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An aqueous olive leaf extract (OLE) ameliorates
parameters of oxidative stress associated with lipid
accumulation and induces lipophagy in human
hepatic cells†

Tacconi S.,‡a,b Longo S.,‡c Guerra F.,c Moliteni C.,b Friuli M.,d Romano A.,d

Gaetani S.,d Paradiso V. M.,c Difonzo G.,e Caponio F.,e Lofrumento D.,c vergara D.,c

Bucci C.,c Dini L.b,f and Giudetti A. M. *c

Fatty liver is a disease characterized by a buildup of lipids in the liver, often resulting from excessive con-

sumption of high-fat-containing foods. Fatty liver can degenerate, over time, into more severe forms of

liver diseases, especially when oxidative stress occurs. Olive leaf extract (OLE) is a reliable source of poly-

phenols with antioxidant and hypolipidemic properties that have been successfully used in medicine, cos-

metics, and pharmaceutical products. Using “green” solvents with minimal impact on the environment

and human health, which simultaneously preserves the extract’s beneficial properties, represents one of

the major challenges of biomedical research. In the present study, we assayed the potential antioxidant

and lipid-lowering effect of a “green” OLE obtained by a water ultrasound-assisted extraction procedure,

on the human hepatic HuH7 cell line, treated with a high concentration of free fatty acids (FFA). We found

that high FFA concentration induced lipid accumulation and oxidative stress, as measured by increased

hydrogen peroxide levels. Moreover, the activity of antioxidant enzymes, catalase, superoxide dismutase,

and glutathione peroxidase, was reduced upon FFA treatment. Coincubation of high FFA with OLE

reduced lipid and H2O2 accumulation and increased the activity of peroxide-detoxifying enzymes. OLE

ameliorated mitochondrial membrane potential, and hepatic parameters by restoring the expression of

enzymes involved in insulin signaling and lipid metabolism. Electron microscopy revealed an increased

autophagosome formation in both FFA- and FFA + OLE-treated cells. The study of the autophagic

pathway indicated OLE’s probable role in activating lipophagy.

1. Introduction

Fatty liver is a condition of excessive accumulation of lipids in
the liver which can be induced, among other factors, by a high
dietary intake of fats. This type of lipid accumulation, not
associated with alcohol consumption, is referred to as non-
alcoholic fatty liver disease (NAFLD) and can remain over-time
silent. In hepatic steatosis, neutral lipids, such as triacylglycer-
ols (TAG) and cholesterol esters, are stored in dynamic orga-
nelles called lipid droplets (LD). It has been reported that one
of the prime hits responsible for the progression of NAFLD in
the more severe non-alcoholic steatohepatitis (NASH) is rep-
resented by oxidative stress, a condition in which an imbal-
ance between the production and clearance of reactive oxygen
species (ROS) occurs.1 Lipid accumulation can stifle mitochon-
drial activity with a consequent increase in the electron trans-
port chain and ROS production. Moreover, saturated fatty
acids can induce macrophage-mediated inflammation indu-
cing Nuclear Factor kappa-light-chain-enhancer of activated B

†Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3fo00817g
‡These authors equally contributed to the manuscript.

aCarMeN Laboratory, INSERM 1060-INRAE 1397, University of Lyon, Lyon-Sud

Hospital, 69310 Lyon, France. E-mail: stefano.tacconi@inrae.fr
bDepartment of Biology and Biotechnology “C. Darwin”, Sapienza University of

Rome, P.le Aldo Moro 5, 00185 Rome, Italy. E-mail: camilla.moliterni@uniroma1.it,

luciana.dini@uniroma1.it
cDepartment of Biological and Environmental Sciences and Technologies, University

of Salento, Via Prov.le Lecce-Monteroni, 73100 Lecce, Italy.

E-mail: anna.giudetti@unisalento.it, serena.longo@unisalento.it,

vito.paradiso@unisalento.it, daniele.vergara@unisalento.it,

dario.lofrumento@unisalento.it, flora.guerra@unisalento.it,

cecilia.bucci@unisalento.it
dDepartment of Physiology and Pharmacology “V. Erspamer”, Sapienza University of

Rome, P.le Aldo Moro 5, 00185 Rome, Italy. E-mail: marzia.friuli@uniroma1.it,

adele.romano@uniroma1.it, silvana.gaetani@uniroma1.it
eDepartment of Soil, Plant and Food Science, University of Bari Aldo Moro, Via

Amendola 165/a, 70126 Bari, Italy. E-mail: francesco.caponio@uniba.it,

graziana.difonzo@uniba.it
fResearch Center on Nanotechnology Applied for Engineering of Sapienza (CNIS),

Sapienza University of Rome, 00185 Rome, Italy

This journal is © The Royal Society of Chemistry 2023 Food Funct., 2023, 14, 5805–5819 | 5805

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Ju

ne
 2

02
3.

 D
ow

nl
oa

de
d 

on
 7

/3
1/

20
25

 1
2:

42
:3

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

http://rsc.li/food-function
http://orcid.org/0000-0002-9204-040X
https://doi.org/10.1039/d3fo00817g
https://doi.org/10.1039/d3fo00817g
https://doi.org/10.1039/d3fo00817g
http://crossmark.crossref.org/dialog/?doi=10.1039/d3fo00817g&domain=pdf&date_stamp=2023-06-15
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3fo00817g
https://pubs.rsc.org/en/journals/journal/FO
https://pubs.rsc.org/en/journals/journal/FO?issueid=FO014012


cells (NF-κB)-dependent production of inflammatory cytokines
such as tumor necrosis factor (TNF)-α and interleukin (IL)-6.2,3

An excess of ROS can damage cellular structures such as pro-
teins, lipids, and DNA leading to the onset of the disease.4

Based on the clinical and experimental evidence supporting
the main role of oxidative stress in the pathophysiology of
NAFLD, different antioxidants have been proposed as thera-
peutic agents for the treatment of such diseases.5

Extra virgin olive oil represents a key component of the
Mediterranean diet and many of the beneficial effects of this
diet can be attributed to the high polyphenols content of the
oil.6 Olive leaf extract (OLE) contains a higher quantity and
variety of polyphenols than commercial extra virgin olive oil.7,8

