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Abstract: Posidonia oceanica (L.) Delile is a marine plant traditionally used as an herbal medicine for
various health disorders. P. oceanica leaf extract (POE) has been shown to be a phytocomplex with
cell-safe bioactivities, including the ability to trigger autophagy. Autophagy is a key pathway to
counteract non-alcoholic fatty liver disease (NAFLD) by controlling the breakdown of lipid droplets
in the liver. The aim of this study was to explore the ability of POE to trigger autophagy and reduce
lipid accumulation in human hepatoma (HepG2) cells and then verify the possible link between
the effect of POE on lipid reduction and autophagy activation. Expression levels of autophagy
markers were monitored by the Western blot technique in POE-treated HepG2 cells, whereas the
extent of lipid accumulation in HepG2 cells was assessed by Oil red O staining. Chloroquine (CQ),
an autophagy inhibitor, was used to study the relationship between POE-induced autophagy and
intracellular lipid accumulation. POE was found to stimulate an autophagy flux over time in HepG2
cells by lowering the phosphorylation state of ribosomal protein S6, increasing Beclin-1 and LC3-II
levels, and decreasing p62 levels. By blocking autophagy with CQ, the effect of POE on intracellular
lipid accumulation was clearly reversed, suggesting that the POE phytocomplex may reduce lipid
accumulation in HepG2 cells by activating the autophagic process. This work indicates that P. oceanica
may be considered as a promising molecule supplier to discover new natural approaches for the
management of NAFLD.
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1. Introduction

Posidonica oceanica (L.) Delile is a marine plant belonging to the Posidoniaceae family
and the only species of Posidoniaceae endemic to the Mediterranean Sea [1]. Besides the
extreme ecological importance of P. oceanica underwater meadows, the literature tells of
a millenary relationship between humans and this marine plant. Some historical sources
report that in Ancient Egypt, P. oceanica leaves were used as an herbal medicine for various
health ailments, such as sore throat and skin problems [2], but also for the treatment of
inflammation and irritation and as a remedy for acne, lower limb pain, and colitis [3]. More
recently, a decoction of P. oceanica leaves was used as an herbal medicine against diabetes
and hypertension by inhabitants of coastal areas in Western Anatolia [4]. In support of this,
the literature describes antidiabetic and vasoprotective effects of a hydroalcoholic extract
obtained from P. oceanica leaves in an in vivo animal model [4].

In recent years, our group has undertaken a series of in vitro and in vivo studies that
for the first time shed light on the hitherto unexplored biological mechanisms underlying
the bioactive properties of a hydroalcoholic P. oceanica leaf extract (POE). UPLC characteri-
zation analysis showed that POE consists of 88% phenolic compounds. Of these, about 85%
were represented by (+) catechins and the remaining 4% by a mixture of gallic acid (0.4%),
ferulic acid (1.7%), epicatechin (1.4%), and chlorogenic acid (0.6%). The small remaining
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fraction (11%) remained unknown/uncharacterized (Figure 1) [5]. Moreover, POE has been
shown to be consistently effective as a phytocomplex at doses nontoxic to cells [5–10].
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POE showed anti-inflammatory properties both in an in vitro cell model of lipopolysac-
charide (LPS)-stimulated murine macrophages [8] and in different in vivo models of in-
flammatory pain induced by intraplantar injection of carrageenan, interleukin IL-1β, and
formalin in CD-1 mice [9]. In addition, POE showed an inhibitory role on the in vitro
protein glycation process by blocking the formation of advanced glycation end products
(AGEs) [10], as well as the ability to inhibit the highly migratory phenotype of certain cell
lines such as human fibrosarcoma HT1080 [5,6] and human neuroblastoma SH-SY5Y [7].
Further, our investigation of the mechanism of action underlying its anti-migratory role
revealed that POE acts by activating a transient autophagy flux [6].

Autophagy is an evolutionarily conserved intracellular degradative process that regu-
lates metabolism and maintains cellular homeostasis by removing aggregated, damaged
and/or misfolded proteins, and damaged organelles through cytosolic sequestration and
subsequent lysosomal degradation [11]. In the light of this, it is known that a deficiency
in autophagy could contribute to the development or progression of several disease con-
ditions, including non-alcoholic fatty liver disease (NAFLD) [12,13]. NAFLD is the most
common liver disease in Western countries and is defined as evidence of hepatic steatosis
without any cause of secondary hepatic fat accumulation, such as alcohol abuse, use of
steatogenic drugs, or inherited disorders [14]. In NAFLD, cells are characterized by exces-
sive accumulation of triglycerides and cholesterol in lipid droplets (LDs) [15]. It is generally
accepted that autophagy is activated during the early phase of NAFLD in response to
the acute increase in lipid availability. Autophagy may then regulate hepatocellular lipid
accumulation through selective degradation of cellular lipid stores (lipophagy). However,
large or chronic lipid exposure tends to deregulate the autophagy process [13,16–18]. Ac-
cumulating evidence suggests that impaired autophagy prevents the clearance of LDs,
damaged mitochondria, and toxic protein aggregates, which can be produced during the
progression of various liver diseases, thus contributing to the development of steatosis,
steatohepatitis, fibrosis, and cancer [19,20]. This supports the possibility that autophagy
may be one of the key targets for the prevention and treatment of hepatic steatosis in
NAFLD [21].

Developing a treatment for patients suffering from NAFLD is challenging because
of its intricate etiology, complex diagnosis, broad spectrum of stages, and presence of
concomitant disorders. However, in addition to the need for lifestyle modifications, to
date, herbal medicine has emerged as an alternative approach to the prevention and/or
treatment of NAFLD [22]. Certain herbal extracts and natural products are considered
effective in ameliorating lipid accumulation through, at least in part, activation of au-
tophagy. Examples include Rb2, a major ginsenoside from Panax ginseng [23]; the natural
polyphenol resveratrol [24–26]; the bergamot polyphenol fraction (BPF), one of the dietary
polyphenols [27]; capsaicin, an extract of Capsicum annuum and a common food supple-
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ment [28]; and many others [22]. Some natural products have already been supported by
clinical studies in the treatment of NAFLD [29], such as berberine [30], resveratrol [31],
and curcumin [32], found effective in improving NAFLD parameters. Thus, the literature
provides valuable information on the role of natural compounds and herbal extracts as
potential candidates in the management of NAFLD.

