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We have determined whether orange juice-derived nanovesicles
(ONVs) could be used for the treatment of obesity-associated
intestinal complications. ONVs were characterized by lipido-
mic, metabolomic, electronmicroscopy. In vitro, intestinal bar-
riers (IBs = Caco-2+HT-29-MTX) were treated with ONVs and
co-cultured with adipocytes to monitor IB fat release. In vivo,
obesity was induced with a high-fat, high-sucrose diet (HFHSD
mice) for 12 weeks. Then, half of HFHSD mice were gavaged
with ONVs. One-month ONV treatment did not modify
HFHSD-induced insulin resistance but reversed diet-induced
gut modifications. In the jejunum, ONVs increased villi size,
reduced triglyceride content, and modulated mRNA levels of
genes involved in immune response (tumor necrosis factor
[TNF]-a and interleukin [IL]-1b), barrier permeability
(CLDN1, OCLN, ZO1), fat absorption, and chylomicron
release. ONVs targeted microsomal triglyceride transfer pro-
tein (MTP) and angiopoietin-like protein-4 (ANGPTL4), two
therapeutic targets to reduce plasma lipids and inflammation
in gastrointestinal diseases. Interestingly, ONV treatment did
not aggravate liver steatosis, as MTP mRNA was increased in
the liver. Therefore, ONVs protected both intestine and the
liver from fat overload associated with the HFHSD. As ONVs
concentrated amino acids and bioactive lipids versus orange
juice, which are deficient in obese patients, the use of ONVs
as a dietary supplement could bring physiological relevant
compounds in the jejunum to accelerate the restoration of in-
testinal functions during weight loss in obese patients.

INTRODUCTION
The identification of active constituents from our diet is an important
step to understand the impact of diet on health and disease develop-
ment and for the formulation of functional foods and nutraceuticals.
No diet has been proven to cure cancer or metabolic diseases, but
plant-based diets may benefit treatment. In that context, it was found
880 Molecular Therapy: Methods & Clinical Development Vol. 18 Septe
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that in addition to vitamins, sterols, polyphenols, and fibers, plants
also contained nanovesicles with interesting biological properties on
the digestive tract.1 Similar to mammalian cells, plant cells export pro-
teins, lipids, and nucleic acids into the extracellular space inside nano-
sized vesicles, such as exosomes.2–4 Exosome are synthesized inside the
cells, from the endosomal pathway in which intraluminal vesicles pro-
gressively accumulate during endosome maturation. Exosomes are
released into the extracellular space through exocytosis, and in plants
exosome secretion is enhanced in response to bacterial/parasite infec-
tions.5,6 They contain proteins related to biotic and abiotic stresses, sug-
gesting that these nanovesicles would play a vital role in basal immunity
and responses to environmental stresses in plants. Studies based on
in vitro models with cell cultures or gavage of mice with fruit-derived
nanovesicles have demonstrated that they have anti-inflammatory
(e.g., protect against colitis injury7,8) and anti-oxidant properties. It
has been demonstrated that the beneficial effects of fruit-derived nano-
vesicles could be used as additional strategies in cancer treatment in as-
sociation with chemotherapies.9 Other data suggested that they could
mitigate the immune response induced by injuries in the intestinal bar-
rier (IB) challenged with chemical compounds.10 Their actions might
not be restricted to intestine, as they are also able to inhibit alcohol-
induced reactive oxygen species (ROS) production in the liver during
alcohol-induced liver damage.11 From a nutritional point of view,
fruit-derivednanovesicles are composed of fruit-derived lipids and pro-
teins that are absorbed by the IB, similar to other food components,
when they are given per os.11–14 However, there are presently no data
on their metabolic properties on enterocytes which might potentialize
mber 2020 ª 2020 The Authors.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Characterization of ONVs

(A) ONV pellet size distribution isolated frompure orange juice, by nanoparticle tracking analyses. (B) TEMof ONV pellets extracted fromdifferent preparations of orange juices

(scale bars, 200 nm for a and b, or 500 nm for c). (C) Polyacrylamide gel of ONV proteins detected with silver staining (a, pure juice; b, unpasteurized juice; c, reconstituted

from concentrated juice). (D) Lipids identified in 1 mg of ONV pellet expressed as percentage of total lipids. The two colors represent two lipidomic analyses from two ONV

preparations. SQDG, sulfoquinovosyl diacylglycerol; MGDG, monogalactosyldiacylglycerol, DGDG, digalactosyldiacylglycerol, PG, phosphatidylglycerol; DPG, diphos-

phatidylglycerol (or cardiolipin); PI, phosphatidylinositol; PS, phosphatidylserine; PE, phosphatidylethanolamine; PC, phosphatidylcholine; PA, phosphatidic acid; DAG,

diacylglycerol; TAG, triacylglycerol; FFA, free fatty acids. Full lipid composition is indicated in Figure S2. (E) Metabolites found in orange juice or ONVs identified by proton

nuclear magnetic resonance. Data are expressed as% of total for each condition. The full metabolomic data are provided in Table S1. Only metabolites from crude ONVs are

shown because they were prepared using the same conditions as for pure orange juice.
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or decrease the bioactive effects of drugswhen these fruit-derived nano-
vesicles are used for drug delivery.15 As fruit consumption is beneficial
for human health and is considered in preventivemedicine, it is impor-
tant to determine whether fruit-derived nanovesicles could participate
in these properties and could be used as nutritional strategies for the
treatment ofmetabolic complications associated with obesity (e.g., dys-
lipidemia, hyperglycemia, insulin resistance, increased intestinal
permeability). In this context, 100% orange juice (from Citrus sinensis
(L.) Osbeck) contains many elements that can reduce the risk of
heart disease and cardiac arrhythmias, lower blood pressure,
balance cholesterol, and reduce the occurrence of many types of
cancers.16–21 Orange juice also has antioxidant and anti-inflammatory
properties that can be used for the treatment of intestinal inflammatory
diseases that cause excessive tissue injury and affect mucosal integ-
rity.22–25 Orange juice consumption can also accelerate the recovery
of the villous architecture and intestinal permeability after a surgical
stress.26 From a nutritional point of view, 100% orange juice intake
has been associatedwithbetter diet quality in children and adults.How-
ever, thehighquantityof sugars and its acid pHarematters of debate for
its consumption by metabolically perturbed populations. Therefore, in
Molecular The
this study we have characterized orange juice-derived nanovesicles
(ONVs) and determined whether these have the potential to restore in-
testinal functions altered in a model of diet-induced obesity in mice.
This is the first study on the nutritional action of plant-derived nano-
vesicles. Our data demonstrate that ONVs, and likely all nanovesicles
derived from edible plants, concentrate plant species-specific lipids
andmetabolites that are captured by the IB and consequentlymodulate
lipid metabolism at whole-body level. This has to be taken into account
in studies using plant-derived nanovesicles for drug delivery, as itmight
interfere or potentialize drug biological actions.

