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Can exosomes transfer the preconditioning effects
triggered by (poly)phenol compounds between
cells?¥

Inés Figueira, {2 @ Paulo Bastos,? Antonio Gonzalez-Sarrias, (9 °

Juan Carlos Espin, €2 ® Bruno Costa-Silva® and Claudia Nunes dos Santos () 24
Effective strategies in prolonging life- and health span are increasingly recognized as acting as mild stres-
sors. Micronutrients and other dietary compounds such as (poly)phenols may act as moderate stressors
and confer protective effects via a preconditioning phenomenon. (Poly)phenols and their metabolites
may not need to reach their target cells to produce biologically significant responses, so that cells
exposed to it at entry points may communicate signals to other cells. One of such “communication”
mechanisms could occur through extracellular vesicles, including exosomes. In vitro loading of exosomes
with (poly)phenols has been used to achieve targeted exosome homing. However, it is unknown if similar
shuttling phenomena occur in vivo upon (poly)phenols consumption. Alternatively, exposure to (poly)
phenols might trigger responses in exposed organs, which can subsequently signal to cells distant from
exposure sites via exosomes. The currently available studies favor indirect effects of (poly)phenols, tempt-
ing to suggest a “billiard-like” or "domino-like” propagating effect mediated by quantitative and qualitative
changes in exosomes triggered by (poly)phenols. In this review, we discuss the limited current data avail-
able on how (poly)phenols exposure can potentially modify exosomes activity, highlighting major ques-
tions regarding how (epi)genetic, physiological, and gut microbiota factors can modulate and be modu-
lated by the putative exosome-(poly)phenolic compound interplay that still remains to be fully
understood.

protein kinase (AMPK), NAD-dependent deacetylase sirtuin-1
(SIRT1), Forkhead box domain-containing (FOXO), and auto-

Effective strategies in prolonging life- and health-span are
increasingly recognized as mild stressors capable of triggering
a broad spectrum of biological activities in cells to prevent
many important chronic diseases. Such mild stressors can
lead to the generation of a protective state, termed “precondi-
tioning”, which primes cells to better respond to subsequent
and perhaps more aggressive environmental insults. A clear
example of this is physical exercise, which has been shown to
lead to short-term energy depletion, inhibiting mammalian
target of rapamycin (mTOR) while activating AMP-activated

“iINOVA4Health, NOVA Medical School| Faculdade de Ciéncias Médicas, NMS|FCM,
Universidade NOVA de Lisboa, Lisboa, Portugal.

E-mail: claudia.nunes.santos@nms.unl.pt

bLaboratory of Food & Health, Research Group on Quality, Safety and Bioactivity of
Plant Foods, CEBAS-CSIC, Murcia, Spain

“Champalimaud Physiology and Cancer Programme, Champalimaud Foundation,
Lishoa, Portugal

4BET, Institute of Experimental and Technological Biology, Oeiras, Portugal

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2fo00876a

This journal is © The Royal Society of Chemistry 2023

phagy. In parallel, the production of reactive oxygen species
(ROS) during physical exercise activates Nrf2 and stimulates
the expression of endogenous antioxidant enzymes (e.g., super-
oxide dismutase, catalase, glutathione peroxidase), which in
the long run can attenuate ROS levels at the cellular level."* At
the same time, caloric restriction and intermittent fasting also
increase the levels of NAD", SIRT1, FOXO, and endogenous
antioxidant enzymes, promoting DNA repair, mitochondrial
biogenesis, and autophagy.®*

Micronutrients and other dietary compounds [most notably
(poly)phenols] can be considered exercise or caloric restriction
“mimetics” and thus also act as mild stressors and confer pro-
tective effects via preconditioning phenomena similar to
hormesis or trained immunity.>® Accordingly, certain sub-
stances may confer protection when tested within a range of
physiologically compatible concentrations, but too much of
any given molecule might end up being detrimental.
Consequently, the consumption of dietary (poly)phenols has
gained increased attention for their putative “hormetic-like”
potential.””® In parallel, the observation that (poly)phenols act
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as mild stressors and activate endogenous defense enzymatic
machineries'®'" suggests processes akin to those reported for
trained immunity'® to be of relevance for their overall protec-
tive/beneficial effects.

2. How (poly)phenol compounds
and their metabolites may modulate
and be modulated by exosome
signaling

Among the dietary compounds with preconditioning effects of
putative relevance for a plethora of human diseases, (poly)phe-
nolic compounds have been increasingly raised to the spot-
light. (Poly)phenolic compounds comprise an important
source of bioactive compounds in the human diet as they are
present in almost all vegetables, fruits, cereals, beverages
(such as tea, coffee, red wine), and other plant-derived foods.
(Poly)phenols present multiple hydroxyl groups on aromatic
rings and encompass diverse classes of compounds currently
represented by >8000 different molecules, such as flavonoids
(flavonols, flavan-3-ols, flavones, etc.) and non-flavonoids
(hydrolyzable tannins, hydroxycinnamic acids, etc.). Of particu-
lar note, an increasing number of such compounds has been
associated with increased health benefits in humans, as
observed across a growing number of conditions (as reviewed
in ref. 13 and 14).