In the light of these considerations, this work tested the ability of POE to reduce
intracellular lipid accumulation in an in vitro model of hepatic steatosis using the human
hepatoma cell line HepG2. The role of POE in triggering autophagy in HepG2 cells was
also tested, and thus the possible correlation between POE-induced reduction of lipid
accumulation and activation of an autophagic flux was verified.

2. Results and Discussion
2.1. Biochemical Composition of P. oceanica Leaf Extract (POE)

The previously developed hydroalcoholic extraction method [5] was used to recover
hydrophilic compounds from P. oceanica leaves that were soluble enough to be readily
evaluated in biological media. This method recovered 1.8 mg of dry extract per aliquot.

POE was found to be composed mainly of polyphenols and a carbohydrate fraction. By
the Folin–Ciocalteau method, POE was found to contain 3.9 ± 0.4 mg/mL of polyphenols
(TP) equivalent to gallic acid, while colorimetric analysis with phenol-sulfuric acid showed
that POE contains 6.0 ± 1.3 mg/mL of carbohydrates (TC) equivalent to glucose. In
addition, POE exhibited radical-scavenging and antioxidant activities of 9.0 ± 0.3 mg/mL
and 1.0 ± 0.2 mg/mL ascorbic acid equivalents by FRAP and DPPH assays, respectively
(Table 1).

Table 1. Polyphenol and carbohydrate content in POE and its antioxidant and radical-scavenging properties. All values
(mg/mL) are reported as means ± SD of at least three independent extractions.

TP TC Antioxidant Radical Scavenging

Method Folin–Ciocalteau Phenol/sulfuric acid Ferrozine® DPPH
Reference control Gallic acid Glucose Ascorbic acid Ascorbic acid

POE 3.9 ± 0.4 6.0 ± 1.3 1.0 ± 0.2 9.0 ± 0.3

The data obtained are consistent with those obtained in previous work [6,8], support-
ing the efficiency and reproducibility of the extraction method.

2.2. Effect of POE on HepG2 Cell Viability

The viability of HepG2 cells treated with POE at dilutions of 1:100, 1:250, and 1:500
(corresponding to 36, 14, and 7.2 µg/mL dry weight of extract, respectively) was assessed
using MTT assay. POE treatment, ranging from 7.2 µg/mL to 36 µg/mL concentration, did
not cause any reduction in cell viability, as depicted in Figure 2. Treatment with the vehicle
excluded any effect of EtOH/H2O (70:30 v/v) on cell viability (Figure S1 in Supplementary
Materials). These findings agree with the previously reported non-toxicity of POE. Indeed,
the phytocomplex has already been extensively demonstrated to exert its activity without
showing signs of cellular toxicity under different treatment conditions in various cell
lines [5–8].
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For subsequent experiments, POE was therefore used at the lowest dose of 7.2 µg/mL,
in agreement with previous work [6,8].

2.3. POE Activates an Autophagic Flux in HepG2 Cells

Activation of autophagy is among the newly discovered biological properties of
POE [6]. In this work, this ability of POE was verified in HepG2 cells. Autophagy pathways
were explored by Western blot analysis in lysates of cells treated at different time points
with POE or Rapa (used as a control for autophagy activation).

Representative Western blot images in Figure 3A show that HepG2 cells underwent a
transient autophagy flux over time induced by POE treatment, as well as cells treated by
Rapa.

Specifically, by analyzing the mammalian target of rapamycin (mTOR) signaling
pathway, the best-known autophagy-suppressive regulator, it was observed that Rapa
significantly reduced the levels of the phosphorylated form of S6 (p-S6) already at 3 h
(28 ± 9%), maintaining them low even at 24 h (20 ± 10%) of treatment compared to
untreated control cells; POE apparently caused a reduction in p-S6 levels compared with
untreated control cells as early as 3 h of treatment (90 ± 9.5%)—although the data do not
show statistical significance—until it resulted in a maximum reduction in p-S6 levels at
7 h of treatment (60 ± 12%). This suggests that POE contributes to an early activation of
autophagy by inhibiting the mTOR signaling pathway. However, this effect ended by 16 h,
when p-S6 levels returned to baseline (97 ± 14%) (Figure 3B).

The dynamics of Beclin-1 levels were further explored, as this variation is considered
a downstream event in the autophagy signaling cascade crucial for the early stage of
autophagosome formation [33]. Figure 3B clearly shows that at the 7 h time point, POE
caused a marked increase in Beclin-1 expression (390± 35%) compared to untreated control
cells, supporting the observed advancement of autophagy. This effect was comparable to
that induced by Rapa (483 ± 45% compared to untreated control cells). As a consequence
of POE intervention on Beclin-1 expression at 7 h of treatment, the isolation membrane, a
double-membrane structure encompassing cytoplasmic material, had formed to originate
the autophagosome.
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Figure 3. The effect of POE on autophagy flux activation in HepG2 cells. (A) Representative images of
Western blot analysis of all the assayed protein markers of autophagy detected in HepG2 cells treated
with POE (7.2 µg/mL), cells treated with Rapa (0.5 µM), or untreated cells (Ctrl). (B) Quantification
of signals determined by densitometry analysis of at least three independent experiments. Error bars
represent standard errors. * p < 0.05; ** p < 0.01 vs. untreated control cells (Ctrl; indicated by the
dotted line). Kruskal–Wallis test. Pairwise comparisons were performed using Conover test.

