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High-fat diets: You are what you eat....your extracellular vesicles
too!
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Hospital, University of Lyon, Lyon, France Recent works indicate that the lipid composition of extracellular vesicles (EVs) can
modify their biological functions and their incorporation into recipient cells. In par-
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of extracellular vesicles and the spread of deleterious lipids between tissues, which
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during the therapeutic management of patients suffering from metabolic syndrome
and related pathologies such as obesity and diabetes. Furthermore, as lipid modifica-
tion of EVs is a strategy currently being tested to enable better integration into their
target tissue or cell, it is important to consider the impact of these lipid modifications
on the homeostasis of these targets.
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1 | INTRODUCTION

Extracellular vesicles (EVs) are small lipid-derived nanovesicles that are released by cells into the extracellular space. They contain
various bioactive molecules from the releasing cells such as proteins, lipids, nucleic acids, and other. These vesicles play important
roles in intercellular communication as they can transfer their cargo into recipient cells, influencing their function and behaviour.
Among these molecules, lipids do play a significant role in the composition of EV's as they contribute both to the structure and
the biological function of EVs. Lipids form the lipid bilayer membrane that encapsulates the content of EVs and contribute to
the export of toxic intracellular lipids (e.g., cholesterol, ceramides, palmitate) and to the exchange of lipids between cells. As EVs
have different cellular origin, they have different lipid composition. Presently, our knowledge on EV biogenesis is still partial and
the link between dietary lipids and the composition of EVs is just beginning to be investigated. Lipids for EVs are derived from
various sources within the cell. They are synthesized through a series of enzymatic reactions in different cellular compartments,
primarily in the endoplasmic reticulum (ER) (Figure 1). These lipids are then incorporated into the membrane of EVs during
their biogenesis process.

There is limited research on how lipids specifically affect the different subpopulations of EVs, so it is difficult to make definitive
conclusions, but it was demonstrated that there is a direct correlation between changes in lipid composition of the EVs with the
metabolic state of cells (Lam et al., 2021). Recent data, mentioned in the present review indicate that the lipids from the diet
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FIGURE 1 Summary the intracellular origin of the lipids that make up extracellular vesicles, and the diseases associated with lipid variations in EV's in
response to consumption of high-fat diets. CER: ceramides; SM: sphingomyelin; PA: Phosphatidic acid; PC: phosphatidylcholine, PE:
phosphatidylethanolamine, PI: phosphatidylinositol; PS: phosphatidylserine, LPE: lysophosphatidyl ethanolamine; LPC: lysophosphatidyl choline; CHOL:
cholesterol.

(quantity and composition) can impact EV's in several ways: they can impact the composition of EVs by becoming incorporated
into their lipid bilayer, or by being included as cargo within the vesicles, or by acting as signalling molecules, or by influencing
cellular lipid metabolism in the recipient cells. Particularly, the consumption of a high-fat diet, which is associated with obesity,
insulin resistance, and various metabolic disorders, can increase the number of circulating EVs in the obese state (Eguchi et al.,
2016). The increased release of EVs from cells in response to a high-fat diet suggests that they may play a role in mediating
the intercellular communication related to metabolic disturbances. Furthermore, high-fat diets can alter the lipid composition of
EVs. Certain types of lipids, such as ceramides and cholesterol, are more abundant in EV's derived from animals on a high-fat diet
(Zietzer et al., 2021). These lipids have been implicated in the development of insulin resistance and other metabolic dysfunctions.
For example, EV's from adipocytes exposed to a high-fat diets have been shown to induce insulin resistance in insulin-sensitive
recipient cells (Le Lay et al., 2021).

Opverall, the relationship between high-fat diets and EVs is an area of active research and the present review tries to connect
different research topics to demonstrate that a vicious circle is established during the development of HFD-induced obesity,
which links the alterations of lipid metabolism, the altered composition and release of EVs, and the spread of deleterious lipids
between tissues.

2 | DIFFERENT TYPES OF EXTRACELLULAR VESICLES WITH SPECIFIC LIPID
COMPOSITIONS

We will focus this review only on the two main types of EVs released from metabolically active cells that have been best described
in the literature and for which sufficient data on the role of lipids in their biosynthesis are becoming available, that is, exosomes
and microvesicles (Figure 1). In addition, dying cells release >1 um apoptotic bodies which are cleared by patrolling immune
cells. Previous reviews on the genesis of EVs have already been published and have described in detail the signalling pathways
and the proteins involved in EV generation and release (Buzas, 2023; Hurley, 2015). Thus, in this review, we will specifically focus
on the lipids involved in EV biogenesis in order to determine how modulations of the lipid composition of the diet may impact
on this process. However, one must keep in mind that few lipidomic studies have been performed, and thus we do not have yet a
general picture of the lipids specifically contained in each EV subtypes. In addition, mainly lipidomic studies were performed on
cancer cells, which have very specific lipid and glucose metabolisms. Thus, lipids in cancer cell-released EVs may be somewhat
different from those contained in EVs released from healthy tissues. Also, for many studies, it is difficult to know which type of
EVs the authors are working on, and therefore we will mainly use ‘EVs’ as the generic term but strongly recommend the readers
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FIGURE 2 (a) Main lipids and cellular pathways affected by high-fat diets and consequences on the biogenesis and the lipid composition of extracellular
vesicles. (b) Cellular lipids play a crucial role on the curvature of cell membranes. Certain types of lipids can spontaneously form positive or negative curved
structures depending on their specific shape. CER: ceramides; SM: sphingomyelin; PA: Phosphatidic acid; PC: phosphatidylcholine, PE:
phosphatidylethanolamine, PI: phosphatidylinositol; PS: phosphatidylserine; LPC: lysophosphatidyl choline; LPA: lysophosphatidyl acid; OA: oleic acid; PA:
Palmitic acid; BMP: Bis(monoacylglycerol)phosphate.