RESULTS
Isolation and Characterization of ONVs

ONVs were isolated by differential centrifugations and filtration steps
from 100% fruit juice (Figure S1). Nanosight analysis showed a poly-
dispersed population of vesicles (Figure 1A) with a negative zeta po-
tential of �18.23 ± 2.7mV. ONV heterogeneity was confirmed by
electron microscopy (Figure 1B) showing small vesicles (<50 nm)
and large vesicles (>150 nm) that could be separated by size-exclusion
chromatography (Figures S1C and S1D). Conversely, to what is
rapy: Methods & Clinical Development Vol. 18 September 2020 881
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usually observed, the small vesicles eluated before the large one, sug-
gesting that the large vesicles could be richer in lipids and thus less
dense than the small vesicles. As the population of ONVs was very
polydispersed, it was not possible to measure the concentration of
the vesicles based on their size distributions. Thus, we have measured
the concentration of proteins contained in the ONV pellet. Around
1 mg of ONV equivalent protein per 350 mL of juice was obtained.
We tested their biological actions on Caco-2 cells by monitoring
changes in cell index during 22 h. All vesicular populations (ONVs,
large, small) increased significantly the cell index of Caco-2 cells
versus untreated Caco-2 cells, suggesting similar effects on recipient
cells after 22 h (Figure S1F). Therefore, considering that drinking or-
ange juice is associated with the consumption of the whole population
of vesicles, we have decided to consider the whole-ONV pellet in this
study. We then have determined whether industrial processes could
alter the quantity or quality of ONVs. We extracted ONVs from
different industrial juices by using the same starting volume. When
pulp (juice sacs) was preserved during the process, ONVs were still
visible by transmission electron microscopy (TEM), but their
morphology was strongly altered (Figure 1B). When juice was ob-
tained from concentrated orange juice no ONVs were detected (Fig-
ure 1B). Protein profiling confirmed this result and also showed an
alteration of protein content in the preparation of ONVs from indus-
trial juices (Figure 1C). Therefore, these data indicated that ONVs
were lost in industrial preparations that removed the juice sacs.

Lipidomic and Metabolomic Profiles of ONVs

As the purpose of this study was to determine the function of ONVs on
the metabolism of high-fat, high-sucrose diet (HFHSD) mice, the lipid
composition associated with these lipid-derived vesicles was first as-
sessed (Figure 1D). Lipidomic analyses on two independent prepara-
tions showed that ONVs contained phosphatidylethanolamine (PE)
(�40%), phosphatidylcholine (PC) (�25%), phosphatidylinositol
(PI), (�12%) and phosphatidic acid (PA) (�5%). In particular, PE
(34:2) and PC (34:2)-(36:2)-(36:3) were highly represented (Figure S2).
ONVs also contained diacylglycerol (DAG) and free fatty acids (FFAs),
mainly palmitic acid (C16:0), oleic acid (C18:1), linoleic acid (C18:2),
and a-linolenic acid (C18:3). Compared to previous lipidomic analyses,
the ONV lipid profile was very similar to grapefruit-derived nanove-
sicles,27 suggesting that Rutaceae family-derived nanovesicles have a
specific lipid composition, in particular their PE/PA ratio is reversed
versus grape- or ginger-derived vesicles.10,14 Proton nuclear magnetic
resonance (1H-NMR) showed that ONVs did not contain vitamin C
and naringenin, which aremajor active compounds of orange juice (Ta-
ble S1). ONVs contained carbohydrates (glucose, fructose, sucrose) and
amino acids (alanine, asparagine isoleucine, threonine, leucine). ONVs
accumulated leucine, threonine, formate, methanol, ethanol, and sn-
glycero-3-phosphocholine versus orange juice (Figure 1E).

In Vivo Biodistribution of ONVs and ONV Uptake by IBs In Vitro

To investigate whether ONVs were internalized by human cells, IBs
were incubated with ONVs labeled with lipophilic dye PKH67. Fluo-
rescent cells were detected already after 3 h (Figure 2A), indicating
that ONVs could penetrate rapidly in IBs. ONV uptake was not in-
882 Molecular Therapy: Methods & Clinical Development Vol. 18 Septe
hibited by cytochalasin D, known as a macropinocytosis inhibitor,
but it was significantly reduced in the presence of caveolae-mediated
endocytosis inhibitor indomethacin (Figures 2B and 2C). In order to
determine the biodistribution of ONVs during digestion, mice were
gavaged with 150 mg of labeled ONVs, and ONV fluorescence distri-
bution was determined in metabolic organs after 6 h. Fluorescence
was detected in the gut only and not in other tissues (Figure 2D).
In the gut, there was a gradient of fluorescence from the jejunum-
ileum to the cecum-ascending colon (Figure 2E).