Because the amount of LC3-II, the phosphatidylethanolamine-conjugated form of
LC3, reveals the number of autophagosomes and autophagy-related structures, LC3 is
reportedly the most widely used autophagosome marker [34]. Even though LC3-II is
found in the autophagosome, it is a well-known marker of autophagosome elongation.
POE-treated cells exhibit a peak in LC3-II/LC3-I expression at 7 h (162 ± 15%) similarly to
Rapa-treated cells (200 ± 15%) compared to untreated control cells.

The increased expression of LC3-II further supports the evolution of autophagy in
POE-treated cells. Expression levels of LC3-II/LC3-I returned to baseline from 16 h of
treatment with both POE (116 ± 15%) as well as Rapa (112 ± 28%), even to the point of
being down-expressed after 24 h of treatment (47 ± 5% in POE-treated cells and 42 ± 10%
in Rapa-treated cells) compared to untreated control cells (Figure 3B).

The p62 protein is a ubiquitin-binding scaffold protein that co-localizes with ubiquiti-
nated protein aggregates in many liver pathways, which is sequestered in autophagosomes
upon its direct interaction with LC3 and is selectively degraded by autophagy. Thus p62
accumulates when autophagy is inhibited and decreases when autophagy flux occurs [34];
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therefore, degradation of p62 is another widely used marker to monitor autophagy activ-
ity [35].

POE caused a progressive reduction in p62 levels, starting at 7 h (85± 5%) until 16 h of
treatment (80± 7%), suggesting that the autophagy process was in its final step, while Rapa
treatment maintained p62 levels below baseline even until 24 h (37 ± 2%). The marked
decrease in p62 after POE treatment further confirmed that POE activates an autophagy
flux in HepG2 cells, with a peak activation at 7 h.

These results on the role of POE in autophagy activation with maximal efficacy at 7 h
of treatment are in agreement with our previous study [6].

2.4. POE Alleviates Lipid Accumulation in HepG2 Cells by Inducing Autophagy

Autophagy is a cellular recycling mechanism essential for the maintenance of normal
metabolism; impaired autophagy is often linked to the pathophysiology of many diseases.
In this regard, autophagy plays a key role in lipid homeostasis through the degradation of
intracellular lipid droplets (lipophagy) [17,36].

In this work, the effect of POE on lipid accumulation in HepG2 cells was explored in
relation to its role as an inducer of autophagy. Cells were treated with POE for 24 h, while
cells treated with CQ (autophagy inhibitor) and Rapa (autophagy inducer) were used as
controls.

HepG2 control cells grown in complete medium were characterized by intracellular
lipid accumulation, as depicted by microscope image in Figure 4A obtained after ORO
staining, while vehicle treatment excluded any effect of EtOH/H2O (70:30 v/v) on lipid
accumulation (data not shown).
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Compared with untreated control cells, HepG2 cells treated with POE for 24 h showed
a clear reduction in neutral lipid content (Figure 4A). Quantification of neutral lipids by
solubilization of ORO with isopropanol, shown in Figure 4B, confirmed that POE caused
an approximately 25% reduction in lipid accumulation (76 ± 8%) with respect to untreated
control cells, suggesting a significant role of POE on lipid clearance.

The effect of POE was comparable to that of Rapa, which resulted in an approximately
20% reduction in lipid accumulation (81 ± 11%) compared to untreated control cells
(Figure 4B); in contrast, CQ-treated cells were distinguished by an increased presence of
intracellular neutral lipids (128 ± 9%) compared with untreated control cells (Figure 4B).
Noteworthy, differences between treatment conditions were statistically significant.
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The comparable effect of POE and Rapa suggests that POE likely intervenes in lipid
accumulation through activation of an autophagic flux.

Where impaired autophagy has been shown to induce hepatosteatosis [37], autophagy
activation could be an effective means of maintaining normal liver function [38].

Some pharmacological studies have demonstrated the protective effect of natural
products against excessive lipid accumulation in hepatic cells through activation of the
autophagic process [22].

In our in vitro experiments, POE was shown to induce an autophagy flux in HepG2
cells in a time-dependent manner and to reduce intracellular lipid accumulation.

Thus, in the present study, it was tested whether POE-induced lipid elimination occurs
in an autophagy-dependent manner. HepG2 cells were treated with POE for 7 h, a time
point found to be relevant for POE-induced autophagy activation, and then supplemented
with CQ for up to 24 h (POE + CQ).

The microscopy image shown in Figure 5A depicts a clear increase in lipid accumula-
tion in POE + CQ cells compared with POE-treated cells. Quantification of intracellular
neutral lipids by solubilization of ORO with isopropanol, plotted in Figure 5B, confirmed
that lipid accumulation in POE + CQ cells increased by approximately 30% (102 ± 6%)
compared to cells treated with POE alone (78 ± 7.7%).
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Figure 5. POE reduces lipid accumulation in HepG2 cells through autophagy activation. (A) Repre-
sentative image of ORO-stained HepG2 cells treated with POE (7.2 µg/mL), CQ (10 µM), or POE
added with CQ at 7 h (POE + CQ) until 24 h. (B) Changes in intracellular lipid content assessed
by measuring ORO absorbance at 490 nm. Data were reported as the mean ± SD of at least three
independent experiments. ** p < 0.01 vs. untreated control cells (Ctrl); ◦◦ p < 0.01 vs. POE-treated
cells. Tukey’s HSD test.

Recently, it has become known that autophagy mediates the elimination of stored lipid
droplets [39]. Our data indicate that in the presence of CQ, the ability of autophagosomes
to fuse with lysosomes is reduced, resulting in the accumulation of intracellular lipids;
the altered autophagy flux provides a possible reason for the restoration of higher basal
intracellular lipid levels in POE + CQ cells. This suggests that the effect of the POE
phytocomplex on lipid accumulation is completely reversed by CQ-induced autophagy
blockade.