__imicrodomains

to pay attention to the techniques used to isolate EVs. Indeed, impure EV pellets can lead to conflicting results, for example, the
presence phosphatidylserine (PS) on all exosomes (Jakubec et al., 2020; Llorente et al., 2013) or only on a subtype of exosomes
(Durcin et al., 2017; Matsumoto et al., 2021), or not detected in exosomes (Lai & Breakefield, 2012); or about the distribution of
each lipid species inside exosomes, microvesicles and apoptotic bodies isolated from different types of cells (Durcin et al., 2017;
Pollet et al., 2018; Skotland et al., 2020). In addition, as EV lipid composition is somehow correlated to the lipid composition
of the releasing cell (even among the same cellular model (Royo et al., 2019)) or tissues (adipose tissue (Blandin et al., 2023)
skeletal muscle (Jalabert et al., 2021)), the metabolic state of the cell is also an important parameter to consider. Indeed, it is easy
to imagine that in starving conditions, cells prevent the export of lipids and proteins and activate their degradations to recycle
these compounds for cellular homeostasis. It is therefore important to look carefully at the cellular metabolic state in which the
EVs were isolated in order to compare the different studies on lipidomic analyses from EVs.

2.1 | Extracellular vesicles from endosomal origin: the exosomes

Exosomes are a subtype of EVs (30—100 nm) released from viable cells (Figure 1). They are formed during the inward budding
of the limiting membrane of the late endosomes. During this endosomal vacuolization, cytosolic proteins, nucleic acids, and
lipids are incorporated into intraluminal vacuoles (ILVs) inside specific late endosomes, which are called ‘multivesicular bodies’
(MVBs) (Figure 2a). Depending on the cell metabolic state (starved vs. fed) ILV cargoes will be either targeted to lysosomes for
degradation, recycled to the endoplasmic reticulum or the Golgi apparatus, or transported to the plasma membrane and secreted
(Fader et al., 2008). Indeed, some subsets of MV Bs can fuse with the plasma membrane and release ILV's outside the cell (Sotelo
& Porter, 1959). Extracellular ILVs are then called ‘exosomes’ Compared to ILVs, exosomes have increased membrane rigidity
suggesting a membrane reorganization between the acidic MVB compartment and the neutral pH outside the cells. This could
give them a greater stability in the external environment than the plasma membrane-derived microvesicles (Skotland et al., 2019).
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The lipid composition of the exosomal membrane has similar features of plasma membrane raft domains but is enriched in
cholesterol, sphingomyelin (SM), ether-linked phospholipids and lysoglycerophospholipids and have higher level of saturated
phospholipids and saturated fatty acids, when compared to the cellular lipid composition (Buratta et al., 2017; Llorente et al.,
2013; Skotland et al., 2023). Conversely, exosomes contain less phosphatidylcholine (PC) than the releasing cells (Laulagnier et al.,
2004). However, the specific lipid of MVBs and lysosomes (i.e., Bis(monoacylglycerol)phosphate (BMP)) is not enriched in exo-
somes (Laulagnier et al., 2004). Although considered as the only lipid able to discriminate between exosomes and microvesicles,
it is in practice barely detectable in EVs.

ILV formation inside MV Bs combines lipids and proteins from the endosomal sorting complex required for transport (ESCRT
machinery (well-described in (Hurley, 2015)). The presence of cholesterol in exosomes correlates with the fact that MVBs contain
most of the cholesterol found in the endocytic pathway, the main entrance point and delivery site of low-density lipoprotein
(LDL)-derived cholesterol (M6bius et al., 2003) (Figure 2a). Cholesterol regulates both the volume and vacuolization of MVBs
(Huotari & Helenius, 2011), and to MVB migration along microtubules (e.g., low cellular cholesterol inhibits MVB migration
(Rocha et al., 2009), but increased cholesterol content induces exosomes release (Zhao et al., 2020)). After MVB formation, MVB
migration and exosome release require components of the cytoskeleton but also fusogenic lipids such as BMP (Luquain-Costaz
etal, 2020) and phosphatidic acid (PA) (Laulagnier et al., 2004) (Figure 2a).

SM is the most abundant lipids from plasma membrane and is a ceramide precursor. Ceramides can induce negative curvature
of membranes (Stancevic & Kolesnick, 2010) (Figure 2b). Consequently, increasing the level of the neutral sphingomyelinase 2
produces ceramides and forces the formation of ILVs inside MVBs triggering the release of more exosomes (Trajkovic et al.,
2008). Of note, data on the cancer cells PC-3 contradict this connection between high levels of ceramides and increased EV
release, suggesting that the role of ceramides in exosome release is cell-dependent (Phuyal et al., 2014). One possible explanation
is that in cancer cells ceramides are tumour suppressor lipids and induce cell death by inducing apoptosis (Dany & Ogretmen,
2015). This specific situation likely blunts the release of EVs.

