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Extracellular vesicles (EVs) are nanosized lipid bilayer-delimited particles secreted from almost all types of cells
including bacteria, mammals and plants, and are presumed to be mediators of intercellular communication.
Bacterial extracellular vesicles (BEVs) are nanoparticles with diverse diameters, ranging from 20 to 400 nm.
BEVs are composed of soluble microbial metabolites, including nucleic acid, proteins, lipoglycans, and short-
chain fatty acids (SCFAs). In addition, EVs may contain quorum sensing peptides that are endowed with the
ability to protect bacteria against bacteriophages, form and maintain bacterial communities, and modulate the
host immune system. BEVs are potentially promising therapeutic modalities for use in vaccine development,
cancer immunotherapy regimens, and drug delivery cargos. Plant-derived EVs (PEVs), such as EVs derived from
herbal medicines, can be absorbed by the gut microbiota and influence the composition and homeostasis of gut
microbiota. This review highlights the roles of BEVs and PEVs in bacterial and plant physiology and discusses
crosstalk among gut bacteria, host metabolism and herbal medicine. In summary, EVs represent crucial
communication messengers in the gut microbiota, with potential therapeutic value in the delivery of herbal
medicines.

1. Introduction

Extracellular vesicles (EVs) are nanosized lipid bilayer-delimited
particles secreted from almost all types of cells including bacteria,
mammals and plants, which are presumed to be mediators of intercel-
lular communication [1-4]. EVs possess a functional versatility that
extends beyond their conventional role as waste carriers. The current
focus of interest in the field of EVs centers on their ability to mediate

intercellular crosstalk of diverse cargo molecules, ranging from nucleic
acids, and lipids to proteins [4-8]. In this regard, EVs have the potential
to serve as amplifiers of signaling mechanisms during both normal cell
homeostasis and pathological development [9].

In the 1960 s, bacterial extracellular vesicles (BEVs) were first
observed in Escherichia coli (E. coli). Subsequently, extensive research
focused on BEVs has aimed to elucidate the mechanisms underlying
their biogenesis, composition, and functional properties. BEVs are
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Fig. 1. The formation pathways of different types of bacterial extracellular vesicles. G bacteria have two main routes for vesicle formation: blebbing of the outer
membrane and explosive cell lysis. When biosynthetic peptidoglycan is unbalanced, or hydrophobic molecules insert into the outer membrane to cause cell
membrane disorder, the outer membrane blisters and outer membrane vesicles (OMVs) are generated. The cell wall peptidoglycan layer is degraded by autolysin, the
inner membrane protrudes outward, and the cytoplasmic contents such as DNA enter the vesicles. Finally, the vesicles are extruded from the cell surface together
with the surrounding outer membrane to form outer inner membrane vesicles (OIMVs). When bacterial chromosomal DNA is damaged, it will induce oxidative stress
response and trigger cell death and lysis, resulting in the re circulation of cell membrane fragments, aggregation and random encapsulation of cytoplasmic material,
forming explosive outer membrane vesicles (EOMVs). The biogenesis mechanism of extracellular vesicles released by G bacteria is bubbling cell death. Endolysins
degrade the PG layer and trigger bubbling cell death and production of CMV in G+ bacteria. LPS: lipopolysaccharide, OM: other membrane, PG: peptidoglycan, IM:

Inner membrane.

nanoparticles with diverse diameters, ranging from 20 to 400 nm. BEVs
are composed of soluble microbial metabolites, including nucleic acids,
proteins, lipoglycans, short-chain fatty acids (SCFAs), and quorum
sensing peptides, which are endowed with the ability to protect bacteria
against bacteriophages, form and maintain bacterial communities, and
modulate the host immune system [10-13]. Recently, accumulating
evidence has supported the notion that microbial-derived EVs can serve
as an important orchestrator in the mutual communications between gut
microbiota and the host [14]. BEVs produced by gut microbiota can
translocate to systemic circulation to control host metabolism, epithelial
barrier integrity and immune responses [15]. In this regard, BEVs are
potentially promising therapeutic modalities for use in vaccines, cancer
immunotherapy regimens, and drug delivery cargos.