Despite the aforementioned benefits, the administration of
(poly)phenol compounds may result in unintended conse-
quences. For instance, high doses of (poly)phenols can be
toxic to cells and may also provide a fitness advantage to
tumor cells.">'® Here, higher and shorter peak exposures,
achieving milder and more prolonged concentrations, could
lead to more beneficial biological responses at the organism
level.'” Also, it should be noted that, once (poly)phenols are
treated as xenobiotics, these are poorly absorbed, rapidly
metabolized, and extensively excreted. However, most of the
results consist of data on parent (poly)phenol compounds,
which, unfortunately, at least most of them, can only reach
host cells to a negligible extent.'® Little is known yet whether
microbiota- and host-derived metabolic products, which reach
multiple host organs in measurable amounts, can trigger com-
parable effects:'* while parent (poly)phenol compounds are
found in circulation only in nanomolar concentration range or
even not detected at all, their resulting metabolites (e.g:,
hydroxy-benzenes and hydroxy hippuric acids) reach the circu-
lation to a significantly greater extent (as recently reviewed
in'®'?). Studies have shown that (poly)phenols are subjected
to a series of metabolic reactions that lead to the production
of diverse circulating (poly)phenol metabolites.>® The large
majority of such metabolites derive from a group of structu-
rally diverse parent compounds (e.g., chlorogenic acids, flava-
nols, proanthocyanidins, theaflavins, and thearubigins) that
undergo modifications converging to the formation of aro-
matic/phenolic acids with hydroxyls substituents. In contrast,
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fewer ones are associated with a unique circulating (poly)
phenol metabolite type (e.g., urolithins derived from ellagitan-
nins, S-equol derived from isoflavones). Nevertheless, data are
still lacking for some (poly)phenol metabolites (e.g., pyra-
noanthocyanins, coumarins, and other minor dietary com-
ponents). But, despite our limited mapping of the complete
reactions spectrum leading to circulating (poly)phenol metab-
olites formation, we do know that their appearance can result
from both host- and microbiota-mediated metabolism. Also,
(poly)phenols metabolism and interconversion may occur at
the level of the small and large intestine, in the liver, and in
cells outside the gastrointestinal tract, culminating in a wide
variety of derivatives (e.g., sulfated, methylated, and glucuroni-
dated). For instance, (poly)phenols aglycones can be absorbed
in the small intestine after undergoing cleavage by epithelial
glycosidases; in turn, (poly)phenol conjugates with sugar moi-
eties that are resistant to glycosidases and cannot be absorbed
in the small intestine to a significant extent, reach the colon
where they can be further metabolized.>! In the colon, such
conjugates are cleaved, and the resulting aglycones undergo
ring fission by microbiota-encoded enzymes, producing a
plethora of (poly)phenols metabolites."> For instance, ring
fission of flavanones produces 3-hydroxy-3-(phenyl)propionic
acid, while isoflavones generate 2-(hydroxyphenyl)propanoic
acid. In turn, ring fission of flavan-3-ols (i.e., catechin, epicate-
chin, epigallocatechin) produces 5-(hydroxyphenyl)valeric acid
and 5-(hydroxyphenyl)-y-valerolactones, which are specific and
do not derive from any other flavonoid. Another noteworthy
class of circulating (poly)phenol metabolites is represented by
urolithins resulting from ellagic acid metabolism. The gut
microbiota produces these metabolites with significant inter-
individual variability, leading to individuals’ categorization,
according to different “metabotypes”.?*>* Unlike other (poly)
phenol metabolites, urolithins (i.e., urolithin A, isourolithin A,
and urolithin B) are not further metabolized into smaller com-
pounds. In contrast, urolithins are mainly absorbed and conju-
gated by phase II enzymes, circulate in the bloodstream, and
are excreted as conjugates via urine or unconjugated urolithins
via feces.>® All in all, these (poly)phenols metabolites reach
the circulation at much higher concentrations than their
parent counterparts and are thus of much more biological rele-
vance. However, preclinical research has reported that these
circulating metabolites usually show low health effects as con-
jugated compounds, with lower bioactivity than their deconju-
gated counterparts.'**>?® Here, it should be noted that their
higher bioavailability is at least partially driven by the fact that
multiple structurally different parent compounds converge
onto a small but common number of circulating (poly)phenol
metabolites. In turn, most circulating (poly)phenol metab-
olites cannot be specifically mapped to unique parent (poly)
phenol compounds.

Nevertheless, (poly)phenols and their circulating metab-
olites may not need to reach their target cells to produce bio-
logically significant responses. Accordingly, it is possible for
cells exposed to (poly)phenol compounds at intestinal or
hepatic levels, to communicate stress or survival “signals” to

This journal is © The Royal Society of Chemistry 2023
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other distant cells in the organism, and one of the poorly
understood mechanisms via which such “communication”
may take place comprises exosomes or other extracellular vesi-
cles (EVs).”’

EVs are lipid membrane-enclosed vesicular structures that
may shuttle a variety of cellular cargos, and different types and
classifications thereof exist based on size, morphology, func-
tion, and biogenesis (e.g., apoptotic bodies, macro and micro-
vesicles (MVs), and exosomes). In this manuscript, however,
we focus solely on the effects of (poly)phenol-triggered
“exosome-mediated” effects, with the caveat that the currently
available vesicle characterization methods cannot ensure
100% specificity.

