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The cross-talk between plant-derived nanovesicles (PDNVs) and mammalian cells has been explored by several
investigations, underlining the capability of these natural nanovesicles to regulate several molecular pathways.
Additionally, PDNVs possess biological proprieties that make them applicable against pathological conditions,
such as hepatic diseases. In this study we explored the antioxidant properties of lemon-derived nanovesicles,
isolated at laboratory (LNVs) and industrial scale (iLlNVs) in human healthy hepatocytes (THLE-2) and in
metabolic syndrome induced by a high-fat diet (HFD) in the rat. Our findings demonstrate that in THLE-2 cells,
LNVs and iLNVs decrease ROS production and upregulate the expression of antioxidant mediators, Nrf2 and HO-
1. Furthermore, the in vivo assessment reveals that the oral administration of iLNVs improves glucose tolerance
and lipid dysmetabolism, ameliorates biometric parameters and systemic redox homeostasis, and upregulates
Nrf2/HO-1 signaling in HFD rat liver. Consequently, we believe LNVs/iLNVs might be a promising approach for
managing hepatic and dysmetabolic disorders.

Liver
High-fat diet fed rats
Metabolic syndrome

1. Introduction

The imbalance between reactive oxygen species (ROS) and antioxi-
dant systems is known as oxidative stress. Generally, oxidants can act as
crucial regulators of several physiological and non-physiological pro-
cesses such as cell proliferation, inflammation, autophagy, and response
to stress. ROS are formed during oxidative metabolic activities [1] and in
reaction to exogenous signals, including pathogens [2,3], or endogenous

signals like cytokines [4]. Uncontrolled production of ROS induces cell
toxicity and could lead to the development of tumors and chronic dis-
eases due to their capability to be harmful to DNA, proteins, and lipids.
The liver is the main organ in charge of controlling metabolism and
detoxification and hence is particularly subjected to oxidative stress
damage. Both extrinsic (alcohol, drugs, toxins, viruses, and smoking)
and intrinsic (obesity and insulin resistance) sources [5] can cause liver
chronic inflammation and elicit immune cell activation and oxidative
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stress. Excessive ROS within hepatocytes can induce hepatic structural
and functional abnormalities that lead to a variety of disorders, such as
Non-Alcoholic Fatty Liver Disease (NAFLD), Alcoholic Fatty Liver Dis-
ease (AFLD), fibrosis, and Hepatocellular Carcinoma (HCC) [6]. The
nuclear E2-related factor 2 (Nrf2) pathway is one of the most important
adaptive stress responses involved in the prevention and reduction of
hepatic damage [7]. Nrf2 is a positive regulator of the human Antioxi-
dant Response Element (ARE), confined in the cytoplasm by the sup-
pressor protein Keapl [8]. Translocation into the nucleus triggers the
expression of multiple antioxidant enzymes, including heme oxygenase
1 (HO-1) which controls oxidative stress, inflammation, and inhibits
apoptosis by removing toxic heme [9,10].

Among the in vivo models widely used and selected to study liver
disease, literature has agreed on the importance of high-fat diets (HFD)
inducing a reliable model of Metabolic Syndrome (MetS) [11,12]. Un-
doubtedly, the ability of natural compounds to positively influence
HFD-induced metabolic syndrome is well-known [13-15] and could
provide solid bases of prediction for translational studies [16].

In detail, a specific dietary regimen with HFD is able to replicate the
full clinical spectrum of increased body weight, glucose intolerance,
dyslipidemia, and hepatic dysfunction. The alterations in metabolic
state are linked to profound modifications of redox homeostasis that
trigger widespread tissue dysfunction, especially in the liver [17,18].
Our recent research demonstrated that specific systemic biomarkers of
redox homeostasis are strong predictors of metabolic dysfunction
development, emphasizing the significant role of oxidative alterations in
MetS [17]. Remarkably, the disrupted balance between oxidative stress
indicators and antioxidant defenses has been identified in HFD rat
models, affecting systemic homeostasis and tissues, including the brain
and the liver, and interfering with crucial signaling pathways such as
Nrf2. [19,20]. Among other biomarkers, the levels of plasmatic products
of lipid peroxidation are increased after 10 weeks of HFD in rats [21,22]
and their liver exhibits hepatic lipid peroxidation and dysfunction [23].
This hepatic oxidative damage can contribute to the development of
NAFLD by exacerbating the deposition of extracellular matrix and he-
patic fibrosis [24].

Currently, the substantial worldwide impact of chronic liver disease
has spurred intensive research into alternative treatment options.
Additionally, the scarcity of available organs for transplantation, which
represents the definitive cure for end-stage liver disease, has under-
scored the urgent demand for novel therapies [25]. One of the in-
teractions that is attracting the interest of biomedical scientists due to its
therapeutic potential is cross-kingdom communication, i.e. the ability of
organisms from one kingdom to regulate the biological and molecular
mechanisms of organisms of another kingdom. Today, it is known that
extracellular vesicles (EVs) act as a shared mode of communication
among living organisms from different kingdoms. In particular, during
intercellular communication, various cell types, such as those in ani-
mals, plants, and microorganisms, release EVs that are composed of a
lipid bilayer. Recently, there has been an increasing interest in exploring
the potential cross-kingdom communication roles of these vesicles,
particularly in comprehending interactions between vesicles derived
from plants and mammalian cells. Extracellular vesicles derived from
plants can be extracted from different fruits and vegetables, such as
lemon [26,27], blueberry [28], tomato [29], grapefruit [30], garlic
[31], and more. These nanovesicles contain lipids [32], proteins [26],
nucleic acids [33], and metabolites in their cargo [34]. Recently, a novel
breakthrough has emerged in the form of Decoctosomes and Bencao-
somes, nanoparticles derived from boiled Chinese herbal medicines.
These nanoparticles contain active ingredients such as small molecules,
peptides, and small RNAs (sRNAs). Enhanced versions of Decoctosomes,
known as Bencaosomes, have demonstrated effectiveness in disease
models, underlying their potential in nucleic acid therapy [35].
Furthermore, numerous studies have underscored the biological prop-
erties of PDEVs, including their demonstrated anti-cancer [26],
anti-inflammatory [36], and antioxidant activities [37]. Zhao et al.
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found that the administration of blueberry-derived exosomes-like
nanoparticles modulated the expression of antioxidant genes through
Nrf2 activation, enhanced hepatic function, prevented the formation of
vacuoles, and mitigated the buildup of lipid droplets in the livers of mice
subjected to a high-fat diet [28]. In a recent study, garlic-derived exo-
somes showed their anti-inflammatory activity in THP-1 macrophages
and decreased the accumulation of lipid droplets in high-fat diet
(HFD)-feeding mice liver [31]. Exosome-like nanovesicles derived from
garlic also possess the ability to hinder the migration and infiltration of
macrophages into the liver to prevent hepatocyte apoptosis and
inflammasome activation [38]. Our recent studies revealed that nano-
vesicles extracted from Citrus limon juice (LNVs) produce
anti-inflammatory effects in murine and human immune cells by
inhibiting the NF-xB/ERK1-2 signaling pathways. [39] and possess
antioxidant activity in human dermal fibroblasts and zebrafish thanks to
their capability to induce the activation of the AhR/Nrf2 signaling
pathway [27].