Plant-derived EVs (PEVs), such as EVs derived from herbal medi-
cines, can be absorbed by the gut microbiota and influence the
composition and homeostasis of gut microbiota. Owing to the pivotal
role of the gut microbiota in maintaining the host physiological state, its
dysbiosis can lead to a wide range of disorders, such as cancer and
neurological and metabolic disorders. Ginger-derived EVs can be
selectively taken up by Lactobacillaceae in a lipid-dependent manner in
vivo, and the increased Lactobacillus abundance in turn enhances gut
barrier integrity and alleviates colitis by producing indole-3-
carboxaldehyde (I3A) to induce the secretion of IL-22 [16]. Thus, it is
tempting to surmise that EVs may be an important mediator among the
host, gut microbiota, and plants, such as diets or traditional Chinese
medicines (TCMs).

In this review, we mainly highlight and discuss the roles of BEVs and
PEVs and aim to provide new insight regarding the crosstalk among
herbal medicine, gut bacteria and hosts. We surmise that EVs are crucial
messengers between the gut microbiota and host, and that EVs represent
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a new approach to revealing the mechanism of herbal medicines.
2. Bacteria-derived EVs: Composition, structure, and functions

EVs can be further classified based on their biogenesis, size, and
biophysical properties, such as exosomes (40-200 nm), microvesicles
(200-2000 nm) and apoptotic bodies (500-2000 nm) [17-19]. In recent
years, vesicles derived from microbial communities have become an
emerging research direction, with bacterial groups being the most
extensively studied [20].

2.1. A brief introduction of BEVs

Bacteria can be divided into gram-positive (G") bacteria and gram-
negative (G') bacteria based on their morphology, structure, and stain-
ing characteristics. BEVs are nanovesicles generated by bacteria, ranging
from 20 to 300 nanometers, which are natural phenomena in the normal
growth process of bacteria [21]. The discovery of BEVs can be traced
back to the 1960 s [22]. In recent decades, research on bacteria has
mainly focused on G bacteria, such as Helicobacter pylori [23], Salmo-
nella sp. [24], Borrelia burgdorferi [25], Campylobacter jejuni [26], and
Acinetobacter baumannii [27]. Due to the thick cell wall of G bacteria, it
was believed that they are unable to secrete BEVs. In 2009, researchers
isolated BEVs from Staphylococcus aureus, providing the first evidence
that G* bacteria can also secrete BEVs [28].

Although the production of EVs is a natural phenomenon, G and G*
bacteria synthesize vesicles in different ways (Fig. 1). G” bacteria employ
two primary routes for vesicle formation: blebbing of the outer mem-
brane and explosive cell lysis [10]. The disruption of biosynthetic
peptidoglycan or the incorporation of hydrophobic molecules into the
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Fig. 2. The biological functions of BEVs. BEVS are nanoparticles that can carry protein, toxin, peptidoglycan, LPS and genetic material (DNA, RNA). The nucleic acid
components in BEVs include plasmids, chromosomes, and even phage DNA, which are generally hundreds of BP to hundreds of KB in length. BEVS translocated and
interacted with the recipient cells after they separated from the parent cells, and then transferred the goods to the recipient cells, thus triggering the downstream
signal transduction pathway. BEVS containing different inclusions have different functions, including binding bacteriophages, inactivating antibiotics, protecting
host bacteria, delivering virulence factors to human cells, affecting human health, delivering toxic substances, predating competitive bacteria, mediating nutrient

delivery, regulating immunity and inflammation, etc.

outer membrane of bacterial cells can result in an imbalanced outer
membrane structure. This imbalanced state leads to the formation of
outer membrane blisters and the subsequent release of outer membrane
vesicles (OMVs) [29]. Explosive cell lysis is initiated by
bacteriophage-derived endolysin which can degrade the peptidoglycan
cell wall. Upon degradation of the peptidoglycan, the cell rounds up and
explodes, leading to the formation of fragmented membrane remnants.
These remnants then undergo self-assembly into two distinct types of
vesicles: outer-inner membrane vesicles (OIMVs) and explosive
outer-membrane vesicles (EOMVs) [21]. In structural terms, OMVs are
spherical particles 20-250 nm in size, with an inner leaflet of phos-
pholipids and an outer leaflet of lipopolysaccharide (LPS). EOMVs have
only one outer membrane, whereas OIMVs have two membrane bilayers
[30]. Both EOMVs and OIMVs exhibit a random assortment of cyto-
plasmic components, such as outer membrane proteins, plasma mem-
brane proteins, virulence factors, DNA, and RNA. However, it should be
noted that a distinguishing characteristic of OMVs is their enriched
content of outer membrane proteins and lipids, which makes them
distinct from EOMVs and OIMVs [31]. The main mechanism by which
G bacteria generate vesicles involves the induction of bubbling cell
death by endolysin, resulting in the release of cytoplasmic membrane
vesicles (CMVs). These CMVs encompass not only the cell membrane but
also cytoplasmic components [32]. The variability of the types and sizes
of these BEVs further emphasizes the intricate and multifaceted nature
of the EV generation process.