Exosomes represent nanosized (30-150 nm) double-layered
lipid membrane EVs, contains every basic cell biomolecule.
Exosomes are processed through endosomal compartments
and released from cells upon fusion of the endocytic compart-
ment called multivesicular body (MVB) with their surface
membrane. MVBs can either fuse with lysosomes for degra-
dation, or with the plasma membrane, resulting in exosomes
release to the extracellular milieu. The MVB contains intralum-
inal vesicles (ILVs) that, upon release, are termed
exosomes.”®?*® Once released, exosomes can act both locally or
systemically by traveling through the circulation. Exosomes
communicate with target cells though at least three different
mechanisms: (i) By docking at the plasma membrane and acti-
vating intracellular signaling by ligand-receptor interaction;
(if) By internalization through phagocytosis, micropinocytosis
or receptor-/raft-mediated endocytosis, and subsequent fusion
with the delimiting membrane of an endocytic compartment,
releasing their content into the cytoplasm of the recipient
cells. (iii) Although less frequent than mechanisms i and ii,
exosomes may also release their content into the cytoplasm by
direct membrane fusion (Fig. 1).

Most protocols for EVs isolation provide enriched (instead
of pure) preparations of EVs with a specific origin.***" Thus,
many studies to date consider small vesicles as exosomes
regardless of cellular origin. Exosomes are present in extra-
cellular spaces and all body fluids, allowing the intercellular
shuttling of micro and macromolecules (including proteins,*>
lipids,®® nucleic acids,**** and metabolites*>*®) and cell-to-
cell communication over distant target cells.>”*® Exosomes
pleiotropic function embraces not only intercellular communi-
cation, but also antigen presentation, as well as regulation of
several mechanisms, such as programmed cell death, angio-
genesis, tumorigenesis, or even inflammatory response
(Fig. 1). A greater understanding of the role of exosomes as
intercellular signaling vesicles in the last decade has resulted
in a paradigm shift in our knowledge of how cells communi-
cate, where their cargos play significant role in physiology and
pathological processes.*® Accordingly, the autocrine, paracrine,
and endocrine signaling mediated by exosomes and the
capacity to alter the recipient cell phenotype depends on their
cargo, which is dictated by active sorting mechanisms and
allow a cell to communicate environmental cues to distant
cells.*®**

This journal is © The Royal Society of Chemistry 2023

View Article Online

Review

Such mechanisms of communication enable the horizontal
genetic transfer of exosomal cargo to the cytoplasm of the reci-
pient cell, where epigenetic reprogramming through miRNA,
lipids and functional proteins can take place.*® Exosomal
miRNAs, in particular, play a vital role in inter-cellular and
inter-organism signal transduction, since miRNAs are theo-
rized to act as epigenetic regulators on more than half of all
mammalian genomes.*>** Indeed, such exosomal miRNAs
have been described to hold multiple functions, like cell differ-
entiation** or insulin secretion,*® overall highlighting the dra-
matic regulatory capacity that miRNAs can hold when coupled
to the intercellular communication abilities of an exosome.

Importantly, exosome cargo mirrors the physiological status
of the secreting tissue.* In various diseases, exosomes offer a
window into altered cellular/tissue states, and their detection
in biological fluids potentially offers a multicomponent diag-
nostic readout, important tools for determining the prognosis
of patients. Indeed, exosomes have been associated, for
instance, with immune responses, cardiovascular and central
nervous system-related diseases, as well as with cancer pro-
gression (as reviewed in*®™*?); consequently, in all these scen-
arios, the exosome cargo delivered into recipient cells will
surely alter their biological response. Such exosome-mediated
responses can be either disease-promoting or disease-restrain-
ing and, for that reason, constitute invaluable diagnostic or
therapeutic tools, respectively (Fig. 1). The intrinsic exosomes
nature, entities capable of regulating complex intracellular
pathways, have advanced their utility as therapeutics for neuro-
degenerative conditions and cancer: they can be engineered to
deliver diverse therapeutic payloads, as siRNAs, or chemother-
apeutics agents, with an ability to direct their delivery to a
desired target.’®”' Moreover, exosome lipid and protein com-
position will affect their pharmacokinetic properties, where
their natural constituents may play a role in enhanced bio-
availability and in minimizing adverse reactions.