In this study, we investigate for the first time the hepatoprotective
effect of LNVs exploiting in vitro and in vivo models. To achieve this, we
studied the antioxidant properties of LNVs in human healthy hepato-
cytes (THLE-2) and their hepatoprotective effects in MetS rats fed with
HFD. The integration of data from both in vitro and in vivo experiments is
crucial to carry out a comprehensive understanding of the mechanisms
and potential therapeutic benefits of lemon-derived nanovesicles in liver
protection.

2. Materials and methods
2.1. LNVs and iLNVs isolation

LNVs were obtained from lemons coming from a private farmer as
previously described [27,39]. The juice was produced by manual
squeezing and processed using the following differential centrifugations
protocol: two centrifuges at 3000 g for 15 minutes, two centrifuges at 10,
000 g for 30 minutes, a filtration step with a 0.8 pm pores filter, a
centrifuge at 16,500 g for 1 h, followed by another filtration with 0.45
pm filters, and a final centrifuge at 16,500 g for 3 h were performed. At
the end of the process, the supernatant was collected and ultra-
centrifuged at 100,000 g for 1.45 h. The pellet obtained was resus-
pended in PBS. Industrial-derived Nanovesicles (iLNVs) were produced
using a patented process (IT patent n° 102019000005090, “Process for
the production of vesicles from citrus juice”) and were characterized as
shown in our previous study [40]. Briefly, the lemon juice, obtained by
Agrumaria Corleone s.p.a. (Palermo, Italy), was ultrafiltered with pore
size 50,000 Dalton. The retentate was then microfiltrated at 0.45 pm,
obtaining a permeate containing the vesicles. Quantification of LNVs
and iLNVs was performed by the Bradford protein assay (Pierce, Rock-
ford, IL, USA) with Coomassie Brilliant Blue and the reading was finally
performed using a biophotometer.

2.2. Cell line and culture conditions

THLE-2 cell line (T-antigen immortalized Human Liver Epithelial cell
— ATCC CRL-2706™, LGC Standards, Manassas, VA, USA) was used as an
in vitro model of healthy human hepatocytes. Cells were cultured on
0.03 mg/mL bovine collagen type I coating (Advanced Biomatrix, San
Diego region, CA, USA) and 0.01 mg/mL bovine serum albumin (Sigma-
Aldrich, St Louis, MO, USA) and kept for 24 h in an incubator at 37°C at
5 % CO5. THLE-2 cell line was cultured in RPMI 1640 medium (Euro-
clone, UK), with the addition of 10 % fetal bovine serum (FBS, Euro-
clone, UK), 1 % penicillin (100 U/mL) and streptomycin (100 pg/mL),
0.3 mL of human recombinant Epidermal Growth Factor (EGF) (10 pg/
mL), and 0.4 mL of phosphoethanolamine (PEA) (100 pg/mL.



R. Gasparro et al.
2.3. Vesicles internalization assay

The internalization of LNVs and iLNVs in THLE-2 was evaluated by
confocal microscopy. LNVs and iLNVs were incubated at room temper-
ature with the lipophilic dye PKH26 (10 pM) for 20 minutes. Once the
incubation time was over, the labeled vesicles were centrifuged at
14,000 rpm for 10 minutes to eliminate the excess of unbound dye. The
pellet obtained was subjected to 4 washes in PBS and finally resus-
pended in RPMI medium 1640. THLE-2 cells were seeded at 3 x10* cells
per well in 8-well chamber (Thermo Scientific Nunc, Waltham, MA,
USA). After 24 h, cells were treated for 2 h and 6 h with the labeled LNVs
(10 pg/mL and 25 pg/mL) or iLNVs (2.5 pg/mL). After the treatment,
cells were fixed with PFA 4 % and membranes were temporarily per-
meabilized with 0.1 % Triton. Cell staining was performed by incubating
for 30 minutes with Hoechst (Invitrogen Biosystems, Thermo Fisher
Scientific, Waltham, MA, USA) prepared 1:1000 in PBS and Actin Green
(Invitrogen Biosystems, Thermo Fisher Scientific, Waltham, MA, USA).
The internalization of LNVs and iLNVs in target cells was analyzed
through confocal microscopy (Nikon A1).

2.4. Cell viability assay

The 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide
(MTT) colorimetric assay was used as an indicator of cell viability. The
MTT assay was performed to establish doses of nanovesicles that were
not toxic to THLE-2; cells were seeded in triplicate, in a 96-well plate (1
%10* cells per well) and after 24 h were subjected to 24 h treatment with
LNVs (10 pg/mL, 25 pg/mL) or with iLNVs (2.5 pg/mL). At the end of the
treatment, the MTT solution (5 mg/mL stock) was added to each well in
a 1:10 ratio. After 3 hours of incubation, the reaction was stopped with
the addition of isopropanol HCl (1 +1/2 of the volume in each well).
Absorbance was determined using an ELISA reader set to 540 nm
(Microplate Reader, BioTek, Winooski, VT, USA).

