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ARTICLE INFO ABSTRACT

Keywords: Plant-derived nanovesicles (PDNVs) have recently emerged as natural delivery systems of biofunctional com-
Pl'ant-d'erived nanovesicles pounds toward mammalian cells. Considering their already described composition, anti-inflammatory properties,
Citrus limon L. stability, and low toxicity, PDNVs offer a promising path for developing new preventive strategies for several
Inflammatory bowel disease . . . . . .

Inflammation inflammatory diseases, among which the inflammatory bowel disease (IBD). In this study, we explore the pro-
Oxidative stress tective effects of industrially produced lemon vesicles (iLNVs) in a rat model of IBD. Characterization of iLNVs
Microbiota reveals the presence of small particles less than 200 nm in size and a profile of bioactive compounds enriched in

flavonoids and organic acids with known beneficial properties. In vitro studies on human macrophages confirm
the safety and anti-inflammatory effects of iLNVs, as evidenced by the reduced expression of pro-inflammatory
cytokines and increased levels of anti-inflammatory markers. As evidenced by in vivo experiments, pre-treatment
with iLNVs significantly alleviates symptoms and histological features in 2,4 dinitrobenzensulfuric acid (DNBS)-
induced colitis in rats. Molecular pathway analysis reveals modulation of NF-xB and Nrf2, indicating anti-
inflammatory and antioxidant effects. Finally, iLNVs affects gut microbiota composition, improving the consis-
tent colitis-related alterations. Overall, we demonstrated the protective role of industrially produced lemon
nanovesicles against colitis and emphasized their potential in managing IBD through multifaceted mechanisms.

multifactorial, attributable to the interplay of genetic, environmental,
microbial, and immunologic factors. It has been hypothesized that in a

1. Introduction

Inflammatory Bowel Disease (IBD) is a class of chronic relapsing
inflammatory disorders [1], including Crohn’s disease (CD) and ulcer-
ative colitis (UC), with unknown aetiology. The causes of IBD onset are
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genetically predisposed individual, an inappropriate and persistent in-
flammatory response is established against the commensal bacterial
community, resulting in chronic inflammation and damage to the gut
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[2-4]). One of the main consequences of chronic inflammation, as well
as the peculiarities of such diseases, is the alteration of intestinal
permeability, physiologically maintained by tight junctions. In IBDs, a
cascade of events emerges in which the changed permeability permits
antigens and microorganisms, including commensal ones, to penetrate
the lamina propria, to activate immune system cells, triggering the
release of inflammatory mediators, which exacerbates the phlogistic
condition [5]. In a complex scenario where multiple causes cooperate to
determine the occurrence of the disorder, reactive oxygen species (ROS),
produced by the cells of the immune system, are involved, driving the
inflammatory process and promoting the pathogenesis of IBD. Typically,
endogenous antioxidants can efficiently mitigate oxidative stress in the
intestinal mucosa. However, in the case of IBD, inflammation leads to an
imbalance between pro-oxidants and antioxidants due to the increased
requirement for the latter, resulting in mucosal damage [6-9]
Currently, there is no curative treatment, and therapeutic strategies
mainly aim to alleviate symptoms. Conventional therapy involves the
use of anti-inflammatory agents such as corticosteroids, 5-aminosalicy-
lates, and immunosuppressants which usually provide significant sup-
pression of inflammation and relief of symptoms [10-12]. However, a
significant portion of patients do not respond to treatment or became
resistant during the time; moreover, long-term therapies often result in
adverse effects. For these reasons, the need for new preventive and
curative approaches is urgent [8,13-15]. In recent years, alongside
common drugs, increasing attention has been paid to substances of
natural origin. Promising in vitro and in vivo studies have shown that
they are an excellent source of compounds with therapeutic, antioxi-
dant, and anti-inflammatory properties, potentially useful for the man-
agement and prevention of IBD [16-20]. Phytochemicals, including
phenolics and polyphenols, naturally occurring in plants, fruits, and
vegetables, can exert preventive and therapeutic effects through
down-regulation of inflammatory cytokines and enzymes and by the
enhancement of antioxidant defense [21-23]. Among the substances
derived from the plant kingdom, a crucial but less explored role, in the
field of IBD, could be attributed to plant-derived nanovesicles (PDNVs),
nano-sized lipid-bilayer vesicles produced by several plant species that
have increasingly fascinated the scientific community. Although their
role in nature is related to plant immune response, plant-derived
nanovesicles can interact with mammalian cells, mediating
cross-kingdom communication. Increasing evidence shows that PDNVs
exert anti-tumor properties [24-26], reduce oxidative stress [27,28],
modulate the gut microbiota [29,30], and reduce inflammation in
several in vitro and in vivo models [31,32]. In addition, their high sta-
bility and ability to overcome biological barriers, combined with the
possibility of large-scale and low-cost production, make them attractive
for preventive purposes [33,34]. Several research groups have already
characterized the protein, lipid, RNA, and metabolite content of nano-
vesicles isolated from many plant matrices, such as ginger [35,36],
grapefruit [37], grape [38], blueberry [39] and broccoli [40]. Our
research group has previously isolated and characterized nanovesicles
from Citrus limon (LNVs) [25,28,41], demonstrating their
anti-inflammatory and antioxidant properties in vitro and in vivo. In
particular, we found that LNVs exert anti-inflammatory effects on mu-
rine and human immune system cells through the inhibition of
NF-kB/ERK1-2 pathways [41] as well as in zebrafish embryos [28].
To the best of our knowledge, although the biological properties of
nanovesicles purified from lemon have been highlighted in several
studies [25,28,41], there is no data on their impact on IBD. This work
aims to investigate the anti-inflammatory activity of industrially pro-
duced lemon nanovesicles (iLNVs) and their potential utility in the
preventive treatment of IBD. To achieve this, we first characterize and
analyze the contents of iLNVs, their anti-inflammatory activity in mac-
rophages, and we studied in vivo the effects on an experimental model of
IBD, the 2,4-dinitrobenzene sulfonic acid (DNBS)-induced colitis in rat.
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2. Materials and methods

2.1. Isolation of nanovesicles from Citrus limon at industrial scale
(iLNVs)

Nanovesicles were isolated at an industrial scale (iLNVs) using a
patented process (IT patent n° 102019000005090, International Appli-
cation No.PCT/IB2020/053183: “Process for the production of vesicles
from citrus juice”, https://pantentscope.wipo.int/search/en/detail.jsf?
docld=W2020202086). Briefly, lemon juice was obtained at Agru-
maria Corleone s.p.a. (Palermo, Italy), centrifuged at 5000 rpm for
55 seconds, and ultrafiltered using semi-porous membranes with pore
size 50,000 Dalton. The retentate of the ultrafiltered juice was further
purified by microfiltration with a cut-off of 0.45 pm until a permeate-
containing vesicles was obtained.

2.2. Nanoparticle tracking analysis

Nanoparticle Tracking Analysis (NTA) was carried out to measure
the size distribution and concentration of iLNVs (NanoSight NS300,
Malvern Instruments Ltd, UK) as previously described [42]. Samples
were diluted 1:100 in PBS to reach an optimal concentration to maintain
the linearity of the instrument. Particle size measurement was calculated
in three 60-s videos on a particle-by-particle basis to supply accurate
statistics for each analysis. Measurements were conducted under the
following conditions: cell temperature: 23.5°-23.6°C; syringe velocity:
30 pl/s. The registered data were analyzed for mean, mode, median, and
estimated particle concentration by NanoSight NTA 3.3 software with a
detection threshold of 5. Hardware: built-in laser: 45 mW at 488 nm;
camera: SCMOS.