2.2 | Extracellular vesicles from the budding of the plasma membrane: the microvesicles

Microvesicles (100-500 nm) are formed during membrane repair in response to a rapid Ca*>* influx (Figure 1). Like for the
formation of ILVs, some of the ESCRT proteins are required in addition to lipids (Hurley, 2015) (Figure 2a). Until now, the
microvesicle lipid composition has been poorly studied. For adipocyte-derived EVs, it was described that exosomes have higher
content of cholesterol compared to microvesicles (relative to the total EV protein content) (Durcin et al., 2017). For EV's derived
from pleural effusion, microvesicles contained more ceramides with long carbon acyl chains, phosphatidylethanolamine (PE),
PA, phosphatidylinositol (PI) and less SM, PC, LysoPE (LPE), and LysoPC (LPC) than exosomes (Luo et al., 2020). For Blood-
derived EVs, both exosomes and microvesicles had similar PC and LysoPC levels, but microvesicles were enriched in PA (Paolino
etal, 2022) (Figure 1).

Like for exosomes, ceramides are also involved in the release of microvesicles. For example in the brain, the formation of
membrane protrusions can occur from lipid rafts, where accumulation of ceramides by local translocation of the acid sphin-
gomyelinase can facilitate membrane blebbing (Bianco et al., 2009). In addition to the release of exosomes, cholesterol also
participates in the generation of cholesterol-rich microvesicles from the plasma membrane through the action of the ATP bind-
ing cassette Al (ABCALI) transporter (Nandi et al., 2009). The main function of ABCAL is to facilitate the transport of cholesterol
and phospholipids from cells to nascent high-density lipoprotein (HDL) particles, which are composed of apolipoprotein A-I
(apoA-I). This process helps in the formation of mature HDL particles. Therefore, ABCALI plays a crucial role in the reverse
cholesterol transport pathway, which is important for maintaining cholesterol homeostasis in the body and at the cellular level.
Interestingly, in the absence of apoA-I, ABCAI can also trigger the release of cholesterol/phospholipid-rich microvesicles (Nandi
etal., 2009) which contain plasma membrane raft domains (e.g., ganglioside (GM1) (Duong et al., 2006)). Undoubtedly due to its
action on thelocal concentration of cholesterol in membranes, ABCA1 can modulate the fluidity of the plasma membrane and can
generate membrane curvatures (Nandi et al., 2009) (Figure 2b). In baby hamster kidney (BHK) cells and RAW macrophages, the
release of cholesterol in microvesicles accounts for approximately 30% of the total cholesterol released into the medium (Nandi
et al,, 2009), but it is much lower for fibroblasts (Duong et al., 2006) in agreement with the lower level of plasma membrane
vesicle trafficking in fibroblasts compared to phagocytic macrophages.

At the plasma membrane PC and SM are located on the external layer, while PS and PE are found on the inner side. The
preservation of this asymmetry is important and is maintained with a complex transmembrane enzymatic balance. During the
formation of microvesicles, the loss of plasma membrane asymmetric in phospholipid distribution regulates membrane flippase,
floppase and scramblase activities, leading to PS and PE exposition on the outer membrane leaflet, and the activation of contrac-
tile proteins involved in microvesicle release (Muralidharan-Chari et al., 2010). Transmembrane migration of PS also involves
ABCAL. It was demonstrated that the overexpression of ABCALI induced elevated redistribution of PS and PE (but not of PC)
from the cytoplasmic to the external leaflet of the plasma membrane (Alder-Baerens et al., 2005). Consequently, as PS is a nega-
tively charged phospholipid, it confers to microvesicles a higher clotting capacity than exosomes (Lentz, 2003). PS has also been
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proposed as an “eat-me” signal for PS receptor T-cell immunoglobulin mucin protein 4 (TIM4) at the surface of macrophages
facilitating microvesicle clearance from body fluids (Naeini et al., 2020).

2.3 | Extracellular vesicles from dying cells: the apoptotic bodies

Apoptotic bodies (AP) are another type of EV's specific to eukaryotes, which are formed by phospholipid scrambling and mem-
brane blebbing induced during cell death. They are not usually considered as formal ‘EVs’ but their size and composition can
affect the characterization and the isolation of exosomes and microvesicles (Figure 1). In particular, AP are formed during apop-
tosis by outward budding from the cell surface and as a result they share some features with microvesicles as they also express
PS at their surface (Hengartner, 2001). Thus, similarly to microvesicles, they are cleared from biofluids by macrophages and can
actively participate in tissue regeneration (Li et al., 2020). In that context it is important to consider that the use of Annexin V for
its high PS binding affinity to purify apoptotic bodies might result in the co-precipitation with microvesicles (Subiros-Funosas
etal., 2017). In addition, the use of a TIM4-affinity isolation method for EV purification might also result in the co-precipitation
of microvesicles and apoptotic bodies and in the depletion of PS* exosomes (Yoshida & Hanayama, 2022).

Apoptotic bodies release in response to apoptotic stimuli depends on the breakdown of plasma membrane SM. SM has a
high affinity for cholesterol and both lipids participate in membrane fluidity and structural integrity. SM hydrolysis by sphin-
gomyelinases, results in increased cholesterol efflux and increased membrane fluidity (Slotte et al., 1989), thus inducing membrane
destabilization and blebbing.

Overall, EV lipid composition is strongly dependent on the cell lipid metabolism, as it reflects the dynamic interplay between
lipid synthesis, degradation, and modification within a cell. Therefore, the composition and the type of fat in the diet will modify
the lipid membrane composition at the cellular level thus compromising EV composition (Blandin et al., 2023). In that context,
the amount of saturated fat in our diet has continuously increased during the last 3 decades. This change in the composition
of fatty acids combined with increased caloric intake parallels a significant increase in the prevalence of metabolic syndrome
and obesity. Understanding how high-fat diets modulate the function of EVs is crucial for elucidating their role in metabolic
disorders and developing therapeutic approaches targeting EVs for the treatment of obesity and diabetes.