Overall, this study provides evidence of the potential of POE to alleviate intracellular
lipid accumulation through activation of autophagy. Thus, POE, which can control this
process in liver cells, could have promising potential as an alternative medical strategy for
a variety of disease conditions, including NAFLD [22,40].
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3. Materials and Methods
3.1. Chemicals

Dulbecco’s Modified Eagle’s Medium (high-glucose DMEM-HG), fetal bovine serum
(FBS), L-glutamine, penicillin and streptomycin, 1-(4,5-dimethylthiazol-2-yl)-3,5-diphenyl
formazan (MTT), Oil red O (ORO), chloroquine (CQ), and rapamycin (Rapa) and all
chemicals and solvents were purchased from Merck KGaA (Darmstadt, DA, Germany).
Electrophoresis reagents were purchased from Bio-Rad Laboratories (Hercules, CA, USA).
Primary antibodies were provided by Cell Signaling Technology (Beverly, MA, USA), Molec-
ular ProbesTM (Invitrogen, Carlsbad, CA, USA), and Abcam (Cambridge, UK) (Table 2).
Anti-mouse IgG HRP-linked and anti-rabbit IgG HRP-linked secondary antibodies were
obtained from Molecular ProbesTM (Invitrogen, Carlsbad, CA, USA). Disposable plastics
were from Sarstedt (Nümbrecht, Germany).

Table 2. Specifications of primary antibodies used in Western blotting experiments.

Primary Antibody Target Dilution Host Source Lot

SQTSM1/p62 SQTSM1/p62 protein 1:1000 Rabbit Abcam #GR84445-1

LC3 Microtubule-associated
protein light chain 3 1:1000 Rabbit Invitrogen #UD2753807C

Beclin-1 Beclin-1 protein 1:1000 Rabbit Cell Signaling #6
S6 Ribosomal protein S6 1:1000 Rabbit Cell Signaling #7

p-S6 Ribosomal protein S6
(Ser235/236) 1:2000 Rabbit Cell Signaling #16

α-Tubulin α-Tubulin protein 1:1000 Mouse Genetex #43922

The leaves of P. oceanica were collected in July 2020 from the protected area of Meloria
by personnel of the Interuniversity Center of Marine Biology and Applied Ecology G. Bacci
(CIBM, Livorno, Tuscany, Italy) at a depth of about 15 m at the following geographical
coordinates: 43◦ 35′ 13” N and 010◦ 10′ 21” E.

The CIBM was authorized for the collection of P. oceanica leaves by the Direction of
Regional Parc of Migliarino, San Rossore, Massaciuccoli, formerly the managing institution
of the Marine Protected Area (MPA) “Secche della Meloria.” The following permission
“Ente Parco Reg. M.S.R.M. Prot. 0012275 del 20-11-2019 partenza Cat. 7 Cl. 7 SCI.8”
authorized the CIBM for institutional and research activities (including monitoring and
sampling of both water and biota) inside all the MPA from 20 November 2018 to 31
December 2020.

3.2. Preparation of P. oceanica Extract

The collected leaves were removed from the epiphytes and carefully washed with
bi-distilled water. The hydrophilic component was recovered according to the method
previously described [5]. Briefly, 1 g of P. oceanica dried leaves were minced and suspended
overnight in 10 mL of EtOH/H2O (70:30 v/v) at 37 ◦C under stirring and subsequently at
65 ◦C for 3 h. The hydroalcoholic extract was then separated from the debris by centrifuga-
tion at 2000× g, and the recovered supernatant was mixed with n-hexane in a 1:1 ratio. The
hydrophilic phase of the extract was recovered after vigorous agitation in a separating fun-
nel, dispensed into 1 mL aliquots, and then dried using a UnivapoTM vacuum concentrator.
Each aliquot of P. oceanica leaf extract (1.8 mg of dry extract) was then dissolved in 0.5 mL
of 70% (v/v) ethanol prior to use and hereafter referred to as POE.

3.3. Determination of Total Polyphenols and Carbohydrates

Total polyphenol (TP) and total carbohydrate (TC) content in POE was determined
using the colorimetric Folin–Ciocalteau’s method and phenol-sulfuric acid colorimetric
methods, respectively [5]. Gallic acid (0.5 mg/mL) and D-glucose (1 mg/mL) were used
as a reference in the range of 0–10 mg and 0–50 mg, respectively, to determine TP and TC
values.
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TP and TC were expressed as milligrams of gallic acid and D-glucose equivalents,
respectively, per milliliter of extract after resuspension.

3.4. Antioxidant Assays

The antioxidant and radical-scavenging activities of POE were investigated using ferric-
reducing/antioxidant power (FRAP) assay and α,α-diphenyl-β-picrylhydrazyl (DPPH) assay,
respectively [5]. Ascorbic acid (0.1 mg/mL) was used as a reference in the range of 0–4 mg
to evaluate both activities. The antioxidant and radical-scavenging activities of POE were
expressed as milligrams of ascorbic acid equivalents per milliliter of extract after resuspension.

3.5. Cell Line and Culture Conditions

The human hepatoma cell line (HepG2), purchased from the American Type Culture
Collection (ATCC®, HB-8065TM), was grown in a humidified atmosphere of 5% CO2 at
37 ◦C in DMEM-HG supplemented with 10% FBS, 100 µg/mL streptomycin, 100 U/mL
penicillin, and 2 mM L-glutamine (complete medium). At 90% confluence, cells were
collected by scraping and seeded at an appropriate cell density.

3.6. Cell Viability Assay

Cell viability was determined by MTT assay. Cells were grown in 96-well plates
(3 × 104 cells/well) for 24 h in complete medium. Next, cells were treated with 1:100, 1:250,
and 1:500 dilutions of POE (corresponding to 36, 14, and 7.2 µg/mL dried weight of extract,
respectively) for 24 h. Cells treated with the EtOH/H2O (70:30 v/v) vehicle and untreated
cells were used as controls.