ONVs Induced the Release of Chylomicron-Associated

Triglycerides (TGs) from IBs In Vitro

As shown in Figure S3, 10 mg versus 1 mg of ONV addition to the cell
culture induced ROS production (Figures S3A and S3B) associated
with IB cell death, showing a toxicity of ONVs at high concentrations
(Figures S3B and S3C). Therefore, we used 1 mg/mL ONVs to treat
differentiated IBs. Soon after 3 h of treatment, we observed a strong
decrease in TG levels in ONV-treated IBs versus control IBs (Figures
3A and 3B). Then, the growth medium was renewed and ONV-
treated IBs were co-cultured in the presence of differentiated adipo-
cytes. After 24 h of co-culture, we detected a significant increase in
lipid droplet size in adipocytes co-cultured with ONV treated IBs
versus untreated IBs (Figure 3C). In addition, TG levels were
increased in adipocytes (Figures 3D and 3E). Lipid accumulation in
adipocytes induced changes in their morphology and a loss of cell
adhesion force. As a result, the cell index decreased as observed in Fig-
ure 3F. These data indicated that OVNs induced the release of chylo-
micron-associated TGs from IBs, which were further hydrolyzed and
stored as TGs in adipocytes. These results were independent of
glucose concentration in culture medium (data not shown). Gene ex-
pressions analyses (Table S2A) also suggested that IBs+ONVs ab-
sorbed less fatty acids (i.e., decreased FABP1/2 mRNAs) and had
increased levels of fatty oxidation (i.e., increased PGC1a mRNA),
which might contribute to the TG depletion in ONV-treated IBs
versus untreated IBs.

ONVs Modulated Jejunum Morphology and mRNA Levels of

Genes Involved in Permeability

As ONVs had an effect on IB TG disposal in vitro, we speculated that
they might have functional properties on the intestine in vivo, as
shown for other plant-derived nanovesicles.1 We validated this hy-
pothesis by using HFHSD mice. As shown on Figures S4A and S4B,
HFHSD mice were glucose-intolerant and insulin-resistant after
12 weeks of an HFHSD, based on both glucose tolerance tests
(GTTs) and insulin tolerance tests (ITTs). Four-week treatment
with ONVs neither restored significantly these metabolic alterations
(Figures S4C–S4E) nor modified body weight level, adipose tissue,
or liver mass (Figures S3H and S3I). HFHSD mice had a significant
decrease in cecum weight versus standard diet (SD) mice (Figure 4A).
Conversely, the lengths of colon and small intestine were not affected
by the diet (Figures 4B and 4C). These three parameters were not
modified in HFHSD+ONV mice, suggesting no global effect on the
intestine. As fluorescent ONVs accumulated mainly in the jejunum
(Figure 2E), we focused on this region. The treatment with ONVs
mber 2020
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Figure 2. ONV Intestinal Biodistribution and Cellular

Absorption

(A) Quantification of PKH67 fluorescence in IBs after ONV

treatment (5 mg/mL, 3 h). Cells were trypsinated and

PKH67 fluorescent cells were sorted by flow cytometry.

Data are presented as mean PKH67 fluorescence

intensity ± SEM (n = 3). *p < 0.05 (Student’s t test, versus

untreated IBs). (B) Representative images of Caco-2 cells

treated with 10 mg of PKH67-labeled ONVs, 3 h post-

treatment. Cell nuclei were labeled with Hoechst 33258.

(C) Caco-2 cells were pre-treated with inhibitors of

endocytosis and treated with PKH26-labeled ONVs.

Fluorescence intensities of either PKH26 or Hoechst

33258 were quantified with a Cytation 3 cell imaging

reader. Data are mean ratios of fluorescence intensities

(PKH26/Hoechst 33258; n = 4 replicates). (D) IVIS im-

ages, 6 h post-gavage with 100 mg of DIR-labeled ONVs.

(E) In vivo biodistribution of the fluorescence from DIR-

ONVs in the digestive tract of SD mice 6 h post-gavage,

normalized to background (n = 3 PBS-DIR as control

background of DIR fluorescence, and n = 4 DIR-labeled

ONV gavaged mice).
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Figure 3. ONV Effects on Caco-2/HT29-MTX Intestinal Barrier

(A) Representative images of IBs obtainedwith identical image acquisition parameters for AdipoRed andHoechst 33258 on aCytation 3 platform, showing the decrease in TG

content post-treatment with ONV (3 h, 1 mg/mL) (objective �4, IBs grown in 96-well inserts; objective �20, IBs grown in six-well inserts). (B) TG levels in IBs 24 h post-

treatment with ONVs, measured by quantification of AdipoRed fluorescence intensities in IB cells sorted by flow cytometry (n = 3). (C) Volume and number of lipid droplets in

3T3-L1 MBX differentiated adipocytes co-cultured with ONV-pretreated IBs (n = 6–12 replicates). (D) Representative images of 3T3-L1 MBX differentiated adipocytes in 96-

well E-plates after 24 h of co-culture with IBs. Contrast phase (left panels) and corresponding merged AdipoRed-Hoechst 33258 (right panels) are shown. (E) TGs in adi-

pocytes. Data are mean ratios of fluorescence intensities (AdipoRed-Hoescht 33258, n = 12 replicates) quantified with a Cytation 3 cell imaging reader. (F) xCELLigence

analyses of 3T3-L1 MBX differentiated adipocytes, co-cultured with ONV-pretreated IBs during 24 h. The data represent real-time monitoring of 3T3-L1 MBX cell index

normalized to the cell index at T = 0 (mean delta cell index, every 5 min during 50 cycles, then every 15 min) for 22 h. The decrease of cell index in the 3T3-L1 MBX + pre-

treated IBs versus 3T3-L1 MBX + control IBs indicated a decrease in adipocyte adherence due to lipid accumulation.28 *p < 0.05, student t test.
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induced an increase in villi size in HFHSD jejunum (Figures 4D and
4E), indicating that these lipid-derived nanovesicles lead to an in-
crease in absorptive area. Of note, no modifications of villi or crypt
sizes were observed for the other parts of the intestine (data not
shown), suggesting that this result was specific for the jejunum. As
it was previously demonstrated that HFHSD consumption induced
intestinal permeability,29 we also quantified the expression of genes
coding for proteins located in the tight junctions in jejunum.
HFHSD+ONV mice had increased mRNA levels of CLDN1,
OCLN, and ZO1 compared with HFHSD mice. These data suggest
that ONVs could modulate intestinal permeability (Table S2B). Asso-
ciated with the onset of intestinal permeability, it is known that an
HFHSD causes a deficiency within the intestinal immune system
leading to the colonization of the epithelium by gut bacteria.30 In
agreement, mRNA levels of tumor necrosis factor (TNF)-a and inter-
leukin (IL)-1b, released from immune cells, were decreased in
jejunum from HFHSD versus SD mice, whereas the expression of
Toll-like receptor 4 (TLR4), required to maintain intestinal homeo-
stasis and to limit bacterial infiltration,31 was not differentially ex-
884 Molecular Therapy: Methods & Clinical Development Vol. 18 Septe
pressed. Gavage with ONVs reversed TNF-a and IL-1bmRNA levels
and induced the expression of TLR4 in the jejunum of HFHSD+ONV
versus HFHSD mice (Table S2B), suggesting a possible restoration of
the intestinal immune system.32