3 | HOW HIGH-FAT DIETS AFFECT EXTRACELLULAR VESICLE LIPID COMPOSITION,
RELEASE AND BIOLOGICAL FUNCTIONS?

Among the lipids modified by the diet, SM, ceramides, cholesterol and some phospholipids (Blandin et al., 2023; Shah et al.,
2008) are involved in EV biogenesis, release and biological functions (Choi & Snider, 2015). In this review, we will not discuss
how the composition of the HFD in terms of quantities of fat and sugar can affect EV composition and fate, as there are no
comparative data available. But it might affect the data presented below. Also, the ‘ketogenic’ diet (KD) which is a special high-fat
diet containing very little sugar and protein is not considered here. KD mimics the metabolic state of starvation, forcing the body
to use fat as its main source of energy. Therefore, at the cellular level; there is no accumulation of ceramides or cholesterol and
no modulation of phospolipids as observed with the HFD diets (Dabke et al., 2020). In addition, as animal model of obesity, we
will consider only the diet-induced obese mice because the relevance of the ob/ob mouse model of obesity as a model for the
development of human obesity is uncertain. Ob/ob mice put on weight on a normal chow diet because they are hyperphagic and
therefore, the results in terms of lipid composition of their tissues are different from the tissues of diet-induced obese mice (e.g.,
adipose tissue (Blandin et al., 2023)). It should also be kept in mind that rodents and humans are distinct with respect to C16-
sphingolipid metabolism (Hornemann et al., 2009), therefore it is important to take precautions in extrapolating lipidomic data
obtained from diet-induced animals to patients suffering from obesity. Finally, all studies mentioned below have been carried out
in male mice, as female mice are protected against HFD-induced metabolic alterations (i.e., absence of adipose tissue inflamma-
tion, glucose intolerance, hyperinsulinemia, and islet hypertrophy (Pettersson et al., 2012)). Conversely, in human, female obesity
greatly exceed that of males in most countries and female prevalence of obesity is more variable than male prevalence (Garawi
et al, 2014). In addition, as a woman transitions to menopause, her risk factors for cardiovascular disease rise, including risk
factors such as increasing LDL and decreasing HDL. Therefore, it is important to mention that our view of the consequences of
HFD on EV metabolism is still largely biased.

3.1 | Extracellular vesicle sphingolipids and high-fat diets

3.1.1 | HEFD affect enzymes of sphingolipid metabolism in liver and adipose tissue and thus EV release

Sphingolipidomic analysis of 114 sphingolipids from 21 murine tissues has demonstrated that their levels were increased in
many tissues from mice fed with HFD. But contrary to what one might have thought, the sphingolipid composition of adipose
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tissue from these animals was much less altered than that of the liver or the plasma, showing an immediate effect of HFD on
the blood-liver system (Chocian et al., 2010; Muralidharan et al., 2021). In the liver, ceramide accumulation is associated with
the up-regulation of the neutral sphingomyelinase, which can hydrolyse sphingomyelin from the plasma membrane to produce
ceramides (Chocian et al., 2010). As increased concentrations of ceramides are associated with the formation of microvesicles
and exosomes, more EVs are expected to be released from the liver of HFD animals. In agreement, the secretion of hepatocyte-
derived EVs was increased after a short period of HFD (Liao et al., 2018; Povero et al., 2020). This increase was correlated
with an increased activity of the neutral sphingomyelinase in response to the HFD (Zhao et al., 2020), and with the transcrip-
tional activation of the serine palmitoyl-transferase (Dasgupta et al., 2020). Hepatocyte-derived EVs released after a HFD were
able to stimulate lipid accumulation in adipocytes (Zhao et al., 2020) and to promote proliferation of §-cell MIN6 (Camino
et al., 2022), in vitro. How the lipid composition of hepatocyte-derived EVs participate in these biological effects is presently
unknown.

Considering the same HFD composition, 8-week-old C57BL/6] males fed for 16 weeks with HFD had increased ceramides
levels in adipose tissue (i.e., both from de novo synthesis and via the hydrolysis of SM (Shah et al., 2008)). However, 4-week-
old C57BL/6] males placed for 15 weeks on HFD accumulated dihydroceramides only (intermediary molecules in the ceramide
pathway) and not ceramides (Blandin et al., 2023). If we extrapolate these results to humans, they indicate that for the same
period of HDE, the age of the subjects at the beginning of HFD diet can impact the lipid composition of EVs released by the
adipose tissue. Accumulation of dihydroceramides was associated with an increase in the release of EV's from the adipose tissue
of the obese animals (Blandin et al., 2023). This increase was likely due to the induced activity of the dihydroceramide desaturase
by the diet known to promote the formation of intraluminal vesicles in MVBs but also to inhibit autophagy to increase exosome
production (Hu et al,, 2011). At the lipid species level, EVs and the releasing adipose tissue from the 4-week-old C57BL/6] males
had strong increased concentrations of two specific ceramides (18:0/18:0 and 18:2/18:1) and three specific SM (34:2, 36:1, and
36:2) (Blandin et al,, 2023), suggesting that only subtypes of sphingolipids may be involved in EV genesis and sorting from
adipose tissue. As these five lipids were similarly increased in adipose tissue and released-EV's from ob/ob mice, and in isolated
adipocytes from HFD and ob/ob mice, we can conclude that they are correlated with the storage of TAG in the adipocytes
during the development HFD-induced obesity (Blandin et al., 2023). However, lipidomic analyses of all metabolic tissues and
their respective released-EVs, during the time course of the development of the diet-induced obesity are missing to validate this
hypothesis.