After cell treatments, 100 µL of MTT solution (0.5 mg/mL) was added to each well
and cells were incubated in the dark at 37 ◦C for a further 1 h. After washing out the
supernatant, the insoluble formazan product was dissolved in 100 µL/well of dimethyl
sulfoxide (DMSO). Absorbance values were measured using a iMARK microplate reader
(Bio-Rad Laboratories, USA) at 595 nm. Data were expressed in terms of percentages with
respect to untreated control cells.

3.7. Western Blot Analysis

HepG2 cells (2 × 105 cells/well) were seeded in 35 mm dishes in complete medium
and incubated overnight. To study the role of POE in the activation of an autophagic flux,
cells were treated with POE (7.2 µg/mL) for different time points, from 3 h to 24 h. Cells
treated with Rapa (0.5 µM) were used as an autophagy activation control. After treatments,
cells were washed with PBS and then lysed in 80 µL of Laemmli buffer (62.5 mM Tris-
HCl pH 6.8, 10% (w/v) SDS, 25% (w/v) glycerol) without bromophenol blue. Whole-cell
lysates were collected and boiled at 95 ◦C for 5 min and centrifuged to remove cell debris
(12,000× g for 5 min at 4 ◦C). The BCA protein assay kit (Bio-Rad Laboratories, Hercules,
CA, USA) was used to measure protein levels. Briefly, 25 µg of proteins from each sample,
added with β-mercaptoethanol and bromophenol blue, were electrophoresed by 12% SDS-
PAGE and transferred to PVDF membranes (0.45 µm). The membranes were incubated
with blocking solution (5% (w/v) BSA in 0.1% (v/v) PBS-Tween®-20) for 1 h at room
temperature. Membrane incubation with the desired primary antibody at appropriate
dilution was conducted overnight at 4 ◦C (Table 1).

After three washes in 0.1% (v/v) PBS-Tween®-20 solution, the membranes were
incubated for 1 h at room temperature with a specific secondary antibody (goat anti-rabbit
IgG or goat anti-mouse IgG) diluted 1:10,000 in blocking solution. The membranes were
finally washed three times in 0.5% (v/v) PBS-Tween®-20 before being stained with Clarity
Western ECL solution. Signal of chemiluminescence were acquired with an AmershamTM

600 Imager imaging system (GE Healthcare Life Science, Pittsburgh, PA, USA). Quantity
One software (Bio-Rad Laboratories) was used for densitometric analysis.
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3.8. ORO Staining

HepG2 cells were seeded (6 × 104 cells/well) in 24-well plates overnight and then
treated with POE (7.2 µg/mL) for 24 h. To test the impact of the autophagy process on lipid
accumulation, cells were also exposed to CQ (10 µM) and Rapa (0.5 µM) treatment. Follow-
ing this, the cells were washed with PBS and fixed for 10 min in 2% (v/v) paraformaldehyde.
Subsequently, cells were washed twice with PBS and left to dry completely. Neutral lipids
were stained for 30 min at 37 ◦C with 200 µL/well of Oil red O working solution (60%
in distilled water). Excess dye was washed away with distilled water until the water no
longer had a visible pink color. After the wells had completely dried, the stained lipid
droplets in cells were examined and photographed under a Nikon TS-100 microscope
equipped with a digital acquisition system (Nikon Digital Sight DS Fi-1; Nikon, Minato-ku,
Tokyo, Japan). Finally, cellular lipid accumulation was measured by adding 200 µL/well
of isopropanol. Absorption was measured at 490 nm using an iMARK microplate reader
(Bio-Rad Laboratories, USA).

3.9. Statistical Analysis

Where not otherwise specified, data are expressed as the mean ± SD of at least three
independent experiments.

For ORO and MTT experiments, signals acquired from independent experiments were
normalized by mean centering (i.e., each replicate measurement was divided by the mean
of the replicates in order to compensate for batch experimental fluctuations) and differences
were assessed by one-way ANOVA followed by Tukey’s HSD test after normality check
with the Shapiro–Wilk test.

For Western blotting, difference between house-keeping-normalized intensity signals
were assessed by the Kruskall–Wallis test, followed by the Conover post hoc test.

Statistical differences were called at p ≤ 0.05.

4. Conclusions

In summary, this study revealed that POE protects against lipid accumulation in
HepG2 cells by promoting autophagy through inhibition of the mTOR pathway.

P. oceanica is a marine plant with several bioactive properties, including antidiabetic
and anti-inflammatory effects [41]. Thus, the possibility that P. oceanica may hit multiple
pathogenic liver disease targets—lowering blood sugar, inhibiting the inflammatory state,
and blocking the reduction in hepatic lipid accumulation—makes this traditional herbal
remedy a potential effective weapon against the prevention and/or treatment of steatosis
and related disease conditions. Indeed, NAFLD is a metabolic condition commonly associ-
ated with type 2 diabetes mellitus and often combined with a chronic inflammatory state.
Given the lack of approved and recognized drug therapies for NAFLD, this study offers
new insights into the mechanisms of action of P. oceanica that are a first step for further
in vitro and in vivo studies in order to identify alternative and complementary strategies
for disease management.

However, because this study was performed on the HepG2 cell line, it is essential that
the data also be validated on primary hepatocytes in future studies. In addition, studies
in in vivo models are absolutely necessary to test the applicability of P. oceanica in the
management of NAFLD.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ph14100969/s1, Figure S1. The effect of EtOH/H2O vehicle (70:30 v/v) on the viability of
HepG2 cells. MTT assay on untreated cells (-) or exposed to different dilutions of EtOH/H2O (70:30
v/v) for 24 h. The amount of EtOH/H2O (70:30 v/v) applied corresponds exactly to that used in POE
cell treatment. Data were reported as mean ± SD of three independent experiments.