ONVs Modulated the Expressions of Genes Involved in Lipid

Absorption and Release in Jejunum and Liver of HFHSD Mice

We quantified the levels of TGs in the jejunum of each group of mice
as a reflection of intestinal lipid absorption and release. TG content
did not change in the jejunum of HFHSD versus SDmice (Figure 4F),
but it increased in blood and liver of HFHSD versus SD mice (Fig-
ure 4G; Figure S4I). ONV consumption triggered a decrease in TG
content in the jejunum of HFHSD+ONV versus HFHSD mice at
the fasted state (Figure 4F), confirming the data obtained with the
IBs in vitro (Figures 3A and 3B). In order to explain the decrease in
jejunum TG content in HFHSD+ONV mice, we quantified the
expression of genes involved in lipid absorption and metabolism of
enterocytes. The mRNA levels of ABCG5, ABCG8, FABP2, and
FABP4 were neither affected by the diet nor by ONV
mber 2020
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Figure 4. ONVEffects on JejunumMorphology and TG

Content

(A) Cecum weight (g) (n = 10). (B) Size of the colon (cm) (n =

10). (C) Size of the intestine (cm) (n = 10). (D) Representative

images of the jejunum used to quantify the size of the villi

(hematoxylin and eosin staining). (E) Villi length in the

jejunum (n = 5). (F) TG levels in the jejunum per gram of

proteins (SD, n = 5; HFHSD, n = 10; HFHSD+ONV, n = 10).

(G) Plasma TG levels. SD, standard diet; HFHSD, high-fat,

high-sucrose diet; HFHSD+ONV, HFHSD mice gavaged

with ONVs.
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supplementation (Table S2B). Conversely, mRNA levels of APOB,
CD36, DGAT1, L-FABP, I-FABP, FATP4, and microsomal TG trans-
fer protein (MTP) were increased whereas those of SR-B1, ATGL, an-
giopoietin-like protein-4 (ANGPTL4), NPC1L1, and ACAT2 were
decreased in HFHSD versus SD mice (Table S2B). These data, sum-
marized in Figure 5, showed that consumption of an HFHSD induced
fatty acid absorption, an increase in TG synthesis, and thus chylomi-
cron synthesis and release. Among the HFHSD mice, those fed with
ONVs for 4 weeks had increased expressions of ACAT2, ANGPTL4,
Molecular Therapy: Methods & Clin
and DGAT1, but decreased expression of FABP2,
FATP4, and MTP versus HFHSD animals. These
data indicated that syntheses of TGs and prechy-
lomicron were strongly reduced in HFHSD+-
ONV versus HFHSD mice. In addition, jejunum
harvested fewer lipids from ingested food (i.e.,
increased expression of ANGPTL433), and thus
fat absorption was also reduced. TG decrease in
jejunum of HFHSD+ONV mice was not associ-
ated with modifications of blood TGs
(Figure 4G).

In order to determine whether reduced jejunum
TG content affected whole-body TG homeostasis,
we performed an oral lipid tolerance test and fol-
lowed the modulations of TG concentrations in
plasma. Plasmatic TG normalization level
following administration of a lipid bolus provides
integrated information about enteric lipid ab-
sorption, lipid packaging into chylomicrons,
and liver TG clearance and release. As expected,
SDmice displayed lower post-prandial TG excur-
sion compared with dyslipidemic HFHSD or
HFHSD+ONV mice (Figures 6A and 6B). Mice
fed with HFHSD+ONV displayed higher post-
prandial plasma TG levels versus HFHSD at 2
h, but not at 4 h (Figure 6A), indicating that
plasma TG clearance was not modified by
ONVs. However, during 4 h HFHSD+ONV
mice had higher plasma TG concentrations
than did HFHSD mice (Figure 6B). As enteric
lipid absorption and TG release were reduced in
HFHSD+ONV versus HFHSD mice, the increase of plasma TG after
lipid bolus was likely due to a higher release of TG-rich lipoprotein by
the liver. Indeed, HFHSD+ONV mice had an increased MTP mRNA
level in liver required for very-low-density lipoprotein (VLDL)
biosynthesis without modification of CD36 mRNA expression,
involved in lipid uptake (Table S2B). In agreement, we observed a
small, but not significant, decrease in liver mass (Figure S3I) and in
liver TG content (Figure 6C) in HFHSD+ONV versus HFHSD
mice. These were not sufficient to detect a clear amelioration of liver
ical Development Vol. 18 September 2020 885
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Figure 5. ONVs Regulated Genes Involved in Fat Absorption and Release or Expressed in Tight Junctions in Jejunum

Genes in red, upregulated by the HFHSD versus SD; genes in green, downregulated by the HFHSD versus SD. Red arrows indicate upregulated in HFHSD+ONVmice versus

HFHSD mice; green arrows indicate downregulated in HFHSD+ONV mice versus HFHSD mice. SD, n = 5; HFHSD, n = 10; HFHSD+ONV, n = 10.
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steatosis (Figures 6D and 6E). Interestingly, blood TG levels were
negatively correlated with gastrocnemius weight of HFHSD+ONV
mice (R2 =�0.56, p = 0.046, Kendall correlations). Collectively, these
data suggest that consumption of ONVs could protect the liver from
diet-induced lipid storage by reducing the fat absorption by intestine
and consequently by the liver and by increasing TG release from the
liver, which could be stored in and used by skeletal muscle. The expla-
nations ofMTP opposite regulations respectively in intestine and liver
deserve further experiments.