2.5. ROS quantification assay

The 2,7-dichlorodihydrofluorescein diacetate (H2DCFDA) probe
was used to perform ROS quantification assay in THLE-2 pre-treated
with LNVs (10 pg/mL and 25 pg/mL) or with iLNVs (2.5 pg/mL) and
exposed to menadione (5 pM and 10 puM). The probe, excited at a
wavelength of 485 nm, emits a signal at 535 nm (blue reading) detected
by fluorescence spectroscopy. THLE-2 were seeded in triplicate, 1 x10*
per well, in a 96-well plate (Nunclon Delta Surface 96-well plate by
Thermo Fisher Scientific, Waltham, MA, USA), and after 24 h cells were
pre-treated with LNVs or iLNVs. At the end of 24 hours, the medium
containing the vesicles was removed and, in a medium FBS-free, the
probe (10 pM) and the menadione (5 or 10 pM) were added at the same
time. Using the Glomax Multi Detection Plate Reader (Promega, Madi-
son, WI, USA), a reading of the fluorescence emitted was carried out to
quantify the level of intracellular ROS.

2.6. RNA isolation, cDNA synthesis and Real-time PCR

8 x10* cells were seeded in a 12-well plate. Cells were pre-treated for
24 h with vesicles (10 pg/mL and 25 pg/mL) or with iLNVs (2.5 pg/mL)
and then treated for 30 minutes with menadione (5 pM), added without
medium removal. HFD-fed rats were administered with iLNVs as re-
ported in the “2.9 In Vivo Model” section. Total RNA was purified from
cells using Nucleospin miRNA Kit (Macherey-Nagel, Diiren, Germany)
and from animal biopsies with NucleoSpin RNA Set for NucleoZOL
(Macherey-Nagel, Diiren, Germany). The total RNA was quantified with
Nanodrop spectrophotometer (NanoDrop Technologies, Wilmington,
NC, USA) and Retrotranscription from RNA to cDNA was executed using
the High-Capacity cDNA Reverse Transcription kit (Applied Biosystems,
Foster City, CA, USA). Real-time PCR was performed with SYBR Green
mix (Applied Biosystems, Foster City, CA, USA). Modulations in target
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genes were determined, relative to actin, using the AACt method.
2.7. Western blot

THLE-2 were seeded 3 x10° per flask (T25), pre-treated for 24 h with
10 pg/mL and 25 pg/mL of LNVs or with 2.5 pg/mL of iLNVs, and
treated with 5 pM menadione for 30 minutes. Once the treatment time
was over, the cells were collected and resuspended in PBS. HFD-fed rats
were administered with iLNVs as reported in the “2.9 In Vivo Model”
section. The liver tissue was collected after the animals had been
sacrificed and cut into smaller pieces. THLE-2 cells and hepatic biopsies
were resuspended in a lysis buffer (consisting of 50 mM Tris-HCl pH 7.6,
300 mM NaCl, 0.5 % TritonX-100, 1X PMSF, 1X leupeptin, 1X aprotinin,
phosphatase inhibitors 1X (Phosphatase inhibitor cocktail 10X) and HyO
milliQ). Quantitation was performed using Coomassie Brilliant Blue and
a biophotometer. The samples for the WB were then prepared: adding
the HyO, the sample buffer (4X) and the reducing agent (10X) to the
proteins and denaturing them for 10 minutes at 70°C. Samples were
loaded onto an SDS-page BoltTM 4-12 % Bis-Tris Plus gel (Invitrogen,
Waltham, MA, USA) and, in the presence of a running buffer consisting
of MES and H5O. After the electrophoretic run at 165 V, the transfer of
the proteins from the gel to a nitrocellulose membrane (Amersham,
Healthcare Life Sciences, Little Chalfont, Buckinghamshire, UK) inserted
into transfer buffer (20 % methanol, HyO, 10X trisglycine) was
completed at 50 V. The membrane was incubated at 4°C for 1.30 h with
1 % BSA to block the non-specific antibody binding sites. The primary
antibody (prepared in BSA 1 %) was incubated overnight at 4°C. The
following day the secondary antibody was added (1:1000 in BSA 1 %) at
4°C for 1 h. The primary antibodies used were anti-Nrf2 (Novus Bi-
ologicals, Centennial, CO, USA), anti-HO-1 (Bioworld Technology, An-
tibodies, St. Louis Park, MN, USA), anti-f-actin (Santa Cruz
Biotechnology, Santa Cruz, CA, USA). The Amersham ECL Western
Blotting Detection Reagent solution (Detection Reagent 1 and 2 in a 1:1
ratio) (GE Healthcare Life Sciences, Little Chalfont, Buckinghamshire,
UK) allowed the detection of the chemiluminescence signal and the
highlighting of the protein band using the “ChemiDocTMMP” (Bio-rad,
Hercules, CA, USA). "Image Lab" software was utilized for the densito-
metric analysis of the bands.

2.8. Immunofluorescence assay

To evaluate the nuclear Nrf2 expression after the pre-treatment with
LNVs/iLNVs and the following treatment with menadione, immunoflu-
orescence protocol was performed, and the signal was detected by
confocal microscopy. 25 x10° cells per well were plated on an 8-well
chamber (Thermo Scientific Nunc, Waltham, MA, USA) and these
were pre-treated for 24 hours with LNVs (10 pg/mL and 25 pg/mL) or
with iLNVs (2.5 pg/mL). The day after, cells were treated for 30 minutes
with menadione (5 pM). Once the treatment time with menadione was
over, THLE-2 cells were fixed with PFA 4 % for 10 minutes. After the
permeabilization of membranes with Triton 0.1 %, the incubation for 1 h
with the anti-Nrf2 primary antibody (Novus Biologicals, Centennial, CO,
USA) diluted 1:200 in 1 % BSA and then the incubation for 1 h with the
secondary antibody (Goat anti-Rabbit IgG H-+L Secondary Antibody,
DyLight™ 594, Invitrogen Biosystems, Thermo Fisher Scientific, Wal-
tham, MA, USA) prepared 1:500 in 1 % BSA was performed. Nuclei and
cytoskeleton were respectively labeled for 30 minutes with Hoechst
(Invitrogen Biosystems, Thermo Fisher Scientific, Waltham, MA, USA)
prepared 1:1000 in PBS and Actin Green (Invitrogen Biosystems,
Thermo Fisher Scientific, Waltham, MA, USA). The Nikon A1l confocal
microscope (Amsterdam, Netherlands) was used to observe the fluo-
rescence. The amount of nuclear and total Nrf2 was quantified using the
NIS-Elements Software. The nuclear Nrf2 was calculated by measuring
the media of fluorescence of the Region of interest (ROI) in the nuclei for
each field analyzed (n=7-9). The total Nrf2 was calculated by
measuring the media of total fluorescence associated with the ROI
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Table 1
Oligonucleotides used in qRT-PCR.
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Human Forward Sequence (5to 3) Reverse Sequence (5to 3)