2.3. Qualitative and quantitative metabolomic characterization

Qualitative and quantitative characterization of iLNV metabolites
was carried out at the Botanicals Lab of the Fondazione Toscana Life
Sciences (Siena, Italy). Qualitative analysis of iLNVs was performed by
UHPLC-UV-ESI-MS. Q-Exactive Plus mass spectrometer (ThermoFisher
Scientific) equipped with an electrospray source (ESI) and coupled to an
Ultimate 3000 SD UHPLC (ThermoFisher Scientific). The injected sam-
ples were separated using a Waters BEH C18 Acquity UPLC column
(2.1mmx15cm, 1.7 pm, Waters). Separation with eluent A (H20 +
0.1% (v/v) formic acid) and eluent B (acetonitrile + 0.1%(v/v) formic
acid) was performed in a 50-min gradient at a flow rate of 0.2 mL/min.
Quantitative analysis was performed with different instrumentation
depending on the compounds investigated.

Flavonoids were quantified by HPLC-ESI-MS/MS using a TSQ Quan-
tum Access mass spectrometer (ThermoFisher Scientific) equipped with
an electrospray source (ESI) and coupled to an Agilent 1100 Liquid
Chromatograph (Agilent). Quantitative analysis was performed using
single reaction monitoring (SRM) experiments. Gradient: eluent phases
0.1% formic acid in H20 (phase A) and 0.1% formic acid in acetonitrile
(phase B). The analysis was conducted in gradient with initial condition
10% phase B for 1 minute, subsequent increase to 20% in 12 minutes,
and further increase to 100% in the next 5minutes. Sample volume:
20 ul Chromatographic column: XBridgeTM C18 3.5pm 2.1 mm x
100 mm (Waters). The analyses were performed in a positive mode.
hesperidin, luteolin-7-rutinoside, and eriocitrin were quantified using
SRM experiments, which are based on the identification of characteristic
fragmentations for each compound. In detail, for eriocitrin, the pro-
tonated species [M+H]+ at m/z 597 with respective fragments at m/z
435 and 289 was selected; for hesperidin, the protonated species
[M+H]+ at m/z 611 with respective fragments at m/z 449 and 303; and
for luteolin-rutinoside, the protonated species [M+H]+ at m/z 595 with
respective fragments at m/z 449 and 287.

Citric acid and isocitric acid content were quantified by UHPLC-UV-
ESI-MS consisting of a Q-Exactive Plus mass spectrometer
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(ThermoFisher Scientific) equipped with an electrospray source (ESI)
and coupled to an Ultimate 3000 SD UHPLC (ThermoFisher Scientific).
Analyses were conducted in negative ESI mode. Gradient: eluent phases
0.1% formic acid in H20 (phase A) and 0.1% formic acid in acetonitrile
(phase B). The analysis was conducted in a 5-min gradient, with initial
and final conditions of 60% B and 10% B, respectively. Chromatographic
column: Acquity UPLC Waters BEH HILIC (1.0mmx10cm, 1.7 pm,
Waters). Flow rate: 0.1 mL/min Sample volume: 10 pl. For Citric and
Isocitric acid, it was necessary to rely on the fragmentation study to
identify "unique" fragmentations for each. Analyses were conducted in a
negative mode in this case, and the following characteristic fragmen-
tations were considered: for citric acid, the protonated species [M-H]- at
m/z 191 was selected with the respective fragment at m/z 111, while for
isocitric acid, the deprotonated species (M-H]- at m/z 191) was selected
with the fragment at m/z 155.

For each analyte, solutions of increasing known concentration were
analyzed to obtain the calibration curves for each, checking their linear
trend over the chosen concentration range, and finally the samples. On
these, the areas obtained for the same analytes in the analyzed samples
were interpolated.

2.4. Scanning electron microscope (SEM)

Electron microscopy images were acquired by a FEI-ThermoFisher
Versa 3D electron microscope, operating at 10kV at a working dis-
tance of 9.3-10.3 mm. The sample was deposited on a 3 mm copper
holey carbon coated grid (TAAB); the solvent was evaporated at room
temperature overnight.

The grids were mounted on a STEM sample holder and the samples
were analyzed with 2 different techniques simultaneously: morpholog-
ical analysis was performed through secondary electron (SE), while the
structural details of the samples were evaluated by transmitted electron
(TE). Micrographs were acquired at different magnifications, from
5000x up to 70000x.

2.5. Cell culture

The human monocyte THP-1 cell line was obtained from ATCC
(Manassas, VA, USA). Cells were cultures in RPMI-1640 medium (ATCC,
Manassas, VA, USA) supplemented with 10% FBS, 100 U/mL penicillin,
and 100 pg/mL streptomycin (Euroclone, UK). THP-1 monocytes were
differentiated into MO macrophages (THP-1 MO) according to the
manufacturer’s instructions and as described in the literature [43].
Specifically, cells were plated at 1 x10° cells/mL and incubated at 37°C
with 5% CO, for 48 hours in the presence of 50 ng/mL of Phorbol
12-myristate 13-acetate (PMA, Sigma-Aldrich, Saint Luis, MO, USA);
subsequently, the medium was discarded and replaced with fresh me-
dium for 3 days for cell recovery. The cells were then treated with
different doses of iLNVs as described below.

2.6. Cell viability assays

Cell viability of the THP1 MO cells was determined by MTT (3-[4,5-
Dimethylthiazol-2-yl]-2,5 Diphenyl Tetrazolium Bromide) assay as
previously described [44]. Human monocytes, THP-1 cell line, were
seeded in triplicate at 2 x10* cells/well in 48-well plates and induced to
differentiate into macrophages (THP-1 MO) as previously described
[44]. THP-1 MO was treated for 24 and 48 hours with two different doses
(2,5 and 5pg/mL) of iLNVs; these doses were selected in accordance
with our previous studies [25,41]. At the treatment endpoint, MTT was
added for 3hours and cells were then lysed with isopropanol. The
absorbance was measured by an ELISA reader at 540 nm (Microplate
Reader, BioTek, Winooski, VT, USA). Values are expressed as a per-
centage of cell growth versus control (untreated cells).
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2.7. Animals

Twenty Wistar male rats (weighing 200-300g), were purchased
from ENVIGO Srl (San Pietro al Natisone UD, Italy) and employed
throughout the study. The animals were housed in temperature-
controlled rooms on a 12 h light cycle at 22-24°C and 50-60% humid-
ity. They were fed standard laboratory chow and tap water ad libitum.
The animals were allowed to acclimatize to the housing conditions for 1
week before experimentation. Procedures involving the animals and
their care were conducted in conformity with the Italian D.Lgs 26,/2014”
and the European directives (2010/63/EU). The experiments had been
approved by the Ethical Committee for Animal Experimentation of the
University of Palermo and by the Italian Ministry of Health (Authori-
zation n 921/2018-released Rome, Italy). No other methods to perform
the described experiments (3Rs) were found.