DISCUSSION
The small intestinal epithelium is highly responsive to changes in
nutrient intake or exposure to luminal nutrients. High intake of car-
bohydrate and fat have been associated with damage to intestinal
mucosa and consequently to a decrease in the function of the IBs.
Indeed, induction of intestinal permeability leading to the passage
of gut bacteria and to a decrease in the number of immune cells
that protect the mucosa have been observed in obese subjects.29,34

Conversely to what is observed for highly inflammatory pathologies
(i.e., acute colitis or Crohn’s disease), chronic consumption of a
high-fat diet turns off the immune response of the small intestine.30

In our study, 16 weeks of an HFHSD induced the signs and symp-
toms of human metabolic syndrome in mice (i.e., obesity, insulin
886 Molecular Therapy: Methods & Clinical Development Vol. 18 Septe
resistance, non-alcoholic fatty liver disease, dyslipidemia, and high
plasma TG levels). Transcriptomic analyses in the jejunum
confirmed that an HFHSD induced deficiency within the intestinal
immune system and modulated genes involved in intestinal perme-
ability. HFHSD mice also had higher dietary fat absorption and
increased secretion of chylomicrons.

Six hours post-gavage, ONVs accumulated preferentially in the
jejunum. Conversely to what was published for ginger-derived nano-
vesicles,11 we did not detect ONVs in liver, suggesting that ONVmain
localization and first action occurred in the intestinal mucosa. The
same intestinal biodistribution was described for grapefruit-derived
nanovesicles also from the Rutaceae family.27 Therefore, associated
with their enriched lipid content and specific lipid composition,35

ONVs accumulated preferentially in the intestinal region involved
in dietary lipid absorption. In this region, ONVs induced an increase
in villi size, modulated mRNA levels of genes involved in immune
response, and decreased jejunum TG content at the fasted state.
In vitro data with IBs indicated that ONVs were internalized by
enterocytes.

Their actions on the jejunum observed in this study could result both
from their incorporation into jejunum cells and from their
mber 2020
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Figure 6. TG Content in Liver and Blood from

HFHSD+ONV Mice

(A) Kinetics of plasma TG concentrations after lipid over-

load (n = 10). (B) Areas under the curves calculated from

plasma TG concentrations in (A). (C) Liver TG concen-

trations at sacrifice (SD, n = 5; HFHSD, n = 10;

HFHSD+ONV, n = 10). (D) Hepatic lipid accumulation

evaluation by color separation on ImageJ (original

magnification, �100 in three to five fields randomly cho-

sen; n = 5 mice). (E) Representative images used to

quantify liver lipid accumulation in (D) (hematoxylin and

eosin staining). *p < 0.05, student t test.
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composition. In this study we found that ONVs are rapidly incorpo-
rated into IBs in vitro, which confirms previous studies showing that
fruit-derived nanovesicles can be captured by the cells from intestine
(e.g., intestinal dendritic cells for broccoli nanovesicles,13 macro-
phages for grapefruit nanovesicles,27 Lgr5+ stem cells for grape nano-
vesicles10) and similarly could induce cell growth (i.e., in vitro on
Caco-2 cells and in vivo in jejunum). ONVs contain PA, which con-
trols membrane fission and fusion,36 and their action on the mTOR
pathway could explain part of the actions of ONVs on villi growth
Molecular Therapy: Methods & Clinic
in HFHSD mice.37 In addition, ONVs are en-
riched in phospholipids, which have important
functions for the IB. It is known that obesity is
associated with a decrease in mucus thickness.29

It was demonstrated that PC, sn-glycero-3
phosphocholine (POPC), and, to a less extent,
PE38,39 contained in ONVs are essential compo-
nents of mucus and have anti-inflammatory
properties40 (e.g., patients with ulcerative colitis
showed significant restoration of the mucosal
barrier after a treatment with PC.41 Therefore,
amelioration of intestinal functions induced
by ONVs in HFHSD mouse jejunum might be
related to PC and POPC from OVNs.

Compared to previous studies on severe IB al-
terations showing that edible plant nanovesicles
can restore villi size and functions,10,13,27

obesity-induced intestinal alterations are
modest. It is thus interesting to observe that
ONVs have an action on a poorly altered barrier
even for a limited period of time, meaning that
vegetable-derived nanovesicles participate in
the maintenance of the IB integrity also in
healthy subjects and thus should be preserved
during industrial production of fruit juices. In
addition to bioactive lipids, their enrichment
in leucine compared to juice is physiologically
relevant. Indeed, it was demonstrated that
increased dietary leucine intake improves
glucose metabolism in obese subjects.42 Indeed,
leucine belongs to the category of branched
amino acids, and previous studies highlight a reduction of leucine
concentration in blood circulation of insulin-resistant patients,43

which could lead to a lack of leucine distribution in organs required
for functioning well. Metabolomic results obtained in the present
study on ONVs suggest for the first time that ONVs can cause a local
leucine supplementation in the jejunum of obese mice.

Finally, previous studies have also identified small RNAs in fruit-
derived nanovesicles. In that context, 113 conserved miRNAs were
al Development Vol. 18 September 2020 887
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identified from ONVs.44 The authors of this study predicted possible
target genes of ONV-derived miRNAs in the mammalian genome, by
bioinformatics. They found that one of them, MIR-398b, was pre-
dicted to bind IL-1, alpha gene, involved in the immune response.
However, beside these predictions, no study so far has firmly demon-
strated the functionality of plant-derived miRNA on the mammalian
genome and it is still a matter of debate.45

