., 2023) we have performed a bioinformatic similarity search and identified
five protein signatures contained exclusively in the GLE or over-represented in this
preparation compared to RE, which may be potentially associated with the anti-diabetic

property of the extract.

Accession number/ GLE RE
Protein description amount amount
AO0AOK9PUS0 8.75E.404 0

Glutamine synthetase

AOAOK9NY84 1.43E+05 0
Cysteine synthase

AQAO0K9P881 9.56E+04 4.23E+04
Leucyl aminopeptidase

047254 1.81E+07 0
Ribulose bisphosphate carboxylase
large chain (Fragment)

AQ0A7I8IZJ3 3.01E+05 1.61E+05
UTP:glucose-1-phosphate
uridylyltransferase

Table 6. Glucose metabolism-associated proteins of the extracts from P. oceanica.

Table 6 shows the identity of the proteins and their relative semi-quantitative abundance in
GLE and/or RE samples. Glutamine synthetase, essential in the liver to remove ammonia
waste, is involved in glutamine synthesis by condensing NH4 " and glutamate (Frieg et al.,
2021; Kohno et al., 1986). Wang (2018) reported that the over-exposure to glutamine lead to
the glucose uptake of L6 myoblasts via the activation of the PI3K/AKT/GLUT-4
signalization and glycogen synthesis pathway. Leucyl aminopeptidase, metalloenzyme
cleaving N-terminal residues from proteins and peptides, has been isolated from different
tissues including human liver (Kohno et al., 1986). Interestingly, a leucyl aminopeptidase of
3T3-L1 adipocytes has shown a profound effect on GLUT-4 traffic through the regulation of

the sorting of the carrier from endosomes to GLUT-4 specialized vesicles thus acting as an
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important controller of the insulin-dependent pathway (Jordens et al., 2010). UTP: glucose-
1-phosphate uridylyltransferase promotes the synthesis of UDP glucose, a glucosyl donor
that is a direct precursor for the biosynthesis of glycogen in HepG2 cells (Bertram et al.,
2015). The other two enzymes are not present in human cells however their products,
possibly contained in the water-soluble GLE, could act on glucose metabolism. Particularly,
cysteine synthase is the enzyme that produces L-cysteine and acetate from O3 -acetyl-L-
serine and hydrogen sulfide. Achari & Jain (2016) indicated L-cysteine supplementation as
decisive in the increase of GLUT-4 protein expression and glucose utilization in both 3T3-
L1 adipocytes and a rodent model. Ribulose bisphosphate carboxylase/oxygenase (Rubisco)
is the enzyme responsible for carbon dioxide fixation and photorespiration in the green
leaves of plants; rubiscolin-6 is a six aminoacids-peptide obtained from Rubisco cleavage
and characterized by high affinity with opioid receptors. Kairupan et al. (2019) indicated that
after binding to the these receptors in the skeletal muscle cells, rubiscolin-6 enhanced the
glucose uptake, maybe through an activation of AMPK leading to the up-regulation of
GLUT-4 translocation. As previously reported, in parallel with P. oceanica’s extracts, the
anti-diabetic effects of the coelomatic fluid of H. tubulosa were tested. Isolated compounds
from other holothurians, such as the polysaccharides from H. leucospilota and C. frondosa,
the AHG glycosaminoglycan from A. japonicus, the saponin from H. thomasi, and the
eicosapentaenoic acid-enriched phosphatidylcholine from C. frondosa, have been proven
able to reduce blood glucose levels and improve the biochemical and histological markers
of diabetes mellitus in experimental animal models through the nodal involvement of the
GLUT transporters (El Barky et al., 2016; Chen et al., 2019; Zhao et al., 2020; Zhu et al.,
2020; Hu et al., 2014). In addition, an ethanolic extract of the golden sea cucumber S.
hermanii was found to restore the glucose uptake and utilization in the muscles of diabetic
rodents by enhancing the level of GLUT-4 protein (Purwanto et al., 2019). Here we report
the first evidence linking the treatment of liver cells with an extract derived from H. tubulosa
with the modulation of glucose metabolism, revealing a promising efficacy of the
preparation as an additional potential anti-diabetic agent. Our study shows that, in analogy
with other natural substances, e.g., (Chen ; Kim et al., 2017; Mokashi et al., 2017) , the CFE
induced the upregulation of IRS1 gene expression and increased transcription and translation
levels of AKT and GLUT-4. In addition, the phosphorylation level of AKT was increased by
the treatment. On the other hand, the transcription and translation of HNF1a were equally
increased, whereas, although an increase in GLUT-2 was observed, we were unable to find
any upregulation of GLUT-2 mRNA expression. As reported in other model systems (Fu et