As further detailed below, increased attention has been
paid to how the content of exosomes is affected by exposure
to different drugs or (poly)phenol compounds. In parallel,
many studies have evaluated the efficacy of in vitro (poly)
phenol-loaded exosomes as drug delivery systems. As such,
there are two different but not necessarily mutually exclusive
strategies for studying the exosome-mediated effects of (poly)
phenols so far, namely (i) the loading of exosomes with (poly)
phenols for shuttling purposes, which effects can be evalu-
ated in vitro (Table 1) or in vivo (Table 2), and (ii) (poly)
phenol-mediated alterations in exosomal content (with the
isolation of (poly)phenols “primed” exosomes) in cells
(Table 3), in animals or humans upon (poly)phenols con-
sumption. Here, it should be noted that the characterization
of exosomes from animal or human origin upon (poly)
phenols consumption has not been performed to date. A
putative explanation for such a gap is that a precise mapping
from the administration of (poly)phenol parent compound
through the formation of the resulting small phenolic metab-
olites to their respective targets and exosome-producing cells
is technically challenging.
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Fig. 1 Exosomes biogenesis and function. Exosomes represent nanosized surface-molecule decorated, double-layered lipid membrane extracellu-
lar vesicles (EVs), contain biomolecules (e.g., DNA, RNA, proteins, amino acids, metabolites) derived from Golgi and from endocytosis, processed
through endosomal compartments and released from donor cells via multivesicular body (MVB) formation. MVBs can either fuse with lysosomes (for
degradation), or with the plasma membrane, resulting in exosomes release to the extracellular milieu. Once released, exosomes can act both locally
or systemically, communicating with recipient cells though at least three different mechanisms: (i) by activating intracellular signaling via ligand—
receptor interaction; (ii) by internalization through phagocytosis, micropinocytosis or receptor-/raft-mediated endocytosis, and subsequent fusion
with the endocytic compartment and release into recipient cells; and (iii) by direct membrane fusion. Importantly, exosomes present pleiotropic bio-
logical functions, that range from distant intercellular communication and antigen presentation, to programmed cell death, angiogenesis, or tumori-
genesis modulation. Not less important, exosomes have emerged as incredible powerful diagnostic and therapeutic tools, with an inevitable plethora
of future clinical applications.
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Table 3 (Poly)phenol compound-mediated alterations in exosomal content — in vitro studies
Exosomes Exposure  Upregulated in Downregulated
(Poly)phenol Model Target Characterization =~ Dose Duration  exosomes in exosomes Ref.
Epigallocatechin ~ Murine breast cancer cell WB (TSG101 and 100puM 24 h 1 let-7 | miR-10a Jang et al.
gallate line 4T1 CD63) (2013)*°
EM 1 miR-16 | miR-18a
1 miR-18b | miR-19a
1 miR-20a | miR-26b
1 miR-25 | miR-29b
1 miR-92 | miR-34b
1 miR-93 | miR-98
1 miR-221 | miR-129
1 miR-320 | miR-181d
Curcumin Human non-small cell lung  TRPS 10uM  48h 1 TCF21 mRNA Wu et al.
carcinoma (2016)*"
H1299 cells
Curcumin Human chronic NA 20 pM 24 h 1 miR-21 | H4C1 Taverna
myelogenous leukemia K562 etal.
cells (2016)**
1 PLTP (B3KUE5) | CLIC1
1 MDK (E9PPJ5) | TUBA1B
1 Pleckstrin | NPM1
(P08567)
17 KRT14 | ENO1
(P02533)
| HSP90AB1
| H2AC18
| HIST2H2BE
| RPS4X
| EEF1G
| RPL15
| SLC7A5
| RPL27
| MARCKSL1
| HSP90AA1
|FTL
| GAPDHS
| RPSA
| GNB2
| Basigin
| REEP6
| SLC3A2
| CD81 antigen
| ACTN4
| RPL12
| IFITM1
Resveratrol Human glioblastoma U251 EM 100pM 48 h 1Exosome | KRT18 Nie et al.
cells release (2019)™*
NTA 1T RAP1B | H2AX
WB (CD63) 1 ACTB | LTF
1T GNAS
1 GNAI3
Human glioblastoma LN428 100 M 48 h 1 Exosome |l C3
cells release
1 KRT18 | RAP1B
1T H2AX | ACTB
| TRAP1
| HSP90AB2P
Curcumin HepG2 hepatocarcinoma EM 30pM  2h 1 Exosome Canfran-
cells treated with release Duque
antipsychotics and loaded etal.
with LDL (2015)**
WB (CD63) 1 CD63

This journal is © The Royal Society of Chemistry 2023

FACS (CD63)

expression in
Exos
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Table 3 (Contd.)

Exosomes Exposure  Upregulated in Downregulated
(Poly)phenol Model Target Characterization =~ Dose Duration  exosomes in exosomes Ref.
Curcumin Rat C6 glial cells NTA 30pM  4h 1 Exosome Garcia-
release Seisdedos
et al.
(2020)”
WB (CD63) 1 Ceramide
FACS (CD63) 1
Hexosylceramide
1 Sphingomyelin
1 Free
cholesterol
1 Cholesterol
ester
Magniferin Perivascular adipose tissue EM 0.1, 1, 2h 1 Exosome Zhao et al.
cells IF (CD63) 10 pM release (2019)%
Hydroxytyrosol Human Simpson-Golabi- NA 10pM  1h tlet-7c | miR-34a Scoditti
Behmel syndrome (SGBS) | miR-155 etal
preadipocytes (2019)7
Oleocanthal Human SGBS preadipocytes ~ NA 25pM  6h tlet-7c | miR-34a Carpi et al.
} miR-155 (2019)7¢
Oleacein Human SGBS preadipocytes =~ NA 25pM  6h tlet-7c | miR-34a Carpi et al.
} miR-155 (2019)7°

Abbreviations: ACTB: actin beta, ACTN4: alpha-actinin-4, C3: complement component 3, CD: cluster of differentiation, CLIC1: chloride
intracellular channel protein 1, EEF1G. elongation factor 1-gamma, EM: electron microscopy, ENO1: alpha-enolase, FACS: fluorescence-activated
cell sorting, FTL: ferritin light chain, GAPDHS: glyceraldehyde-3-phosphate dehydrogenase, GNAI3: guanine nucleotide-binding protein Gfi)
subunit alpha-3, GNAS: guanine nucleotide-binding protein G(s) subunit alpha isoforms short, GNB2: guanine nucleotide-binding protein
subunit beta-2-like 1, H2AC18: histone H2A type 2-A, H2AX: histone H2AX, H4C1: histone H4, HIST2H2BE: histone H2B type 2-E, HSP90AA1:
heat shock protein HSP 90-alpha, HSP90AB1: heat shock protein HSP 90-beta, HSP90AB2P: putative heat shock protein HSP 90-beta 2, IF:
immunofluorescence, IFITM1: interferon induced transmembrane protein 1, KRT14: keratin, type I cytoskeletal 14, KRT18: keratin, type I
cytoskeletal 18, LTF: lactotransferrin, MARCKSL1: MARCKS-related protein, MDK: Midkine, NPM1: nucleophosmin, NTA: nanoparticle tracking
analysis, PLTP: phospholipid transfer protein, RAP1B: ras-related protein Rap-1b precursor, REEP6: receptor expression-enhancing protein 6,
RPL12: 60S ribosomal protein L12, RPL15: ribosomal protein L15, RPL27: 60S ribosomal protein L27, RPS4X: 40S ribosomal protein S4, X
isoform, RPSA: 40S ribosomal protein SA, SLC3A2: 4F2 cell-surface antigen heavy chain, SLC7A5: large neutral amino acids transporter small
subunit 1, TCF21: transcription Factor 21, TRAP1: TNF receptor associated protein 1, TRPS: tunable resistive pulse sensing, TSG101: tumor
susceptibility gene 101, TUBA1B: tubulin alpha-1B chain, WB: western blotting.