In the intestinal lumen, dietary TGs are modified into monoacylgly-
cerol and fatty acids, which are incorporated into micelles and taken
up by enterocytes. Once in the enterocytes, monoacylglycerol and
fatty acids are re-esterified into TGs and packaged into chylomicrons
for secretion. In the context of obesity, the effects of OVNs on villi size
in jejunum and thus on the surface of nutrient absorption could have
amplified the HFHSD deleterious effects on weight gain and meta-
bolic deterioration. However, analyses of mRNA levels of genes
involved in lipid metabolism in enterocytes showed that ONV treat-
ment suppressed the increased FATP4 and FABP2 in the intestine of
HFHSD mice. FATP4 is the major intestinal transporter required for
efficient uptake of fatty acids,46 and FABP2 is involved in the intracel-
lular transport of long-chain fatty acid and in TG-rich lipoprotein
synthesis. Thus, the data indicated that ONVs decreased fatty acid ab-
sorption by the jejunum. ONVs also downregulated mRNA coding
for MTP, which has a major role in chylomicron synthesis.47 This
protein is essential for the biosynthesis of TG-rich lipoproteins.
MTP also modulates cholesterol ester synthesis by an unknown
mechanism.47 Taken together, these data are in favor of a reduced
chylomicron secretion by the jejunum after 1 month of gavage with
ONVs in HFHSD mice but not associated with lipid accumulation
in the intestine. In the context of metabolic syndrome associated
with hyperlipidemia, previous studies have demonstrated that MTP
inhibition could be an effective therapeutic target to lower plasma
lipids. In our study, 1-month treatment with ONVs was not sufficient
to lower blood TG concentration in our model of highly metabolically
perturbed obese mice. Longer treatment should thus be considered. A
major side effect of MTP inhibitors is that they also inhibit MTP
expression in liver and thus induce fat lipid storage in this tissue.47

Interestingly, ONV treatment did not aggravate liver steatosis, as
MTP mRNA level was increased in liver. Therefore, ONVs seem to
protect both the intestine and the liver from fat overload associated
with the HFHSD. ONVs also triggered the downregulation of angio-
poietin-like protein-4 (ANGPL4) mRNA in the jejunum of HFHSD+
ONV versus HFHSD mice, a novel target for therapy in regulating
and attenuating colonic inflammation.48

In conclusion, this study demonstrated that part of the beneficial ef-
fects of orange juice on the metabolism and villi size are reproduced
by ONVs. Therefore, in the case of obesity-associated diabetes, ONVs
could represent an alternative to the consumption of fruit juice. Used
as a dietary supplement for a short period of time, ONVs would accel-
erate the recovery of intestinal functions during weight loss in obese
patients. However, we do not recommend the consumption in
chronic, and, more generally speaking, the use of fruit-derived nano-
vesicles for healthy populations. We can not rule out that the induc-
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tion of villi growth is not associated with the induction of pathways
potentially involved in cancer onset and progression. In addition,
we demonstrated also that ONVs, and likely all nanovesicles derived
from editable plants, concentrate plant species-specific lipids and me-
tabolites that are captured by the IBs and consequently modulate lipid
metabolism at the whole-body level. This has to be taken into account
in studies using plant-derived nanovesicles for drug delivery,15 as it
might interfere or potentialize drug actions.

MATERIALS AND METHODS
Preparation of ONVs

Untreated oranges (Citrus sinensis (L.) Osbeck var. Valencia) were cut
into two parts and seeds were removed. The two parts were placed on
a juicer, and pressure and twist were applied to extract juice. Juice was
centrifuged at 3,000 � g (30 min, 4�C) and the supernatant was
further centrifuged at 10,000 � g (60 min, 4�C) to remove cell debris,
fibers, various aggregates and intracellular organelles. After filtration
at 100 mm and then at 0.45 mm, juice was centrifuged at 16,500 � g
(60 min, 4�C) and the supernatant was ultracentrifuged (90 min,
100,000 � g, 4�C) (Beckman Coulter, Optima L-80 XP ultracentri-
fuge, type 50-2Ti rotor). The pellet was rinsed in phosphate-buffered
saline (PBS) and resuspended in PBS after ultracentrifugation
(90 min, 100,000 � g, 4�C). The same procedure was used to extract
ONVs from industrial juice with pulp purchased at 4�C, or from in-
dustrial juice reconstituted from concentrate, purchased at room tem-
perature. Size exclusion columns (qEV10, Izon Science, France) were
used to further purify the ONV pellet.

Imaging of ONV with TEM

ONVs in PBS were adsorbed on 200-mesh nickel grids coated with
Formvar-C. After washing once in filtrated distilled water, suspen-
sions were colored with 2% phosphotungstic acid for 2 min and
examined using a JEM-1400 transmission electron microscope
(JEOL, Tokyo, Japan) equipped with an Orius 600 camera.

Particle Size and Surface Charge Analysis

NanoSight NS300 (Malvern Panalytical, Orsay, France) was used to
measure the size of particles.49 The number of particles and their
movement were recorded for 5 � 60 s (camera level = 16). Particle
sizes were quantified by nanotracking analysis (NTA, detection
threshold = 4) using the NS500 software. The zeta potential was
measured with Zetasizer Nano S90.

IB Cell Culture

Caco-2 cells (human colorectal carcinoma cells [ATCC HTB-37],
which express characteristics of enterocytic differentiation at conflu-
ence) and HT29-MTX cells (human colon carcinoma-derived mucin-
secreting goblet cell line) were grown in Dulbecco’s modified Eagle’s
medium (DMEM) with high glucose (4.5 g/L) containing 10% fetal
bovine serum (FBS) (DMEM with 10% FBS, PAA Laboratories, Les
Mureaux, France) and antibiotics (100 mg/mL streptomycin and
100 U/mL penicillin, Sigma-Aldrich, St. Quentin Fallavier, France).
Caco-2 and HT29-MTX cells were grown in co-cultures on inserts
(ratio of Caco-2/HT29-MTX = 9:1). 18 days post-confluence,
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co-cultures were treated with 10 mM oleic acid for 4 h (Sigma-Al-
drich) in serum-free DMEM. We have shown that this treatment
induced phenotype reprogramming of Caco-2 cells (reduced prolifer-
ation rate and modification of lipid metabolism) and differentiation
of HT29-MTX cells (i.e., expression markers of goblet cells and
mucus), thus producing an artificial IBs closed to in vivo conditions.50