al., 2023; Zhang et al., 2012), this suggests the existence of a mechanism of GLUT-2 protein
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regulation at the level of translation or by post-transcription stabilization, which has yet to
be determined. In parallel with the increased synthesis of GLUT-2 and -4 transporters, their
significantly higher membrane translocation following treatment was also found. This
molecular reprogramming plausibly enhanced the glucose response by HepG2 cells, leading
to a clear increase in the glucose consumption/uptake and glycogen accumulation to levels
comparable to those of insulin treatment. Proteins are the main components of the cell-free
coelomic fluid of echinoderms, and studies of its protein composition aimed at the
identifying factors related to regeneration- and response to injury have appeared in the
literature (Shabelnikov et al., 2019; Gomes et al., 2022b). Previously we performed
(Luparello et al., 2022) a proteomic profiling of the CFE from H. tubulosa, obtaining a final
result of 115 forward and 20 reverse proteins and 321 unique forward peptides which were
subjected to bioinformatic similarity search with different databases. We re-evaluated this
result looking for entries that could be associated with the extracellular glucose-lowering
effect of the CFE on HepG2 cells and made the following considerations: (i) No insulin or
insulin analogs were found among the protein components of the CFE; (ii) As previously
reported in Luparello et al. (2022), the analysis of the mixture showed the presence of
proteins typical of the exosomes that are plausibly kept intact by the CFE preparation method
and thus may stimulate the observed effects upon fusion with HepG2 cells and intracellular
transfer of their cargo; (iii)) Among the other protein signatures identified in the
comprehensive analysis, three could be related to the increased GLUT-4 recruitment and
activation. Their peptide sequences and the results of the selected alignments on the basis of
best E value sorting are reported in Table 7. Specifically they are as follows : (1) Huntingtin-
interacting protein 1 (HIP1), implicated in clathrin-mediated endocytosis and intracellular
protein trafficking (Hyun & Ross, 2004). It is known that HIP1 interacts with the CHC22
clathrin isoform, which is also expressed in HepG2 cells (Esk et al., 2010), thus maintaining
its proper functioning that targets the proper formation of the intracellular storage
compartment for the GLUT-4 transporter (Ybe, 2014). The dysfunction of this mechanism
has been related to the onset of diabetes mellitus (Vassilopoulos et al., 2009). (2) Small
ubiquitin-like modifier (SUMO)/sentrin-specific protease 1 (SENP1), a cysteine protease
that catalyzes the deSUMOylation of protein substrates, thus controlling the intracellular
localization and function of the targets (Vertegaal, 2022). Among these, the transcription
factor HIF1a, regulator of the mobilization of GLUT-4-containing vesicles to the plasma
membrane in skeletal muscle cells (Sakagami et al., 2014), is stabilized by deSUMOylation
through SENP1 activity. Therefore, it could plausibly stimulate increased glucose uptake

through surface accumulation of GLUT-4 (Cheng et al., 2007). (3) TBC1 domain family
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member 17 (TBCI1D17), which is a Rab5 GTPase-activating protein. In myoblasts and
skeletal muscle cells, the AMPK-induced phosphorylation of TBC1D17 leads to the
activation of Rab5, recognized as recruiter of multiple molecules involved in GLUT-4

translocation (Rao et al., 2021).

Identitie Positives Protein description
s (%) (%) (organism)
putative huntingtin-
GRSAPSQGPNNGR PIK47307.1 (459-471) 0.008 100 100  interacting protein 1 isoform
X3 (Apostichopus japonicus)

Peptide sequence Sequence ID (range) Expected

100 100 putative sentrin-specific
MSVSILDSMDTGKG PIK42614.1 (182-195) 1e®™ protease 1-like (Apostichopus
japonicus)

putative TBC1 domain
KQVLTQAEGLVRE PIK61193.1 (430-442) 0.002 100 100 family member 17
(Apostichopus japonicus)

Table 7. Glucose metabolism-associated proteins of the CFE from H. tubulosa.