up by exposed cells. Furthermore, curcumin encapsulation
seems to increase apoptosis and decrease proliferation and
cell viability, while opposite effects have been reported for
encapsulated ECG in a rotenone-induced Parkinson’s disease
model in vitro. However, different cell models have been
employed as readouts, which precludes any valid comparison

3. Exosomes as direct dietary (poly)
phenols nanocarriers

Exosomes have been suggested as delivery systems of dietary
(poly)phenols for several reasons, including their endogenous

nature and biocompatibility, their nanoscale size and capacity
to cross host barriers, as the blood-brain barrier (BBB),*> their
negative zeta potential, and relatively long circulation time,>
as well as their hydrophobicity.>* Most of these studies have
focused on the incremental effects of (poly)phenol compound
encapsulation within exosomes followed by in vitro exposure
(Table 1) or in vivo administration (Table 2).

Except for two studies with epicatechin gallate (ECG) and
resveratrol, most of the work published so far regarding
in vitro evaluation of the putative modulating effects of (poly)
phenol compound encapsulation within exosomes have used
curcumin (Table 1). Likewise, most in vivo studies reported so
far were conducted with curcumin as well (Table 2). As a
general trend, encapsulation of these parent compounds does
seem to increase their stability and the overall amount taken

24 | Food Funct,, 2023, 14,15-31

(Table 1).

In vivo, exosomes were first exploited as delivery systems for
(poly)phenolic compounds approximately one decade ago
using curcumin, whereby both increased plasma concentration
and higher bioavailability were observed. In the first study,
intraperitoneal administration of curcumin at 100 mg per kg
body weight achieved a plasma concentration of 1.25 pg mL™"
at 30 min post-administration, a concentration 5 to 10-fold
higher than that achieved with intraperitoneal administration
of curcumin alone.” Since then, the increased bioavailability
and stability of curcumin upon in vitro exosomal encapsulation
has been confirmed either using in vitro permeability studies
and tumor cells antiproliferative potential (Table 1) or in vivo
studies upon oral administration (Table 2). In this regard,
recently, the encapsulation of curcumin and resveratrol in

This journal is © The Royal Society of Chemistry 2023
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milk-derived exosomes was reported to enhance their in vivo
bioavailability and breast tissue disposition in rats, compared
to the administration of similar concentrations of both free
forms. Besides, a high antiproliferative activity mediated by
cell cycle arrest and apoptosis induction against breast cancer
models of representative concentrations (nanomolar) reached
in breast tissue was observed when they were loaded into exo-
somes but not with the equivalent free polyphenol
concentrations.>

Regarding their efficacy in delivering curcumin to the brain
and putative anti-inflammatory effects, a single treatment con-
sisting of repeated intranasal administration of curcumin-con-
taining exosomes (1.5 nmol) for 10 min, was effective at redu-
cing the number of activated inflammatory microglial cells
(CD45.2", 1L-1B") via apoptosis induction in the brain of LPS-
challenged mice (single IP injection of 2.5 mg kg ').”’
Likewise, the same study revealed that curcumin-containing
exosomes intraperitoneally administered daily for 26 days
(1.5 nmol) significantly reduced disease severity in a mouse
model of encephalomyelitis compared to exosomes alone or
curcumin alone, an effect accompanied by decreased IL-1p
expression in microglial cells after the one-month-long treat-
ment period.>” Intranasal administration allowed exosomes to
reach the brain within 1 h post-administration, suggesting
perineuronal and(or) perivascular channels as transportation
routes. Furthermore, repeated administration of curcumin-
containing exosomes every 12 h maintained a constant curcu-
min concentration at ~2.6 + 0.4 nmol g~ of brain tissue. In
the brain, the exosomes used (EL-4 exosomes from T cell lines)
were taken up by both microglial (~60%) and non-microglial
cells (~40%), and both resting and activated microglia were
observed to take exosomes up.>” No apparent toxicity or behav-
ioral deficits could be observed after one month of treatment.

Exosomes from mouse embryonic stem cells loaded with
curcumin significantly reduced neurological deficits, infarct
volume, edema, inflammation, astrogliosis, and N-methyl-p-
aspartate receptor 1 expression upon intranasal administration
(2x per day) for 7 days in a mouse model of ischemia-reperfu-
sion injury. These curcumin-containing exosomes were located
In astrocytes, neurons, and blood vessels.’® In the blood
vessels, the expression of vascular endothelial tight (claudin-5
and occludin) and adherens junction (VE-cadherin) proteins
could also be rescued by the treatment.”® However, as high-
lighted by the authors, the simple administration of exosomes
from embryonic stem cells had profound neuroprotective
effects in similar settings,>® ' but no exosomes group without
curcumin was provided as a control in the aforementioned
study.