To date, although a handful of models have been proposed to
elucidate extracellular vesicles by G" and G" bacteria, the underlying
mechanisms of BEV biogenesis in bacteria still require extensive and
comprehensive investigation. The production of BEVs is regulated by a
variety of factors, including genetic regulation, bacterial nutritional
conditions, exposure to environmental stressors, and growth periods
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[33-35]. Growth conditions, including pH, oxygen content, nutritional
levels, and antibiotics, can also affect the cargo packaging of BEVs [36,
37]. The capacity of bacteria to selectively sort BEV contents in response
to their local environment illustrates the intricate nature of extracellular
vesicle biogenesis and underscores the need for additional research into
the specific mechanisms governing cargo selection.

2.2. Isolation and purification of BEVs

The guidelines for the separation and characterization of EVs cover
the entire process from sample collection to separation and character-
ization [38]. In contrast, there is currently a lack of standards for BEVs.
The extraction of BEVs typically involves the following steps: cultiva-
tion, removal of bacteria, isolation of BEVs from culture medium, and
purification. It is crucial to optimize the harvesting time, as the blebbing
process of BEVs is influenced both quantitatively and qualitatively by
the bacterial growth phase [39,40]. Once bacterial cultures have been
established, centrifugation at low or differential speeds and sterile
filtration are used to remove viable bacteria, cellular detritus, macro-
molecules of substantial size, and membrane amalgamations [41]. To
improve the separation efficiency and purity, ultrafiltration centrifuga-
tion, density gradient centrifugation or size exclusion chromatography
(SEC) are necessary to separate the non-BEVs [42,43]. In summary,
there are currently no standardized methods available for the isolation
and purification of BEVs. The selection of a specific method depends on
several different conditions, such as the purity requirements and sample
size.

Due to the small size of BEVs, the resolution of conventional optical
microscopes is inadequate for observation. Electron microscopy,
particularly transmission electron microscopy (TEM), is commonly
employed for the characterization of various biological samples [44].
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Table 1

The function of BEVs in disease.

Site of
action

Bacteria

Function

Refs

Gut

Cancer

Brain

Bone

Lung

H. pylori

V. cholerae
pathogenic E. coli

Neisseria gonorrhoeae
E. coli

P. aeruginosa

probiotic E. coli Nissle
1917

probiotic A. muciniphila

pathogenic E. coli

LPS-depleted E. coli

H. pylori

P. gingivalis

E. coli

Aggregatibacter
actinomycetemcomitans

A. muciniphila

Lactobacillus animalis

S. aureus

BEVs may contribute to
proinflammatory effects on
epithelial and immune cells by
promoting IL-6, IL-8, TNF- «, and
IFN-y production

BEVs carriers for many virulence
factors such as cholera toxin,
heat-labile enterotoxin,
hemolysin, and Shiga toxin,
resulting in endothelial
cytotoxicity, apoptosis, and
inflammatory cytokine release
BEVs induced mitochondrial
apoptosis and NLRP3
inflammatory vesicle activation,
resulting in the release of LI-1p
BEVs enhanced the intestinal
mucosal barrier by upregulating
the tight junction proteins ZO-1,
Z0-2 and claudin-14

BEVs improved tight junctions
and gut permeability by
activating AMPK

BEVs stimulated inflammatory
production via the TLRs pathway
in intestinal epithelial cells, and
even induce endothelial and
epithelial mitochondria-
associated apoptosis via toxin
delivery

BEVs targeted cancer cells in vivo
and reduce tumor burden by
constant CXCL10 and IFN-y
production and antitumor
immune responses

BEVs containing CagA and VacA
are suggested to hold capabilities
of alteration of cell growth,
damage to DNA, and aneuploidy,
implying its tight association
with gastric cancer

BEVs can release SRNA23392 to
promote invasion and migration
of OSCC cells

BEVs induced permeabilization
of the mitochondrial membranes
and trigger the mitochondrial
apoptotic pathway in human
brain microvascular endothelial
cells

BEVs could travel across the BBB
and successfully upregulate TNF-
o expression.