GLE and RE exert a protective effect on BLECs belonging to an in vitro model of BBB

It is also well known that in recent years, there has been an increasing interest in bioactive
compounds, such as omega-3 fatty acids and antioxidants, due to their potential
neuroprotective effects and their ability to support blood-brain barrier (BBB) health by
reducing inflammation and oxidative stress (Wen et al., 2024). Within this context, extracts
from P. oceanica are particularly noteworthy, as they are rich in polyphenols, which are
recognized for their antioxidant and anti-inflammatory properties (Abruscato et al., 2023)
Despite this promising profile, there is a notable lack of published studies specifically
addressing the effects of these extracts on the BBB. However, it is essential to conduct
specific studies to elucidate the mechanisms underlying this interaction and to assess the
potential effects of these extracts on the integrity and function of this barrier. An in vitro
approach is necessary for this purpose, as while in vivo models are valuable, they do not
specifically focus on the endothelial cells of the cerebral capillaries that provide the
anatomical support for the BBB. The in vitro model of the human blood-brain barrier
developed by the LBHE was therefore utilized. This model consists of a co-culture of
endothelial cells (derived from CD34+ cells) and brain pericytes (Cecchelli et al., 2014). To
investigate the potential protective effects of GLE and RE against BBB permeability

79



following TNFa-induced inflammation, we first examined NO release in the culture media
and the effects of these extracts on the physical integrity of the endothelial cell monolayer.
Our findings reveal a typical increase in NO levels in the media of cells treated with TNFa
alone, which aligns with the expected inflammatory response. Interestingly, this increase
was not observed in the control conditions, it did not persist in the experimental conditions
involving GLE and RE treatment. Consisting with our findings Shin et al. (2004) and Wu et
al. (2023) attested, even though using an in vitro model of LPS-inflamed RAW 264.7 cells
the reduction of nitric oxide levels in the culture medium after treatment of the same cells
respectively with caffeic acid and its derivatives, present in various medicinal plants, and
with the glycosidic fraction of Picrorhiza scrophulariiflora Pennell (GPS). Additionally Y.
Kim et al. (2022) demonstrated that quercetin, administered in vivo to female rats subjected
to oxidative stress from polychlorinated biphenyls, provided a protective effect on the BBB.
This protection was evidenced by an increase in the expression levels of Claudin-5, coupled
with a reduction in alterations in permeability and inducible nitric oxide synthase (iNOS)
expression levels. Similarly, we found that both GLE and RE preserved the physical integrity
of the endothelial monolayer, indicating their potential role in mitigating the inflammatory
impact on BBB integrity. Moreover, both GLE and RE were shown to potentially mitigate
TNFa-induced increases in BBB permeability, suggesting they may reduce the permeability
disruptions caused by inflammatory signaling from TNFa. Based on these observations, we
sought to explore whether these extracts could also influence the reorganization and function
of junctional complexes within the BBB. To assess this, we examined the potential effects
of GLE and RE on two key proteins: Claudin-5, a representative tight junction (TJ) protein
essential for barrier integrity, and VE-cadherin, a crucial adherens junction (AJ) protein
involved in endothelial cell adhesion. Based on our results, both GLE and RE demonstrated
a potential protective effect on BBB integrity Consistent with the work of Versele et al.
(2022), who demonstrated that TNFa alone modulates BLECs morphology and Claudin-5
expression, our Western blot and immunofluorescence analyses confirmed elevated Claudin-
5 expression levels. Immunofluorescence further revealed cytosolic delocalization of
Claudin-5 following TNFa treatment, indicating increased cell permeability in this
condition. However, co-treatment with GLE or RE restored Claudin-5 localization at the cell
borders, despite some morphological changes, suggesting a protective role of the extracts in
maintaining TJ integrity. Similarly, our immunofluorescence analysis of Ve-Cadherin,
responsible for maintaining barrier architecture, showed increased expression levels
following co-treatment with GLE or RE, further supporting their protective effect on BBB

structure, referred to the ability to preserve the functional organization of tight junctions,
80