In turn, in a mouse model of cerebral ischemia, curcumin-
containing  engineered c¢(RGDyK)-conjugated
(cRGD-Exo, 100 pg) targeting the brain ischemic brain regions
(high in ovp3 integrin) administered 12 h after reperfusion
reduced the levels of TNF-a, IL-1p and IL-6 compared to intra-
venously administered curcumin alone, and those of caspase-3
and phosphorylated p65 compared to either exosomes or cur-
cumin alone.®?

€X0osomes

This journal is © The Royal Society of Chemistry 2023
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These results show that exosomes can be engineered to
target specific organs as shuttling vehicles/nanocarriers predo-
minantly. Most studies performed to date have been focused
on delivery to the brain, which reflects both the recent hype
associated with nutrition-based attenuation of neuroinflam-
mation and the inherent challenges associated with drug deliv-
ery across the blood-brain barrier. Overall, even though the
above-discussed results do support the efficacy of exosomes as
protective shuttles, these fail to mimic active sorting and deliv-
ery mechanisms. Moreover, if exosomes actually have any shut-
tling function for (poly)phenolic compounds under (patho)
physiological conditions remains poorly elucidated so far.
Nevertheless, in head and neck cancer patients’ serum-derived
EVs, particular small metabolites were found to be markedly
downregulated compared to healthy controls, like citric acid
and 4-hydroxybenzoic acid,”* important metabolomic altera-
tions in exosome cargo observed in pathological conditions.
This observation highlights that small compounds, despite
chemically different, can comprise valid exosome payloads in
addition to proteins, nucleic acids or other metabolites like
glucose, glutamate, etc.”>”* Furthermore, how much of the
benefit results from the administration of exosomes (as
opposed to polyphenol-containing exosomes) is frequently not
discriminated. Notably, to the best of our knowledge, no
studies have been performed to date using circulating (poly)
phenol metabolites in exosome-loading experiments, but this
ought to be addressed as circulating (poly)phenol metabolites
are the molecules found in vivo at relevant circulating
concentrations.

4. Indirect (poly)phenol-triggered
exosome-mediated responses

(Poly)phenol compounds may also trigger exosome-mediated
cellular responses that do not necessarily require the presence
of the parent (poly)phenols (or their metabolites) inside exo-
somes (Table 3). On the one hand, (poly)phenols may enhance
the release of exosomes, which can thus boost their effects.
Conversely, (poly)phenols may alter the content of exosomes at
multiple different levels (e.g., proteome, transcriptome, lipi-
dome). This question has only been addressed in cell-based
systems to the best of our knowledge.

Exosomes from drug-sensitive tumour cells exposed to
resveratrol (100 pM) for 48 h (but not exosomes from resvera-
trol-naive cells) have their protein content altered, which
allows for enhanced resveratrol sensitivity of otherwise resist-
ant cells upon transfer of these primed exosomes.”® In turn,
the mechanism by which curcumin stimulates exosome
release has been shown in rat C6 glial cells to comprise altera-
tions in ceramide synthesis and may thus be associated with
alterations in their lipid profile. Accordingly, curcumin
(30 pM) exposure for 4 h increased the content of ceramide,
hexosylceramide, sphingomyelin, free cholesterol, and chole-
sterol ester in exosomes,”> which in and of itself may lead to
significant biological responses.

Food Funct, 2023,14,15-31 | 25
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Alterations at the level of anti-inflammatory and pro-inflam-
matory mediators triggered by (poly)phenols at the cellular
level are mirrored and propagated in the exosomes released by
the cells directly exposed to (poly)phenols.”® For instance, the
deregulation of miRNAs (e.g., miR-155-5p, miR-34a-5p, let-7c-
5p), NF-kB, and accompanying inflammatory mediators
induced by TNF-a (10 ng mL ™" for 18 h) in adipocytes could be
observed at the cellular and exosomal levels. Likewise, the
reversal brought about by the phenolic secoiridoids oleo-
canthal and oleacein (25 pM for 6 h) was reflected on both cel-
lular and exosomal compartments.”®

In addition to the studies summarized in Table 3, exosomes
derived from microglia treated with resveratrol (40 pM) for
24 h have been shown to significantly protect resveratrol from
degradation in PBS and plasma (with 40% vs. 70% intact mole-
cules at 2 h post-incubation, respectively).”® In a spinal cord
injury model, exosomes secreted by macrophage-like cells were
assumed to maximize cargo uptake due to the presence of lym-
phocyte function-associated antigen 1 (which biases the
homing towards the brain vasculature) and used as vehicles
for resveratrol. Animals received either resveratrol alone
(100 mg kg™") or resveratrol-primed exosomes (40 uM) for 14
days.”® Compared to free resveratrol alone, intraperitoneal
injection of resveratrol-primed exosomes significantly
increased hind limb muscle tension and “foot functional
movements” in rats after spinal cord injury at days 7, 14, and
28 post-injury, a functional recovery mirrored by increased
numbers of spinal anterior horn motor neurons.”’ In this
model, neuronal viability was attributed to increased auto-
phagy (LC3B and Beclin-1) and diminished apoptosis
(Caspase-3 and TUNEL), with the former being inhibited by
3-ethyladenine and thus mediated by the PI3K signaling
pathway.”® Notably, to the best of our knowledge, only one
single study has analyzed the direct effects of a circulating
(poly)phenol metabolite on exosomes in vitro, whereby 10 pM
hydroxytyrosol — attenuated the inflammatory response
mediated by miR-155-5p, miR-34a-5p, and let-7c-5p expression
in both cells and exosomes in an obesity model.””