2.8. DNBS-colitis induction and treatment protocol

Five hundred microliters of iLNVs, corresponding to 0.6 mg/kg, were
administered by oral gavage once a day for 14 days starting 7 days
before the induction of colitis (day —7). Rats were randomly assigned to
4 groups (5 animals each): 1) sham group; 2) iLNVs (0.6 mg/Kg/day); 3)
DNBS (colitis group); 4) iLNVs (0.6 mg/Kg/day) +DNBS. Colitis was
induced by intracolonic (i.c.) instillation of DNBS, as already described
[45]. Briefly, rats were fasted overnight and then, under light anesthesia
with 1% isoflurane (Merial Italia Spa, Assago, MI, Italy), a solution of
25 mg of 2, 4-dinitrobenzene sulfonic acid (DNBS; Sigma-Aldrich Inc., St
Louis, MO, USA) in 50% ethanol, total volume of 0.25 mL, was injected
into the colon through an 8 cm plastic catheter (PE90). Rats were then
maintained in an inclined position for 3 min and allowed to recover with
food and water supplied. Sham animals received 0.25 mL of the vehicle
alone (50% ethanol). Previous experiments demonstrated that 25 mg
DNBS induced reproducible colonic inflammation manifested by the
clinical signs as well as macroscopic damage and biochemical alter-
ations characteristic of the disease. No mortality was observed in any
group throughout the study. The severity of colitis was evaluated by
independent observers blinded to the identity of the treatments,
following the criteria previously reported by Zizzo et al. [45] and efforts
were made to minimize the suffering of animals.

The experimental plan of in vivo study is shown in Fig. 1.
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2.9. Assessment of colitis damage

Body weight, stool consistency, and the presence of blood in the
stools were recorded daily for each rat, and the data was used to
calculate the disease activity index (DAI) as described by Kullmann et al.
[46]. The score ranged between 0-4 for all three parameters and was
composed as follows: 1) weight loss (Percent of weight loss at the end of
the experiment relative to the first day was calculated for all the groups):
none=0, 1-5% =1, 5-10% =2, 10-20% =3, >20% =4. 2) Stool con-
sistency: normal pellets =0, loose stools which do not stick to the
anus =2, diarrhea=4. 3) Bleeding: none=0, hemoccult=2, gross
bleeding = 4. After sacrifice the length of the colon segment from the
cecum to the rectum was measured. For each specimen wet weight (mg)
and length (cm) were measured and the weight/length ratio was
calculated as an indicator of colonic edema. The distal part of the rat
colon was removed, opened, and rinsed with ice-cold saline solution.
Colon sections were blotted dry, weighed, and examined for ulcerated
and inflamed regions. The number of ulcers was counted and scored,
their area was measured, and colon sections were frozen in liquid ni-
trogen and stored at —80°C. A total macroscopic damage score was
calculated for each animal according to the criteria described by
Appleyard and Wallace [47], as outlined in Table 1.

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

Human monocytes, THP-1 cell line, were plated at 1 x10° cells per
mL in 12-well plates and induced to differentiate into macrophages
(THP-1 MO) as previously described [44]. THP-1 MO cells were treated
with 5 pug/mL of iLNVs for 24 h and subsequently exposed to the in-
flammatory stimulus with 1pg/mL of LPS for 3 h. At the end of the
treatment, RNA was isolated using the commercially available Illustra
RNA spin Mini Isolation Kit (GE Healthcare, Little Chalfont, Buck-
inghamshire, UK), according to the manufacturer’s instructions. Colon
biopsies, kept after explantation at —80°C in RNA later, were dried and
treated with liquid nitrogen to crystallize the tissue. Subsequently, the
samples were homogenized using a mechanical homogenizer in lysis
buffer. Total RNA was extracted following the protocol provided by the
Mlustra RNA spin Mini Isolation Kit (GE Healthcare, Little Chalfont,
Buckinghamshire, UK), and its quantification and quality were deter-
mined with the NanoDrop spectrophotometer (NanoDrop Technologies,
USA). Total RNA from human THP-1 MO cells and colon biopsies were
reverse transcribed to cDNA using the High-Capacity cDNA Reverse
Transcription kit (Applied Biosystems, Foster City, CA, USA).

The cDNA from THP-1 MO cells and colon biopsies were subjected to
real-time polymerase chain reaction (RT-PCR) analysis. The sequences
of the primers used are listed in Table 2:

Table 1
Criteria for macroscopic scoring system adapted from Appleyard & Wallace
[47].

FEATURE

SCORE

Ulceration

Normal aspect mucosal 0
Localized hyperemia with no ulcers 1
Ulceration without hyperemia/bowel wall thickening 2
Ulceration with hyperemia/bowel wall thickening at 1 site 3
Two or more sites of ulceration with hyperemia/bowel wall thickening 4
Major damage (necrosis) extended > 1 cm along length of colon 5
When an area of damage extended > 2 cm along length of colon; the score 6.

was increased by 1 for each additional cm involved

Adhesion
No adhesions 0
Minor adhesions (colon can be separated easily from the other tissue) 1
Major adhesions 2
Thickness
Maximal bowel wall thickness(x) in mm was added to above score X
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RT-PCR was performed using Step One Real-time PCR System
(Applied Biosystem) in a 20 pl reaction containing 300 nM of each
primer, 2 pl template cDNA, 18 pul 2X SYBR Green I Master Mix. The RT-
PCR was run at 95 °C for 20 sec followed by 40 cycles of 95 °C for 3 sec
and 60 °C for 30 sec. Actin was used as the endogenous control. Relative
changes in THP-1 MO cells gene expression between control and treated
samples were determined using the AACt method. The absolute target
gene expression in each sample of colon tissue was expressed as 2" ACt,
where ACt is (Ct gene of interest - Ct internal control). Actin was used as
the internal control gene.

2.11. Engyme-linked immunosorbent assay (ELISA) assay

THP-1 cells were plated at 1 x10° cells per mL in 12-well plates and
induced to differentiate into macrophages (THP-1, MO) as previously
described [44]. THP-1 MO cells were treated with 5 ug/mL of iLNVs for
24 h and subsequently exposed to the inflammatory stimulus with
1pg/mL of LPS for 3 h. After that, the cell-conditioned medium was
collected and centrifuged to remove floating cells and cellular debris.
The amounts of pro-inflammatory cytokines, IL-6, and TNF-a and the
anti-inflammatory cytokine IL-10 in the conditioned medium were
determined using the TNF-a specific enzyme-linked immunosorbent
assay (ELISA) kit (Thermo Fisher Scientific) and the IL-6 and IL-10
specific enzyme-linked immunosorbent assay (ELISA) kits (R&D Sys-
tems, Inc. (Minneapolis, MN, USA) according to the manufacturer’s
instructions.

2.12. Myeloperoxidase assay

Myeloperoxidase (MPO) activity, a marker for neutrophil inflam-
mation, was estimated according to the method of Moreels et al. [48].
Briefly, samples were blotted dry, weighted, and homogenized in a po-
tassium phosphate buffer (pH 6.0) containing 0.5% hexadecyl trime-
thylammonium bromide (5 g tissue per 100 mL buffer). Homogenate
was subjected to two sonication and freeze-thawing cycles and the
suspension was centrifuged at 15000 g for 15 min at 4°C. On a 96
well-plate, 2.9 mL of o-dianisidine solution (16.7 mg of o-dianisidine in
1 mL methanol, 98 mL 0.05 M potassium phosphate buffer pH 6.0 and
1 mL of a 0.5% H305 solution as a substrate for MPO enzyme) was added
to 0.1 mL of the supernatant. The absorbance rate was measured at
460 nm (Beckman-Coulter Inc, CA, USA). MPO activity was expressed as
units per gram tissue (U gram tissue!), being one unit defined as the
amount of the enzyme converting 1 pmol HyO5 to HoO in 1 min at room
temperature.