during inflammatory conditions. Finally ICAM-1 and VCAM-1 expression levels were
evaluated to test the inflammatory response of endothelial cells. Their expression is in fact
suppressed under physiological conditions and increased under stress conditions, e.g.
inflammation, ensuring the recruitment of leukocyte populations (Moon et al., 2009) and
also driving via calcium-mediated pathways to the cytoskeleton deregulation (Kim et al.,
2022). Given that inflammation typically upregulates ICAM-1 and VCAM-1, contributing
to increased BBB permeability, we aimed to determine if GLE and RE could counteract this
effect and help normalize their expression levels. The inflammatory response of BLECs to
TNFa was confirmed by qRT-PCR and Western Blot analyses, which showed that following
treatment with GLE and RE alone, as well as under basal conditions, these proteins are not
expressed or expressed at basal levelsHowever following co-treatment GLE and RE the
TNFa-induced increasein these adhesion molecules was significantly s with the most notable
effect observed in the case of VCAM-1 and particularly following co-treatment with RE.
This aligns with the findings of Kim et al., (2022) who reported that resveratrol, a key
component of RE, inhibited the expression of the same adhesion molecule. Moreover,
similar studies by Liu et al. (2018) demonstrated that other polyphenols could effectively
downregulate ICAM-1 and VCAM-1 expression under inflammatory conditions, further
supporting the potential anti-inflammatory effects of these extracts In support of the analysis
performed and results obtained the research by Zhao et al. (2022) and Sweeney et al.(2019)
reinforced the idea that these antioxidant compounds can enhance endothelial cell integrity
and function, highlighting their importance in neuroprotection. Collectively, these findings
suggest that GLE and RE may play a significant role in modulating endothelial cell
inflammation and preserving BBB integrity thus they could represent a promising

therapeutic strategy to counteract the neuroinflammatory processes.
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6. CONCLUSION AND FUTURE PERSPECTIVES

In conclusion, we have demonstrated the cytotoxic and protective effects of aqueous extracts
from different anatomical parts of the seagrass P. oceanica, (green leaves and rhizomes) in
a liver cancer cell model system and an in vitro model of human blood-brain barrier. Our
results identified respectively death-promoting mechanisms that include the modulation of
autophagy, apoptosis, cell redox status and the impairment of MMP, and also a reparative
mechanism on BBB alteration, caused by inflammation, through predominantly restoring
the proper localization of Tight and Adherens junctions and a reduction of ICAM-1 and
VCAM-1 expression levels. The effects found are probably attributable to specific phenolic
compounds and proteins identified. Furthermore, it is necessary to underline that the
comparative study made with the GLE and RE indicates that the phytocomplexes extracted
from the different parts of the seagrass and possessing different constituents do not share the
same bioactive potential (Abruscato et al., 2023). In addition, we have demonstrated, through
in vitro studies on an experimental model of cultured liver cells and a panel of cellular and
molecular analyses, an evident increase in glucose consumption/uptake and glycogen
storage after the exposure of HepG2 cells to the CFE and GLE. The molecular
reprogramming underlying this effect includes the upregulation of (i) IRS1 gene expression,
(i1) the transcription and translation levels of HNFla, AKT, and GLUT-4, (iii) the
phosphorylation level of AKT, (iv) the synthesis of GLUT-2 protein, and (v) the translocation
of GLUT-2 and - 4 transporters onto the plasma membrane. Also in this case the
component(s) of the CFE and GLE responsible for the observed effects was (were) not
isolated. However the analysis of the proteomic profile suggested the presence of some
proteins that can apparently enhance GLUT-4 activity. Obviously, we cannot exclude the
contribution of other trace proteins undetected in the proteomic analysis and/or non-protein
and non-polyphenolic water-soluble constituents, as well as the occurrence of synergic
activities between the compounds present. Future works will be aimed at identifying the
substance(s) responsible for the reported effects and to a more thorough evaluation of the
underlying molecular mechanism(s) responsible for the positive effects found. In the specific
case of the BBB, analyses regarding transporters (influx and efflux pumps) and mechanisms
underlying the inflammatory process will allow us to assess whether anti-inflammatory
effects can effectively be attributed to GLE and RE and in which manner the passage of these
molecules at the level of CNS cells occurs. The ultimate goal would be the development of
novel alternative agents for prevention and/or treatment of liver tumors, diabetes mellitus,
neuroinflammatory diseases and beneficial supplements for the formulation of functional
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food and food packaging materials endowed with antioxidant, anticancer and antidiabetic

properties.
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