Co-culture of IBs with Differentiated Adipocytes to Monitor

Adipocyte Lipid Uptake

IBs were grown as described above in 96-well inserts. IBs were treated
for 3 h with ONVs. Then, the media were refreshed before loading IB-
containing inserts onto E-plates containing 3T3-L1 MXB adipocytes
already differentiated, as previously described28 (ATCC CRL-3242,
Sigma-Aldrich). Variations of cell impedance of 3T3-L1 MXB adipo-
cytes were monitored in real time for 22 h using the xCELLigence sys-
tem (every 5 min during 50 cycles, then every 15 min until 22 h). As
differentiated 3T3-L1 MXB adipocytes are proliferative, any modifi-
cation of cell impedance is associated with variation of their morphol-
ogies, and thus lipid uptake or lipolysis was used as described and
validated previously.28,51 Data are represented as the cell index
normalized to time (T) = 0 (delta cell index ± SEM), where the cell
index = slope � time + intercept. At the end of the experiments, IB
cells and adipocytes were trypsinized for analysis with flow cytometry.
For quantification of TGs and ROS on fixed cells, IBs were fixed with
3% formalin (Sigma-Aldrich) then incubated with an AdipoRed assay
(TG quantifications), washed in PBS, and treated with 2.5 mg/mL di-
hydrorhodamine-6G (DHR6G) (#C262, tebu-bio) in PBS with 0.1%
Triton X-100 (ROS quantification). Nuclei were labeled with Hoechst
33258. Fluorescence intensities were measured by using the Cytation
3 platform (BioTek Instruments, Colmar, France) at 350 nm (excita-
tion)/461 nm (emission) for Hoechst 33258, at 535 nm/572 nm for
AdipoRed, and at 528 nm/551 nm for DHR6G (objective �4). Lipid
droplet number and size in adipocytes and cell number were deter-
mined by measuring fluorescence intensities from images recorded
and analyzed using Cytation 3 (magnification �4)

ONV Uptake by Caco-2 Cells and IBs

To detect ONV incorporation in intestinal cells, ONVs were labeled
with PKH67, according to the manufacturer’s protocol. ONVs were
resuspended in 250 mL of diluent C. Separately, 250 mL of diluent C
was mixed with 2 mL of PKH67 to prepare the staining solution.
The resuspended ONVs were mixed with the PKH67 solution and
incubated for 5 min. The labeling reaction was stopped with one equal
volume of 1% BSA. Labeled ONVs were purified and used to treat IBs.
After 24 h, IBs were trypsinized and fluorescent cells were counted by
flow cytometry. Labeled ONVs were also used to treat monocultures
of Caco-2 cells for 6 h in the presence of endocytosis inhibitors (1 mM
cytochalasin D together with ONVs, and 100 mM indomethacin
30 min before adding ONVs) (Sigma-Aldrich). After washing in
PBS, cells were counterstained with Hoechst 3342 and fixed in 3.7%
formaldehyde solution for 5 min at room temperature (RT) and
blocked with 5% BSA in PBS. Fluorescence intensities were quantified
with the Cytation 3 cell imaging reader (BioTek Instruments, Colmar,
France).
Molecular The
Lipidomic Analyses

Glycerolipids were extracted from 1 mg equivalent protein freeze-
dried ONV pellets by addition of 2 mL of methanol and 8 mL of chlo-
roform at room temperature. The mixture was then saturated with
argon and stirred for 1 h at room temperature. 3 mL of chloro-
form/methanol (2:1 ratio) and 5 mL of 1% NaCl were then added
to solution to initiate biphase formation. The chloroform phase was
dried under argon before solubilizing the lipid extract in pure chloro-
form. Lipid extracts were dissolved in 100 mL of chloroform/methanol
(2:1 ratio) containing 125 pmol of each internal standard.52 The lipid
classes were separated using an Agilent 1200 high-performance liquid
chromatography (HPLC) system using a 150 � 3-mm (length � in-
ternal diameter) 5-mm diol column (Macherey-Nagel) at 40�C.52 The
distinct glycerophospholipid classes were eluted successively as a
function of the polar head group in the following order: triacylglycerol
(TAG), DAG, monogalactosyldiacylglycerol (MGDG), digalactosyl-
diacylglycerol (DGDG), phosphatidylethanolamine (PE), 1,2-dipal-
mitoyl-sn-glycero-3-O-4'-(N,N,N-trimethyl)-homoserine (DGTS),
diacylglycerylhydroxymethyl-N,N,N-trimethyl-b-alanine (DGTA),
phosphatidylglycerol (PG), phosphatidylinositol (PI), sulfoquinovo-
syl diacylglycerol (SQDG), phosphatidylserine (PS), phosphatidyl-
choline (PC), diphosphatidylglycerol (DPG), and phosphatidic acid
(PA). Knowing the mass of each glycerolipid potentially present, lipid
extracts were thereafter analyzed by liquid chromatography-tandem
mass spectrometry (LC-MS/MS).53 Lipid amounts (pmol) were cor-
rected for response differences between internal standards and
endogenous lipids and by comparison with a qualified control
(QC). The QC extract corresponded to a known lipid extract from
Arabidopsis cell culture qualified and quantified by thin layer chroma-
tography (TLC) and gas chromatography with flame-ionization
detection (GC-FID).53

