European Journal of Pharmacology 969 (2024) 176453

Contents lists available at ScienceDirect

European Journal of Pharmacology

journal homepage: www.elsevier.com/locate/ejphar

ELSEVIER

Check for

Tyrosol attenuates NASH features by reprogramming the hepatic S|
immune milieu

Daniela Gabbia?, Katia Sayaf”, Ilaria Zanotto °, Martina Colognesi °, Yahima Frion-Herrera“,
Maria Carrara®, Francesco Paolo Russo”, Sara De Martin *"

& Department of Pharmaceutical and Pharmacological Sciences, University of Padova, Padova, Italy
Y Department of Surgery, Oncology and Gastroenterology, University of Padova, Padova, Ttaly

ARTICLE INFO ABSTRACT

Keywords: Nonalcoholic steatohepatitis (NASH) is a leading cause of chronic liver disease, and no drugs have been approved
NAFLD for its therapy. Among plant-derived molecules, phenolic compounds of extra virgin olive oil like tyrosol (Tyr)
NASH had demonstrated multiple beneficial actions for liver health, including the modulation of inflammation in
F(r)il;?iict’:ve stress fibrosis. This study aims at assessing the protective effect and mechanism of Tyr in in vitro and in vivo models of
Inflammation NASH, with a focus on the hepatic immune microenvironment and extrahepatic manifestations. The effect of Tyr
Fibrosis was evaluated in cellular models of NASH, obtained by co-culturing palmitic and oleic acid-treated HepG2 cells
Steatosis with THP1-derived M1 macrophages and LX2 cells, and in a mouse model of NASH induced by a high fructose-
Steatotic liver disease high fat diet combined to CCl4 treatment. In vitro Tyr reduced fatty acid (FA) accumulation in HepG2 cells and
MASLD displayed a beneficial effect on LX2 activation and macrophage differentiation. In vivo, beside reducing steatosis
MASH

and fibrosis in NASH animals, Tyr prevented inflammation, as demonstrated by the reduction of hepatic in-
flammatory foci, and immune cells like CD86" macrophages (p < 0.05), CD4" (p < 0.05) and T helper effector
CD4" FoxP3 CD62L lymphocytes (p < 0.05). Also, the prooxidant enzyme NOX1 and the mRNA expression of
TGF-p1 and IL6 (p < 0.05) were reduced by Tyr. Notably, in Tyr-treated animals, a significant increase of CD4*
FoxP3" Treg cells (p < 0.05) was observed, involved in regenerative pathways. Moreover, Tyr attenuated the
fatigue and anxious behavior observed in NASH mice. In conclusion, Tyr effectively reduced NASH-related
steatosis, fibrosis, oxidative stress, and inflammation, displaying a beneficial effect on the hepatic immune
infiltrate, indicating its possible development as a therapeutic agent for NASH due to its multifaceted mechanism.

1. Introduction 2.6% among cirrhotic patients with NASH (Huang et al., 2021; Rinella

et al.,, 2023). NASH and NASH-related cirrhosis displayed a growing

Nonalcoholic steatohepatitis (NASH) is a leading cause of chronic
liver disease and the second indication for liver transplantation in the
United States (Estes et al., 2018; Younossi et al., 2019, 2021). This
progressive liver disease represents the main complication of
non-alcoholic fatty liver disease (NAFLD), which was recently renamed
as metabolic dysfunction-associated steatotic liver disease (MASLD).
This new definition, at variance with NAFLD, is affirmative and
non-stigmatizing. NASH is commonly associated with other manifesta-
tions of the metabolic syndrome, e.g. obesity, insulin resistance and
diabetes, and is responsible for an increase of liver disease-related
morbidity and mortality (Majzoub et al., 2021). Its progression can
lead to cirrhosis and hepatocellular carcinoma (HCC) (Rinella et al.,
2023). The estimated annual incidence of HCC ranges from 0.5% to
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incidence in the last years, due to the increase of obesity and diabetes
mostly in developed countries. Notably, also the new cases of
NASH-related HCC are increased worldwide.

Even though several drug candidates have caused significant im-
provements in the histological features of NASH during Phase 2b and
Phase 3 trials, and some molecules are currently under evaluation in
various phases of clinical development, regulatory agencies (FDA and
EMA) have not yet approved a drug for the treatment of NASH, which
still represents a major clinical challenge (Pearlman and Loomba, 2014).
Drug approval for NASH is challenging. In general, the monotherapies
tested so far seem to exert a small effect on disease features, not always
relevant when compared to the placebo group. Therefore, a recent
meta-analysis suggested that future effective therapies may rely on the
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combination of selected molecules with anti-fibrotic drugs or other
agents with beneficial effect on liver health to boost treatment response
rate (Majzoub et al., 2021). At present, lifestyle interventions remain the
current mainstay of NASH patients’ management (Dong et al., 2023).
These interventions include dietary caloric restriction, increased phys-
ical activity and adoption of a healthy diet (Chalasani et al., 2018).

Tyrosol [Tyr, 2-(4-hydroxyphenyl)-ethanol] is the most abundant
phenolic compound present in extra virgin olive oil (EVOO), one of the
pillar of Mediterranean diet, and the main bioactive component of
Rhodiola rosea, a plant extensively used in the traditional Chinese
medicine (Cui et al., 2016). Notably Rhodiola rosea has been studied in
preclinical models of MASLD/NASH for its multiple positive actions, e.g.
improvement of dysfunctional lipid metabolism and fibrosis, inhibition
of oxidative stress, mitigation of inflammatory response, and regulation
of gut microbiota, although these effects have been mainly imputed to
salidroside, the main phenolic glycoside compound of this plant (Qu
et al., 2022).