2.13. Histomorphological analysis

Colon samples were fixed in formalin and embedded in paraffin.
Colon tissue sections with a thickness of 5um were obtained from
paraffin blocks using the microtome and stained with hematoxylin and
eosin (H&E) for histological examinations. Sections on the slides were
de-waxed in xylene for 10 min and rehydrated by sequential immersion
in decreasing ethanol concentrations. The sections were then stained
with H&E and examined using an optical microscope (Microscope
Axioscope 5/7 KMAT, Carl Zeiss, Milan, Italy) connected to a digital
camera (Microscopy Camera Axiocam 208 color, Carl Zeiss, Milan, Italy)
for morphological analysis.

2.14. Immunohistochemistry

The immunohistochemical experiments were performed on colon
tissue sections, 5 um thick, obtained from paraffin blocks with a cutting
microtome. To deparaffinize the sections, the slides were placed in an
oven at 60°C for 30 minutes and then immersed in xylene for 30 min at
60 °C. Subsequently, they were rehydrated by immersions in a
decreasing scale of alcohols (alcohol 100° for 10 minutes, 95° for
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Table 2

Primer sequences used in Real-Time PCR.
Human
Gene Forward Sequence (5to 3) Reverse Sequence (5to 3)
Actin TCCCTTGCCATCCTAAAAAGCCACCC CTGGGCCATTCTTCCTTAGAGAGAAG
1L-6 GGTACATCCTCGACGGCATCT GTGCCTCTTTGCTGCTTTCAC
TNF-a CCAGGCAGTCAGATCATCTTCTC AGCTGGTTATCTCT CAGCTCCAC
IL-10 GCTGAGAACCAAGACCCAGA GCATTCTTCACCTGCTCCAC
Rat
Gene Forward Sequence (5to 3) Reverse Sequence (5to 3)
Actin AAGGCCAACCGTGAAAAGAT TGGTACGACCAGAGGCATAC
IL-6 TCTATACCACTTCACAAGTCGGA GAATTGCCATTGCACAACTCTTT
Occludin CTACTCCTCCAACGGCAAAG AGTCATCCACGGACAAGGTC

5 minutes, 70° for 5 minutes and 50° for 5 minutes) to distilled water
(for 5 minutes) at room temperature. After rehydration, the sections
were immersed for 8 min in sodium citrate buffer (pH 6) at 75°C for
antigen retrieval and subsequently immersed for 8 min in acetone at
—20 °C to reduce the risk of detaching sections from the slide. The im-
munostaining was performed using the Immunoperoxidase Secondary
Detection System (Millipore, Burlington, MA, USA & Canada, cat. N°
DAB-500). Then the sections were washed with PBS and treated with 3%
hydrogen peroxide for 10 minutes to inhibit the endogenous peroxi-
dases. After another wash with PBS, the sections were covered by drops
of blocking reagent for 5 minutes in a humid chamber before incubation
with primary antibody overnight at 4°C. The primary antibodies were
used anti-NF-kB (mouse monoclonal antibody, Santa Cruz Biotech-
nology, Dallas, TX, USA, E10, sc-8414, dilution 1:150), anti-Nfr2 (rabbit
polyclonal antibody, NOVUS BIO-Techne Abingdon, United Kingdom,
NBP1-32822 dilution 1:200), anti-Occludin (rabbit polyclonal antibody,
Santa Cruz Biotechnology, Dallas, TX, USA, H279, sc-5562, dilution
1:200). The day after, the sections were rinsed with Rinse Buffer for
30 seconds and incubated with secondary antibody for 10 minutes at
room temperature. After another wash with buffer, the sections were
incubated with Streptavidin HRP for 10 minutes at room temperature
and then, with a sufficient volume of Chromogen Reagent for
10 minutes in the dark. Subsequently, another buffer wash was per-
formed before the incubation with Hematoxylin solution for nuclear
counterstaining. At the end of the reaction, the slides were mounted with
coverslips using a permanent medium (Vecta Mount, H-5000, Vector
Laboratories, Inc., Burlingame, CA, USA). For the immunopositivity
evaluation, the slides were observed with an optical microscope (Mi-
croscope Axioscope 5/7 KMAT, Carl Zeiss, Milan, Italy) connected to a
digital camera (Microscopy Camera Axiocam 208 color, Carl Zeiss,
Milan, Italy) to take pictures. The immunomorphological evaluation was
performed by two independent observers on two separate occasions to
give a quantitative analysis in percentage of immunopositivity. To
calculate the percentage of immunopositivity, all evaluations were made
at high-power-field (HPF, magnification 400x) and repeated for 10
HPFs.

2.15. Western blot

Protein lysates were prepared from colon biopsies as described in
other studies [49]. Each sample was homogenized with protein lysis
buffer (Tris-HCl pH 7.6 50 mM, NaCl 300 mM, TritonX-100 0.5%, PMSF
1X, leupeptin 1X, aprotinin 1X, phosphatase inhibitors 1X (Phosphatase
inhibitor cocktail 10X) and H0 milliQ) using a mechanical homoge-
nizer. Samples were kept overnight in a shaker at 4°C and then centri-
fuged at 14000 g for 20 minutes at 4°C. Protein quantification was
carried out by Bradford assay and the reading was executed on the
bio-photometer at a wavelength of 595 nm. Protein lysates (30 pg in a
total volume of 30 pl) were analyzed by SDS-PAGE followed by western
blotting. Antibodies used were: Anti-Nrf2; anti-NF-kB p65 (Novus

Biologicals), anti--actin (Santa Cruz Biotechnology, CA, USA). Mem-
branes were incubated with HRP-conjugated secondary antibody
(Thermo Fisher Scientific, Cambridge, MA, USA). Chemiluminescence
was detected using the Amersham ECL Western Blotting Detection Re-
agent (GE Healthcare Life Sciences) chemiluminescence solution. The
signal detection was performed with the Chemidoc (Biorad, Milan,
Italy).

2.16. Fecal bacteria DNA extraction, sequencing and bioinformatics

Fecal bacterial DNA was extracted using the QIAamp PowerFecal Pro
DNA Kit (Qiagen, Hilden, Germany,) and a bead homogenizer (Bullet
Blender Storm, Next Advance, Averill Park, NY). A DNA fragment
comprising the V3 and V4 hypervariable regions of the 16 s rRNA gene
was amplified for sequencing analysis. Amplicons were sequenced on
the MiSeq Illumina platform (Illumina, San Diego, CA). Sequence ana-
lyses and data quality filtering were performed with QIIME2 v.2023.5
[50] and reads were assigned to Amplicon Sequence Variant (ASV) using
DADA2 [51]. Taxonomic classification was obtained using
classify-sklearn, a Scikit-Learn method [52]. The weighted classifier was
constructed from Silva Database v. 138.1 including region V3-V4 and
the weighted information was downloaded from readytowear (htt
ps://github.com/BenKaehler/readytowear [53]). Sequences that did
not match any reference were discarded. Rarefaction was used to
normalized data and alfa and beta diversity indexes were calculated.
Differences in alfa indexes (Shannon index, Observed features, Evenness
and the Faith’s phylogenetic diversity index) were analyzed using the
Kruskal-Wallis test, and the p-values were adjusted with the
Benjamini-Hochberg false discovery rate (FDR) [54]. The B-diversity
microbiota indexes (Bray-Curtis index, Jaccard similarity index, un-
weighted Unifrac, and weighted unifrac) were analyzed by the Permu-
tation Based Analysis of Variance (PERMANOVA) with the p-values
adjusted by the FDR (q-value). To identify bacterial taxa differentially
represented between groups Analysis of Compositions of Microbiomes
with Bias Correction (ANCOM-BC) was performed using R 4.3.1 and
ANCOMBC package v. 2.2.2.