In recent decades, olive leaves have been upcycled by their use
in medicine, cosmetics, food, and pharmaceutical products,
contributing to the olive oil chain’s sustainability.9 Thanks to
their multifunctional properties, olive leaves represent a sub-
strate for the more efficient extraction of antioxidants.10

Studies conducted both in animals and humans have
reported beneficial effects of OLE such as antioxidant, anti-
hypertensive, hypoglycemic, hypocholesterolemic, cardiopro-
tective, anti-inflammatory, and anti-obesity.11 Polyphenols are
the most abundant molecules in the bioactive profile of olive
leaves. The secoiridoid oleuropein is the main compound
together with other secoiridoids derived from tyrosol and fla-
vonoids.12 These compounds account for the antioxidant and
antimicrobial activities of OLE and could make OLE suitable
for use in the food industry as a natural preservative.13

Oleuropein and its metabolite hydroxytyrosol exhibit a
variety of pharmacological properties, including potent anti-
oxidant, antiatherogenic, anti-inflammatory, antiviral, and
anticancer effects. Furthermore, oleuropein and hydroxytyrosol
have been shown to have an antiproliferative effect on oleic
acid-induced growth of cultured intestinal cells.14

The liver is a major target organ for oxidative stress, and
several experimental studies provide compelling evidence that
olive oil polyphenols exhibit a beneficial hepatoprotective effect.15

Indeed, a Mediterranean diet supplemented with extra-virgin
olive oil has been associated with a reduced prevalence of hepatic
steatosis in older individuals at high cardiovascular risk.16

The phenolic concentration in OLE strongly depends on the
type of extraction process. Hence, the optimization of extrac-
tion procedures is particularly important. To maximize the
recovery of phenolic compounds, parameters such as tempera-
ture and solvent composition must be considered.17 The
choice of solvent is the most critical step in polyphenol extrac-
tion, due to the potential consequences that it can have on the
finished product. Due to polyphenol chemical composition,
most solvents are represented by volatile organic compounds
(such as methanol, acetone, ethyl acetate, and ethanol), which
harm the environment, safety, and health.18 Therefore, the
research challenge in recent years has been to experiment with
new greener extraction solvents that do not alter the “ben-
eficial” potential of the polyphenolic extract. Among different
extraction solvents, water appears as the greenest solvent, not
only because inexpensive and environmentally benign, but

also because non-toxic, and non-flammable, providing oppor-
tunities for clean processing and pollution prevention.
Moreover, water has been recommended as an extraction
solvent when the extracts are used in food and pharmaceutical
applications.18,19

The present work aimed to assess the potential effect of a
“green” OLE, obtained with water as the extraction solvent on
hepatic cells in which oxidative stress was induced by an excess of
fatty acids. In this experimental condition, which mimics the
hepatic steatosis consequent to a high dietary fat intake, hepatic
cells accumulate fatty acids in the form of LD and undergo oxi-
dative stress. We found that the “green” OLE had a good anti-
oxidant effect and reduced lipid accumulation in hepatic cells.
Moreover, the extract ameliorated parameters linked to mitochon-
drial functions. Both electron microscopy and molecular analysis
indicated that most of the beneficial effects of OLE could be
associated with the activation of the lipophagic pathway.

2. Materials and methods
2.1. Production and characterization of the olive leaf extract
(OLE)

OLE was obtained as described in Conte, P et al.20 Briefly, after
washing, the olive leaves were dried at 120 °C for 8 minutes in
a ventilated oven (Argolab, Carpi, Italy) to reach a moisture
content <1%, and then ground with a blender (Waring-
Commercial, Torrington, CT, USA). Milli-Q water was used as
the extraction solvent in a 1/20 ratio (w/v). The extraction
process was ultrasound-assisted (CEIA, Viciomaggio, Italy) and
the extract was filtered through Whatman filter papers (GE
Healthcare, Milan, Italy), freeze-dried (BUCHI, Switzerland,
Lyovapor™ L-200), and stored at −20 °C. The total phenol
content was determined using the Folin–Ciocalteu method,
and the antioxidant activity was assessed by ABTS and DPPH
assay protocol.21 The phenolic profile was obtained by
HPLC-DAD using external calibration curves with relative stan-
dards, as reported in Centrone, M et al.22 Table 1 shows the
total phenolic content (TPC), the antioxidant activity (ABTS
and DPPH) of OLE expressed per g of freeze-dried extract, and
the concentration of the main detected polyphenols.

2.2. Cell culture conditions

Hepatic HuH7 cells were cultured in low-glucose DMEM sup-
plemented with 10% FBS, 1% stable L-glutamine, and 100 U
mL−1 penicillin, 100 µg mL−1 streptomycin at 37 °C in a 5%
CO2 atmosphere. For treatments, 1.6 × 106 cells per well were
seeded in six-well plates and grown to confluence. To emulate
hepatic steatosis, 24 hours after seeding, cells were treated
with a mixture of 1 : 2 palmitate/oleate (FFA) at the final con-
centration of 500 µM (dissolved in 2 mM bovine serum
albumin, BSA).23 For the FFA + OLE group, cells were incu-
bated with the FFA mixture together with OLE. All experiments
were made with 0.1 mg mL−1 OLE. Cells treated only with the
vehicle (BSA) were used as a control (CTR) and another group
of cells (OLE) were incubated only with the leaf extract to evalu-
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ate its effects in the absence of a pro-oxidant stimulus. All
treatments were performed for 48 hours. Nuclei and cytosol
fractions were isolated as reported in Giudetti, AM et al.24