BEVs promoted osteoblasts and
inhibited osteoclasts

BEVs could selectively ferry
various functional proteins and
deliver them to the femoral head,
whereby BEVs prevent trabecular
bone damage and bone loss by
improving the activity and
function of endothelial and bone
cells

BEVs could induce Th1 and Th17
neutrophilic pulmonary
inflammation in a TLR2—
dependent manner

[100]

[101]
[102]

[103]

[104]

[47]

[105]

[106]

[107]

[108]

[109]

[110]

[81]

[111]

[112]

Additionally, cryo-transmission electron microscopy (cryo-TEM) is used
to characterize BEVs, where samples are first rapidly frozen and then
imaged by cryo-TEM without the addition of any heavy metals or fixa-
tives, providing a better picture of the original structure of BEVs than
TEM [45].
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2.3. Communication between BEVs and host physiology

BEVs have been discovered to play an essential role in a range of
physiological and pathological processes. The function of BEVs varies
from binding bacteriophages, inactivating antibiotics, and transmitting
virulence factors to human cells, depending on their diverse contents
(Fig. 2). Substantial evidence supports the notion that BEVs can trans-
locate into the host’s circulation and metabolic tissues, such as liver,
adipose tissues, and skeletal muscle both in obese mice and humans
through the leaked gut barrier, leading to obesity-associated tissue
inflammation and insulin resistance [46-48]. The OMVs secreted by
E. coli inhibit colon cancer tumor growth by inducing the production of
the antitumor cytokines CXCL10 and IFN-y (Table 1). Lipids play a
crucial role in the composition of BEVs and bacterial-host interactions.
Most BEVs enter nonphagocytic host cells through the utilization of lipid
rafts [49-53]. Various lipids have been found to be selectively enriched
in BEVs, such as LPS, cardiolipin, sphingolipids, phosphatidylethanol-
amine and phosphatidylglycerol [54]. In particular, phosphatidylgly-
cerol and stearic acid are associated with the fluidity and rigidity of BEV
membranes [55]. Phospholipid enrichment has been observed in OMVs
produced via sulfate depletion [56]. One of the phospholipid transport
proteins was even found to be involved in the formation of OMVs [57].

In addition to the lipids that are significantly enriched in BEVs, other
cargoes of BEVs, including microRNAs, bacterial membrane compo-
nents, and cellular signaling molecules, are associated with lipid meta-
bolism. For instance, peptidoglycan (PGN) is a unique and important
structural element in the cell wall of G™ bacteria. It is embedded in the
relatively thick cell wall alongside other polymers. PGN directly acti-
vates Toll-like receptor 2 (TLR2) on adipocytes to inhibit beige adipo-
cytes [58]. LPS has been reported to inhibit intestinal ANGPTL4
transcription through activation of the TLR4/STAT3 pathway, leading to
increased expression of the nuclear factor interleukin 3-regulated pro-
tein (NFIL3) and resulting in increased ileal lipid uptake [58]. Further-
more, the TLRs enriched in BEVs also mediate lipid metabolism
disorders in chronic inflammation of obese intestinal mucosa. TLR1
mediates the regulation of the intestinal metabolite triacylglycerol,
participates in intestinal lipid metabolism, and effectively improves the
utilization of short-chain fatty acids [58]. M. bovis Bacillus Calmette
Gueérin (BCG) induced NF-kB activation and increased PPARy expression
in a TLR2-dependent manner, leading to liposome formation [58]. In
addition, the microRNAs carried by BEVs affect lipid metabolism.
Increased levels of miR-30c and miR-130a in T84 cells were demon-
strated to be infected with the clinical AIEC LF82 strain [58]. Both
miR-30c and miR-130a have been reported to be involved in lipid
metabolism. miRNA-30c has been reported to reduce hyperlipidemia
and atherosclerosis by reducing lipid synthesis and apolipoprotein
B-containing lipoprotein production [58]. miR-130a/b has been found
to regulate metabolism-related inflammatory processes by modulating
the translational levels of PPARy and other key genes participating in
lipid metabolism [58]. Taken together, the above studies suggest a po-
tential mechanism by which BEVs are involved in lipid homeostasis.
However, the exact mechanism by which BEVs affect lipid metabolism
must be further explored.