2.17. Statistical analysis

In vitro experiments: data are reported as mean =+ standard deviation
(SD) of biological replicates. Statistical analysis was performed using
GraphPad Prism software (GraphPad software, Inc., La Jolla, CA). The
normal data distribution was assessed by the Shapiro-Wilk test. When
data followed normal distribution, the statistical significance of the
differences was analyzed using a two-tailed Student’s t-test; otherwise, a
non-parametric method (Mann-Whitney test) was used to compare the
groups. A p-value <0.05 was considered significant. The statistical de-
tails of each experiment can be found in the figure legends.

In vivo experiments: all data are means + SEM. Statistical analysis
was performed using GraphPad Prism software, utilizing One-way
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ANOVA and Dunnett’s multiple comparison test, and considered sig-
nificant if the p-value was <0.05.

3. Results

3.1. Characterization of industrially-produced lemon nanovesicles
(iLNVs)

Nanoparticle tracking analysis (NTA) revealed that the iLNVs have a
homogeneous size distribution, with a mean of 172.8 4+/- 0.3 nm and a
mode of 146.5 +/- 12.6 nm (Fig. 2A). Scanning electron microscopy
analysis showed that iLNVs had typical round shapes (Fig. 2B), and the
measured sizes were consistent with the NTA analysis. In addition, the
30 compounds listed in Table 3 were identified in iLNVs by the use of LC-
UV-MS /MS (Fig. 2C). These compounds include flavonoids and organic
acids, such as hesperidin, eriocitrin, quercetin, and rutin, known in the
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literature for their anti-inflammatory, antioxidant, antidiabetic, anti-
cancer, antibacterial, and antiviral effects [55,56]. Quantitative analysis
by LC-MS/MS of the five most abundant identified analytes was also
performed: Eriocitrin, Hesperidin, Luteolin-7-rutinoside, Citric acid, and
Isocitric acid. The data obtained, expressed as mg/mL, are shown in
Supplementary Table 1.

3.2. Anti-inflammatory effects of iLNVs on THP1 MO macrophages

In our previous studies, we already demonstrated the ability of
lemon-derived nanovesicles (LNVs) to counteract inflammatory condi-
tions in vitro, ex vivo, and in vivo [28,41]. Here, to ensure that the in-
dustrial scale-up process allows us to obtain nanovesicles with preserved
anti-inflammatory capability, we first tested their effects on human
macrophages (THP1 MO cells). The results, reported in Fig. 3 A, showed
that cell viability was not affected by the exposure to 2.5 and 5 ug/mL of
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Fig. 2. : iLNVs characterization. (A) Size distribution of iLNVs obtained through NTA. (B) Representative image of scanning electron microscopic (SEM) analysis. (C)

Qualitative analysis of the iLNVs using LC-UV-MS /MS.
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Table 3
Composition of iLNVs. The table includes chemical class, molecular formula, and
molecular weight.

NAME CHEMICAL CLASS FORMULA MwW
Isocitric acid organic acid C6H807 192,03
Citric acid organic acid C6H807 192,03
Noreugenin cromone C10H804 192,04
7-hydroxy-6-methoxy-2 H- coumarins C10H804 192,04

chromen-2-one
D-(-)-Quinic acid organic acid C7H1206 192,06
Myristycin Benzodioxoles C11H1203 192,08
(+/-)-Eriodictyol Flavonoid C15H1206 288,06
Dihydrokaempferol Flavonoid C15H1206 288,06
5,7-dihydroxy-2-(2,3,4- Pentahydroxyflavone =~ C15H1007 302,04

trihydroxyphenyl)-4 H-

chromen-4-one
Quercetin Flavonoid C15H1007 302,04
5-Deoxymyricetin Flavonoid C15H1007 302,04
L-Glutathione (reduced) Tripeptide C10H17N306S 307,08
Isorhamnetin Flavonoid C16H1207 316,06
Luteolin-6-C-glucoside Flavone C16H1207 316,06
Obacunone Limonoid C26H3007 4542
Diosmetin-glucoside Flavonoid C22H22011 462,12
Limonin Limonoid C26H3008 470,19
Naringin Flavonoid C27H32014 580,18
Cyanidin 3-O-rutinoside Anthocyanin C27H30015 594,16
Eriocitrin Flavanone glycoside C27H32015 596,17
Neoeriocitrin Flavanone glycoside C27H32015 596,17
Diosmin Flavonoid C28H32015 608,17
Neodiosmin Flavanone glycoside C28H32015 608,17
Diosmin like compound Flavanone glycoside C28H32015 608,17
Luteolin-3',7-Diglucoside Flavanone glycoside C27H30016 610,15
Rutin Flavanone glycoside C27H30016 610,16
Hesperidin Flavanone glycoside C28H34015 610,19
Luteolin-rutinoside Flavanone glycoside C27H30015 616,14
Kampherol-neohesperoside Flavanone glycoside C27H30015 616,14
Limonin glucoside Furanolactone C32H42014 650,26

iLNVs. To test the anti-inflammatory effects of iLNVs were analysed the
expression of IL-6, TNF-a, and IL-10. The results showed that, the pre-
treatment of human macrophages with 5 ug/mL of iLNVs for 24 h
significantly reduced the expression of the pro-inflammatory cytokines
IL-6 and TNF-a induced by LPS exposure, while increased the levels of
the anti-inflammatory cytokine IL-10 (Fig. 3B, upper panel). These re-
sults were also confirmed at the protein level by ELISA assay (Fig. 3B,
lower panel). Overall, these data are in line with those previously re-
ported and demonstrate that iLNVs exert anti-inflammatory activity by
counteracting the effects of LPS.

3.3. Effects of iLNVs on colitis-related symptoms in DNBS-treated rats

The anti-inflammatory properties observed in vitro were then
explored in vivo in rats with colitis experimental induced by DNBS, a
well-known animal model for studies related to chronic inflammatory
bowel diseases [57]. iLNVs were administered by oral gavage once a day
for 14 days starting 7 days before the induction of colitis.

DNBS administration in rats induced an intestinal inflammatory
process scored by DAI, clinically characterized by the presence of loose
stools or diarrhea, blood in feces, and weight loss of more than 5%
starting by day 2 following the DNBS injection. There were no changes
in body weight gain or in stool consistency in the sham group (Fig. 4A).
Pre-treatment with iLNVs (0.6 mg/kg) for 7 days before the colitis in-
duction, promoted a significant relief of the clinical signs, in particular
in rectal bleeding or diarrheic condition, leading to the reduction in the
DAI values when compared to the DNBS treatment (p < 0.05) (Fig. 4A).