2.3. UHPLC–ESI-MS/MS analysis of oleuropein in culture
medium

The culture medium was filtered through 0.45 nm
polytetrafluoroethylene filters. The oleuropein content in the
medium during incubation (0, 4, 24, 48 hours) was monitored
by ultra-high performance liquid chromatography–electrospray
tandem mass spectrometry (UHPLC–ESI-MS/MS, Thermo
Fischer Scientific, Waltham, MA, USA). MS conditions were
capillary temperature 320 °C; source heater temperature
280 °C; nebulizer gas N2; sheath gas flow 30 psi; auxiliary gas
flow 7 arbitrary units; capillary voltage −2800 V, S-Lens RF
Level 60%. Data were acquired in negative ionization mode. A
full scan method from 100 to 900 m/z was used to quantify the
phenolic compounds by the extraction of molecular ion
signals in post-acquisition. All data were acquired and pro-
cessed using Xcalibur v.2 (Thermo Fischer Scientific). The
identification was performed also by comparing the data with
those reported by Difonzo, G et al.25 The quantitation was per-
formed as described in Centrone, M et al.22

2.4. Cell proliferation and viability assay

After incubation with OLE, cell viability was measured using a
ReadyProbes™ Cell Viability Imaging Kit (ThermoFisher
#R37609). After treatments, HuH7 cells were incubated with 2
drops of each cell stain reagent for 15 min. NucBlue® Live
reagent stained the nuclei of all the cells and was detected
with a standard DAPI filter. NucGreen® Dead reagent stained
only the nuclei of cells with compromised plasma membrane
integrity and was detected using a standard FITC/GFP (green)
filter. The number of cell nuclei with compromised plasma
was determined and averaged in three areas, measuring
0.01 mm2, by fluorescent microscopy. Sulforhodamine B (SRB)
colorimetric assay was used to analyze cell proliferation. In
this case, after incubation with OLE, cells were fixed with 50%
trichloroacetic acid for 1 h at 4 °C and washed with water.

After completely drying at room temperature, the cells were
stained for 30 min with 0.4% (w/v) SRB dissolved in 1% acetic
acid. The plate was washed four times with 1% acetic acid to
remove the unbound dye. The viable cell number was directly
proportional to the protein bound-dye formation which was
then solubilized with 10 mM Tris base solution pH 10.5 and
measured at 570 nm on a microplate reader (BioTek Cytation 5
Cell Imaging Multimode Reader, Agilent). Cell growth inhi-
bition at three different times was evaluated as the ratio
between the average value of the absorbance at 570 nm
obtained in treated and untreated cells × 100.

2.5. Western blot analysis

Total proteins were extracted from HuH7 cells using a protein
extraction buffer. Following centrifugation at 12 000g for
10 minutes at 4 °C, supernatants were collected and assayed
for protein content using the Bradford method. In total, 30 μg
protein was loaded onto a lane of a sodium dodecyl sulfate
(SDS) gel and subsequently subjected to electrophoretic separ-
ation. Proteins were transferred to nitrocellulose membranes
(Amersham) at 4 °C and 100 V for 80 minutes. Next, mem-
branes were blocked using 5% (w/v) powdered milk for 1 hour
and incubated with primary antibodies. Rabbit polyclonal
anti-nuclear factor kappa-light-chain-enhancer of activated B
cells (p65) (NF-κB (p65), Santa Cruz sc-84141, mouse 1 : 1000),
Insulin Receptor (IR, GeneText GXGTX101136, rabbit 1 : 1000),
Glycogen Synthase (GS, Santa Cruz sc-81173, mouse 1 : 1000),
Diacylglycerol Acyltransferase 2 (DGAT2, Novus Biologicals,
#NBP1-71701, mouse 1 : 1000), Monoacylglycerol Lipase
(MAGL, Santa Cruz sc-398942, mouse 1 : 1000), Adipose
Triglyceride Lipase (ATGL, Santa Cruz, mouse 1 : 1000),
Stearoyl–CoA Desaturase 1 (SCD1, Santa Cruz #sc-58420,
Mouse 1 : 1000), Microtubule-Associated Protein 1α/1β-Light
Chain 3 (MAP LC3α/β (G-4) Santa Cruz #sc-398822, Mouse
1 : 1000) and p62 (SQSTM1/p62 (D-3) Santa Cruz #sc-28359,
Mouse 1 : 1000) were used. Beta-actin (Bioss Antibodies #bs-
0061R, Rabbit 1 : 1000), alpha-tubulin (Santa Cruz sc-5286,
Human 1 : 10.000), and lamin A/C (Santa Cruz, sc-71481
1 : 5000) were used as housekeeping proteins. After washing
with Tris-Buffer Saline added with 0.1% Tween 20 (TTBS), the
blots were incubated with peroxidase-conjugated secondary
antibodies (Sigma-Aldrich) at 1 : 10.000 dilutions at room
temperature for 1–2 h. The blots were then washed thoroughly
in TTBS. Western blotting analyses were performed using
Amersham ECL Advance Western Blotting Detection Kit (GE
Healthcare, Little ChaOEAnt, UK). Densitometric analysis of
the immunoblots was performed using Image LabTM Version
6.0.1 2017 (Bio-Rad Laboratories, Inc.) software.

2.6. Lipid droplet staining and measurements

All experimental groups were processed for Oil Red-O staining
for LD visualization and immunostaining to analyze LC3 dis-
tribution. After treatments, cells were washed three times with
PBS and incubated with 4% paraformaldehyde in PBS pH 7.4
for 5 minutes, at room temperature. After three more washes,
samples were stained with 5% Oil-O-Red solution in isopropyl

Table 1 Total polyphenolic content (TPC), antioxidant activity (ABTS,
DPPH), and polyphenol concentrations

Parameters Concentrations

TPC (mg GAE g−1) 128 ± 1
ABTS (µmol TE g−1) 709 ± 9
DPPH (µmol TE g−1) 680 ± 3

Compounds Concentrations (mg g−1)

Oleuropein 95 ± 2
Verbascoside 17 ± 3
Apigenin-7-O-glucoside 5 ± 1
Rutin 4 ± 1
Tyrosol 3 ± 0
Luteolin-7-O-glucoside 2 ± 0

GAE = gallic acid equivalents; TE = trolox equivalents.

Food & Function Paper

This journal is © The Royal Society of Chemistry 2023 Food Funct., 2023, 14, 5805–5819 | 5807

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Ju

ne
 2

02
3.

 D
ow

nl
oa

de
d 

on
 7

/3
1/

20
25

 1
2:

42
:3

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3fo00817g


alcohol for 1 hour at room temperature and washed again with
PBS.