ACTIN TCCCTTGCCATCCTAAAAAGCCACCC CTGGGCCATTCTTCCTTAGAGAGAAG
NRF2 CACATCCAGTCAGAAACCAGTGG GGAATGTCTGCGCCAAAAGCTG
HO-1 CCAGGCAGAGAATGCTGAGTTC AAGACTGGGCTCTCCTTGTTGC

Rat Forward Sequence (5to 3) Reverse Sequence (5to 3)

ACTIN AAGGCCAACCGTGAAAAGAT TGGTACGACCAGAGGCATAC

NRF2 CACATCCAGACAGACACCAGT CTACAAATGGGAATGTCTCTGC
HO-1 ACAGGGTGACAGAAGAGGCTAA CTGTGAGGGACTCTGGTCTTTG

divided by the number of nuclei of every single field (n=7-9).

2.9. In Vivo model

2.9.1. Animals and diet composition

Male Wistar rats (9-week-old, n = 10) were obtained from Envigo S.r.
1 (Indianapolis, Indiana) and housed in pairs with a 12-hour light/dark
cycle from 8:00-20:00 h with stable conditions of temperature (22-24
oC) and humidity (50 + 10 %). Once in the animal facility, rats were
maintained in a 7-day acclimation period, initially receiving a standard
chow diet (i.e.3.94 kcal/g). After this period, they were weighed to
exclude eventual initial differences and included into two uniform
groups that were both fed with a high-fat diet (HFD) provided by
Mucedola (Milan, Italy), whose code is “PF4215-PELLET”. This diet al-
lows to derive 60 % of energy from fats since it is a hypercaloric
pelletized diet (5.5 Kcal/g) with 34 % fat, 23 % protein, 38 % carbo-
hydrates, and 5 % fiber, that was provided for 10 weeks to induce MetS
based on established criteria from previous literature [13];[18].
Throughout the experiment, all rats had unrestricted access to food and
water. Animal experimentantion adhered to the ARRIVE guidelines and
the European Directive (2010/63/EU). The University of Palermo’s
animal welfare committee approved the experimental protocols, and the
Ministry of Health (Rome, Italy) granted authorization (Authorization
Number n° 386/2024-PR).

2.9.2. Experimental design and nutritional supplementation
The experimental in vivo study is segmented into three distinct
phases: TO (initiation), T1 (Metabolic Syndrome induction), and T2

— Initial Group Allocation (T0): following the acclimatization phase (7
days), animals were fed with HFD for 10 weeks until the induction of
Metabolic Syndrome.

— Metabolic Syndrome Induction and Group Stratification (T1): Veri-
fication of Metabolic Syndrome induction was performed at T1 after
10 weeks of HFD, employing established protocols.[13]°[18] Ani-
mals were subsequently stratified into two groups relatively to the
nutritional treatment received (iLNVs or vehicle) from T1 until T2,
reached four weeks after T1. The HFD-iLNVs group (n=6) received
daily iLNVs supplementation until T2, while the second group (HFD,
n=4) representing the Metabolic Syndrome control was fed with the
HFD and received daily gavage of vehicle (water) until T2 to make
sure that they were under identical stress conditions as the
HFD-iLNVs group.

- Experiment Conclusion (T2): This timepoint represents the end of the
experimental study, occurring 14 weeks after the beginning (TO0).
Animals were sacrificed at T2 following authorized procedures to
perform subsequent ex-vivo analyses.

Fig. 1 illustrates the experimental plan of the in vivo study.

2.9.2.1. Dietary supplementation with iLNVs. Dietary supplementation
with iLNVs involved oral gavage administration with a daily volume of
1 mL, corresponding to 1.2 mg/Kg for 4 weeks (T1-T2).

2.9.3. Evaluation of biometric, biochemical, and oxidative homeostasis
parameters

The evaluation of in vivo parameters was performed at T2 to explore
the in vivo effects of iLNVs on MetS-induced alterations via biometric,

10 weeks
High Fat Diet (HFD)

iLNVs or vehicle (water)

4 weeks ] [ Animals sacrifice ]

(experiment conclusion):

N=10
Male Wistar rat

-

T

N=6

HDF +iLNVs rat

iLNVs 1.2 mg/kg

o

Vehicle Liver and blood
| | ‘ collection
N=4

HFD rat

Fig. 1. :

Representation illustrating the metabolic syndrome development in rats and the proposed treatment design.
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biochemical, and oxidative homeostasis assays, after euthanasia in
adherence to authorized protocols. Plasma samples were gathered for
subsequent analyses, encompassing assessments of glucose and lipid
homeostasis, oxidative stress parameters, and plasma antioxidant status.
Additionally, hepatic samples were collected for ex-vivo evaluations.

2.9.3.1. Body weight gain evaluation. The evaluation of body weight of
all the animals was performed throughout the experiment to evidence
eventual differences between groups. In particular, we evaluated the
final weight reached by all animals and we calculated the body weight
gain, i.e. the Delta Body Weight (ABW), considering the final rat weight
with respect to the initial weight recorded at TO.

2.9.3.2. Evaluation of glucose and lipid homeostasis. To assess the impact
of nutritional treatments on glucose homeostasis in Metabolic Syn-
drome, we performed a Glucose Tolerance Test (GTT) at T2 following
previously established methods [13] to. In summary, after fasting
overnight, we collected a blood sample from the tail vein to obtain a
baseline measurement using a Glucometer (Glucotest, Pic). Subse-
quently, a 20 % glucose solution was injected intraperitoneally (2 g/kg
body weight), and blood glucose levels were recorded at 30-, 60- and
120 minutes post-injection. The area under the curve (AUC) was then
derived for the experimental groups based on blood glucose levels
(mg/dL) over time. For lipid homeostasis analysis, blood samples were
collected from each animal at T2 after sacrifice through cardiac punc-
ture. Detailed methods, as outlined in our previous study [13] were used
to assess the effect of iLNVs supplementation. Plasma concentrations of
triglycerides (TG), total cholesterol (TC), low-density lipoprotein
cholesterol (LDL), and high-density lipoprotein cholesterol (HDL) were
measured using commercial kits with the Free Carpe Diem device
(FREE® Carpe Diem; Diacron International, Grosseto, Italy). Results are
presented as mg/dL.