Author Contributions: Conceptualization, D.D.; formal analysis, M.V. and E.B.; investigation, M.V.;
data curation, M.V. and E.B.; writing—original draft preparation, M.V. and D.D.; writing—review

https://www.mdpi.com/article/10.3390/ph14100969/s1
https://www.mdpi.com/article/10.3390/ph14100969/s1


Pharmaceuticals 2021, 14, 969 11 of 12

and editing, M.V., E.B., and D.D.; supervision, D.D.; project administration, D.D.; funding acquisition,
D.D. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by University of Florence, Fondi di Ateneo 2021, to D.D.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data has been present in main text and supplementary materials.

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

References
1. Gobert, S.; Cambridge, M.T.; Velimirov, B.; Pergent, G.; Lepoint, G.; Bouquegneau, J.M.; Dauby, P.; Pergent-Martini, C.; Walker, D.I.

Biology of Posidonia. In Seagrasses: Biology, Ecology and Conservation; Larkum, A.W., Orth, R.J., Duarte, C., Eds.; Springer:
Dordrecht, The Netherlands, 2006; pp. 387–408.

2. Batanouny, K.H. Wild Medicinal Plants in Egypt. Academy of Scientific Research and Technology, Egypt; The World Conservation
Union (IUCN): Gland, Switzerland, 1999; pp. 166–167.

3. El-Mokasabi, F.M. Floristic composition and traditional uses of plant species at Wadi Alkuf, Al-Jabal Al-Akhder, Libya. Am. Eur.
J. Agric. Environ. Sci. 2014, 14, 685–697. [CrossRef]

4. Gokce, G.; Haznedaroglu, M.Z. Evaluation of antidiabetic, antioxidant and vasoprotective effects of Posidonia oceanica extract. J.
Ethnopharmacol. 2008, 115, 122–130. [CrossRef]

5. Barletta, E.; Ramazzotti, M.; Fratianni, F.; Pessani, D.; Degl’Innocenti, D. Hydrophilic extract from Posidonia oceanica inhibits
activity and expression of gelatinases and prevents HT1080 human fibrosarcoma cell line invasion. Cell. Adh. Migr. 2015, 9,
422–431. [CrossRef] [PubMed]

6. Leri, M.; Ramazzotti, M.; Vasarri, M.; Peri, S.; Barletta, E.; Pretti, C.; Degl’Innocenti, D. Bioactive Compounds from Posidonia
oceanica (L.) Delile Impair Malignant Cell Migration through Autophagy Modulation. Mar. Drugs. 2018, 16, 137. [CrossRef]

7. Piazzini, V.; Vasarri, M.; Degl’Innocenti, D.; Guastini, A.; Barletta, E.; Salvatici, M.C.; Bergonzi, M.C. Comparison of Chitosan
Nanoparticles and Soluplus Micelles to Optimize the Bioactivity of Posidonia oceanica Extract on Human Neuroblastoma Cell
Migration. Pharmaceutics 2019, 11, 655. [CrossRef] [PubMed]

8. Vasarri, M.; Leri, M.; Barletta, E.; Ramazzotti, M.; Marzocchini, R.; Degl’Innocenti, D. Anti-inflammatory properties of the marine
plant Posidonia oceanica (L.) Delile. J. Ethnopharmacol. 2020, 247, 112252. [CrossRef] [PubMed]

9. Micheli, L.; Vasarri, M.; Barletta, E.; Lucarini, E.; Ghelardini, C.; Degl’Innocenti, D.; Di Cesare Mannelli, L. Efficacy of Posidonia
oceanica Extract against Inflammatory Pain: In Vivo Studies in Mice. Mar. Drugs. 2021, 19, 48. [CrossRef]

10. Vasarri, M.; Barletta, E.; Ramazzotti, M.; Degl’Innocenti, D. In vitro anti-glycation activity of the marine plant Posidonia oceanica
(L.) Delile. J. Ethnopharmacol. 2020, 259, 112960. [CrossRef] [PubMed]

11. Glick, D.; Barth, S.; Macleod, K.F. Autophagy: Cellular and molecular mechanisms. J. Pathol. 2010, 221, 3–12. [CrossRef]
12. Levine, B.; Kroemer, G. Autophagy in the pathogenesis of disease. Cell 2008, 132, 27–42. [CrossRef]
13. Ramos, V.M.; Kowaltowski, A.J.; Kakimoto, P.A. Autophagy in Hepatic Steatosis: A Structured Review. Front. Cell Dev. Biol. 2021,

9, 657389. [CrossRef]
14. Godoy-Matos, A.F.; Silva Júnior, W.S.; Valerio, C.M. NAFLD as a continuum: From obesity to metabolic syndrome and diabetes.

Diabetol. Metab. Syndr. 2020, 12, 60. [CrossRef]
15. Gluchowski, N.L.; Becuwe, M.; Walther, T.C.; Farese, R.V., Jr. Lipid droplets and liver disease: From basic biology to clinical

implications. Nat. Rev. Gastroenterol. Hepatol. 2017, 14, 343–355. [CrossRef]
16. Dong, H.; Czaja, M.J. Regulation of lipid droplets by autophagy. Trends Endocrinol. Metab. 2011, 22, 234–240. [CrossRef]
17. Czaja, M.J. Function of Autophagy in Nonalcoholic Fatty Liver Disease. Dig. Dis. Sci. 2016, 61, 1304–1313. [CrossRef]
18. Grefhorst, A.; van de Peppel, I.P.; Larsen, L.E.; Jonker, J.W.; Holleboom, A.G. The Role of Lipophagy in the Development and