Quantification and area measurements of LD were per-
formed with ImageJ software (Version 1.5Oi, Bethesda, MD,
USA). For separation of the LD foreground from the back-
ground and diffuse cellular staining, the 12-bit images were
converted to 8-bit, Gaussian blurred with sigma set to 1, and a
threshold of 25 was applied. After thresholding, the image was
converted to a binary mask, adjacent objects were separated
using the watershed function, and the analyze particle func-
tion was used to record each droplet as a region of interest
(ROI) corresponding to a single cell.

For LC3 immunostaining, Oil-O-Red-stained samples were
permeabilized with Triton X-100 for 30 minutes to allow the
antibody to penetrate, then samples were incubated with 5%
BSA for one hour to reduce the nonspecific antibody binding.
After blocking, cells were incubated with specific primary anti-
LC3 overnight at 4 °C. The cells were washed thrice with PBS
for 5 minutes each time, followed by incubation with a goat
anti-mouse IgG FITC-conjugated (1 : 250, ab6785; Abcam) sec-
ondary antibody for 60 minutes at room temperature in the
dark. DAPI was used to stain the nucleus of hepatocytes. The
images were captured with a fluorescence microscope Axio
Observer (Zeiss) equipped with Apotome 3 (40× objective), and
fluorescence intensity was analyzed with FIJI (Version 2.9.0/
1.53t).

BODIPY staining was performed as described.26,27 Briefly,
cells were washed with PBS and incubated with 5 μM BODIPY
493/503 for 15 min at 37 °C. After that, cells were washed twice
with PBS and then fixed, permeabilized, and stained with the
appropriate antibodies as previously described.28 The used
primary antibody was anti-LAMP1 (1 : 250, H4A3, deposited to
the Developmental Studies Hybridoma Bank (University of
Iowa, Iowa City, IA, USA by J.T. August and J.E.K. Hildreth).
Images were captured with Zeiss LSM700 confocal laser scan-
ning microscope (Zeiss, Oberkochen, Germany) equipped with
a 63×/1.40 NA oil immersion objective. Lysosome number was
determined by ImageJ software (Version 1.5Oi, Bethesda, MD,
USA) and was calculated as a count of dots per cell.29,30

Measures were obtained by analyzing at least 20 cells per
sample in at least three independent experiments.

2.7. Reactive oxygen specie (ROS) and TNF-α measurements

To detect the changes in intracellular ROS levels, 2′,7′-dichloro-
fluorescein diacetate (DCFH-DA, Sigma-Aldrich) staining was
used.31 DCFH-DA is a stable, fluorogenic, and non-polar com-
pound that can readily diffuse into the cells and get deacety-
lated by intracellular esterases to a non-fluorescent 2′,7′-
dichlorodihydrofluorescein (DCFH) which is later oxidized by
intracellular ROS into highly fluorescent 2′,7′-dichlorofluores-
cein (DCF). The intensity of fluorescence is proportional to
intracellular ROS levels. HuH7 cells were seeded at a density of
2 × 105 cells per well in 24 well plates and were allowed to
attach overnight. On the first day of treatment, the medium
was replaced with fresh ones containing BSA (CTR), FFA, and
FFA + OLE. After 48 h the medium was removed, cells were

washed once with fresh DMEM, and twice with 1× PBS and
incubated with 10 µM DCFH-DA for 30 minutes. Cells were
rinsed with PBS and representative fluorescent images for each
well using the green fluorescent protein (GFP) channel on an
Evos m7000 fluorescence microscope were taken. After taking
images, PBS was removed and a radioimmunoprecipitation
assay (RIPA) buffer was added to each well. The collected cells
were incubated at −80 °C for 20 minutes and then centrifuged
at 21 130g for 10 minutes at 4 °C. The collected supernatant
was transferred to a black 96-well plate. The fluorescence
intensity was measured using the CLARIOstar Plus microplate
reader at an excitation wavelength of 485 nm and an emission
wavelength of 530 nm. After fluorescence recording, 5 µL of
supernatant was transferred to a 96-well well plate containing
195 µL of 1× protein assay solution to measure the protein con-
centration with the Bradford method. The fluorescence inten-
sity was normalized to the protein concentration.

TNF-α level was evaluated in cell culture supernatants from
HuH7 cells. Enzyme-linked immunosorbent assay (ELISA) kits
were used according to the manufacturer’s instructions (R&D
Systems, Minneapolis, MN).

2.8. Mitochondrial membrane potential measurements

To determine mitochondrial membrane potential the meta-
chromatic fluorophore JC-1, a lipophilic cation able to cross
cell membranes was used. When mitochondria display an
intact potential, JC-1 is attracted by the mitochondrial matrix
negative charges, forming the so-called J-aggregates, with red
fluorescence (ex.: 490 nm; em.: 590 nm). When the mitochon-
drial membrane depolarizes, JC-1 accumulates in its mono-
meric forms in the cytosol, displaying a green fluorescence
(ex.: 490 nm; em.: 527 nm). To stain cells 1 mg mL−1 of JC-1
stock solution diluted in DMSO was used, and after
30 minutes of incubation, samples were washed and at least
fixed with 1% formaldehyde for 5 minutes. Observations were
performed with a fluorescence microscope Axio Observer
(Zeiss) equipped with Apotome 3, and the red/green fluo-
rescence ratio (used as mitochondrial functionality index) was
quantified with FIJI (Version 2.9.0/1.53t).