2.9.3.3. Oxidative stress parameters and plasma antioxidant status. The
evaluation of plasma redox balance at T2 was conducted using Diacron
kits, as described in our earlier publications [13]. Prooxidant status was
determined through the dROMs (Reactive Oxygen Metabolites) and
LP-CHOLOX tests. Levels of hydroperoxides, lipoperoxides, and oxidized
cholesterol were measured utilizing the Free Carpe Diem device (FREE®
Carpe Diem; Diacron International, Grosseto, Italy). Data from dROMs
tests are presented in Carratelli units (UCARR), with the normal range
being 250-300 U. CARR, where 1 U. CARR is equivalent to 0.08 mg/dL
of Hy05.[41] The LP-CHOLOX test results, which indicate lipoperoxides
and oxidized cholesterol levels, are expressed in mEq/L.

Regarding plasma antioxidant status, the SHp test assessed thiol
groups’ reducing properties, gauging the potential of iLNVs extracts to
counteract thiol group oxidation and favor reduced forms. Furthermore,
we investigated the levels of anti-ROMs, which is a colorimetric method
based on the ability of plasma antioxidants to reduce ferric iron to
ferrous iron which reacting with a specific chemical compound gives rise
to reddish-purple solution [42]. The Anti-ROMs Test develops the re-
action in two stages: in the first, it evaluates rapid exogenous antioxi-
dants called “fast” such as Vitamin C and vitamin E (“exogenous
anti-ROMs”) and after it reveals “slow” antioxidants such as uric acid,
thiol group, bilirubin, and polyphenols (“endogenous anti-ROMs”). The
analysis was performed on previously heparinized plasma samples using
a photometer (FREE® Carpe Diem) and measurements were conducted
by commercial kits (Diacron International, Grosseto, Italy). For the
interpretation of the results, reference values were used according to
data reported in the literature [42], which predict optimal values for
exogenous antioxidant defenses over 200 pEq/L and for endogenous
antioxidant defenses values over 1000 pEq/L. Otherwise, values of
exogenous antioxidants below 100 pEq/L and endogenous antioxidants
below 500 pEq/L are considered high deficiency.
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2.10. Immunohistochemistry

The immunohistochemical reactions were carried out on 5 pm thick
hepatic tissue sections, obtained from paraffin blocks, as previously
described in detail [40]. The primary antibody used was anti-Nfr2
(rabbit polyclonal antibody, NOVUS BIO-Techne Abingdon, United
Kingdom, NBP1-32822 dilution 1:200). An optical microscope (Micro-
scope Axioscope 5/7 KMAT, Carl Zeiss, Milan, Italy) with a digital
camera (Microscopy Camera Axiocam 208 color, Carl Zeiss, Milan, Italy)
was used to observe the slides. Immunopositivity was evaluated at
high-power-field (HPF, magnification 400x), conducted over 10 HPFs,
with the results expressed as a percentage.

2.11. Statistical analysis

Statistical analysis was performed using GraphPad Prism software
(Version 10.1.0 (316), GraphPad Software, Inc., La Jolla, CA, USA). The
Shapiro-Wilk test was used to evaluate the normal distribution of the
data. For normally distributed datasets, an unpaired two-tailed Stu-
dent’s t-test was employed to determine statistical significance between
groups. When data did not pass the normality test, the non-parametric
Mann-Whitney test was applied for comparisons. Differences were
considered significant when p < 0.05. The results are presented as the
mean =+ standard deviation (SD).

3. Results
3.1. Internalization of LNVs and iLNVs in THLE-2 cells

Lemon nanovesicles were in-depth characterized in our earlier
studies [26,39,40]. Electron microscope, dynamic light scattering (DLS),
and Atomic Force Microscopy (AFM) analysis showed the integrity and
size of Lemon-derived nanovesicles produced at laboratory scale (LNVs),
ranging between 50-80 nm [27,40]. Furthermore, the proteomic anal-
ysis showed that 56.7 % of proteins in our dataset overlapped with those
previously identified as exosome proteins in mammalian models. Be-
sides focusing on LNVs, we have recently characterized industrial
Lemon-derived nanovesicles (iLNVs) at dimensional, morphological,
and metabolomic levels [40]

In the current study, to evaluate the ability of LNVs and iLNVS to
interact with mammalian cells, nanovesicles were labeled with PKH26
(red signal) and incubated with THLE-2 cells.

The LNVs and iLNVs doses were chosen based on our previous
studies on other cellular and animal models [27,40]. In one of our works
[40] 2.5 and 5 pg/mL doses were tested in THP1 MO cells; preliminary
data from THLE2 cells suggested that the 2.5 pg/mL dose was sufficient
to produce a biological response, making it the preferred choice for this
current study.

After 2 h and 6 h of treatment with 10 pg/mL or 25 ug/mL LNVs, and
with 2.5 pg/mL iLNVs, immunofluorescence protocol was executed, and
THLE-2 cells were observed at confocal microscopy. Fig. 2 shows the
time-dependent internalization of LNVs and iLNVs.

3.2. Antioxidant effects of Lemon-derived nanovesicles on THLE-2
exposed to menadione

3.2.1. The treatment with LNVs and iLNVs does not alter cell viability and
reduces ROS levels

To assess whether LNVs and iLNVs affect hepatocyte cell viability,
the MTT assay was performed.

The doses have been selected according to our previous studies using
vesicles obtained through two distinct approaches [27,40]. As shown in
Fig. 3A, 24 h of treatment with LNVs (10 pg/mL and 25 pg/mL) and
iLNVs (2.5 pg/mL) does not induce a reduction in cell viability.

As mentioned above, different factors can induce ROS production in
hepatocytes [5], potentially triggering liver disease. To explore the
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Fig. 2. : LNVs and iLNVs are internalized by THLE-2. Confocal microscopy images show the internalization of LNVs (10 pg/mL and 25 pg/mL) and iLNVs (2.5 pg/
mL) by THLE-2 after 2 h and 6 h of treatment. LNVs and iLNVs were labeled red with PKH26, nuclei were stained blue with Hoechst, and cytoskeletons were stained

green with Actin green.

possible antioxidant properties of LNVs and iLNVs in human healthy
hepatocytes, ROS production was quantified after exposure to mena-
dione, a well-known pro-oxidant molecule. Compared to untreated cells,
menadione at both 5 and 10 pM doses induces an increase in ROS levels
(Figure S1). As shown in Fig. 3B, we found a significant reduction of ROS
levels in THLE-2 pre-treated for 24 hours with LNVs (10 and 25 pg/mL)
or iLNVs (2.5 pg/mL) and subsequently subject for 30 and 60 minutes
with menadione 5 uM (Fig. 3B, upper panel) and 10 pM (Fig. 3B, lower
panel) compared to the cells treated with menadione alone. This effect is
more evident in hepatocytes treated with the 5 pM dose of menadione
compared to those treated with the 10 pM dose.