Treatment of Non-Alcoholic Fatty Liver Disease. Front. Endocrinol. (Lausanne) 2021, 11, 601627. [CrossRef]
19. Niture, S.; Lin, M.; Rios-Colon, L.; Qi, Q.; Moore, J.T.; Kumar, D. Emerging Roles of Impaired Autophagy in Fatty Liver Disease

and Hepatocellular Carcinoma. Int. J. Hepatol. 2021, 2021, 6675762. [CrossRef] [PubMed]
20. Zhang, Y.; Li, K.; Kong, A.; Zhou, Y.; Chen, D.; Gu, J.; Shi, H. Dysregulation of autophagy acts as a pathogenic mechanism of

non-alcoholic fatty liver disease (NAFLD) induced by common environmental pollutants. Ecotoxicol. Environ. Saf. 2021, 217,
112256. [CrossRef] [PubMed]

21. Mao, Y.; Yu, F.; Wang, J.; Guo, C.; Fan, X. Autophagy: A new target for nonalcoholic fatty liver disease therapy. Hepat. Med. 2016,
8, 27–37. [CrossRef] [PubMed]

22. Zhang, L.; Yao, Z.; Ji, G. Herbal Extracts and Natural Products in Alleviating Non-alcoholic Fatty Liver Disease via Activating
Autophagy. Front Pharmacol. 2018, 9, 1459. [CrossRef]

23. Huang, Q.; Wang, T.; Yang, L.; Wang, H.Y. Ginsenoside Rb2 Alleviates Hepatic Lipid Accumulation by Restoring Autophagy via
Induction of Sirt1 and Activation of AMPK. Int. J. Mol. Sci. 2017, 18, 1063. [CrossRef]

http://doi.org/10.5829/idosi.aejaes.2014.14.08.12375
http://doi.org/10.1016/j.jep.2007.09.016
http://doi.org/10.1080/19336918.2015.1008330
http://www.ncbi.nlm.nih.gov/pubmed/26176658
http://doi.org/10.3390/md16040137
http://doi.org/10.3390/pharmaceutics11120655
http://www.ncbi.nlm.nih.gov/pubmed/31817615
http://doi.org/10.1016/j.jep.2019.112252
http://www.ncbi.nlm.nih.gov/pubmed/31562953
http://doi.org/10.3390/md19020048
http://doi.org/10.1016/j.jep.2020.112960
http://www.ncbi.nlm.nih.gov/pubmed/32423880
http://doi.org/10.1002/path.2697
http://doi.org/10.1016/j.cell.2007.12.018
http://doi.org/10.3389/fcell.2021.657389
http://doi.org/10.1186/s13098-020-00570-y
http://doi.org/10.1038/nrgastro.2017.32
http://doi.org/10.1016/j.tem.2011.02.003
http://doi.org/10.1007/s10620-015-4025-x
http://doi.org/10.3389/fendo.2020.601627
http://doi.org/10.1155/2021/6675762
http://www.ncbi.nlm.nih.gov/pubmed/33976943
http://doi.org/10.1016/j.ecoenv.2021.112256
http://www.ncbi.nlm.nih.gov/pubmed/33901779
http://doi.org/10.2147/HMER.S98120
http://www.ncbi.nlm.nih.gov/pubmed/27099536
http://doi.org/10.3389/fphar.2018.01459
http://doi.org/10.3390/ijms18051063


Pharmaceuticals 2021, 14, 969 12 of 12

24. Zhang, Y.; Chen, M.L.; Zhou, Y.; Yi, L.; Gao, Y.X.; Ran, L.; Chen, S.H.; Zhang, T.; Zhou, X.; Zou, D.; et al. Resveratrol improves
hepatic steatosis by inducing autophagy through the cAMP signaling pathway. Mol. Nutr. Food Res. 2015, 59, 1443–1457.
[CrossRef]

25. Ding, S.; Jiang, J.; Zhang, G.; Bu, Y.; Zhang, G.; Zhao, X. Resveratrol and caloric restriction prevent hepatic steatosis by regulating
SIRT1-autophagy pathway and alleviating endoplasmic reticulum stress in high-fat diet-fed rats. PLoS ONE 2017, 12, e0183541.
[CrossRef]

26. Ji, G.; Wang, Y.; Deng, Y.; Li, X.; Jiang, Z. Resveratrol ameliorates hepatic steatosis and inflammation in methionine/choline-
deficient diet-induced steatohepatitis through regulating autophagy. Lipids Health Dis. 2015, 14, 134. [CrossRef]

27. Parafati, M.; Lascala, A.; Morittu, V.M.; Trimboli, F.; Rizzuto, A.; Brunelli, E.; Coscarelli, F.; Costa, N.; Britti, D.; Ehrlich, J.; et al.
Bergamot polyphenol fraction prevents nonalcoholic fatty liver disease via stimulation of lipophagy in cafeteria diet-induced rat
model of metabolic syndrome. J. Nutr. Biochem. 2015, 26, 938–948. [CrossRef] [PubMed]

28. Li, Q.; Li, L.; Wang, F.; Chen, J.; Zhao, Y.; Wang, P.; Nilius, B.; Liu, D.; Zhu, Z. Dietary capsaicin prevents nonalcoholic fatty liver
disease through transient receptor potential vanilloid 1-mediated peroxisome proliferator-activated receptor δ activation. Pflugers
Arch. 2013, 465, 1303–1316. [CrossRef] [PubMed]

29. Pan, J.; Wang, M.; Song, H.; Wang, L.; Ji, G. The efficacy and safety of traditional chinese medicine (jiang zhi granule) for
nonalcoholic Fatty liver: A multicenter, randomized, placebo-controlled study. Evid. Based Complement. Alternat. Med. 2013, 2013,
965723. [CrossRef]

30. Yan, H.M.; Xia, M.F.; Wang, Y.; Chang, X.X.; Yao, X.Z.; Rao, S.X.; Zeng, M.S.; Tu, Y.F.; Feng, R.; Jia, W.P.; et al. Efficacy of Berberine
in Patients with Non-Alcoholic Fatty Liver Disease. PLoS ONE 2015, 10, e0134172. [CrossRef] [PubMed]