2.9. Enzyme activity assays

HuH7 cells were collected 48 hours after treatments. The
activities of hepatic transaminases alanine transaminase (ALT)
and aspartate transaminase (AST) were determined by using
commercial kits (Merck KGaA, Darmstadt, Germany).
Glutathione peroxidase (GPx), catalase (CAT), and superoxide
dismutase (SOD) activities were assayed as reported in
Giudetti, AM et al.24 Specifically, GPx activity was assayed by
following the instructions reported in Cayman’s GPx assay kit
(Cayman Chemical, Ann Arbor, MI, USA). The activity was
measured indirectly by a coupled reaction with glutathione
reductase. Oxidized glutathione (GSSG) produced upon
reduction of hydroperoxide by GPx is recycled to its reduced
state by glutathione reductase (GR) and nicotinamide adenine
dinucleotide phosphate (NADPH). The change in absorbance
at 340 nm was monitored for 3 minutes. A blank with all ingre-
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dients except the sample was also monitored. Specific activity
was calculated as U mg−1 protein. CAT activity was measured
with a catalase assay kit (cat. no. #219265, Sigma-Aldrich) that
uses a reaction between the catalase present in the sample and
H2O2 to produce water and oxygen. The unconverted H2O2

reacts with a probe to generate a product that can be measured
spectrophotometrically at 540 nm. SOD activity was assayed by
a Kit (cat. no. 19160, Sigma-Aldrich), which utilized a tetra-
zolium salt for the detection of superoxide radicals generated
by xanthine oxidase and hypoxanthine. SOD activity was calcu-
lated using the equation obtained from the linear regression
of a standard curve built in the same experimental conditions.

2.10. Transmission electron microscopy (TEM) analysis

After treatments, cells were fixed with 2.5% glutaraldehyde in
0.1 M cacodylate buffer pH 7.4 for one hour and post-fixed
with 1% OsO4 in the same buffer for two hours in ice. After fix-
ation, cells were dehydrated with ethanol (25%, 50%, 70%,
90%, and 100%) and embedded in Spurr resin. Ultra-thin sec-
tions (60 nm) will be deposited on a 200-mesh copper grid and
observed under an electron microscope Hitachi 7700 (Hitachi
High Technologies America Inc., Dallas, TX) transmission elec-
tron microscope operating at 100 kV.

2.11. Statistical analysis

Statistical analyses were conducted by one-way ANOVA followed
by Tukey’s post hoc analysis (Graph-pad Prism 8). Values were
expressed as means ± SD; p-values <0.05 were significant.

3. Results
3.1. OLE reduces lipid accumulation and ameliorates liver
parameters in FFA-treated cells

Preliminarily, we evaluated the cytotoxic potential of OLE at
five different concentrations (0.01–0.05–0.1–0.5 and 1.0 mg
mL−1) and three times (12–24 and 48 hours). Only the highest
concentration (1.0 mg mL−1), regardless of incubation times,
significantly reduced cell viability (Fig. 1S†). Therefore, all
experiments were conducted at 48 hours with 0.1 mg mL−1

OLE, a concentration that has been shown to have high poten-
tial antioxidant efficacy in bronchial epithelial NCI-H292
cells.21

Oleuropein, which is the major component of OLE
(Table 1), is an ester of hydroxytyrosol and elenolic acid
glucoside.32,33 We analyzed whether oleuropein, added to
HuH7 cells, could undergo a hydrolysis process during the
experimental period. For this purpose, HuH7 cells were incu-
bated with 0.1 mg mL−1 of OLE and the medium was analysed
at different time points. During the incubation time, the
amount of oleuropein steadily decreased and, already at
4 hours, a reduction of approximately 30% was measured.
Subsequently, the decrease in oleuropein was associated with
the appearance in the medium of a compound identified, by
UHPLC–ESI-MS, as elenolic acid glucoside ([M − H]− = 403.1)
(Table 1S†).

OLE incubated for 48 hours with HuH7 cells significantly
reduced FFA-induced lipid accumulation, as evidenced by the
decrease in fluorescence intensity associated with LD staining
(Fig. 1A and B), LD number, and LD area, compared with CTR
cells (Fig. 1C and D). Additionally, OLE improved parameters
associated with liver functionality, as demonstrated by a recov-
ery of ALT and AST transaminase activities, which were signifi-
cantly higher than CTR in FFA-treated cells (Fig. 1E). OLE,
alone, did not affect measured parameters, thus indicating a
specific effect of the extract on abnormalities induced by the
high FFA load.

3.2. OLE influences insulin signaling and lipid metabolism
in FFA-treated cells

Lipid metabolism is regulated by insulin and accumulated
TAG can induce insulin resistance,34 a feature of NAFLD.35 We
followed the expression of insulin receptor (IR) and the down-
stream glycogen synthase (GS) protein, in differently treated
cells.

The excess of FFA strongly reduced both IR and GS
expression (Fig. 2A–C), thus indicating reduced insulin respon-
siveness of FFA-treated cells. Co-incubation of FFA with OLE
reported both IR and GS to control values. OLE alone did not
modify both IR and GS protein expression in confront to CTR
thus indicating a specific effect of the extract on FFA-induced
hepatic disruption of insulin signaling.

Considering the altered insulin pathway and increased lipid
accumulation, we followed the expression of specific regulatory
enzymes of lipid metabolism. The protein expression of SCD1,
involved in the conversion of saturated to monounsaturated
fatty acids (main substrates of the TAG synthesis), was signifi-
cantly increased, with respect to CTR, by the excess of FFA and
brought back to CTR by OLE (Fig. 2D).

Furthermore, we measured the expression of DGAT2, a key
enzyme in TAG synthesis, ATGL involved in the hydrolysis of
TAG to diacylglycerols and FFA and MAGL which catalyze the
conversion of monoacylglycerols to glycerol and FFA. With
respect to CTR, high FFA concentration significantly increased
DGAT2 and MAGL and decreased ATGL expressions. In all
cases, the addition of OLE abolished the alterations induced
by FFA (Fig. 2A and E–G). OLE alone significantly increased
ATGL expressions with respect to CTR thus indicating a protec-
tive effect of the extract even in control hepatocytes.