Taken together, these data indicate that the consumption of HFD affects the release of EVs through the modulation of the
intracellular content of sphingolipids. Whether sphingolipids participate in EV biological functions and in organ-cross talks
during the development of metabolic diseases is not known. Nevertheless, in a context of cancer, it was found that SM from
tumour-derived EVs was the main lipid responsible for the effect of EVs on endothelial cell migration and angiogenesis. The
authors clearly demonstrated that phospholipids such as PE, PI, PC, and PS also contained in these tumour-derived EV's showed
little effects on endothelial cell migration (Anon, 2023). Similar studies on the role of each sphingolipid contained in EVs and
modulated by the HFD are necessary. For instance, it is known that adipose tissue-released ceramides can regulate vascular redox
state and the outcomes of patients with cardiovascular disease (Akawi et al., 2021), but the specific role of each ceramide carried
by EVs in this process has never been studied.

3.1.2 | HFD perturbate glucagon-induced EV release from endothelium

Altered sphingolipid levels are also involved in obesity-induced endothelial dysfunction and atherosclerosis (Choi & Snider,
2015). During the postprandial period, the decrease in the secretion of glucagon by the pancreas is a signal toward the metabolic
tissues to store lipids. Conversely, during the starving period, glucagon mobilizes lipids to ensure energy supply. Philipp E. Scherer
and his group (Crewe et al.,, 2018) have demonstrated that this important hormone increases the production of EVs from the
endothelial cells located in adipose tissue, at fasted state. At the mechanistic level, they found that glucagon stimulated the neu-
tral sphingomyelinase in endothelial cells leading to the production of endogenous ceramides. Consequently, more EVs were
released. Interestingly, this regulation by glucagon was impaired in mice under HFD, likely because the neutral sphingomyeli-
nase is constantly induced in obese mice (Samad et al., 2006; Shah et al., 2008). Of note, the glucagon-induced ceramide synthesis
did not affect the generation of microvesicles from endothelial cells, but only the generation of small exosome-like vesicles, con-
versely to what was published for cancer cells (Menck et al., 2017) or human coronary artery endothelial cells (Zietzer et al., 2021).
The molecular mechanisms supporting the release of subpopulations of EVs from endothelial cells in response to intracellular
increase of ceramides would deserve to be studied. Human coronary artery endothelial cells treated with high concentrations of
Cl16 ceramide released microvesicles enriched in ceramides. It was demonstrated that the transfer of ceramides into endothelial
cells induced apoptosis (Zietzer et al., 2021).
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3.1.3 | HEFD perturbate adiponectin-induced EV release from endothelium

In addition to nutritional hormones like glucagon, cytokines can also participate in EV biogenesis. Adiponectin is a cardiopro-
tective circulating cytokine produced by adipose tissue. Adiponectin can accumulate in heart, vascular endothelium and skeletal
muscle through its binding with its receptor T-cadherin. In vitro, adiponectin accumulates inside MVBs in cells expressing T-
cadherin. The adiponectin/T-cadherin system enhanced EV biogenesis and secretion, and consequently decreased intracellular
ceramide concentrations (Obata et al., 2018). This study has proposed a new mechanism to demonstrated how adiponectin can
mediate organ protection against lipotoxicity through EV biogenesis and secretion (Obata et al., 2018). However, it is well-known
that HFD are associated with a decrease in circulating level of adiponectin, which is inversely correlated with the expansion of
the adipose tissue. Therefore, it is likely that this tight control of the intracellular ceramide concentration by the adiponectin in its
target tissues is altered and might participate in the increase of ceramides in the endothelium of obese subjects and consequently
in the release of more EVs from this tissue. In line with this hypothesis, it was found that the number of endothelial cell-derived
microvesicles is increased in the plasma from obese rats (Heinrich et al., 2015), but the connection with adiponectin has not been
studied yet.

3.1.4 | Sphingolipid enzymatic machinery is exported in extracellular vesicles

The presence of sphingosine 1-phosphate (SIP) has been revealed in EVs (Gupta et al., 2022; Liao et al., 2018). Sphingosine (SS) is
synthesized from ceramides by the action of ceramidase and phosphorylation of sphingosine is then catalysed by the sphingosine
kinase (SPHK) to produce S1P (Figure 2a). SIP is released from cells where it works as a bioactive lipid mediator of angiogenesis,
vascular maturation, immunity, and chemotaxis in recipient cells. It was described that HFD are associated with increased levels of
SS and S1P in several tissues and also in plasma (Choi & Snider, 2015; Guitton et al., 2020). In vitro, palmitate-treated hepatocytes
released EVs enriched in SIP. Gradient of S1P-enriched EV's generated in a microfluidic gradient generator was chemo attractive
for macrophages and reducing the level of SIP in EVs inhibited the chemotaxis of macrophages (Liao et al., 2018). This work
clearly demonstrated how EVs could participate in the pro-inflammatory effect of HFD on the liver and suggest that SIP-EV's
could participate in the development of liver fibrosis.

Inside the liver tissue, EV's can also work as paracrine signals as hepatocyte-derived EVs can deliver the enzymatic machinery
to generate S1P in recipient hepatocytes inducing their proliferation and liver regeneration (Nojima et al., 2016). In addition to its
action in the liver, SIP is also a regulator of arterial lesions and it was found that both SPHKI and SIP are present in EV's released
from endothelial cells (Wang et al., 2015). In a context of liver fibrosis, SIP concentration is increased in endothelial cell-derived
EVs and can activate hepatic stellate cells into a myofibroblastic phenotype, responsible for the pathogenesis (Wang et al., 2015).