Regarding humans, in elderly subjects, it was shown that
the consumption of walnuts, a food naturally rich in (poly)phe-
nolic compounds, despite did not influence the size and con-
centration of exosomes, hsa-miR-32-5p and hsa-miR-29b-3p
exosomal levels consistently induced by walnut
consumption.”®

Overall, the aforementioned beneficial effects of primed
exosomes’ administration favor indirect (over direct) effects of
(poly)phenols. Nevertheless, it is still not clear if the effects
observed result from the ingested phenolics and(or) their
microbial metabolites, and in both cases, if the phase-II conju-
gates participate actively, or if the effects are mediated by
indirect signaling cascades where it is not necessary the direct
interaction of the molecule with the systemic target.'* It is
thus tempting to suggest the anti-inflammatory effects of
(poly)phenolic compounds to be (at least for the most part)
mediated indirectly over long distances in a “billiard-like” or
“domino-like” propagating effect.**”°

were
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5. (Lack of) evidence for the
encapsulation of (poly)phenols within
exosomes upon oral administration

Even though available evidence does support significant
modulation of the effects of (poly)phenol compounds upon
encapsulation within exosomes, no data supporting such
encapsulation to occur in vivo under physiological conditions
has been put forward to date. Nevertheless, exosomes are car-
riers of all the main biomolecules, including lipids, proteins,
metabolites, DNAs, messenger RNAs, and microRNA. On the
other hand, it is widely acknowledged that (poly)phenols can
specifically interact with protein targets and modulate signal-
ing and metabolic pathways relevant to several disorders.?**>
Indeed, a computationally-driven analysis of (poly)phenol-
binding proteins has predicted 369 (poly)phenols to interact
with 5699 unique human proteins using publicly available
data.®* Across all (poly)phenol-protein interactions, flavones,
hydroxybenzoic acids, and alkylphenols were the sub-classes
with the largest number of protein interactions.®* More than
half of these were mediated by quercetin (2500 interactions),
coumestrol (1802 interactions), genistein (916 interactions),
trans-resveratrol (738 interactions), and acetylsalicylic acid
(510 interactions), with 65% of the (poly)phenols having more
than 10 reported (poly)phenol-protein interactions.
Furthermore, while most (poly)phenol-interacting proteins
(95%) interacted with less than 5 (poly)phenols, certain pro-
teins (e.g, ABC-transporters, lipoxygenases, and estrogen
receptors) were reported to interact with at least 50 (poly)
phenols.®*

We compared the aforementioned dataset of (poly)phenol-
binding proteins with known human plasma exosomal pro-
teins listed in the ExoCarta repository at the end of September
2021.%¢ The aim was to gather some cues regarding a putative
overlap between (poly)phenol-binding proteins and exosomal
proteins. We observed an overlap of approximately 1500 pro-
teins (Fig. 2a), suggesting that the specificity of (poly)phenol-
binding proteins in humans seems to be rather low, which
complicates the task of pinpointing which exosome proteins
(if any) might sequester or otherwise bind to (poly)phenolic
compounds within exosomes. In turn, it should be highlighted
that very little is known regarding the targets of the circulating
(poly)phenol metabolites produced upon host- and micro-
biota-mediated (poly)phenol compound metabolism. Here,
once again, specificity seems low, and redundancy high (with
circa 60 circulating (poly)phenol metabolites predicted to bind
more than 300 human exosomal proteins) when querying
about the exosomal “targets” or putative protein shuttles of cir-
culating (poly)phenol metabolites (Fig. 2b). Notwithstanding
this limitation, when probing whether exosomal circulating
(poly)phenol metabolites-binding proteins are significantly
biased towards any given biological phenomenon, one
observes that compared to all human metabolite-binding pro-
teins, those within exosomes are significantly enriched in pro-
liferation and survival regulating processes, protein complexes

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Venn diagrams depicting the overlap between human exosomal proteins cataloged in ExoCarta and human polyphenol-binding (a) or circu-
lating (poly)phenol metabolite-binding proteins (b) put forward by Lacroix et al. 2018.84 Dot plots depicting significantly enriched biological pro-
cesses (c), protein complexes and subcellular localization (d), and signaling pathways (e) involving human exosomal circulating (poly)phenol metab-
olites-binding proteins (i.e., 312) compared to all human circulating (poly)phenol metabolites-binding proteins (i.e., 576 + 312). Circle areas are pro-
portional to the number of genes involved. Redder circles represent smaller p-values than the remaining/parallel processes/pathways. Fold enrich-
ment corresponds to the percentage of exosomal circulating (poly)phenol metabolites-binding proteins belonging to each pathway/process/
location divided by the corresponding percentage of human circulating (poly)phenol metabolites-binding proteins belonging to that same pathway/
process/location, indicating to which extent proteins in the numerator are overrepresented compared to the denominator. Data analyzed according
to Ge et al. 2020%° and as detailed in ESI.1 All p-values < 0.05. FDR: false discovery rate; WP: wikipathway.
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mediating apoptosis, inflammation, and tissue remodeling
signaling pathways (Fig. 2c, d, and e). Despite the
interesting results obtained in our analysis, the amount of
protein interactions of (poly)phenol and of (poly)phenol
metabolites obtained are, in our opinion, still insufficient and
not fully representative of the complexity of exosomal proteins
and (poly)phenols/(poly)phenol metabolites known
nowadays to draw robust conclusions. It will be very important
to pinpoint, for instance, if particular chemical structures
like sulfate, glucuronide, methoxy, or even if the number of
free hydroxyl groups in the phenolic ring could influence the
binding interactions with plasma exosomal proteins.
We believe that a similar analysis to the one here presented
using updated and more comprehensive data in the future
should be pursued to fully elucidate such paramount
questions.