3.3. OLE influences mitochondrial functionality and
oxidative stress in FFA-treated cells

Oxidative stress and ROS accumulation can lead to alterations
in the mitochondrial structure/function. Labeling with the
JC-1 probe is useful in analyzing mitochondrial membrane
potential, a crucial parameter for evaluating mitochondrial
functionality. With respect to CTR, the high FFA concentration
significantly decreased the mitochondrial membrane potential
in HuH7 cells, as measured by a decreased JC-1 red/green ratio
(Fig. 3A and B). In addition, compared to CTR, FFA increased
intracellular ROS levels (Fig. 3C) and decreased the activities of
antioxidant enzymes CAT, SOD, and GPx (Fig. 3D–F). Co-incu-
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bation of FFA-treated cells with OLE resulted in a significant
recovery of the membrane potential with a concomitant
decrease in H2O2 level. Moreover, all enzymatic activities
related to the peroxide detoxification were recovered by OLE
treatment. Note that the effect of the extract was specifically
associated with the reduction of oxidative stress induced by

lipid accumulation because OLE, alone, did not change either
the H2O2 level or the antioxidant enzyme activities, compared
with CTR.

It is known that intracellular ROS can regulate the NF-κB
response, and NF-κB target genes can affect the production of
ROS.36 To further explore the mechanism of the antioxidant

Fig. 1 OLE effects on lipid accumulation, and liver parameters. (A) Representative microscopic images of Oil-O-red-stained HuH7 cells (scale bar
5 μm) untreated (CTR) and treated with high fatty acids (FFA), 0.1 mg mL−1 leaf extract (OLE), and FFA + OLE and (B) relative quantification. (C and D)
Lipid droplet amount and area have been determined as reported in Materials and Methods. The yellow dotted lines in the LD area panel represent
the median values for each experimental group. A total of five images were analyzed for each experimental group, in three different experiments. (E)
Alanine transaminase (ALT) and aspartate transaminase (AST) activities have been measured in untreated cells and treated with FFA, 0.1 mg mL−1 OLE
0.1 , and FFA + OLE. Values are expressed as % of controls. Each value represents the mean ± SD of three independent experiments. *p < 0.05, **p <
0.005, ***p < 0.001.
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potential of OLE, we assessed the extent of the NF-κB p65
nuclear translocation after the addition of OLE to FFA-treated
cells. We observed that FFA enriched the nuclear abundance of
NF-κB p65 as compared with CTR, and OLE addition signifi-
cantly increased, with respect to FFA-treated cells, the nuclear
translocation of NF-κB p65 (Fig. 3G and H).

Activation of the NF-κB pathway is often associated with
high circulating levels of pro-inflammatory cytokines such as
TNF, IL-6, and IL-1β.37,38 To determine to what extent OLE can
modify the FFA-induced inflammatory response, we measured
the amount of TNF-α released in the cultured medium of
HuH7 cells exposed to high FFA and OLE. We found that OLE
significantly decreased the FFA-induced inflammatory
response as indicated by the lower TNF-α level released in the
medium of FFA + OLE with respect to FFA-treated cells
(Fig. 3I).

3.4. OLE induces lipophagy in FFA-treated cells

Through TEM analysis, substantial morpho-structural differ-
ences between FFA, FFA + OLE, and CTR cells, were observed.
TEM micrographs (Fig. 4) show an increase in the amount and
size of LD within FFA-treated cells compared to CTR, with a
round shape morphology and an evident electron-dense
protein coating. This accumulation of LD was much less
evident in the FFA + OLE group and completely absent in cells
treated only with OLE (Fig. 4). Additionally, compared to CTR,
autophagosomes (AP) with variable sizes and autophagosomes
containing LD (LAP, lipoautophagosome) were observed in the
FFA group. However, more AP and LAP were observed in the

FFA + OLE group compared to CTR and FFA-treated cells
(Fig. 4).

Previous studies have demonstrated that NAFLD can induce
mitochondrial dysfunction and autophagy arrest.39–41 Based
on the above-reported data, we decided to investigate the role
of FFA and OLE on the autophagy process by measuring the
protein expression of LC3 and p62. Moreover, we also simul-
taneously analyzed the expression of LC3 linked to the
accumulation of LD by immunofluorescence coupled with Oil-
O-Red staining. Fluorescent images obtained with LC3 anti-
body and red oil staining of differently treated HuH7 cells
demonstrated an increase in fluorescence associated with LD
in FFA-treated cells (red fluorescence), confirming our above-
reported data. The LD-associated fluorescence intensity signifi-
cantly decreased after OLE addition (Fig. 5B). Moreover,
increased fluorescence associated with LC3 antibody, localized
to Oil-O-Red positive areas, in both FFA- and FFA + OLE-
treated cells, was also measured (Fig. 5A and B). In addition,
treatments of HuH7 cells with FFA and FFA + OLE increased
the expression and LC3-II/LC3-I ratio in confront to CTR
(Fig. 5C and E). A significant increase also in the p62 protein
expression was measured in FFA-treated cells, compared to
untreated cells. The addition of OLE to FFA-treated cells sig-
nificantly reduced LC3-II/LC3-I ratio compared to FFA. Finally,
to confirm these data, we analyzed the recruitment of LD in
LAMP1-positive lysosomes through BODIPY staining followed
by immunostaining of the degradative compartment.26,27

Indeed, the primed autophagic LD fuse with late endosomes
and lysosomes to eventually form an autolysosome for lipid
degradation.42,43 After FFA treatment, a significant reduction

Fig. 2 OLE on insulin signaling and lipid metabolism. (A) Representative image of western blot analysis of insulin receptor (IR), glycogen synthase
(GS) stearoyl–CoA desaturase 1 (SCD1), diacylglycerol acyltransferase 2 (DGAT2), monoacylglycerol lipase (MAGL) and adipose triacylglycerol lipase
(ATGL) obtained from HuH7 cells untreated and treated with high fatty acids (FFA), 0.1 mg mL−1olive leaf extract (OLE) and FFA + OLE. (B–G)
Quantitative analysis of IR, GS, SCD1, DGAT2, MAGL, ATGL. Values are reported as % of controls and represent the mean ± SD of five independent
experiments. *p < 0.05, **p < 0.005, ***p < 0.001; ****p < 0.0001.
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(about 50%), with respect to the CTR, in LAMP1-positive com-
partments, was found (Fig. 5G panels c, and d and Fig. 5F).
Interestingly, a recovery of the lysosomal abundance was found
after the treatment of FFA cells with OLE (Fig. 5G, panels g
and h, and Fig. 5F). BODIPY staining showed similar behavior
in both CTR and OLE-treated cells, in which LD appear sur-
rounded by LAMP-1 positive compartments (Fig. 5G, panels b,
and f). No colocalization between LD and degradative com-
partments was found in FFA-treated cells. In addition, a
reduced number of lysosomes was measured in FFA-treated

cells with respect to CTR (Fig. 5G, panel d, and Fig. 5F). OLE
treatment of FFA cells induced recovery in lysosomes and the
emergence of LD surrounded by LAMP1-marked compart-
ments, indicating activation of lipophagy (Fig. 5G, panel h).