3.2 | Extracellular vesicle phospholipids and high-fat diets
3.21 | Phosphatidylcholine enrichment in EVs in response to HFD modulates EV trafficking

Phospholipids are the major component of all cell membranes. They can form lipid bilayers because of their amphiphilic char-
acteristic. It is well-admitted that the amount and the type of dietary fatty acids significantly altered membrane phospholipid
distribution (Thi-Dinh et al., 1990). Recently, it was found that HFD induced the release of EV's from the intestine (Kumar et al.,
2021). The authors demonstrated that conversely the other tissues (e.g., adipose tissue, liver) this increase was correlated with
the intestinal content of PC, and not with the levels of ceramides. They demonstrated that this result was due to the effect of
HFD on the induction of the Phosphatidylethanolamine N-methyl transferase (PEMT) which converts PE to PC in the intestine.
In addition, HFD induced changes in the lipid profile of intestinal-released EVs, from predominantly PE to PC. As HFD mice
and patients suffering from type 2 diabetes both had higher PC on circulating plasma EVs, the authors further compared the
biological effect of control EVs (EV-C) versus EVs released from the intestine of HFD animals (EV-HFD), on glucose home-
ostasis (Kumar et al., 2021). Injection of EV-HFD in control mice inhibited insulin-induced phosphorylation of IRS-2, PI3K and
AKT/PKB in insulin sensitive tissue. Remarkably, the majority of EV-C was taken up by hepatocytes. By contrast, the majority
of EV-HFD enriched in PC were taken up by macrophages. This result demonstrated for the first time that the lipid composi-
tion of EVs not only modifies their integration into target tissues but also can change their fate. Therefore, EV-HFD cleared by
macrophages would induce the development of a low grade of inflammation. In line with this hypothesis, PEMT (—/—) mice
which are unable to induce PEMT in intestine are protected from HFD-induced obesity and insulin-resistance (Vance, 2013).
In addition to the recognition with macrophages, the phospholipid composition seems to play a role in the resistance of EVs in
the extracellular environment. A recent study on hepatocyte-derived EVs isolated from primary hepatocytes coupled with atomic
force spectroscopy showed that they were less stiff and less resistant to mechanical failure when compared to hepatocyte-derived
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EVs isolated from hepatocyte progenitor cell line MPL29, which are almost as resistant as the influenza virus (Royo et al., 2019).
This was attributed to the differential abundance of PI, PE, and LPC lipids between these EVs. The authors speculated that the
higher flexibility of hepatocyte-derived EVs would modulate their interactions with target cells.

3.22 | LPCinduced EV release from hepatocytes and mediated monocyte adhesion

In addition to phospholipids, lysophospholipid levels in plasma and tissues are also regulated by the diet. In particular the
inverted-cone-shaped LPC (Figure 2b) is increased in plasma of nonobese individuals during the chronic consumption of HFD
(Kim et al,, 2014), or in the plasma of mice fed with HFD (Blandin et al., 2023). As accumulation of this lipid in membranes
can induce positive membrane curvature, LPC-treated hepatocytes secreted three times more EVs, and their mean size were
slightly increased (Hirsova et al., 2016). This new population of hepatocyte-derived EVs was strongly enriched in CXCL10, a pro-
tein involved in macrophage chemotaxis (Ibrahim et al., 2016). This result suggests that the level of LPC in hepatocyte-derived
EVs might participate in the development of liver inflammation associated with HFD consumption. Furthermore, LPC treat-
ment of hepatocytes activated integrin 51 processing and loading into hepatocyte-derived EVs. As LPC-hepatocyte-derived EVs
can mediated monocyte adhesion through the presence of integrin 51 (Guo et al., 2019), LPC-hepatocyte-derived EVs likely
participate in diet-induced NASH in mice.

A generalized decrease in circulating lysophospholipids has been found after weight loss in human with metabolic syndrome
and liver steatosis. This decrease was associated with liver metabolism improvement (Cantero et al., 2018). It could be interesting
to determine whether weight loss is also associated with modification of LPC concentrations in hepatocyte-derived EVs.

3.3 | Fattyacids and HFD

EVs are carriers of FFAs. Fibroblast-, muscle- and Adipocyte-derived EVs have high levels of palmitic (C16:0) and stearic (C18:0)
acids compared to other FFAs (Aswad et al., 2014; Blandin et al., 2023; Buratta et al., 2017).

3.3.1 | Palmitate affect EV release

Palmitate, the most abundant saturated fatty acid in human serum, is the preferred saturated FFA for de novo synthesis of
ceramides, SM and is a precursor for the synthesis of phospholipids (Figure 3). Therefore, indirectly palmitate induces EVs
release (Aswad et al., 2014; Hirsova et al., 2016; Ibrahim et al., 2016; Phuyal et al., 2015; Zietzer et al., 2021). Indeed, a high-
palmitate diet in mice triggered the release of EVs highly enriched in palmitate from skeletal muscle cells (Aswad et al., 2014).
Palmitate-enriched EVs affected recipient muscle cell homeostasis by reproducing the same transcriptional alterations as those
obtained with muscle cells treated directly with palmitate (Aswad et al., 2014). It was also shown that EV released from palmitate-
treated adipocytes altered insulin signalling in recipient muscle cells (Yu et al., 2018). These data have demonstrated that FFA in
EVs are highly involved in the biological action of EVs. Interestingly, the protein content of adipocyte-released EV was slightly
different when EV's were released from adipocytes treated with oleate compared when treated with palmitate suggesting that the
nature of FFAs in the diet might have a strong impact on the protein composition of EVs also (Camino et al., 2020).