After the sacrifice, the macroscopic damage score (Fig. 4B) was used
to evaluate the severity of the inflammatory conditions. In the colitis
group (DNBS) an intense mucosal injury, increased wall thickness, hy-
peremia, ulceration, edema, and necrosis were observed, leading to high
macroscopic score (Fig. 4B). DNBS rats also revealed a significant
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decrease in colon length and increase of colon weight, an index of
oedema tissue. iLNVs pre-treatment decreased the DNBS-induced
macroscopic changes by reducing the inflammation symptoms in
colon tissues such as mucosal injury and the size of the ulcer area.
Diffuse adhesions of the colon with other organs, typically observed
during the acute phase of colitis, were unremarkable and only sporad-
ically observed in iLNVs-pre-treated animals. In addition, beneficial ef-
fects of iLNVs on the inflammatory process were observed, partially
recovering the colon shrinkage and reducing the weight/length
(Fig. 4C). Thus, both the DAI and macroscopic data reveal an attenuated
inflammatory process in iLNVs-treated animals.

3.4. Effects of iLNVs on histopathological changes in inflamed colon tissue
and myeloperoxidase activity

A very common feature in colitis is the presence of a conspicuous
inflammatory infiltrate [58-60]. In colon tissue, this is associated with
elevated levels of myeloperoxidase (MPO), a lysosomal enzyme pro-
duced by neutrophils and macrophages and released by them as a
consequence of inflammatory conditions [61]. MPO also actively gen-
erates reactive oxygen species (ROS) and is therefore associated with
oxidative stress processes [62]. As expected, the colonic myeloperox-
idase activity was increased in the DNBS-treated animals when
compared to the sham group (Fig. 5A). These data were confirmed by
histological analysis of the collected colon tissues. The histological
alteration was evaluated by hematoxylin-eosin (H&E) staining of
colonic tissues as shown in Fig. 5B. It was discernible that the normal
tissue architecture in healthy animals (Fig. 5B Sham and iLNVs) had
some random inflammatory cells (this observation is still normal,
Fig. 5B, green arrows). In contrast, the animals with colitis (Fig. 5B
DNBS) had a different tissue morphology, which was completely sub-
verted in its glandular architecture (Fig. 5B, blue arrows) by the severe
inflammatory infiltrates (Fig. 5B, red arrows). This condition was
ameliorated in animals pre-treated with iLNVs (Fig. 5B iLNVs +DNBS)
where a restoration of glandular architecture (Fig. 5B, yellow arrows)
and a decrease in inflammatory infiltrate was observed. Overall, the
pre-treatment with iLNVs protects colon tissue by colitis-induced
damages.

3.5. Anti-inflammatory and antioxidant properties of iLNVs in rats

Molecular analysis from colon explants allowed us to confirm the in
vitro data, and to evaluate the anti-inflammatory properties of iLNVs in
our rat model. The analysis revealed that DNBS treatment causes a
significant increase in IL-6 expression in the DNBS group of animals
compared to the sham group. This increase was significantly prevented
by pre-treatment with iLNVs (iLNVs+/DNBS+) (Fig. 6A). To investigate
the molecular pathway underlying the observed in vivo anti-
inflammatory effect, we first examined the expression of NF-kB, the
master regulator of inflammatory processes, in colon tissue. Western
blot analysis showed that the expression of NF-kB was slightly increased
in the DNBS animals compared to the sham group. This effect was
limited by pre-treatment with iLNVs (Fig. 6B). NF-kB was also evaluated
by immunohistochemistry. The results, consistent with the trend
observed by the western blot, attribute significance to the data. As
shown in Fig. 6C, there was a significant increase in the percentage of
cells positive for NF-kB in the colon tissue of colitic rats (iLNVs-/DNBS+)
compared to the sham group; this percentage decreases significantly in
the colitic animals pre-treated with iLNVs (iLNVs+/DNBS+).

Further, the molecular pathway associated with oxidative stress was
also evaluated. The expression of Nuclear factor-erythroid 2-related
factor 2 (Nrf2), the upstream regulator of genes involved in the
neutralization of oxidative stress, was analyzed by Western blot. As
shown in Fig. 7A, there was a significant increase in Nrf2 levels in the
two rat groups treated with iLVNs (iLNVs+/DNBS-; iLNVs+/DNBS+)
compared to the group with colitis (DNBS). In addition,
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Fig. 3. (A) THP1 MO cell viability after exposure to iLNVs. Cell viability was measured by MTT assay after 24 and 48 h of treatment with 2.5 and 5 pg/mL of iLNVs.
The values were plotted as the percentage of cell viability versus untreated cells. Values are the mean =+ SD of three biological replicates. (B) The anti-inflammatory
effects of iLNVs on the transcript levels of IL-6, TNF-a, and IL-10 were evaluated by qRT-PCR analysis. THP1 MO cells were treated for 24 h with iLNVs (5 pg/mL) and
then exposed to LPS 1000 ng/mL for 3 h. Values are reported as fold changes compared with LPS-treated cells and are the mean + SD of three biological replicates
(upper panel). The level of IL-6, TNF-a, and IL-10 proteins was measured by ELISA in the conditioned medium of THP1 MO cells treated as specified above. Values are
the mean =+ SD of three biological replicates (lower panel).

immunohistochemical analysis of the colon tissues (Fig. 7B) reveals that

3.6. Effect of iLNV treatments on tight junctions

in the DNBS-treated group, Nrf2 is mainly cytoplasmic; in contrast, its

localization is predominantly nuclear in animals pre-treated with iLNVs.
Thus, iLNVs appear to exert an antioxidant effect increasing Nrf2 nu-

clear levels.

In pathological conditions, including IBD, the permeability of the
intestinal epithelium is compromised, and this is due to a reduction of
tight junctions [63-65]. For this reason, we first analyzed the Occludin
mRNA level in the colon tissue samples. The histogram in Fig. 8A shows
a significant reduction in Occludin expression in the DNBS-treated
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Fig. 4. : iLNVs ameliorated colitis-related symptoms in DNBS-treated rats (A) DAI score evaluation and (B) macroscopic damage score. (C) Postmortem analyses
showing the variation in colonic length a (left side) and colon weight/length ratio (right side) in four groups of animals. Data are mean + SEM (n= 4-5 for each

group). *P < 0.05 versus Sham group, #P < 0.05 versus DNBS group.

animals compared to the sham group, while a significative recovery can
be observed in the group of animals with colitis, pre-treated with iLNVs
(iLNVs+/DNBS+). These results were confirmed by immunohisto-
chemistry. The images in Fig. 8B show that the immunopositivity for
Occludin (indicated with arrows) found in sham group and iLNVs group
is almost absent in DNBS-treated cases while it is again observed in the
iLNVs-pretreated colitic animals (iLNVs+/DNBS+). These results sug-
gest that treatment with iLNVs may attenuate the effects of DNBS by
acting on tight junction expression and reducing the impaired intestinal
permeability characteristic of IBD.

3.7. iLNVs administration modulates the gut microbiota

The composition and diversity of the gastrointestinal microbial
community play a crucial role in gut health and IBD pathogenesis;
therefore, here we analyzed the changes in the gut microbiota in the four
different groups. The analysis of the beta-diversity of microbiota sam-
ples showed no differences in the Bray-Curtis index, observed species,
and in the weighted and unweighted Unifrac indexes. The composition
of the fecal microbiota exhibited significant differences in the Jaccard
Dissimilarity index (Fig. 9) between Sham and DNBS (q-value 0.042),
DNBS and iLNVs + DNBS (g-value 0.042), and iLNVs and iLNVs + DNBS
(g-value 0.015). The Jaccard index, which assesses species presence/
absence regardless of abundance, indicated that induced inflammation
led to changes in the presence of specific bacterial taxa, particularly
following treatment with iLNVs.