3. Plant-derived extracellular vesicles (PEVs): Properties and
therapeutic applications

Edible plants are profoundly linked to humanity, both as a source of
nutrition and as a form of medicine. Furthermore, edible plants can be
cultivated in abundance to help fight diseases, and one of the most
attractive recently newly discovered treatment mechanisms is the
mediation of interkingdom communication by PEVs. Consequently, this
mechanism fuels growing interest in exploring the potential of PEVs in
addressing various medical conditions.
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Fig. 3. Interactions between plant-derived EVs and lipid metabolism. Plant-derived extracellular vesicles regulate NF-kB transcription and thus affect lipid synthesis,
inflammatory cytokine production and anti-inflammatory lipid production in vivo, mainly through TLR signaling and other pathways.

3.1. Properties of PEVs

PEVs have emerged as a potential drug delivery system due to their
natural origin, biocompatibility, and stability in the human body after
oral administration. These EVs can be divided into three categories
based on their size: exosomes, microvesicles, and apoptotic bodies. PEVs
have been shown to exhibit low toxicity, possess the ability to cross
biological barriers to specific sites, and do not cause inflammation or
necrosis, distinguishing them from traditional liposomes, which makes

them a promising drug delivery system [59].
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3.2. Therapeutic potential of PEVs

PEVs are a potential biotherapeutic agent, both in their natural form
and as an engineered drug carrier. PEVs has been demonstrated to
possess biological activity and can be employed to prevent and treat a
variety of ailments, including metabolic syndrome, cancer, and in-
flammatory diseases. Shogaols carried by ginger-derived EVs can protect
against the development of liver-associated diseases by inducing Nrf2 in
a TLR4/TRIF-dependent manner [60]. Salvia dominica hairy
root-derived EVs demonstrated a powerful and particular proapoptotic

effect in pancreatic and breast cancer cells, with no adverse effects on
EVs  exhibited

noncancerous cells. Trichome root-derived
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Fig. 4. Interactions between TCM-derived EVs and intestinal flora. The extracellular vesicles secreted by TCM carry relevant bioactive substances that are taken up

by the intestinal flora and alter the DNA or RNA of the bacteria, which in turn acts as a treatment for intestinal diseases.
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antiproliferative and proapoptotic effects in Mia PaCa-2 cells that were
comparable to, or even superior to, those of gemcitabine, a chemo-
therapeutic drug used to treat a range of solid tumors [61]. Nano-
particles derived from ginseng have the potential to slow the progression
of melanoma by changing the polarization of macrophages, thereby
providing a novel strategy for cancer immunotherapy [62]. Vesicles
derived from garlic chives have been identified as an NLRP3 inflam-
matory inhibitor and have been demonstrated to inhibit NLRP3
inflammasome activation and chronic inflammation in obese mice due
to diet [63]. ExosomesNspl12Nspl3 released by lung epithelial cells
exposed to SARS-CoV-2 Nspl2 and Nspl3 can be taken up by lung
macrophages to trigger inflammatory cascade signaling and induce
apoptosis in lung epithelial cells. Ginger-derived EVs with miRNA
aly-miR396a-5p and rlcv-miR-rL1-28-3p can effectively abolish exo-
somes Nsp12Nsp1l3-mediated lung inflammation via inhibition of Nsp12
and spike genes [64]. Curcumin-derived EVs have been demonstrated to
attenuate the catabolic effects of IL-1B-induced osteoarthritis by pro-
moting cell viability and migration, reducing apoptosis and ERK1/2
protein phosphorylation, PI3K/Akt and p38 MAPK thereby exerting
regulatory control over proinflammatory signaling pathways [65].
Collectively, PEVs can serve as biomarkers for diagnosing and moni-
toring a variety of diseases, such as cancer and cardiovascular diseases.