In a context of cancer, it was demonstrated that adipocyte-derived EVs provide a local supply of FFAs that serve as energy
source for melanoma cells. Melanoma aggressiveness were increased when melanoma cells were treated with EVs released from
adipocytes from obese animals. These ‘obese adipocytes’ secreted larger amount of EVs compared to adipocytes from lean mice
(Clement et al., 2020). This study has demonstrated for the first time the importance of the metabolic cross-talk between the fat
and the cancer cells through the EV route and how the diet could impact on it.

3.3.2 | The fatty acid receptor CD36/FAT is exported in EVs and participate in EV targeting and
internalization

Long chain FFA uptake, including palmitate, is mediated by the CD36/FAT fatty acid translocase at the plasma membrane of
numerous cell types. CD36 activity and its cell compartment are regulated at the post-translational level. It was shown that HFD
induced CD36 palmitoylation and consequently its translocation at the plasma membranes of hepatocytes (Zhao et al., 2018) and
skeletal muscle cells (Chorner et al., 2016). Interestingly, in addition to its role as fatty acid receptor, CD36 also functions as a PS
receptor on macrophages. Consequently, CD36 can bind PS at the surface of circulating EVs, participating in EV phagocytosis in
macrophages. Of note CD36 binding site for PS vesicles is highly specific and does not bind other phospholipids (Tait & Smith,
1999).
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FIGURE 3 Intracellular pathways involved in phospholipids and sphingolipids synthesis (red) derived from glycolysis and palmitoyl-CoA, or synthesis at
the plasma membrane (PM). Endoplasmic Reticulum (ER). Yellow boxes = enzymes. CLS: Cardiolipin Synthase; TAZ: Tafazzin,
Phospholipid-Lysophospholipid Transacylase; PSD: Phosphatidylserine Decarboxylase; PGPS: Phosphatidylglycerophosphate Synthase; PSS 1/2:
Phosphatidylserine Synthase 1and 2; PIPK: Phosphatidylinositol-5-Phosphate 4-Kinase Type 2 Alpha; CDS: CDP-Diacylglycerol Synthase; DGK:
Diacylglycerol Kinase Beta; LPAP: Acid Phosphatase 6, Lysophosphatidic; GPAT: Glycero-3-Phosphate acyltransferase; LPAT: 1- Acylglycerol-3-Phosphate
O-Acyltransferase 1; DGAT: Diacylglycerol O-Acyltransferase; SPT: Serine Palmitoyltransferase; ET: Ethanolamine Phosphotransferase; CT: Choline
Phosphotransferase; CEPT: CDP-Cho:DAG choline-Phosphotransferase; CK: Choline Kinase; PEMT: Phosphatidylethanolamine N-Methyltransferase; EPT:
CDP-ethanolamine 1,2-diacylglycerol ethanolaminephosphotransferase; EK: ethanolamine kinase; CERS: Ceramide Synthase; SPHK: Sphingosine Kinase;
CERase: Ceraminidase; CERK: Ceramide Kinase; SMS: Sphingomyelin Synthase; SMase: Sphingomyelinase; or transporter CD36: Fatty acid translocase.

Almost 20 years ago, a cell-free form of CD36 was identified and its concentration was found higher in plasma of patients
suffering from obesity compared to lean subjects. It was further demonstrated that this free form of CD36 was inside microvesicles
derived from platelets activated by FFAs (Alkhatatbeh et al., 2011). EV's derived from adipocytes also contain CD36, and palmitate
induces its sorting into EVs (Yan et al., 2021). Consequently, adipocyte-derived CD36-enriched EVs are better internalized in
recipient hepatocytes, in which they induce lipid accumulation and apoptosis. These data suggest that CD36 in EVs might be an
inducer of NAFLD due to its high concentration in adipocyte-derived EV's from patients suffering from obesity, or from diet-
induced obese animals. The role of CD36 in EV internalization was also studied in cancer cells and described as a major mediator
of the engulfment of pancreatic tumour microvesicles by myeloid immune cells (Pfeiler et al., 2019).

3.4 | Cholesterol

The body can produce all the cholesterol that it needs but it also obtains cholesterol from lipoproteins generated during fat diges-
tion, through receptor-mediated mechanisms at the plasma membrane. After entering into the cells, cholesterol is concentrated
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FIGURE 4 Through the alterations of lipid metabolism and fatty acid oxidation, high-fat diets impact directly on the lipid composition and curvatures of
membranes, inducing the release of extracellular vesicles (EVs). In addition, the lipid and protein compositions of extracellular vesicles are affected. These new
cargoes disseminate bioactive lipids (SIP) and proteins for fatty-acid oxidation (FAO) in recipient cells, or are lipid transporters (CD36, ABCAI) which
participate in EV recognition and internalization in target tissues.

mainly in lysosomes (Mobius et al., 2003) (Figure 2a). In lysosomes, lipoproteins release cholesterol esters through the action
of acid lipases. Free cholesterol is exported from lysosomes for cellular metabolism or storage. Cholesterol export requires the
two Niemann-Pick type C 1 (NPC1) and two (NPC2) transporters which have a central role in maintaining lipid homeostasis.
Their mutations (i.e., Niemann-Pick type C disease) lead to massive lysosomal accumulation of cholesterol and sphingolipids
(Wanikawa et al., 2020). Consequently, HFD enrichment with 1% cholesterol is enough to enhance lipid storage and inflamma-
tion in liver of HFD obese mice compared with animals fed with a chow diet (Chang et al., 2021; Zhou & Wu, 2022). Indeed,
HFD impair lysosomal function and autophagic flux (Yamamoto et al., 2017). Therefore, the enrichment of HFD with cholesterol
further aggravates the effects of HFD on liver homeostasis (Chang et al., 2021). To avoid the resulting toxic lysosomal cholesterol
accumulation, it was demonstrated by using a model of oligodendroglial cells, that the release of exosomes is increased when
the levels of NPC proteins are reduced (Strauss et al., 2010). This study has suggested for the first time that cholesterol secretion
through the exosomal route contributes to the regulation of cholesterol homeostasis.