When alfa diversity was analyzed (Faith’s index, Shannon index,
Observed features, Pielou eveness) analyses revealed no significant
changes in the microbiota between the four analyzed groups (Supple-
mentary Figure 1).

The analyses at the genus level unveiled significant alterations in the
microbiota composition. In the DNBS-treated group (Fig. 10), there was

an increased representation of Pygmaiobacter, Lachnospiraceae_UCG-010,
Tuzzerella, and Anaerofilum genera alongside a decreased marked rep-
resentation of the Enterococcus and Bacteroides pectinophilus group.
These changes were not observed in the colitis group pre-treated with
iLNVs (iLNVs + DNBS) (Fig. 10), indicating that iLNVs treatment may
somehow counteract the effects of inflammation on the gut microbiota,
even causing an opposite effect as in the case of the genus Anaerofilum.
Moreover, in the colitis-induced group treated with iLNVs an elevated
presence of Lachnospiraceae NK4B4 was also observed along with a
decreased presence of Enteractinococcus, and Acetatifactor. The admin-
istration of iLNVs alone resulted in an elevated presence of Gordoni-
bacter,  Eubacterium branchy  group, Oscillospiraceae  UCG-005,
Oscillospiraceae NK4A214, and Oscillospirales UCG-010, while Neg-
ativibacillus genus showed a decrease (Fig. 10).

4. Discussion

The benefits of citrus fruits and its by-products have always been
appreciated and recognized worldwide. Their properties are due to con-
tent of the nutrients and bioactive molecules such as vitamins, carbohy-
drates, minerals, and dietary fibers giving them high nutritional values
and, flavonoids, carotenoids, and limonoids exerting various health
benefits [66-69]. However, the use of such substances in clinical practices
is limited for multiple reasons such as extraction processes, storage con-
ditions, and labile stability [70-72]. Plant-derived vesicles concentrate
and carry a multitude of healthful compounds naturally present in plants,
while simultaneously protecting them from external degradative and
oxidative events. In addition to their natural origin, non-toxic, and low
immunogenic characteristics, the possibility of isolating from large vol-
umes makes them even more attractive [31]. In our previous work, we
have demonstrated the anti-inflammatory and antioxidant properties of
lemon-derived nanovesicles in vitro and ex vivo settings [25,28,41].
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Fig. 5. : Myeloperoxidase activity and histological features in colonic tissues from the four groups of animals. (A) Colon MPO activity in Sham, DNBS or iLNVs
-treated rats with or without colitis induction. Data are mean + SEM (n= 4 for each group). *P < 0.05 versus control group, #P < 0.05 versus DNBS group. (B)
Representative images of colon sections stained with H&E showing histological alteration and effect following iLNV treatment. Magnification of 100x, scale bar
100 um for the images in the left column, magnification of 200x, scale bar 50 um for the images in the center column, magnification of 400x, scale bar 20 um for the

images in the right column.

Here, we aim to evaluate eventual beneficial effects of lemon-derived
nanovesicle treatment on colonic inflammation in DNBS rat, animal
model widely used in IBD studies. The rationale came by the observa-
tions of the significant side effects and modest results for long-term
current IBD therapies and from the evidence that diet and nutritional
factors could play a key role in IBD [15,73,74]. In addition, we used a
product obtained at an industrial scale, getting ever closer to the pos-
sibility of making plant vesicles a product accessible to all. Here we
characterize iLNVs in terms of size, content, and morphology, demon-
strating the presence of small particles with a size of less than 200 nm.

10

Analysis of their contents revealed an overlapping profile of bioactive
compounds to the laboratory-scale isolated vesicles studied in our pre-
vious work [25,28,41]. We confirm the presence of flavonoids, sec-
ondary metabolites of plants with recognized beneficial properties for
human health and for their marked anti-inflammatory and antioxidant
activity [75,76]. Subsequently, after confirming their safety by testing
their non-interfering ability on human macrophage THP1 cell viability,
we confirmed their anti-inflammatory effect in vitro through the reduced
expression and release of the pro-inflammatory cytokines IL-6 and
TNF-a and the increased levels of the anti-inflammatory IL-10. This
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Fig. 6. : In vivo anti-inflammatory properties of iLNVs. (A) IL-6 expression levels were assessed in the colon tissue of different animal groups by qRT-PCR analysis.
The value was expressed as IL-6 levels normalized to the housekeeping gene, actin (2" €Y. Results are expressed as means+SD of three to four rats for each group. (B)
Western blot analysis of NF-kB expression in colon tissue of different animal groups (left panel) and the relative densitogram (right panel). (C) Representative images
of immunohistochemical results for NF-kB in colon tissue of different groups. Magnification 200x, scale bar 50 pym for the images on the right, magnification 400x,
scale bar 20 um for the images on the left. To calculate the percentage of immunopositivity, all evaluations were made at high-power-field (HPF, magnification 400x).
The histogram shows the results of the immunohistochemical evaluations. The data are means+SD of ten evaluations for each group.
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Fig. 7. : In vivo antioxidant properties of iLNVs. (A) Western blot analysis of Nrf2 expression in colon tissue of different animal groups (left panel) and the relative
densitogram (right panel). (B) Representative images of immunohistochemical results for Nrf2 in colon tissue of different groups. Magnification 200x, scale bar 50 um
for the images on the right, magnification 400x, scale bar 20 um for the images on the left. To calculate the percentage of immunopositivity, all evaluations were
made at high-power-field (HPF, magnification 400x). The istogram shows the results of the immunohistochemical evaluations. The data are means+SD of ten

evaluations for each group.

finding suggests that despite the two different isolation methods, iLNVs
maintain the same biological properties as lemon-derived vesicles iso-
lated on a laboratory scale [25,28,41]. In vivo studies investigated the
use of plant-derived nanovesicles as traditional orally administered
drugs for the treatment of many diseases. Among the latest, yam-derived
exosome-like nanovesicles can serve as a safe and orally effective agent
in the treatment of osteoporosis [77], Beta vulgaris-derived exosome--
like nanovesicle significantly alleviated chronic Dox-induced car-
diotoxicity in terms of echocardiographic and histological results in
mice [78] or even orange juice-derived nanovesicles could be used for
the treatment of obesity-associated intestinal complications [79].

12

However, a handful number of research have explored the use of plant
nanovesicles in the field of IBD. So, the main goal and next step was to
test the effects of iLNVs treatment in vivo on the animal model of
DNBS-induced colitis in rats.

iLNV treatment caused an improvement in the clinical signs repre-
sentative of the DNBS-induced colitis (DAI score) and in the colonic
weight/length ratio. Indeed, at the microscopic level, treatment with
iLNVs restores the specific histological features of the colon tissue, such
as tissue architecture, reduces the inflammatory infiltrate, leading to a
decrease in MPO levels. Moreover, iLNVs exert anti-inflammatory and
antioxidant effect and enhances tight junction proteins to improve gut
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Fig. 8. : In vivo effect of iLNVs on tight junctions. (A) Occludin expression levels were assessed in the colon tissue of different animal groups by qRT-PCR analysis.
The absolute target gene expression in each sample of colon tissue was expressed as 2 “'. Gene expression was normalized by Actin. Results are expressed as means
+SD of four rats for each group. (B) Representative images of immunohistochemical results for Occludin in colon tissue of different groups. Magnification 200x, scale
bar 50 pum for the images on the right, magnification 400x, scale bar 20 pum for the images on the left. To calculate the percentage of immunopositivity, all evaluations
were made at high-power-field (HPF, magnification 400x). The istogram shows the results of the immunohistochemical evaluations. The data are expressed as means