Numerous studies reported that Tyr is able to exert a broad range of
biological effects, including for example antioxidant, antiapoptotic ef-
fects and a convincing anti-inflammatory action, targeting different
organs (Mateos et al., 2020). For example, previous studies demon-
strated that Tyr improved inflammatory lung diseases via the inhibition
of inflammatory responses and the integrity maintenance of alveolar
capillary barrier (Kim et al., 2017). Furthermore, Tyr reduced
lipopolysaccharide-induced inflammation in HUVEC cells, suggesting its
protective role in vascular health promotion and atherosclerosis pre-
vention (Zhao et al., 2023). Moreover, Tyr has been described as a
pan-pro-inflammatory cytokine inhibitor, acting on TNF-a, IL-1p, IL-6
and iNOS and reducing NF-xB activation (Paramita Pal et al., 2023).
However, only limited information is available on the effect of Tyr in the
liver, mostly demonstrating a positive effect on NAFLD due to the
modulation of oxidative stress-related enzymes and JAK1/STAT3
pathway (Huang et al., 2022; Sarna et al., 2016). Even though our
previous study observed a positive effect also on fibrosis (Gabbia et al.,
2023), no studies have investigated the effect of tyrosol on NASH, a
complex disease in which steatosis, low grade inflammation and fibrosis
concurrently affect the liver, and on its extrahepatic manifestations, e.g.
motorial dysfunction, anxiety or depressive-like behavior. Moreover,
nothing is available to date on its possible effect on the phenotype of the
immune cells constituting the microenvironment of solid organs,
including the liver.

In the light of these considerations, this study aimed at assessing the
potential antifibrotic, antisteatotic and anti-inflammatory effects of Tyr
in different preclinical models of NASH. We performed our in-
vestigations in vitro, on 2D and 3D cellular models, and on a mouse in
vivo model. To gain insight in Tyr mechanism, we focused on the mod-
ulation of hepatic immune microenvironment. Furthermore, we imple-
mented the study by investigating its effect on some extrahepatic
manifestations of NASH, including motorial dysfunction, depressive-like
behavior, and anxiety.

2. Materials and methods
2.1. Chemicals and cell lines

Dulbecco’s modified eagle medium (DMEM), Roswell Park Memorial
Institute (RPMI) medium, Dulbecco’s phosphate-buffered saline (DPBS),
Streptomycin-penicillin 100X, trypsin-EDTA, L-glutamine, matrigel
matrix and fetal bovine serum (FBS) were purchased from Corning
(Corning, NY, USA). 2',7-diclorofluorescin diacetate (HoDCF-DA), Pal-
mitic acid (PA), oleic acid (OA) and Tyr were purchased from Sigma
Aldrich (St. Luis, MO, USA). A 50 mM stock solution of PA:OA 1:2 was
prepared and stored at 4 °C in the dark. Tyr was dissolved in DMSO at 50
mM and stored at —20 °C. Phorbol 12-myristate 13-acetate (PMA) was
purchased from Santa Cruz Biotechnology, USA).

Human HepG2 and LX2 cells were maintained in a DMEM complete
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medium, containing L-glutamine (1%), streptomycin/penicillin (1%)
and 10% or 3% FBS, respectively. THP-1 monocyte-like cells were
maintained in a RPMI complete medium, containing L-glutamine (1%),
streptomycin/penicillin (1%) and 10% FBS. All cell lines were grown at
37 °C with 5% CO; in humified atmosphere. Antibodies: mouse mono-
clonal anti-aSMA antibody (Cell Marque, Sigma-Aldrich, Darmstadt,
GE), rabbit polyclonal anti-NOX1 antibody (GeneTex, Alton Pkwy
Irvine, CA), goat anti-rabbit HRP-conjugated IgG (KPL, Gaithersburg,
MD) and goat anti-mouse HRP-conjugated IgG (Abcam, Cambridge,
UK).

Masson trichrome, O Red Oil and H&E stain, 3,3-diaminobenzidine
(DAB) substrate for HRP-conjugated antibodies and EUKITT® Quick-
hardening mounting medium were purchased from Sigma-Aldrich (St.
Luis, MO, USA).

2.2. Effect of tyr in an in vitro 2D model of steatosis

HepG2 cells were seeded in a 24-well plate on glass coverslips a
density of 20,000 cell/mL. To stimulate the accumulation of fatty acids
inside hepatocytes, as typically occurring in NAFLD, HepG2 cells were
treated for 24h with a PA:OA 1:2 mixture (100 uM) in absence (control)
or presence of increasing concentration (0.5, 1, 2 and 5 pM) of Tyr,
diluted in complete cell culture medium.

At the end of the treatment, cells were fixed with PFA for 20 min at
RT, permeabilized with 0.1% Triton X100 in PBS for 10 min, and then
treated with 5% FBS in PBS for 10 min and stained with Bodipy 493/503
(1:1000 Thermo Fisher) for 1 h at RT. Nuclei were counterstained with
Hoechst 33,342 (1:500 in PBS, Thermo Fisher) and mounted with
mowiol. Cell images were acquired by means of a T-lapse confocal mi-
croscope Zeiss LSM 800 (Zeiss, Milano, Italy) and quantified with the
ImageJ software.

To analyze reactive oxygen species (ROS) production, the DCFDA
assay was used, using a previously reported protocol (Frién-Herrera
etal., 2019). Briefly, after being seeded into 96-black well plates, HepG2
cells treated with the PA:OA mixture for 24 h in absence or presence of
Tyr, were incubated with 10 pM HyDCF-DA for 30 min, HepG2 cells
incubated with Hy02 0.5% for 30 min were used as positive control.
Fluorescence intensity (excitation lambda = 495 nm; emission lambda
= 530 nm) was measured using a Victor Nivo multiplate reader (Per-
kinElmer). The results are reported as DCFDA fluorescence intensity
(AU) normalized on cell number in each well.