Metabolomic Analyses by NMR

540 mL of PBS containing ONVs extracted from 165 mL of pure or-
ange juice or 540 mL of pure orange juice were mixed with 60 mL of
phosphate buffer (pH 7.4) (160 mM Na2HPO4, 30 mM NaH2PO4,
1 mM trimethylsilylpropanoate (TSP), and 3 mM NaN3 in 100%
deuterium oxide [D2O]) and transferred to 5 mm NMR tubes.54 All
NMR experiments were acquired on a 600-MHz Bruker NMR spec-
trometer with a 5-mm TCI CryoProbe (Bruker BioSpin, Rheinstetten,
Germany). Temperature was fixed at 30.0�C throughout the experi-
ments. For each sample, two types of 1D experiments were recorded,
using a standard pulse sequence: Carr-Purcell-Meiboom-Gill
(CPMG, cpmgpr1d) (Meiboom andGill, 1958) and 1DNuclear Over-
hauser Effect Spectroscopy (NOESY) (noesypr1d, mixing time
10 ms), both with water suppression applied during the relaxation
time for 4 s, 128 transient free induction decays (FIDs), and a spectral
width of 20 ppm55. All FIDs were multiplied by an exponential func-
tion corresponding to a 0.3-Hz line-broadening factor prior to Four-
ier transform and 1H-NMR spectra were manually phased and refer-
enced to the glucose doublet at 5.23 ppm using TopSpin 4.0.
Identification of the metabolites was carried out from the 1D NMR
spectra using the software Chenomx NMR Suite 8.0 (Chenomx, Ed-
monton, AB, Canada) and confirmed from analysis of 2D 1H-1H
rapy: Methods & Clinical Development Vol. 18 September 2020 889
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Total Correlation Spectroscopy (TOCSY), 1H-13C Heteronuclear sin-
gle quantum coherence (HSQC) spectroscopy, and 1H J-resolved
NMR spectra recorded with standard parameters. The measured
multiplet chemical shifts were compared to reference shifts of pure
compounds using the HMDB database.56 A pure standard lactate so-
lution (1 g/L, Fisher Scientific) was used as an external concentration
reference and exploited using the ERETIC2 utility from TopSpin
(Bruker, Rheinstetten, Germany) to add a digitally synthesized peak
to a spectrum as recommended in Jung et al.57 Lactate-relative metab-
olite concentrations were determined using Chenomx software by
manual fitting of the proton resonance lines for the compounds avail-
able in the database. The linewidth was adjusted to the width of one
component of the alanine doublet.

ONV In Vivo Biodistribution

ONVs were pelled in the presence of 1 mM fluorescent lipophilic
tracer DiR (1,1-dioctadecyl-3,3,3,3-tetramethylindotricarbocyanine
iodide) (D12731, Invitrogen) by ultracentrifugation (110,000 � g,
90 min). Mice received either 150 mg of DIR-labeled ONVs58 or
mock-PBS-DiR as control through gavage. Six hours after gavage, an-
imals were sacrificed and the organs were carefully harvested and
imaged for 2 s (excitation, 710 nm; emission, 760 nm) using a high
sensitivity charge-coupled device (CCD) camera in vivo imaging sys-
tem (IVIS) Spectrum (PerkinElmer, USA). Data were normalized on
mock-PBS-DiR. Experiments were approved by the Swedish Local
Board for laboratory animals and were performed in accordance
with ethics permission and designed to minimize animal suffering
and pain.

Protocol with Diet-Induced Obese (DIO) Mice

4-week-old male mice were purchased from Envigo. Animals (n = 30)
were housed in the common animal center from the AniRA-PBES core
facility (ENS Lyon, France) at 22�C and with a 12-h light/12-h dark cy-
cle. Animal procedures were conducted in accordance with the French
institutional guidelines for the care and use of laboratory animals (ethic
committee number: APAFIS#10279-2017041216448928). After
1 week of acclimatization, mice were divided into two groups: one
was given free access to a standard chow diet (n = 10 SD, Rhod-16A,
Genobios) and another one was given free access to a pelleted HFHSD
(n = 20 HFHSD, 36% fat, 35% carbohydrate [50% sucrose], and 19.8%
protein; TD99249; Harlan Laboratories). After 12 weeks, a GTT (1 mg
of glucose/g body weight) and ITT (0.75 mU of insulin/body weight)
were performed to confirm that HFHSDmice were glucose-intolerant,
insulin-resistant, and hyperinsulinemic in addition to being obese.59

Then, HFHSD animals were divided into two groups, both continuing
the HFHS diet: one receiving 100 mL of PBS (n = 10, HFHSD) and one
receiving 150 mg of ONVs in 100 mL of PBS through gavage (5 days/
week, 4 weeks) (n = 10, HFHSD+ONV). Considering that a human
of 80 kg can drink 1 mg of ONVs per 350 mL of fresh orange juice
per day, obese diabetic mice of 45 g would consume 560 mg of
ONVs. However, based on previous publications on juice-derived ves-
icles (Table S1 in Rome1), and on our in vitro data showing a toxicity of
ONVs at high concentrations, we have preferred to decrease the con-
centration to 150 mg for the gavage. Of note, ONV pellets were rinsed
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three times in PBS to remove acidity of the solution before gavage. At
15 weeks, n = 5 animals per group received 200 mL of commercial vege-
table oil (Lesieur Isio 4, France) at the 6-h fasted state and blood was
withdrawn from the tail every hour for 4 h. TGs were quantified in
plasma at each time point. At 15weeks, GTTs and ITTswere again per-
formed to determine the impact of ONVs onmetabolic parameters. At
12 and 16 weeks, plasma glucose levels were determined at the fasted
state by using the Accu-Chek Performa glucometer (Roche Diabetes
Care France, Meylan, France). At 16 weeks, fasting plasma insulin
was determined with mouse ultrasensitive ELISA (Eurobio, Courta-
boeuf, France). Then, animals were sacrificed and the gastrointestinal
tract, skeletal muscles, liver, and adipose tissues were rapidly removed
and frozen in liquid nitrogen or fixed for further analyses.

Histology Analyses

Liver and gut biopsies were fixed in 4% formaldehyde/phosphate
buffer for 24 h at 4�C, then dehydrated and embedded in paraffin.
5-mm-thick sections were stained with hematoxylin and eosin. The
percentage of macrovesicular steatosis in liver sections was assessed
by lipid droplet detection and segmentation at �100 magnification
in three to five fields per randomly chosen image.60,61

Statistical Analyses

Unpaired two-tailed Student’s t tests and analyses of variance (AN-
OVAs) with corresponding post hoc tests were performed using
GraphPad Prism (GraphPad, La Jolla, CA, USA). The one-way
ANOVA test for independent measures was used to compare the
means of three independent samples simultaneously. Correlations an-
alyses were performed using R (v3.5) using a non-parametric
approach (Kendall rank correlation coefficient). Data are expressed
as mean ± SEM. The cutoff for significance level was set at p %0.05.
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