+SD of ten evaluations for each group.

permeability. These observations are in line with other studies in which
vesicles isolated from edible plants including grapefruit [37], turmeric
[80], and garlic [81] protected the colon from DSS- or DNBS-induced
damage. In this study, we attempted to correlate the observed effects
with molecular pathways involved with inflammatory and antioxidant
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processes. iLNVs treatment can attenuate expression levels of NF-kB.
NF-kB, is a redoxsensitive transcription factor, key regulator of inflam-
mation, innate immunity, and tissue integrity. NF-xB phosphorylation
and its nuclear translocation correlate with the severity of intestinal
inflammation [82,83] due to the regulation of gene expression of
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Fig. 9. : Principal Coordinates Analysis (PCoA) based on beta-diversity Jaccard
index of the gut microbiota of the four groups analyzed. Each data point rep-
resents an individual sample.

molecules including adhesion molecules, chemokines, and cytokines
[84]. We can suppose that iLNVs, inhibiting the early steps of inflam-
mation, lead to an attenuation of DNBS-colitis features. A reduced
activation of NF-kB will lead to infiltrating cells to produce a decreased
amounts of inflammatory mediators and subsequently to better main-
tenance of mucosal integrity. At the same time, we found an increase in
the expression of Nrf2, a mediator of antioxidant pathways, and a nu-
clear localization, in iLNVs-treated groups, suggesting that they can
enhance the antioxidant response under both pathological and physio-
logical conditions.

Moreover it is well know that epithelial tight junctions are
compromised in patients or animal models with IBD [85]. Occludin is a
protein component of tight junctions; its loss or reduced expression re-
sults in barrier loss and in the the increase of leak pathway permeability
induced by inflammatory stimuli its removal from tight junctions. iLNVs
treatment induced a rescue of Occludin expression suggesting that ves-
cicles can improve colon permeability. However further functional
studies could help to confirm these observations.

Underlying these findings, valuable compounds in which iLNVs are
enriched could play an important role. Some of these such as luteolin-7-
O-rutinoside [86], quercetin [87,88], hesperidin [89,90] and eriocitrin
[91,92] have been extensively studied in vitro and in vivo and are well
known as modulators of these processes. Finally increasing studies
recognize the importance of microbiota in human health and de-
regulations of its balance are involved in numerous disease processes
[93], especially concerning the gut. Gut microbiota promotes the dif-
ferentiation of intestinal epithelial and immune cells, provides energy to
the host through metabolic processes, and defends against infections
caused by pathogens [94,95]. Based on these assumptions we aimed to
explore this aspect by analyzing how the bacterial population changes
following treatment with iLNVs. We found that DNBS-induced inflam-
mation produced changes in some bacterial taxa compared with

Genus: Pygmaiobacter
Genus: Lachnospiraceae_ NK4B4_group

Genus: Lachnospiraceae_ UCG-010
Genus: Gordonibacter
Genus: Tuzzerella
Genus: Eubacterium branchy group
Genus: UCG-005
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untreated animals and in particular a marked decrease in Enterococcus
and Bacteroides_pectinophilus group.

Although an increase in the Enterococcus genus has been associated
with the presence of IBD [96], in our case, we have observed that the
DNBS group had a lower presence of this bacterial genus. The associa-
tion of the Enterococcus genus with inflammatory bowel disease (IBD) is
currently still contradictory. There are also studies indicating that
inoculation with specific strains of Enterococcus faecalis can improve
DNBS-induced intestinal inflammation [97] and induce the secretion of
an endopeptidase that reduces intestinal inflammation by activating the
innate immune receptor NOD2 [98]. In fact, different Enterococcus
clades has been associated with either IBD or health [99]. The Bacter-
oides pectinophilus group, as in our study, has been previously described
as enriched in samples from control patients when their microbiota was
compared with that of individuals with irritable bowel syndrome (IBS)
[100] and has been previously negatively correlated with inflammatory
markers [101,102]. In contrast, DNBS-induced inflammation increased
the Pygmaiobacter, Lachnospiraceae UCG-010, Anaerofilum and Tuzzerella
genera when compared to the sham group.There are currently no studies
linking the presence of the Tuzzerella, Pygmaiobacter or Anaerofilum
genus with intestinal inflammation.

While the literature indicates that Lachnospiraceae members are
prominent producers of substances with potentially positive effects on
human health, such as short-chain fatty acids, various taxa are also
linked to a range of intra- and extraintestinal diseases. The influence of
these taxa on host physiology is frequently inconsistent among different
studies [103]. The treatment with iLNVs promoted the presence of
Gordonibacter and Eubacterium brancy group. The Gordonibacter genus
has been previously associated with the metabolism of various types of
polyphenols [104], so there is a possibility that the polyphenols con-
tained in the nanovesicles may have promoted its growth. An increase in
the population of Eubacterium brancy group has also been associated
with treatment using the flavone bacalain and the alkaloid berberine,
both compounds of plant origin that improved intestinal inflammation
in an UC model [105]. On the other hand, decreases in the Neg-
ativibacillus genus, as observed in the iLNV group, have been associated
with the consumption of fruit pomace fibers [106]. Finally, in the group
with intestinal inflammation treated with nanovesicles, it is observed
that the presence of the Anaerofilum genus is counteracted, reaching
negative values, while no differences are observed in the rest of the
species of the microbiota that had been modified by the induction of
inflammation. Additionally, a decrease in the Acetibacter genus was
detected, a genus previously associated with worsening symptoms of
intestinal inflammation in a murine model [107]. Finally, the increased
presence of the Lachnospiraceae NK4B4 group could be associated with
the anti-inflammatory activity observed in this study for the iLNVs, as
this group is a producer of short-chain fatty acids (SCFAs), compounds
known for their anti-inflammatory activity [108]. In conclusion, the
modulation of the microbiota by the iLNVs, could also be a factor
contributing to their anti-inflammatory effect. This aspect of the study
underscores the potential role of iLNVs in modulating the gut
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Fig. 10. : Heatmap of differentially abundant taxa in Sham, iLNVs, DNBS and iLNVs+DNBS identified by ANCOM-BC analysis (abundance is log-transformed). Red
indicates increased abundance in the comparison group versus Sham group or DNBS group; blue indicates decreased abundance in the comparison group versus Sham

group or DNBS group.
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microbiota, which has emerged as a critical factor in the pathogenesis
and management of IBD [109].

Overall, in this study we demonstrated for the first time that indus-
trially produced lemon nanovesicles play a protective role in vivo against
DNBS-induced colitis in a rat animal model 1) by modulating the
expression of factors upstream of inflammatory and antioxidant pro-
cesses; 2) by restoring the intestinal permeability acting on tight junc-
tions; 3) shaping the gut microbiota.

Our findings highlight several key aspects that contribute to our
understanding of the mechanisms underlying the anti-inflammatory and
antioxidant properties of iLNVs and their potential implications for the
treatment of inflammatory bowel disease (IBD).

Limitations of the study

Results from this study encourage the development of lemon
nanovesicles-based nutraceuticals to address intestinal chronic inflam-
mation. clinical translation of these results needs further studies aimed
at evaluating doses, timing, and mode of administration in humans
considering the different complex nature of the two organisms.
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