2.3. Effect of tyr in an in vitro 2D model of steatosis and inflammation

A coculture of HepG2 and THP-1-derived macrophages with the M1
proinflammatory phenotype was used to simulate steatosis in presence
of a proinflammatory microenvironment. THP1 monocytes were seeded
on transwells with porous membranes (0.4 pm Falcon® pores, Corning
Incorporated, USA) at a density of 50,000 cells/mL and treated for 24 h
with 320 nM PMA, interferon-gamma (INFy, Sigma Aldrich, USA) at 20
ng/mL and LPS (Sigma Aldrich, USA) at 100 ng/mL in order to obtain
the pro-inflammatory M1 macrophages (Frion-Herrera et al., 2020a). The
co-culture was set up, transwells with the M1 macrophages were placed
on 24-well plates in which HepG2 cells were seeded at a density of 20,
000 cells/mL. The coculture was treated for 24 h with PA:OA as reported
above, in absence or presence of increasing concentrations (0.5, 1, 2 and
5 pM) of Tyr diluted in complete medium. At the end of the treatment,
HepG2 cells were stained with Bodipy 493/503 as above reported to
analyze lipid droplets.

2.4. Effect of tyr in an in vitro multicellular spheroid model

A 3D multicellular spheroid (MCS) model was set up by seeding
HepG2 and LX2 cells (1:1) in a 96-well round bottom ultra-low attach-
ment (ULA) microplates (BIOFLOAT™) at 4 x 10° cells/well, incubated
at 37 °C for 48-72 h to allow spheroid formation. Meanwhile, THP1
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monocytes were treated for 24 h with 320 nM of PMA to obtain Mg
macrophages (Frion-Herrera et al., 2020b). Then, THP1-derived Mg
macrophages were overlayed on MCSs at 1:1 ratio. The so-formed MSC
was treated with the PA:OA 1:2 mixture (100 pM) in absence or presence
of Tyr (2 and 5 pM) for 24 h. MSC morphology and cell viability were
assessed by a bright field microscope and CellTiter-Glo® Luminescent
Cell Viability Assay kit (Promega), respectively. At the end of the
treatment, MCS were stained with 1 pg/mL Nile Red in PBS for 1 h in the
dark at RT, washed with PBS and examined immediately at the confocal
microscope. All images were analyzed using the ImageJ software.
ImageJ parameter “Circularity” (Cir) was used to calculate the Sphe-
ricity Index (SI): SI = 4/Cir, determining the proximity of the spheroids
to a spherical geometry shape (Kelm et al., 2003). MCS volume was
determined by ReViSP (MATLAB©, The MathWorks, Inc., MA, USA)
(Piccinini et al., 2015).

2.5. Effect of tyr on macrophage polarization in the MCS

The effect of Tyr on polarization of THP1-derived MO macrophages
in coculture with the MCS described above was assessed after 24h-treat-
ment with 2 and 5 pM Tyr. MSCs were fixed with 4% PFA, washed with
PBS and incubated with 0.1% Triton X-100 in PBS for 5 min. Afterwards,
they were incubated with the mouse anti-CD68 (1:200) and rabbit anti-
CD86 (1:200) primary antibodies at 4 °C overnight. Subsequently, the
fixed MCSs were incubated with AlexaFluor647 goat anti-rabbit IgG and
AlexaFluor 488 anti-mouse IgG secondary antibody (1:200) for 1 h at RT
in the dark. The nuclear DNA was stained with Hoechst33342 (1:400).
The images were acquired using confocal microscope, capturing at least
50 consecutive focal planes for each spheroid, and quantified with the
Image J software. Mean fluorescence intensity for each spheroid was
plotted with GraphPad Prism software ver. 9.0 (San Diego, CA, USA).

2.6. Effect of tyr on LX-2 activation in the MCS

The effect of Tyr on activation of LX2 cells, cell line with the char-
acteristics of hepatic stellate cells, which are activated during fibro-
genesis, was assessed after 24h-treatment with 2 and 5 pM Tyr. MCS
were fixed with 4% PFA, washed with PBS and incubated with 0.1%
Triton X-100 in PBS for 5 min. Afterwards, they were incubated with the
mouse anti-Acta2 (1:200) primary antibody at 4 °C overnight. Subse-
quently, fixed MCS were incubated with the AlexaFluor647 goat anti-
rabbit IgG secondary antibody (1:200, 1h, RT) in the dark. The nu-
clear DNA was stained with Hoechst33342 (1:400). The images were
acquired at the confocal microscope and analyzed with the Image J
software as above described.

2.7. Effect of tyr in a mouse model of NASH
Animal studies were performed following the 3R principle, in
compliance with national and international guidelines for the handling

and use of laboratory animals (authorized by the Italian Ministry of
Health, Approval no. 713/2020-PR). Male C57Bl6 mice (6 + 2 weeks)

-~

Male
C57BI6 HFHFD
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were housed in a controlled temperature and humidity room with a 12h-
light-dark cycle. They were randomized into the experimental groups
(Fig. 1) and fed with standard rodent diet (Altromin, Lage, Germany) or
a high fat diet (HFD: 60% Kcal from fat, 23.5% from protein, 18.4% from
carbohydrates, Altromin, Lage, Germany) with 30% fructose in the
drinking water (High fat high fructose diet, HFHFD) for 14 weeks. Mice
had free access to diet and water along the complete duration of the
study. During the last 4 weeks, the animals fed with HFHFD were treated
with CCly twice a week (IP, 0.1 mL/kg) to induce NAFLD progression to
NASH (Zhang et al., 2020). Tyr (10 mg/kg) was administered daily by
oral gavage starting from week 4, for the following 10 weeks. Standard
diet-fed mice were used as healthy controls. At sacrifice, mice were
anesthetized and perfused with saline solution by hearth cannulation to
eliminate blood. The livers were collected, minced, nitrogen frozen and
either stored at —80 °C for molecular biology, or kept in saline solution
for flow cytometry analysis, or fixed in 4% neutral buffered formalin
(Sigma Aldrich, MO, USA) for histology.