This data validates that the pre-treatment of both LNVs and iLNVs
can exert an antioxidant effect in THLE-2 cells stimulated with
menadione.

3.2.2. The pre-treatment with LNVs and iLNVs regulates Nrf2/HO-1
pathway in vitro

After confirming LNVs and iLNVs’ ability to decrease ROS levels in
THLE-2 cells, we investigated the signaling involved in the antioxidant
response mediated by the nanovesicles. Specifically, we studied the
Nrf2/HO-1 signaling pathway, since previous studies demonstrated its
pivotal role in the antioxidant response [27] and its involvement in the
LNV-mediated antioxidant mechanism [28]. The protein expression of
Nrf2 (Fig. 4A and Figure S2) was evaluated in cells pre-treated for
24 hours with LNVs (10 pg/mL and 25 pg/mL) or iLNVs (2.5 pg/mL)
and subsequently subjected to a 30-minute treatment with menadione
(5 pM). When THLE-2 cells were pre-treated with LNVs or iLNVs, Nrf2
protein expression was upregulated compared to treatment with
menadione alone; this upregulation is statistically significant in cells
pre-treated with 10 and 25 pg/mL of LNVs.

Furthermore, as Nrf2 is a crucial antioxidant transcription factor
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Fig. 3. The treatment with LNVs and iLNVs does not alter cell viability and
reduces intracellular ROS production. A) THLE-2 cell viability was evaluated by
MTT assay after 24 h of treatment with LNVs (10 pg/mL and 25 pg/mL) and
iLNVs (25 pg/mL). Histograms show the percentage of cell viability compared
to untreated cells (cn), with values presented as mean + SD (n=3-4). B) THLE-2
cells were pre-treated with LNVs (10 pg/mL and 25 pg/mL) or iLNVs (2.5 pg/
mL) for 24 hours, then exposed to 5 pM (upper panel) and 10 uM (lower panel)
menadione for 30 and 60 minutes and to DCFDA. Fluorescence intensity indi-
cate ROS levels. Values are shown as mean + SD (n=3). Statistical significance
between groups (menadione-treated cells vs. LNVs/iLNVs pre-treated +
menadione) was determined using a two-tailed Student’s t-test.

capable of translocating in the nucleus, we demonstrated its activation
by examining both the total and nuclear fractions. In-depth, through
confocal analysis, we observed a significant increase in the total and
nuclear levels of Nrf2 (Fig. 4B) in LNVs/iLNVs pre-treated THLE-2,
confirming the ability of nanovesicles to stimulate Nrf2 expression. This
finding is pivotal since Nrf2 can determine the transcription of crucial
antioxidant molecules such as HO-1. Consequently, we investigated the
protein expression of HO-1 (Fig. 4C and Figure S3) and we observed a
trend of increase in HO-1 protein expression after 24-hour pre-treatment
with LNVs or iLNVs. These data support the correlation between LNVs/
iLNVs antioxidant effects and these two mediators of the antioxidant
response.

3.3. Effects of iLNV supplementation on body weight

In the in vivo model, the animals were initially balanced under basal
conditions with comparable average weights at TO. In order to induce
MetS, rats were fed with HFD for 10 weeks (from TO to T1) and then
(from T1 to T2) they were supplemented daily with iLNVs or vehicles. At
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the end of the experiment (T2), final body weight was statistically
compared using a two-tailed Student’s t-test, that outlined significant
differences between HFD and HFD-iLNVs (t = 2.359; df=8; p=0.046;
Fig. 5A). Also, body weight gains, calculated with respect to initial
weight (T0), showed significant decreases in HFD-iLNVs versus HFD (t =
4.119; df=8; p=0.003; Fig. 5B).

3.4. Effects of iLNV supplementation on glucose tolerance and lipid
homeostasis

The GTT performed at T2 outlined significant differences between
HFD and HFD-iLNVs in glucose homeostasis, by evaluating the AUC. The
student’s t-test highlighted a decrease in HFD-iLNVs vs. HFD group (t =
2.96, df = 8, p = 0.018, Fig. 6A).

As for lipid homeostasis, plasma samples were collected from groups
to observe eventual modifications in lipid profile in MetS following
treatment with iLNVs at T2. Statistical analyses evidenced significant
reductions of TG levels in HFD rats supplemented with iLNVs (U=2;
p=0.038; Fig. 6B). The parameters related to cholesterol levels showed a
non-significant variation of total cholesterol levels, a marked decrease in
LDL cholesterol (t = 4.874, df = 8, p = 0.0012, Fig. 6C), and a related
increase in HDL cholesterol (t = 2.744, df = 8, p = 0.0253, Fig. 6C) in
HFD-iLNVs rats compared to HFD group.

3.5. Impact of iLNV supplementation on plasma redox homeostasis
biomarkers

At T2, we assessed antioxidant and pro-oxidant status in both groups
of rats. Notably, statistical significance emerged from the analysis of
plasma samples related to the systemic pro-oxidant status. Indeed, iLNVs
supplementation in HFD rats reduced both dROMs and LP-Cholox levels
compared to the HFD group (respectively: t = 3.73, df = 8, p = 0.0058
and t = 9.57, df = 8, p<0.0001, as illustrated in Fig. 7A).

Furthermore, it was revealed a significant amelioration in the anti-
oxidant capacity of animals in the HFD-iLNVs group compared to the
HFD group. Specifically, an unpaired t-test was conducted on the values
of the SHp and endogenous Anti-ROMs test, indicating a significant in-
crease in HFD-iLNVs compared to HFD (respectively: t = 3.22, df = 8, p
= 0.012 and t = 2.864, df = 8, p = 0.021, as shown in Fig. 5B). Non-
significant differences were observed in the analysis of exogenous
Anti-ROMs (Fig. 7B).