Alternatively, to try to pinpoint differences in nature
between exosomal and non-exosomal circulating (poly)phenol
metabolites protein “targets” (i.e., qualitative differences), an
attempt has also been made to measure the exosomal quanti-
tative load in (poly)phenol metabolites. One study has recently
investigated whether proanthocyanidins, their gut microbiota-
derived and(or) the respective phase II enzymes-derived metab-
olites could be found within exosomes from rat plasma 3 h or
7 h after oral gavage with 250 mg kg™ of grape seed proantho-
cyanidin extract: only residual amounts of (poly)phenolic
metabolites derived from both host and microbiota metab-
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olism could be detected by LC-MS/MS, even though sensitivity
was not a limiting factor.”” Indeed, these minor amounts
found in the exosomes fraction could be simply due to passive
diffusion. One could argue that the relative amount of (poly)
phenolic compounds and their derivates found in the exo-
somes fraction (~6% of phase II metabolites, ~7% of non-
metabolized compounds, ~8% of all compounds, 12% of
microbial-derived metabolites, and 15% of the mixed origin
compounds in the exosomes fraction) is considerably high
when taking into account the much smaller percentage of cir-
culating volume occupied by exosomes under normal con-
ditions (<1%). Such observation could theoretically point
against simple passive diffusion phenomena. However, the
grape seed proanthocyanidin extract used was shown to
increase the number of extracellular vesicles released.®”
Furthermore, exosomes precipitation induces protein precipi-
tation and thus leads to artifactual findings in the otherwise
“exosomal” fractions.®” Accordingly, plasma proteins, lipopro-
teins, and red blood cell constituents have been previously
shown to bind to (poly)phenolic compounds®® When ultracen-
trifugation was employed as the isolation method in the afore-
mentioned study, no (poly)phenols could be found in the exo-
somal compartment. Overall, there is still insufficient evidence
to support the physiological role of exosomes as nanocarriers
of polyphenols in vivo,”” an observation that, for the time
being, seems to hold for both parent compounds and respect-
ive metabolites.

Direct packaging and shuttling of
(poly)phenols or their metabolites within exosomes

T

&

\?NO‘M

Loaded Exosomes

P

56 ©©
°%e c@

Primed Exosomes

2?7?
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e
@

o
&
:

(Poly)phenol Metabolites

Indirect effects via alterations
in exosome number and content

Fig. 3 Direct and indirect effects of (poly)phenols through exosomes. Exosomes can mediate (poly)phenol compound-triggered signaling
responses in target organs. In one hand, exosomes can be in vitro loaded with (poly)phenol compounds (“loaded exosomes”) and engineered in
order to achieve a more targeted homing. If similar packaging and shuttling phenomena occur in vivo under (patho)physiological conditions upon
consumption of (poly)phenols is for the time being unknown. On the other hand, exposure to dietary (poly)phenols or derived circulating metab-
olites may trigger responses in the gastrointestinal tract, which can subsequently signal to cells distant from exposure sites via exosomes whose
content is significantly modulated (“primed exosomes”) by their exposure. The putative roles of (poly)phenol metabolites on intermediate steps
between the ingestion of (poly)phenol-rich food products and the modulation of exosome genesis and release are still unknown.
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Conclusions

While the currently available literature fails to support a
hypothetical scenario where exosomes could function as (poly)
phenol nanocarriers under physiological (or pathological) con-
ditions, it is possible for the formation and loading of exo-
somes in vivo to be responsive to exogenous (poly)phenol
administration and to have substantial effects across a
plethora of biological phenomena. As such, it is plausible to
assume that some of the effects triggered by (poly)phenols
in vivo are exosome-mediated. Accordingly, because in vitro
studies suggest that (poly)phenols can modulate exosomes at
both quantitative and qualitative (i.e., lipidome, proteome,
microtranscriptome) levels, exosomes may allow for the propa-
gation of (poly)phenol-triggered responses over longer dis-
tances and for more extended periods. For the time being, the
most likely conciliating explanations for the presented studies
encompass quantitative and qualitative changes in exosomes
triggered by (poly)phenols administration (Fig. 3).
Nonetheless, the most pressing issues to be addressed in the
near future should be highlighted:

- How does the content of exosomes derived from (poly)
phenol metabolite-exposed cells differ at the protein, lipid,
nucleic acid, and metabolite levels across different tissues and
cell types?

- Is this indirect communication and transportation route
of relevance enough to justify in vivo manipulation/hijacking
when aiming at modulating host (patho)physiology?

- If so, which genetic, epigenetic, microbiota, and health
status background is likely to benefit from different exosome-
polyphenols combinations?

- How do the hormetic effects of (poly)phenols fit into the
(poly)phenol-exosome interplay?

- Which stress, survival, or otherwise biological cues are
being transferred by exosomes upon (poly)phenols exposure?

- How do these cues differ across the host organs, and how
are they altered across human diseases?

The breath of these questions brings to the spotlight how
far-reaching the biological impact resulting from the putative
interplay between exosomes, (poly)phenols, and their circulat-
ing metabolites may be.
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