2.8. Behavioral tests

All the behavioral tests described in detail below were performed at
week 14, before sacrifice.

Gripping test: The Gripping test was used to measure the muscle
strength of mouse forelimbs. Briefly, mice were gently positioned on the
grid and pulled backwards by the tail. The force was recorded by a
dynamometer connected to the grid and expressed in Newtons. Data are
reported as the mean of three consecutive measures for each mouse.

Grid tests: The Grid test evaluates muscle strength and coordination
by testing the ability of mice to hang on a wire mesh screen grid
(Deacon, 2013). Each mouse was placed in the center of a square metal
grid which was then turned upside down. The time during which the
mouse remained hanged on the grid was recorded. When the mouse fall,
it was returned to the center of the grid and the experiment was repeated
until the mice showed visible signs of weakness or distress, no longer
than 15 min. The mean time hanged on the grid was used to calculate
physical impulse expressed as grams of body weight * seconds on the
grid.

Rotarod test: The Rotarod test was used to evaluate coordination and
resistance to fatigue. The animals were placed on a rotating cylinder for
up to 3 min, and the time elapsed before falling from the cylinder was
evaluated. Three consecutive measurements were made per mouse
(Deacon, 2013).

Open field test: The Open field test was used to evaluate the level of
anxiety of the mice. The test was preceded by an hour of habituation,
during which the animal was moved to a different room both from the
usual housing and from the one set up for the experiment. At the end of
the habituation, the mice were placed in a corner inside a square arena
with dark walls of the size of 40 cm®. Behavior in reaction to the new
environment and movements within the central and peripheral areas
were recorded for 10 min (Kraeuter et al., 2019). Total distance, number
of times the mouse entered the center, and time in which the animal
remained motionless, named freezing time, were registered by the

Healthy

NASH /H;' @/

NASH + Tyr
mice
{ | | J
Week 0 Week 4 Week 10 Week 14
Tyrosol (10 mg/kg) CCL,twice a week sacrifice
or vehicle daily (0.1 mL/kg)

Fig. 1. Design of the in vivo study. Mice were randomly divided into the three experimental groups. HFHFD: high fat high fructose diet.
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Anymaze software.

Forced Swim test: The Forced swim test was used to evaluate the
depressive-like behavior of mice (Yankelevitch-Yahav et al., 2015).
After 1 h of habituation, mice were placed in a transparent cylinder of
20 cm in diameter, filled with water at 23-25 °C, and its behavior was
recorded for 6 min. For analysis purposes, only the last 4 min of
recording were considered. Freezing time, reflecting the depressive-like
state of the animal, was considered as the time in which the mouse
floated without any movement except those necessary to keep the head
out of the water. Also, the number of freezing episodes was registered.

2.9. Liver histology and immunohistochemistry of NOXs and Acta2

After fixation in formalin, the liver tissue was paraffin-embedded to
perform histological analysis by means of the Masson trichrome, O Red
Oil and H&E staining, using standard protocols. To analyze the protein
expression of NOX1 and Acta2, immunohistochemical analyses were
performed on 5-pm hepatic tissue sections, as previously described (De
Martin et al., 2014). A heat-induced epitope retrieval was conducted for
20 min in citrate buffer (pH 6) for NOX1, and in Tris-EDTA buffer (pH
7.6) for Acta2. Slices were treated for 10 min with 0.2% Triton in PBS
with Tween 20 (PBS-T), followed by a blocking step at RT with 5% FBS
and 1% bovine albumin serum (BSA) in PBS-T. Liver sections were
incubated overnight at 4 °C with primary antibodies anti-NOX1 or
Acta2. Endogenous peroxidases were blocked by treating the sections for
20 min with 3% Hy05. Secondary antibodies were incubated for 1 h at
37 °C. Liver sections were then incubated with DAB and counterstained
with hematoxylin, dehydrated and mounted with the EUKITT. Stained
liver sections were examined by the same person, blinded to any in-
formation about the treatment. All the histological images were ac-
quired with a Nikon Eclipse Ti-S microscope (10X or 20x
magnification) and analyzed with the ImageJ software.

2.10. Flow cytometry

The portion of liver tissue placed in saline solution was processed to
obtain a single-cell suspension for flow cytometry analysis, by the in-
cubation for 1 h at 37 °C with a solution of 400 U/mL collagenase D
(Sigma Aldrich, St. Luis, MO, USA) and 0.005 pg/mL DNAse to allow the
enzymatic digestion of the tissue. The obtained cell suspension was
filtered through a 100 pm-cell strainer, and cells were counted in Bucker
chamber. A suspension of 1 x 10° cells/mL were incubated with the
primary antibodies for 15 min at RT and fixed with PFA 4% (Diapath
SPA, Bergamo, Italy). For the detection of the intracellular antigens,
cells were permeabilized with 0.1% of Tween 20.1 x 10° cells/mL were
incubated with anti-CD16/32 (2.4G2, BioXCell, Lebanon, NH, USA) for
15 min at room temperature to avoid unspecific binding of the anti-
bodies. The antibodies used for flow cytometry analysis are reported in
Table 1. These analyses were performed by means of a BD FACSAria™ III
Cell Sorter (BD Bioscience, San Jose, CA, USA), and data were analyzed
using the FlowJo v.10.0.8 software.