3.6. The administration of iLNVs regulates Nrf2/HO-1 signaling in HFD-
fed rats liver

Also in the in vivo experiments, in accordance with the in vitro part of
the study, Nrf2 and HO-1 modulation were investigated in the HFD rat’s
liver. In detail, we observed a significant increase of Nrf2 and HO-1
transcript levels in the HFD-iLNVs rat group compared to the un-
treated HFD-fed rats (Fig. 8A). Furthermore, the statistically significant
upregulation of HO-1 was validated at the protein level, whereas for
Nrf2, we observed a non-significant increasing trend in the HFD-iLNVs
group (Fig. 8B and Figure S4). Nevertheless, immunohistochemical
analysis of the hepatic tissue strongly indicated that Nrf2 is predomi-
nantly cytoplasmic in untreated HFD-fed rats, but it is mostly nuclear in
the iLNV-treated group (Fig. 8C). As a result, the data reported herein
confirm the activation of Nrf2/HO-1 antioxidant signaling in the livers
of rats administrated with iLNVs.

4. Discussion

Citrus fruits are worldwide recognized to be essential elements in the
everyday diet. Within Citrus limon, there are several essential natural
compounds, including flavonoids, minerals, essential oils, and caroten-
oids, all known for their positive impact on health, due to their natural
anti-inflammatory and antioxidant characteristics [43]. However, one of
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Fig. 4. The pre-treatment with LNVs and iLNVs regulates the Nrf2/HO-1 pathway in vitro. A) Western Blot analysis of Nrf2 and p-actin in THLE-2 pre-treated with
LNVs/iLNVs for 24 h and with menadione (5 pM) for 30 minutes. B) Confocal microscopy of THLE-2 cells pre-treated with LNVs/iLNVs for 24 h and with menadione
(5 uM) for 30 minutes. THLE-2 cells were stained for Nrf2 and labeled with Hoechst for nuclear visualization (blue) and with Actin Green for the cytoskeleton (green).
The histograms show the quantification of the total (upper panel) and nuclear (lower panel) Nrf2; the data are the mean+SD (n=7-9). The statistical significance of
the differences was analyzed using a two-tailed Student’s t-test. C) Western Blot analysis of HO-1 and p-actin in THLE-2 pre-treated with LNVs/iLNVs for 24 h and
with menadione (5 pM) for 30 minutes. Densitometric analysis values are the mean (+ SD) of the normalized protein levels against the loading control (n=4).

the major problems with the dietary intake of natural compounds is

their

low stability and bioavailability caused by their reduced absorption and
the digestive activity of the organism. From this premise arises the sci-
entific community’s interest in plant-derived nanovesicles, recognized
for their distinctive characteristics, such as low immunological risk and,
notably, heightened bioavailability. Their lipidic biolayer can exert an

essential role in the preservation of the metabolites, RNA, and proteins
packed into them, increasing the bioavailability of all these compounds

[44-46].

Here, we aim to investigate the hepatoprotective effect of Lemon
nanovesicles in THLE-2 cells and HFD-fed rat model. Findings correlated
to plant-derived nanovesicles have indeed emerged as a crucial starting
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Fig. 6. iLNVs improve glucidic and lipid homeostasis altered in HFD-fed rats. HFD-fed rats were orally administered for 4 weeks with 1.2 mg/Kg of iLNVs and we
measured A) AUC, B) TG, C) Total Cholesterol, LDL and HDL were measured with commercial kits. The statistical significance of the differences between the two
groups (iLNVs-HFD vs the HFD group) was analyzed using a two-tailed Student’s t-test.

point for investigating and understanding cross-kingdom communica-
tion and numerous studies have been conducted to analyze the inter-
action between nanovesicles derived from plants and mammalian
targets.

Our study focuses not only on the evaluation of the hepatoprotective
effects of nanovesicles produced in the laboratory but also on those
produced on an industrial scale. Industrial production may represent a
useful and excellent way to have easier access to lemon nanovesicles

making them better applicable in the therapeutic and nutraceutical
fields allowing a large-scale use. We have previously conducted a
qualitative and quantitative metabolomic characterization of lemon
nanovesicles produced at laboratory scale [39] and at industrial scale
[40], showing overlapping profiles in terms of flavonoid and organic
acid content.

Nowadays, antioxidants derived from plants are directly employed to
tackle diseases linked to oxidative stress [47]. In their research, Savci
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Fig. 7. iLNVs reduce systemic oxidative stress and increase systemic antioxidants. After the HFD-fed rats were orally administered for 4 weeks with iLNVs (1.2 mg/
Kg), A) systemic oxidative stress parameters d-ROM and LP-CHOLOX and B) systemic antioxidants SHp, endogenous anti-ROMs (SH, uric acid, polyphenols) and
exogenous anti-ROMs (vitamin C, vitamin E). The differences between the iLNVs-HFD and the HFD group were evaluated for statistical significance using a two-tailed

Student’s t-test.

et al. evaluated how EVs isolated from grapefruit promote wound
healing [30] and reduce the level of intracellular ROS increased via
H50,-induced oxidative stress in HaCaT cells. In accordance with that,
we recently found the capability of LNVs in reducing ROS levels and in
activating the antioxidant pathway of Nrf2 in a fibroblast model stim-
ulated with HoO5 and UVB, and in zebrafish embryos stimulated with
LPS [27]. Here, we further expanded our data and underlined the ability
of LNVs and iLNVs to reduce ROS levels in human healthy hepatocytes
stimulated with menadione, a quinone and vitamin K analog. Mena-
dione has the capability to transfer electrons from ETC complex I to
oxygen, thereby producing superoxide [48], and has been widely used to
induce oxidative stress and cell damage [49-52].

Undoubtedly, overproduction of ROS is a primary mechanism
contributing to mitochondrial dysfunction, leading to lipid peroxidation
and that consequently can induce the development of several diseases,
such as hepatic disorders [53,54]. To maintain the level of ROS at a
physiological level, the liver is equipped with various antioxidant sys-
tems with enzymatic activity. Among these processes, some rely on the
activation of ARE, in turn regulated by Nrf2 [8] whose gene expression
can be modulated by administering nanoparticles derived from plants
[28].