31. Chen, S.; Zhao, X.; Ran, L.; Wan, J.; Wang, X.; Qin, Y.; Shu, F.; Gao, Y.; Yuan, L.; Zhang, Q.; et al. Resveratrol improves insulin
resistance, glucose and lipid metabolism in patients with non-alcoholic fatty liver disease: A randomized controlled trial. Dig.
Liver Dis. 2015, 47, 226–232. [CrossRef]

32. Panahi, Y.; Kianpour, P.; Mohtashami, R.; Jafari, R.; Simental-Mendía, L.E.; Sahebkar, A. Efficacy and Safety of Phytosomal
Curcumin in Non-Alcoholic Fatty Liver Disease: A Randomized Controlled Trial. Drug Res. 2017, 67, 244–251. [CrossRef]
[PubMed]

33. Menon, M.B.; Dhamija, S. Beclin 1 Phosphorylation—At the Center of Autophagy Regulation. Front. Cell. Dev. Biol. 2018, 6, 137.
[CrossRef] [PubMed]

34. Yoshii, S.R.; Mizushima, N. Monitoring and Measuring Autophagy. Int. J. Mol. Sci. 2017, 18, 1865. [CrossRef] [PubMed]
35. Pankiv, S.; Clausen, T.H.; Lamark, T.; Brech, A.; Bruun, J.A.; Outzen, H.; Øvervatn, A.; Bjørkøy, G.; Johansen, T. p62/SQSTM1

binds directly to Atg8/LC3 to facilitate degradation of ubiquitinated protein aggregates by autophagy. J. Biol. Chem. 2007, 282,
24131–24145. [CrossRef]

36. Zhang, Z.; Yao, Z.; Chen, Y.; Qian, L.; Jiang, S.; Zhou, J.; Shao, J.; Chen, A.; Zhang, F.; Zheng, S. Lipophagy and liver disease: New
perspectives to better understanding and therapy. Biomed. Pharmacother. 2018, 97, 339–348. [CrossRef] [PubMed]

37. Takahashi, S.S.; Sou, Y.S.; Saito, T.; Kuma, A.; Yabe, T.; Sugiura, Y.; Lee, H.C.; Suematsu, M.; Yokomizo, T.; Koike, M.; et al. Loss of
autophagy impairs physiological steatosis by accumulation of NCoR1. Life Sci. Alliance 2019, 3, e201900513. [CrossRef]

38. Czaja, M.J.; Ding, W.X.; Donohue, T.M.; Friedman, S.L., Jr.; Kim, J.S.; Komatsu, M.; Lemasters, J.J.; Lemoine, A.; Lin, J.D.; Ou, J.H.;
et al. Functions of autophagy in normal and diseased liver. Autophagy 2013, 9, 1131–1158. [CrossRef]

39. Schulze, R.J.; Krueger, E.W.; Weller, S.G.; Johnson, K.M.; Casey, C.A.; Schott, M.B.; McNiven, M.A. Direct lysosome-based
autophagy of lipid droplets in hepatocytes. Proc. Natl. Acad. Sci. USA 2020, 117, 32443–32452. [CrossRef] [PubMed]

40. Dyshlovoy, S.A. Blue-Print Autophagy in 2020: A Critical Review. Mar. Drugs. 2020, 18, 482. [CrossRef] [PubMed]
41. Vasarri, M.; De Biasi, A.M.; Barletta, E.; Pretti, C.; Degl’Innocenti, D. An Overview of New Insights into the Benefits of the

Seagrass Posidonia oceanica for Human Health. Mar. Drugs. 2021, 19, 476. [CrossRef]

http://doi.org/10.1002/mnfr.201500016
http://doi.org/10.1371/journal.pone.0183541
http://doi.org/10.1186/s12944-015-0139-6
http://doi.org/10.1016/j.jnutbio.2015.03.008
http://www.ncbi.nlm.nih.gov/pubmed/26025327
http://doi.org/10.1007/s00424-013-1274-4
http://www.ncbi.nlm.nih.gov/pubmed/23605066
http://doi.org/10.1155/2013/965723
http://doi.org/10.1371/journal.pone.0134172
http://www.ncbi.nlm.nih.gov/pubmed/26252777
http://doi.org/10.1016/j.dld.2014.11.015
http://doi.org/10.1055/s-0043-100019
http://www.ncbi.nlm.nih.gov/pubmed/28158893
http://doi.org/10.3389/fcell.2018.00137
http://www.ncbi.nlm.nih.gov/pubmed/30370269
http://doi.org/10.3390/ijms18091865
http://www.ncbi.nlm.nih.gov/pubmed/28846632
http://doi.org/10.1074/jbc.M702824200
http://doi.org/10.1016/j.biopha.2017.07.168
http://www.ncbi.nlm.nih.gov/pubmed/29091883
http://doi.org/10.26508/lsa.201900513
http://doi.org/10.4161/auto.25063
http://doi.org/10.1073/pnas.2011442117
http://www.ncbi.nlm.nih.gov/pubmed/33288726
http://doi.org/10.3390/md18090482
http://www.ncbi.nlm.nih.gov/pubmed/32967369
http://doi.org/10.3390/md19090476

	Introduction 
	Results and Discussion 
	Biochemical Composition of P. oceanica Leaf Extract (POE) 
	Effect of POE on HepG2 Cell Viability 
	POE Activates an Autophagic Flux in HepG2 Cells 
	POE Alleviates Lipid Accumulation in HepG2 Cells by Inducing Autophagy 

	Materials and Methods 
	Chemicals 
	Preparation of P. oceanica Extract 
	Determination of Total Polyphenols and Carbohydrates 
	Antioxidant Assays 
	Cell Line and Culture Conditions 
	Cell Viability Assay 
	Western Blot Analysis 
	ORO Staining 
	Statistical Analysis 

	Conclusions 
	References