2.11. Quantification of gene expression in hepatic tissue

Total RNA was extracted from hepatic tissue as previously reported
(Gabbia et al., 2020). One step qRT-PCR on extracted total mRNA was
performed by means of CFX Opus 96 Real-Time PCR System (BioRad,
CA, USA) using QuantiNova SYBR Green RT-PCR Kit (Qiagen, Hilden,
Germania). Relative gene expression of the genes reported in Table 2
was calculated with the 222t method using p-actin as the housekeeping
gene.

2.12. Statistical analyses

Statistical analyses were performed by one-way ANOVA and Krus-
kal-Wallis non-parametric analysis data using GraphPad Prism software
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Table 1
Specific antibodies used for cytometer analysis.
Antigen  Antibody Dilution  Supplier
CD45 Alexa Fluor 700-conju- 1:200 eBioscience, Thermo Fisher
gated anti-mouse CD45 Scientific, Waltham, MA, USA
F4/80 APC- conjugated anti- 1:50 BioRad, CA, USA
mouse F4/80
CD86 Pe-Cy5-conjugated anti- 1:200 eBioscience, Thermo Fisher
mouse CD86 Scientific, Waltham, MA, USA
CD206 PE-conjugated anti- 1:200 eBioscience, Thermo Fisher
mouse CD206 Scientific, Waltham, MA, USA
CD3 PE-Cy7-conjugated anti- 1:200 BioLegend, San Diego, CA, USA
mouse CD3
NKp46 BV421-conjugated anti- 1:200 BioLegend, San Diego, CA, USA
mouse NKp46
PD1 PerCP-Cy5.5-conjugated 1:200 BioLegend, San Diego, CA, USA
anti-mouse CD279
CD4 PerCP-Cy5.5-conjugated 1:200 eBioscience, Thermo Fisher
anti-mouse CD4 Scientific, Waltham, MA, USA
CD8 BV421-conjugated anti- 1:125 BioLegend, San Diego, CA, USA
mouse CD8a
FOXP3 APC-conjugated anti- 1:125 eBioscience, Thermo Fisher
mouse FOXP3 Scientific, Waltham, MA, USA
CD62L PE-conjugated anti- 1:200 eBioscience, Thermo Fisher
mouse CD62L Scientific, Waltham, MA, USA
Table 2
Primers used for qRT-PCR analysis on liver tissues.
Target Forward Reverse
IL6 CCGGAGAGGAGACTTCACAG TCCACGATTTCCCAGAGAAC
TGF-p1 GTGGAAATCAACGGGATCAGC GTTGGTATCCAGGGCTCTCC
IL10 GCTGGACAACATACTGCTAACC CTGGGGCATCACTTCTACCA
p-actin ATGTGGATCAGCAAGCAGGA AAGGGTGTAAAACGCAGCTCA

ver. 9.0 (San Diego, CA, USA). P < 0.05 was considered statistically
significant. If not otherwise stated, data are presented as mean =+ stan-
dard error of the mean (S.E.M.).

3. Results

3.1. Tyr attenuates lipid accumulation and oxidative stress in cellular
models of steatosis

The effect of Tyr on lipid accumulation and the production of reac-
tive oxidative species (ROS) was evaluated in a 2D model of steatosis set
up by treating HepG2 cells with a FAs mixture in presence of increasing
concentration of Tyr. As reported in Fig. 2, the treatment with FAs
induced a significant increase of intracellular lipid droplets, that
returned to the basal level after Tyr treatment that significantly
decreased LD area inside the cells in a dose-dependent manner. More-
over, Tyr was able to significantly counteract the increase of ROS pro-
duction caused by the FAs, that was similar to that induced by hydrogen
peroxide, a typical cellular pro-oxidant stimulus (Fig. 2C).

Since cell-cell communication is a fundamental feature in the he-
patic microenvironment and proinflammatory macrophages could sus-
tain NASH-derived hepatic inflammation (Ghosh et al., 2023), we
assessed Tyr effect on a co-culture of PA:OA-treated HepG2 and
THP1-derived M1 macrophages. The reduction of lipid droplets induced
by Tyr at the highest concentrations was maintained also in this more
complex experimental setting (Fig. 3).

3.2. Tyr decreases lipid accumulation and CD86 expression in
multicellular spheroids

In order to confirm the effect of Tyr on reducing lipid accumulation
in a more complex model in vitro, we set up a MCSs by co-seeding
HepG2 and LX2 and, subsequently adding THP1-derived M®
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Fig. 2. Invitro effect of Tyr on the formation of lipid droplets (LDs) in HepG2 cells treated with the PA:OA mixture. LDs are stained green with Bodipy and nuclei
stained blue with Hoechst (A). The quantification of LDs is reported as LD area/cell (B) and Bodipy mean fluorescence intensity (C). Effect of Tyr on ROS production
by HepG2 cells assessed by means of DCFDA assay and reported in the graph as DCFDA mean fluorescence intensity (D). Data are reported as mean + S.E.M. of three
different experiments, each done in triplicate. *p < 0.05, **p < 0.01, and ***p < 0.001. ***p < 0.0001 vs. all the other conditions.

macrophages and treating with the PA:OA mix. Nor the PA:OA mix or
Tyr treatment had effect on spheroid vitality, sphericity index and
spheroid volume as reported in Fig. S1, thus confirming the absence of
detrimental effects on cell viability. As expected, the PA:OA mix
significantly increased lipid accumulation, as assessed by the Nile red
stain. Tyr treatment reduced this accumulation and restored physio-
logical condition at the two concentrations used in this assay
(Fig. 4A-C). Moreover, the increased lipid accumulation in the MCSs
was accompanied by an increase of CD86 expression, indicating the
differentiation of M® macrophages toward a pro-inflammatory M1
phenotype, without effects on the capacity of macrophages of infil-
trating the spheroids, as demonstrated by the lack of changes of CD68
expression (Fig. 4D and E). This effect was completely prevented by Tyr
treatment, that avoided this pro-inflammatory switch (Fig. 4D-F).