For example, studies have shown that nanovesicles derived from
Aloe vera contribute to wound healing by exerting antioxidant effects,
by the activation of Nrf2 signaling [55]. In line with this, Ginger EVs,
increased the nuclear translocation of Nrf2, which is implicated in the
modulation of antioxidant-related gene, such as HO-1 [56]. In this study,
we demonstrate that LNVs and iLNVs can induce the upregulation of the

10

Nrf2/HO-1 signaling and a higher expression of nuclear Nrf2, which is
consequently associated with its active transcriptional status.

Considering these powerful beneficial properties, plant-derived
nanovesicles can be used to prevent or fight against multiple diseases.
Recent studies indicate that exosome-like nanovesicles derived from
yams may serve as effective oral treatments for osteoporosis [57],
whereas nanovesicles from orange juice might be useful for managing
obesity-related intestinal issues [58]. Furthermore, a recent study vali-
dates the therapeutic benefits of turmeric-derived nanoparticles
(TDNPs), which contain natural bioactive compounds. TDNPs reduce
oxidative stress, support fibroblast activity, and shift macrophage po-
larization, restoring the communication between fibroblasts and mac-
rophages and accelerating diabetic wound healing [59]. In line with
these studies, plant-derived nanovesicles can also exert hepatoprotective
effects in vivo. Ginger-derived nanoparticles possess a protective impact
against alcohol-induced liver damage in mice [56] while the adminis-
tration of mice with blueberry-exosome-like nanovesicles improves liver
function, halts vacuole formation, and reduces the accumulation of lipid
droplets in the livers of animals exposed to a high-fat diet [28].

In addition to the evaluation of the effects of the nanovesicles on in
vitro models, in our study, we reported the hepatoprotective effect of
iLNVs in HFD-fed rats with MetS. NAFLD, the hepatic manifestation of
MetS, is indeed one of the main causes of loss of hepatic function in the
Western world and is often correlated with type 2 diabetes and obesity
[60,61]. In obesity conditions, the gathering of fat in the abdominal area
influences both lipid and glucose metabolism, resulting in a fat-laden
and insulin-resistant liver [62]. Our results reveal that the oral
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administration of iLNVs for 4 weeks to HFD rats is linked to an
improvement in biometric parameters such as the final body weight and
the body weight gained by rats throughout the study. These favorable
outcomes are in line with the amelioration of glucose and lipid ho-
meostasis encountered in HFD rats supplemented with iLNVs. Indeed,
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we demonstrated that iLNVs ameliorated glucose tolerance by reducing
AUC. This supports the idea that administering natural compounds to
HFD-fed animals can influence the deleterious effect of MetS on glucose
metabolism by decreasing blood glucose levels, inducing a hypoglyce-
mic effect, and improving the histopathological characteristics of
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hepatic tissue [13,63]. Moreover, plant derivates can improve the ho-
meostasis of lipid parameters in the HFD-fed state. Accordingly, here we
found that iLNVs can decrease TG and LDL levels and can increase the
amount of HDL cholesterol. The effects of iLNVs on lipid homeostasis,
support their functional modulatory role, which is indicative of
improved hepatic lipogenesis.

Crucially, our assessment of plasma redox balance unveiled that
systemic oxidants are markedly reduced, alongside an enhancement of
antioxidant defenses such as SHp and endogenous anti-ROMs.

In particular, the improved markers of oxidative state suggest that
after iLNVs the hepatic production of primary lipoperoxide and hydro-
peroxide radicals, respectively assessed by LP-Cholox and dROMs, is
reduced. Hydroperoxides, along with lipoperoxidation, have been
identified as significant factors contributing to severe alterations that
initiate oxidative damage in the liver of both humans and animals [64].

In accordance with this, we found improved levels of SHp and of the
endogenous antiROMs also including the antioxidant defenses exerted
by uric acid, bilirubin, and polyphenols. However, the non-significant
effect of iLNVs on exogenous antiROMs, in terms of vitamins, agrees
with the low levels of liposoluble vitamins present in the iLNVs [40]. In
this context, SHp level is an established marker of endogenous antioxi-
dant status since it denotes the homeostasis between thiols and disul-
fides, essential for cellular signaling pathways including, cell signaling
cascades, apoptosis, detoxification processes, enzymatic efficacy, and
transcriptional regulation [65]. Excessive production of reactive oxygen
species (ROS) can lead to the oxidation of thiol groups, forming disulfide
bridges and shifting the balance toward a more oxidized state. However,
this process is reversible and treatments that enhance endogenous
antioxidant defenses can shift the balance back in favor of thiols, as
observed following iLNVs supplementation in our research and in pre-
vious studies[13,66]. Intriguingly, Nfr2 has been indicated as an up-
stream activator of the thiol-dependent redox signaling [67], hence
supporting the putative influence of iLNVs on Nrf2/HO-1 antioxidant
signaling which we found up-regulated in HFD rat liver. Nrf2 indeed
regulates the expression of various thiol-based antioxidant enzymes,
such as thioredoxin 1 and its corresponding reductase, sulfiredoxin, and
peroxiredoxins 1 and 6 [68-70]. Consequently, the treatment with
iLNVs could determine the activation of endogenous antioxidant
mechanisms and have an effect in reducing Nrf2-mediated oxidation of
thiol groups. In connection with this, we presumed that the antioxidant
and hepatoprotective effect of lemon nanovesicles is not mediated by the
action of a single compound, but by the combination of multiple con-
tents within the nanovesicles and protected by the lipidic bilayer.
Therefore, lemon-derived nanovesicles can be considered efficient ve-
hicles, able to release their content inside mammalian cells. This is the
main step to understand the recent intriguing aspect of the
cross-kingdom interaction and its revolutionary and functional role in
regulating mammalian pathological processes, such as hepatic disease.

Conclusions and limitations of the study

To conclude, lemon nanovesicles could be applied to human health,
particularly for their role in disease prevention. Furthermore, here we
demonstrated for the first time the antioxidant and hepatoprotective
properties of nanovesicles isolated from lemon both in vitro, using
human healthy hepatocytes, and in vivo, in HFD-fed rats. Despite the
promising results obtained in demonstrating the antioxidant and hep-
atoprotective effects of lemon nanovesicles, further investigations will
be necessary to determine the pathways responsible for nanovesicle
effects. While in this study we focused on Nrf2/HO-1 signaling, addi-
tional molecular pathways can be investigated, for example, those
mediated by RNA delivered by LNVs. Further studies will be also aimed
at evaluating whether the effects of nanovesicles could be gender-
related in the HFD rat model.
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