4. Discussion

In this study, the antioxidant potential of a “green” OLE on
oxidative stress induced by an excess of FFA, in hepatic human

Fig. 3 OLE on mitochondrial membrane potential, oxidative stress, and inflammatory parameters. (A) Representative images of JC-1 labeled HuH7
cells untreated and treated with high fatty acids (FFA), 0.1 mg mL−1olive leaf extract (OLE), and FFA + OLE obtained by fluorescent microscopy (scale
bar 50 μm). (B) Quantification of the mitochondrial membrane potential, by FIJI (Version 2.9.0/1.53t). (C) Hydrogen peroxide measurement with
DCFH-DA in untreated cells and treated with FFA, 0.1 mg mL−1 OLE, and FFA + OLE. (D–F) Enzymatic activity assay of catalase (CAT) superoxide dis-
mutase (SOD) and glutathione peroxidase (GPx) in HuH7 cells no treated and treated FFA, OLE 0.1 mg mL−1, and FFA + OLE. (G–H) Nuclear and
cytosol distribution of NF-κB-p65 and relative quantification in HuH7 cells untreated and treated with FFA, 0.1 mg mL−1 OLE and FFA + OLE. (I)
Tumor Necrosis Factor-α (TNF-α) levels in culture medium. Values represent the mean ± SD of three different experiments, *p < 0.05, **p < 0.005,
***p < 0.001.
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HuH7 cells, has been evaluated. As indicated in Table 1, the
main compound in OLE is oleuropein. In vitro and in vivo
studies have reported several health-promoting effects of oleur-
opein.44 Recent epidemiological and experimental studies
described the beneficial effects of oleuropein derived from
olive trees on different diseases.45 However, it must be con-
sidered that oleuropein is the main precursor of hydroxytyro-
sol, to which numerous positive effects have also been attribu-
ted.46 The antioxidant properties of the products and by-pro-
ducts of olive leaf extracts have been clearly demonstrated, and
the most potent scavenger actions against superoxide anion
and other reactive species have been demonstrated for oleuro-
pein and hydroxytyrosol.47 To this respect, a recent work
reports a protective effect of hydroxytyrosol against reactive
oxygen species together with an antiproliferative effect in
adenocarcinoma cell cultures.48 We found that the amount of
added oleuropein rapidly decreased during the incubation,
and elenolic acid glucoside, one of its hydrolysis products,
began to appear later in the medium. Although hydroxytyrosol
is, together with elenolic acid, a hydrolysis product of oleuro-
pein, we did not detect it, probably due to its rapid metaboliza-
tion by liver cells.49 Therefore, we cannot exclude that most of
the biological effects we observed in our experimental con-
ditions are due to both oleuropein and its hydrolysis products,
as well as to minor olive oil constituents, as reported.50

It is well known that elevated lipid levels lead to lipotoxicity
and oxidative stress in the liver.51 This condition is often

associated with the impairment of antioxidant status both
in vitro and in vivo.52 In the present study, excess FFA increased
ROS levels in the liver and reduced total antioxidant capacity,
as indicated by a decrease in antioxidant enzyme activity.
Studies have demonstrated the antioxidant effects of olive leaf
extract against NAFLD,53 NASH occurrence,54 and high-fat diet-
induced metabolic disorders.55 Moreover, polyphenols from
extra-virgin olive oil have been reported to reduce oxidative
stress induced by elevated fatty acids.56 we found that OLE
ameliorated oxidative stress induced by high FFA treatments in
liver cells by lowering H2O2 levels and restoring antioxidant
enzyme activities.

Sustained levels of ROS can induce alterations in mitochon-
drial functions and morphology and the opening of mitochon-
drial transition pores with a loss of the mitochondrial mem-
brane potential.57,58 We can argue that the decrease in ROS
production in OLE-treated cells can prevent mitochondrial
damage and the membrane potential drop we measured after
excess FFA addition. Our data agree with those obtained by
in vivo and in vitro experiments reporting a protective role of
olive oil and its phenolic components on mitochondrial mem-
brane potential and functions.59–62 Moreover, the decrease in
lipid accumulation after OLE treatments can be responsible
for the ameliorative effect on insulin signaling we measured.
This latter result is in keeping with previous observations
suggesting that oleuropein decreases insulin resistance and
prevents the progression of NASH to fibrosis.44

Fig. 4 Transmission electron microscopy (TEM) images. HuH7 cells untreated (CTR) and treated with high fatty acids (FFA), 0.1 mg mL−1 olive leaf
extract (OLE) and FFA + OLE. MT, mitochondrion; LD, lipid droplet; AP, autophagosome; LAP, lipoautophagosome (scale bar 500 µm).
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To alleviate oxidative damage, cells activate defense mecha-
nisms and the NF-κB system is crucial in this respect.63

Indeed, a correlation between NF-κB and ROS has been
reported.63 Different studies have shown that an excessive
accumulation of ROS can activate the NF-κB pathway and this,
in turn, can influence the expression of antioxidant proteins.63

After stimulation, NF-κB detaches from the inhibitory IκB
subunit and translocates to the nucleus, where regulates the
transcription of target genes.64 The p65 subunit of NF-κB is
the strongest activator of most NF-κB-responsive genes.65 Our
results showed that OLE increased the nuclear level of p65 in
hepatic cells above the value measured in FFA-treated cells.