3.3. Tyr decreases fibrogenesis in multicellular spheroids

To assess the effect of Tyr on fibrogenesis in a lipid overload con-
dition, resembling the two key features of NASH, namely fibrosis and
steatosis, we added to the above described MCS the prototypical fibro-
genic stimulus TGF-B1. In this model, we observed an increased protein

v

expression of the profibrogenic Acta2, marker of LX-2 activation,
induced by the treatment with PA:OA mix with respect control cells
(Fig. 5). As expected, this increase was more evident when the PA:OA
mix was used in combination with TGF-f1, suggesting that this two
stimuli, typically present in the NAFLD/NASH transition, prompt LX-2
activation. Tyr was able to revert significantly this increase at both
concentrations. In particular, the highest concentration restored the
basal level of Acta2 expression, suggesting that Tyr might exert an
antifibrotic effect in a NASH setting.

3.4. Tyr improves hepatic steatosis and fibrosis in a NASH in vivo model,
and reduces inflammation by affecting hepatic immune cell phenotypes

To corroborate our in vitro results, we studied the effect of Tyr on all
the pathological features of NASH, namely steatosis, fibrosis and
inflammation, in a mouse model of NASH (Zhang et al., 2020).

NASH animals displayed a significant increase of lipids and of hy-
pertrophic hepatocytes with respect to healthy animals, as assessed by
the ORO staining (Fig. 6). This increase was effectively counteracted by
Tyr treatment, that decreased the percentage of steatotic areas and hy-
pertrophic hepatocytes. No effect was observed in hepatic TG content,
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even though an increasing tendency to higher level in NASH animals
could be appreciated.

As reported in Fig. 7, HFHFD induced a significant deposition of
fibrotic tissue, and coherently a significant increase of Acta2 protein
expression, marker of HSC activation. Tyr was able to reduce fibrotic
areas and Acta2 expression, restoring basal levels. Accordingly, Tyr
treatment counteracted the upregulation of TGF-p1 mRNA expression
observed in NASH mice (Fig. 7G). Moreover, the increasing tendency of
the prooxidant enzyme NOX1 observed in NASH animals seems to be
reduced by Tyr treatment, even though not at statistically significant
level (Fig. 7E and F). Taken together, these results demonstrated that Tyr
positively affected NASH-related inflammation and fibrogenesis, by
reducing TGF-B1 transcription in hepatocytes, Acta2 expression in HSCs,
and modulating NOX1 expression.

Due to the importance of inflammatory processes in the different
stages of MASLD (Gabbia et al., 2019), and the lack of knowledge on Tyr
effect on immune modulation, we performed a detailed analysis of the
immune cells present in the liver in our model. As reported in Fig. 8, the
significant increase of inflammatory foci in hepatic parenchyma

(=)}

observed in NASH mice was effectively counteracted by Tyr. This pre-
liminary histological finding was in line with flow cytometry results.
First, as observed in vitro, we demonstrated that the increase of hepatic
pro-inflammatory CD86" macrophages observed in NASH mice was
reduced by Tyr also in vivo, returning to basal levels, thereby confirming
its inhibition on the M1 phenotype. This effect was accompanied by a
marked reduction of IL6 mRNA expression in the hepatic tissue (Fig. 8F).
Adoptive immune cells were also affected. In fact, NASH animals dis-
played an increase of total CD4" CD8™ T cells as well as Thelper effector
CD4" FoxP3" CD62L" cells with respect to healthy mice (Fig. 8D), that
was effectively reduced by Tyr treatment. Notably, Tyr was able to also
increase the number of Tz cells, with respect to the other two groups
(Fig. 8E). This result, together with the increase of IL-10 mRNA
expression suggested Tyr involvement in the activation of regenerative
pathways, in which Tregs play a pivotal role (Wu et al., 2023).

3.5. Tyr prevents NASH-related extrahepatic manifestations

Recently, attention has been raised to the extrahepatic
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manifestations of NAFLD/NASH, including for example cognitive
impairment and depression (Colognesi et al., 2020), that may further
worsen NASH patients’ quality of life of. To this purpose, several
methods have been developed to assess the degree of the so called
health-related quality of life (HRQL) in NASH patients measuring some
parameters informative of their general health e.g. physical, emotional,
mental, and social well-being (Stepanova et al., 2023). In this study, we
assessed these aspects by means of a panel of behavioral studies,
investigating the effect or Tyr on motor dysfunction, depressive-like
behavior, and anxiety status.

Motor function was evaluated by means of grid (A), gripping (B) and
rotarod (C) tests, measuring both muscle strength and coordination
(Fig. 9). In these tests, we observed a significant decrease of muscular
strength and coordination in NASH mice, as outlined by the rotarod (less
time spent on the rod) and gripping test, respectively. These decreases of
physical performance were restored by Tyr (Fig. 9B and C).