Genome-wide association studies have highlighted the contribution of common variants in NPC1 in adult-onset obesity and
diabetes. These associations were validated in mice models and showed an important interaction with HFD (Lamri et al., 2018).
At the cellular level, it was found that the treatment of HuH7 hepatocytes with cholesterol reduced the number of MVBs co-
localized with lysosomes and thus increased exosome release. This new population of exosomes could induce Ml polarization of
THP-1 macrophages (Zhao et al., 2020). Taken together, it appears that the endo-lysosomal dysfunction in the pathogenesis of
NAFLD induces the release of cholesterol-enriched EVs to reduce intracellular lipotoxicity, and this export participates in liver
inflammation. It would be interesting to determine whether cholesterol enrichment of liver-released EV's can be used as an early
marker of deterioration in hepatic lipid metabolism, compared to the dosage of circulating thrombospondin 2 which permits to
diagnose only advance liver steatosis (Lee et al., 2021).

4 | CONCLUSIONS AND PERSPECTIVES

Taken together, these works highlight the fundamental role of the lipid composition of EVs in their biological functions (Figure 4)
and demonstrate that HFD modulate EV lipid composition and change EV fate (Figure 5). HFD alter intracellular levels of lipids
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FIGURE 5 Summary of the studies mentioned in this review. They demonstrated how alterations of the lipid metabolism occurring in the liver, skeletal
muscle, adipose tissue and endothelium of patients suffering from metabolic diseases and inflammation increase the release of extracellular vesicles (EV), and
change their lipid composition. Also indicated the consequences of this altered EV lipid composition on the homeostasis of the recipient cells or tissues.

which are important for membrane configuration, stiffness, and composition. Consequently, EVs can change of target cells,
and the amount of EV's incorporated into a tissue can also be affected. Of note, outside the context of metabolic diseases, the
studies mentioned here could help to design functionalized vesicles for biomedical applications. New strategies are currently
being developed to take account of EV lipids which include either a hybrid liposome-EV approach or a decoration of EV's with
lipid motifs (see reviewed in (Ghadami & Dellinger, 2023)). Better targeting and incorporation of EVs into their target cells also
means more lipid entry by EVs, which can have dramatic metabolic consequences. It is therefore important, for every change of
EV lipid concentration to also test the fate of the recipient cell.

When obesity is established and inflammation is important, EVs have mostly a deleterious role by carrying lipids and FFAs
from tissues to tissues thus amplifying the harmful effect of HFD. At the cellular level, this can have either beneficial consequence:
i.e.; by integrating the metabolism of the surrounding cells, recipient cells can adapt their own metabolism to maintain the
whole tissue homeostasis; or deleterious consequences, that is, by receiving EV's from cells in bad conditions containing bioactive
lipids such as SIP, recipient cells can deregulate their metabolism in an irreparable way. Generally speaking, it appears that HFD
induce EV release and thus the flow of EV between tissues. Therefore, we can expect that reducing these EV flows by using
metformin or ceramide inhibitors could be beneficial for maintaining tissue homeostasis and could reduce the development of
obesity-associated cancers.

Although systemic inflammation is recognized as an important consequence of HFD, the role of eicosanoids which are shuttled
in EVs along with the enzymes in charge of their synthesis has not been studied (Boilard, 2018; Sagini et al., 2018). But data
showing that HFD contribute to induce serum pro-inflammatory eicosanoids in obese or overweight patients (Schweitzer et al.,
2021) strongly suggest that eicosanoids in EVs might have an unsuspected role in the inflammatory aetiology of obesity-associated
diseases such as NAFLD, diabetes and cardiovascular diseases. This hypothesis deserves validation.

Another important issue that is given little or no consideration is how the lipid composition of EV's affects the composition and
concentration of other EV components such as proteins and nucleic acids. Indeed, the modifications of the content of the EVs in
these 3 components is always studied separately, but all EV components are always affected together (Jalabert et al., 2021; Phuyal
et al,, 2015; Yu et al., 2018). It could even be that the lipids of the EVs interact and select the nucleic acids that are exported into
the EVs. In line with this hypothesis, it was described that lipid membranes can act as RNA organization platforms and that these
interactions depend on RNA nucleotide content, base pairing, and length (Czerniak & Saenz, 2022). Also, RNA can interact with
phospholipids (Vlasov & Yarus, 2002). This could explain why only a subset of miRNAs is found in EV's and the fact that some
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miRNAs are never exported (Marka et al., 2021). It is tempting to speculate that the variations of membrane lipid composition
associated with the HFD could modify these lipid-RNA interactions thus resulting in a change of EV RNA composition. This
hypothesis deserves validation, but this year at the ISEV2023 meeting, the group of Alissa Weaver demonstrated that intracellular
cholesterol cellular enrichment induced the sorting of specific miRNAs into EV's (Czerniak & Saenz, 2022) demonstrating a direct
link between cholesterol metabolism and the loading of RNA into EVs.

Working on metabolism is very challenging and a lot of work is done in vitro, or on animal models that only partially reproduce
human physiology. In this context, work on human is now urgently needed to understand the impact of diet lipid quality on EV
composition, trafficking and cross-talk between organs to validate these data obtained with animal models of obesity.
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