Considering that the NF-κB pathway has been reported to
influence ROS levels by upregulating antioxidant proteins,
such as Mn-SOD and GPx,63 we can postulate that the
increased nuclear translocation of p65, observed after OLE
treatments, might account for the increased activity of anti-
oxidant enzymes measured in our experiments. Our data con-
firmed the involvement of the NF-κB pathway in the anti-
oxidant effect of olive leaf extract and olive oil polyphenols has
already been reported.66,67 We found that the addition of OLE
to FFA-treated cells prevents the alteration induced by FFA on
the expression of key proteins involved in TAG metabolisms
such as SCD1, DGAT2, MAGL, and ATGL. SCD1 furnishes the

Fig. 5 OLE influences autophagy parameters. (A) Fluorescence microscopy of HuH7 cells untreated (CTR) and treated with high fatty acids (FFA),
0.1 mg mL−1 olive leaf extract (OLE), and FFA + OLE stained with both LC3 and Oil-O-red and (scale bars 10 μm) and (B) relative quantification.
Asterisk (*) refers to Oil-O-Red and hashtag (#) to LC3 statistics. (C–E) Western blot analysis and relative quantification of LC3-I and LC3-II isoforms
and the p62 protein from HuH7 cells untreated and treated with high fatty acids (FFA), 0.1 mg mL−1 olive leaf extract (OLE), and FFA + OLE. Values
represent the mean ± SD of three independent experiments. (F) Lysosome quantification from immunofluorescence analysis. Values have been
obtained by analyzing at least 50 cells per sample in four different experiments. (G) Representative images of LD interaction with lysosomes investi-
gated by immunofluorescence analysis using BODIPY 493/503 to label LD (green) and anti-LAMP-1 (red) antibodies in control cells (CTR) and in
cells treated with FFA, OLE 0.1 mg mL−1, and FFA + OLE. Nuclei were stained with DAPI (blue). White boxes indicated zoomed areas on the right.
White arrows point to LD. Values are the mean ± SD of four different experiments. Scale bar = 10 μm. *p < 0.05, **p < 0.005, ***p < 0.001.
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main substrates for TAG synthesis by desaturating saturated
fatty acids into monounsaturated ones. Several studies have
demonstrated that SCD1 plays a key role in the development of
NAFLD,68 and deletion of SCD1 protects against diet-induced
adiposity and hepatic steatosis.69 DGAT2 participates in the
latest step of TAG synthesis. Its expression has been reported
to be upregulated in hepatic steatosis.70 DGAT2 but not DGAT1
isoform is primarily involved in the accumulation of TAG
during NAFLD.70 MAGL is the rate-limiting enzyme of monoa-
cylglycerol degradation, generating glycerol and fatty acids.
Inhibition of MAGL has been shown to have a protective effect
on different liver diseases. In diet-induced obesity models,
MAGL ablation showed to be protective in the development of
glucose intolerance and insulin resistance.71 Finally, ATGL
expression has been reported to be decreased in the liver of
steatosis patients,72 and ATGL up-regulation enhances liver
insulin sensitivity.73 We found that high FFA concentration
induced up-regulation of SCD1, DGAT2, and MAGL and down-
regulated ATGL, coherent with the role of FFA in inducing
hepatic steatosis. In all cases, OLE prevented the effect
induced by FFA. Note that MAGL, catalyzing the hydrolysis of
2-arachidonoylglycerol to arachidonic acid, the precursor for
prostaglandin synthesis, is also involved in the modulation of
the inflammatory pathway.74 Altogether these results confirm
a primary role of OLE in TAG metabolism and inflammation
supporting our finding on the reduced lipid accumulation and
TNF-α release after OLE treatments. The ability of olive oil
polyphenols to reduce lipid synthesis in cultured primary hep-
atocytes has been reported,75–77 as well as the ability of olive
leaf extract to reduce lipid accumulation in cultured hepatic
cells.59 Moreover, olive oil extract has been demonstrated to
reduce the amount of LD in the liver of rats fed a high-fat
diet.78 A hypolipidemic effect of olive leaf extract has been also
recently reported in a meta-analysis of randomized controlled
trials.79

Regarding the specific effect of olive oil and its extract on
enzymes involved in lipid metabolism, in keeping with our
findings, a downregulation of TAG synthesis throughout DGAT
inhibition has been demonstrated in rat hepatocytes treated
with isolated phenols76 or with an extract of olive oil.80

Downregulation of SCD1 gene expression in hyperinsulinemic
rats treated with an olive oil-enriched diet has been also
demonstrated.81

In the last few years, the autophagic process has been
strictly correlated with the development and progression of
hepatic steatosis. Autophagy has been reported to regulate
both LD formation and degradation82,83 and the degradation
of LD by autophagy has been named “lipophagy”.84 The contri-
bution of autophagic activity toward lipid metabolism and,
consequently, to steatosis development is still a matter of
intense debate in the literature.

LC3 is a soluble protein ubiquitously present in both mam-
malian tissues and cultured cells. During autophagy, a cytoso-
lic form of LC3 (LC3-I) is conjugated to phosphatidylethanola-
mine to form LC3–phosphatidylethanolamine conjugate (LC3-
II), which is recruited into autophagosomal membranes.

Autophagosomes, which contain cytoplasmic components,
including cytosolic proteins and organelles, fuse with lyso-
somes to form autolysosomes. Within autolysosomes, cellular
components, including LC3-II, are degraded by lysosomal
hydrolases.85 In line with published data,86 in which reduced
lipophagy dependent on a high-fat diet was reported, in our
experiments, we found that high FFA induced autophago-
somes, as demonstrated by increased LC3-II/LC3-I ratio, and
arrested lipophagy due to a significant reduction in the
LAMP-1 docked lysosomal component.

OLE addition to FFA-treated cells rescues the lysosome com-
ponent and LCII/LCI ratio, indicating activation of the degra-
dative pathway. Thus, we hypothesized that OLE, throughout
lipophagy activation and changes in the protein expression of
enzymes involved in LD metabolism can relieve the lipotoxic
pressure and ameliorates parameters of oxidative stress. Our
data are in line with those of recent work describing the ability
of polyphenol-rich natural products to treat various liver dis-
eases through the regulation of the autophagic process.87

Overall, our data provide important results because the use
of low temperatures and water makes the olive leaf extract safe
and at the same time guarantees the total preservation of its
beneficial properties on the liver.
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