Tyr treatment also induced an improvement of central nervous sys-
tem (CNS) symptoms, by reducing depressive-like behavior (number of
freezing episodes) in the Forced Swim test (Fig. 9D), and anxious
behavior (freezing time) in the Open Field test (Fig. 9E). Taken together,

Fig. 5. In vitro effect of Tyr on MSCs set up by seeding HepG2 and LX2 cells (1:1) and adding THP1-derived Mg macrophages. PA:OA mix and TGF-f1 were used to
increase lipid accumulation and LX-2 activation. LX-2 activation was measured as Acta2 protein expression increase, reported as mean fluorescence intensity (AU).
Data are reported as mean + S.E.M. of three different experiments, each done in triplicate. **p < 0.01, ***p < 0.001, ****p < 0.0001. *p < 0.01 and ***p < 0.001 vs
PA:OA mix-treated cells.
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these data suggested that, beside or because of its peculiar hepatic effect
on NASH, Tyr also improves the general health status of this mouse
model of NASH.

4. Discussion

The prevalence of MASLD has dramatically raised in the last decade,
together with its comorbidities, e.g. obesity, insulin resistance and type
2 diabetes. A further increase is expected in the next years (Hamid et al.,
2022), since current projections estimate that more than 300 million
people in China, 15-20 million in Europe and more than 100 million in
the USA will develop NAFLD by 2030 (Estes et al., 2018). NASH may
develop as a complication of simple steatosis and is characterized by the
simultaneous presence of steatosis, inflammation, and fibrosis. Among
MASLD patients with an indication for biopsy, about 60-70% have
biopsy-proven NASH, and among those patients without an indication
for biopsy, this percentage is variable from 6.67% in Asia to 29.85% in
North America (Younossi et al., 2017). Since NASH can progress towards
cirrhosis and/or HCC, it has been estimated that patients with
NASH-related HCC will increase in next years. This scenario collocates
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NASH treatment as a major clinical challenge for hepatologists and the
scientific community worldwide. The onset of MASLD is driven by the
dysregulation of three main mechanisms occurring in hepatocytes, i.e.,
the accumulation of fatty acids (FAs) due to their increased uptake, the
increase of de novo lipogenesis and cholesterol accumulation in endo-
plasmic reticulum (ER), and the decrease in the mitochondrial oxidation
of FAs (Berlanga et al., 2014). Targeting these mechanisms may be
exploited as a strategy to prevent or slow down the multiple stressors
involved in NASH development. This study aimed at assessing the effi-
cacy of Tyr in improving the three hallmarks of NASH, i.e., steatosis,
fibrosis, and inflammation. We have previously demonstrated that Tyr is
able to counteract hepatic fibrosis by the transcriptional modulation of
the NADPH oxidases NOX1 and NOX4 and of the oxidative stress-related
miRNAs miR-181-5p and miR-29b-3p (Gabbia et al., 2023) in models of
liver fibrosis. Moreover, hydroxytyrosol, another phenolic compound of
EVOO, has been recently proposed for MASLD treatment, due to its
ability to alleviate steatosis, oxidative stress, inflammation and mito-
chondrial dysfunction (Dong et al., 2022; Echeverria et al., 2022; Gori
et al., 2021; Pirozzi et al., 2016). In addition, a novel combination of
hydroxytyrosol and vitamin E has been recently tested in pediatric pa-
tients with steatosis with positive results, since the reduction of hyper-
triglyceridemia and systemic inflammation, and an increase of
circulating IL-10 was observed in this patients after treatment (Mosca
et al., 2021).

The persistent presence of cellular FAs and reactive oxygen species
(ROS) leads to lipotoxicity, ER stress, mitochondrial damage and
oxidative stress (Huby and Gautier, 2022) and these multiple cellular
stressors lead to NASH onset (Huby and Gautier, 2022). In this study, we
first demonstrated that Tyr treatment was able to reduce the accumu-
lation of FAs inside hepatocytes and reduce ROS production in different
in vitro 2D models of NAFLD and NASH.

To assess the effect on Tyr on a more complex cellular model

European Journal of Pharmacology 969 (2024) 176453

mimicking the three main features of NASH, namely inflammation,
fibrosis, and steatosis, we set up MCSs using three cell lines resembling
the main cells of the hepatic microenvironment, i.e., HepG2 cells (he-
patocytes), LX-2 cells (hepatic stellate cells) and THP-1 cells (Kupffer
cells or macrophages). Also in this model, Tyr treatment was effective in
reducing the accumulation of FAs and concurrently reduced the
expression of CD86 in macrophages, suggesting its ability to affect their
polarization to an anti-inflammatory phenotype. Furthermore, we
confirmed the anti-fibrotic effect of Tyr also in this complex in vitro
model, since Tyr effectively reduced Acta2 expression, thereby indi-
cating the reduction of LX-2 activation, even in the excess of FAs.

The effect of Tyr was also assessed in vivo in a murine model of NASH,
obtained by feeding mice for 14 weeks with a high-fat high-fructose diet
and the injection of low doses of the hepatotoxic agents CCly. The
antifibrotic effect of Tyr was confirmed also in this setting, since we
observed a reduced activation of HSC, as indicated by a decrease of TGF-
B1 transcription and Acta2 expression in the hepatic tissue of NASH
animals. Tyr also led to a reduction of steatotic areas and of the number
of hypertrophic hepatocytes and this effect was accompanied by a
reduction of inflammation, since a decrease of IL6 upregulation and a
reduction of the inflammatory foci in the hepatic parenchyma could be
observed. IL6 is a typical pro-inflammatory chemokine that sustains the
exacerbation of MASLD in the hepatic parenchyma and may also be
implicated in the progression towards a tumoral transition (Chan et al.,
2019; Xi et al., 2021). It has been demonstrated that huge intake of
fructose is responsible for the increase of hepatic de novo lipogenesis
and intestinal permeability, that prompts the activation of hepatic im-
mune cells by TLR-dependent pathway modulated by gut-derived in-
flammatory mediators (Todoric et al, 2020). Moreover, this
dysbiosis-related increased permeability further sustains hepatic
inflammation and sensitizes hepatocyte to cell death. These processes
lead to the release of pro-inflammatory mediators, such as for example
IL6, inducing the activation of HSCs and fibrogenesis. All together, these
events represent an vicious self-feeding cycle whose exacerbation leads
to cirrhosis and HCC development (Huby and Gautier, 2022). Thus,
increased IL6 release may exacerbate NASH and liver fibrosis (Xiao
et al., 2023). IL6 is also implicated in senescence-associated necroptosis,
a cell death pathway that induces inflammation through the release of
damage-associated molecular patterns (DAMPs), endogenous danger
signals that are increased in NASH (Mihm, 2018). A necroptosis inhib-
itor has demonstrated to reduce pro-inflammatory M1-like macrophages
and improve inflammation in aged mice (Mohammed et al., 2021). We
demonstrated that also Tyr reduced the hepatic accumulation of CD86™"
macrophages, confirming our in vitro data and suggesting Tyr ability to
modulate hepatic innate immune macrophagic population towards an
anti-inflammatory status. In the liver, macrophages crosstalk with HSCs
through several molecular mechanisms, e.g. M1 macrophages can pro-
mote their activation by releasing TGF-p1 and other profibrogenetic
cytokines (Alisi et al., 2017). Proinflammatory M1-like macrophages,
also termed “classically activated”, produce proinflammatory cytokines,
e.g. IL-6, IL-1p, IL-8, IL-12, and TNF-q, thus triggering injury of the
hepatic tissue (Sica et al., 2014). In our NASH model, the reduction of
IL6 overexpression observed in Tyr-treated mice was also accompanied
by the downregulation of NOX1 and TGF-p1 and expression, thus sug-
gesting that Tyr may reduce ROS overproduction due to NOX upregu-
lation, and modulate the crosstalk between proinflammatory
macrophages and HSCs, preventing their activation and thus fibrosis.
Taking all these observations together, we demonstrated that Tyr im-
proves steatosis, inflammation, and fibrosis in different NASH models.

A large spectrum of different immune cell subsets patrols the hepatic
parenchyma, such as natural killer (NK) cells, CD4" and CD8™ T cells,
both resident and temporarily recruited from circulation (Huby and
Gautier, 2022). These immune cells establish complex connections with
HSC and hepatocytes, reciprocally influencing their activation and ac-
tivity, and this complex scenario may be altered in chronic liver disease.
In NASH, an accumulation of CD4" T cells in hepatic parenchyma has
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Fig. 7. In vivo effect of Tyr on hepatic fibrosis. Histological images, 10x magnification (A) and quantification of the fibrotic areas (D). Acta2 protein expression in
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Fig. 8. In vivo effect of Tyr on inflammation. Number of inflammatory foci (A, round circles, and their quantification, B); pro-inflammatory M1 macrophages (C,
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Fig. 9. Tyr effect on the extrahepatic manifestations of NASH. Motor function, assessed by grid (physical impulse, A), gripping (force, B) and rotarod (time spent on
the Rod, C) tests. CNS symptoms assessed by Forced swim (number of freezing episodes and freezing time, D) and Open Field (total distance, time spent in the central
area, freezing time, E) tests. Data are reported as mean + S.E.M. (n = 5 animals per group). *p < 0.05, **p < 0.01.

been observed both in human and murine models (Sutti and Albano,
2020; Zhou et al., 2022), suggesting a fundamental role of adaptive
immunity in driving MASLD progression. Notably, in the present study
we observed that the increase of the CD4" CD8™ T cells observed in
NASH liver was restored to basal levels after Tyr treatment. Interest-
ingly, we observed that Tyr treatment effectively increased Treg popu-
lation, that has been involved in the promotion of regenerative
pathways (Kisseleva and Brenner, 2021), thus suggesting that Tyr may
play an active role also in liver regeneration. It worth noticing that
recent evidence reported a contradictory role for Treg in fibrosis, since
they can either inhibit or promote HSC activation. However, the pro-
motion of fibrosis relies on the conversion of Tregs into cells expressing
IL17, which occurs in the presence of IL6 (Wu et al., 2023), whereas the
inhibition of fibrosis is mainly due to IL10-induced pathways. Therefore,
the Tyr-induced IL6 decrease and IL10 increase shed a new light on its
possible antifibrotic mechanism, suggesting the pivotal involvement of
Tregs. Further studies are needed to unravel the role of Tyr in this
context.

Beside the hepatic symptoms, NASH could induce extrahepatic
manifestations, e.g. cognitive impairment, depression and motorial
dysfunction, that may lead to a great impairment of the patients’ quality
of life (Colognesi et al., 2020; Stepanova et al., 2023). To assess whether
Tyr-induced amelioration of the hepatic condition could also affect
extrahepatic NASH-related issues, we performed a panel of behavioral
tests to assess the effect of Tyr on general health status of NASH mice,
demonstrating its usefulness in improving the muscular strength and

12

coordination impairment observed in NASH animals and also their
depressive-like and anxious behavior.

In conclusion, according to our knowledge, this is the first report
demonstrating that Tyr improves steatosis, fibrosis, and inflammation in
NASH, exerting a modulatory activity on the hepatic immune milieu, by
acting on cells responsible for both innate and adaptive immunity.
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