3.3. Crosstalk between PEVs and host physiology

PEVs interact with host physiology in a complex manner, exerting
influence on various aspects, such as controlling immune responses,
intercellular communication, and gene expression. Furthermore, the
host’s physiological state, such as inflammatory responses and lipid
metabolism disorders, can affect the quantity and composition of EVs
that are produced and released. Lipid metabolic pathways, including the
production, transport, and decomposition of cholesterol and tri-
glycerides, govern the transport and exchange of these EVs (Fig. 3). The
lipid bilayer arrangement of ginger-derived EVs primarily comprises
phospholipids and glycerol lipids. Specifically, phosphatidic acid (PA)
has been identified as a key component in the uptake of ginger-derived
EVs by Lactobacillus rhamnosus and Porphyromonas gingivalis. PA facili-
tates vesicular endocytosis and can interact with proteins expressed on
the bacterial surface, highlighting its pivotal role in the uptake process
[66]. EVs have the potential to alter a wide range of signaling pathways
within tissues in different physiopathological states of the organism
(Fig. 4). Crewe C et al. found that in the context of metabolic regulation,
small EVs mediate forms of intercellular communication within adipose
tissue that contribute to multifaceted crosstalk between adipocytes and
stromal vascular cells by increasing or inhibiting certain lipid meta-
bolism synthesis pathways [67]. The pathogenesis-related 1 protein of
Arabidopsis is sorted in the endoplasmic reticulum in a C-termi-
nal-dependent manner and is then  transported by
phosphatidylinositol-3-phosphate-positive extracellular vesicles [68].
Lipid metabolism and the individual lipid molecules involved are vital
for plants to detect pathogenic bacteria and avoid the host’s immune
system [69]. Lipid metabolism abnormalities can disrupt the production
and release of EVs, which can modify intercellular information transfer
and regulation. Therefore, it is imperative to understand the connection
between EVs, host physiology, and lipid metabolism for the purpose of
biological and medical research.

4. EVs orchestrate communication among TCMs, the
microbiome, and host and the corresponding novel
bioinformatic analysis platform

EVs serve as crucial mediators within the intercellular network,
facilitating various physiological processes and pathological alterations
through their communication functions. Various types of molecular
cargo present in EVs are believed to play specific roles in biological or
biomedical procedures. In the contemporary era of multiomics science,
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the utilization of systems biology methodologies offers novel insights
and avenues for investigating EVs. Therefore, the utilization of inte-
grative bioinformatics in multiomics analysis can provide robust support
for examining the collective or multiperspective depiction of EVs and
can contribute to comprehending the intercellular trajectories of EVs.

4.1. The role and function of BEVs in bacterial interactions

Bacterial cells within the microbial community participate in intri-
cate interactions with each other. BEVs play a role in supporting the
survival of producer bacteria within their ecological niche through
various mechanisms, including cooperation, competition, or antagonism
toward other bacterial species [70]. In the context of this conceptual
framework, it is posited that BEVs may serve as a mechanism for mi-
crobial defense, providing protective capabilities against a range of
harmful agents including phages, antibiotics, reactive oxygen species,
and antimicrobial peptides [71]. BEVs possess the capacity to confer
metabolic advantages. The acquisition of nutrients and the survival of
bacteria are heavily dependent on the presence of transportation
mechanisms for siderophores, amino acids, and fatty acids. BEVs can
also include hydrolase-type enzymes, which aid in the breakdown of
proteins and complex polysaccharides that are present in the environ-
ment in which bacteria are situated, which has the potential to make it
easier for the microbial community to acquire nutrients [72]. The outer
membrane vesicles lacked certain outer membrane proteins, while a
significantly high quantity of proteins was found exclusively within the
vesicles. A significant portion of the proteins found in the outer mem-
brane vesicles exhibited an acidic nature and were identified as hydro-
lases, specifically proteases and glycosidases. Furthermore, certain
hydrolases were demonstrated to be enzymatically active in vitro [73].
Moreover, these mechanisms may act as a competitive strategy against
other bacterial species. In this respect, it is noteworthy that BEVs possess
degradative enzymes, such as murein hydrolases, peptidoglycan hy-
drolases, or endopeptidases, which are employed to eradicate rival
bacteria [74]. Horizontal gene transfer is a plausible mechanism for the
acquisition of antibiotic resistance. This process involves the transfer of
antibiotic resistance genes through BEVs [75]. The utilization of BEVs as
a mechanism of communication may provide a unique advantage by
facilitating the horizontal transfer of genes that confer resistance to
other bacteria. In short, BEVs exhibit diverse cargo, providing evidence
of their involvement in several crucial bacterial processes such as anti-
biotic resistance, biofilm formation, survival, virulence factor produc-
tion, quorum sensing, and interbacterial communication [76].

Bacteria in the intestinal microenvironment can engage in commu-
nication with their immediate surroundings by releasing a diverse range
of chemical compounds, which include toxins, quorum sensing mole-
cules, and nucleic acids. BEVs have a significant function in modulating
the in vivo equilibrium of intestinal bacteria by acting as carriers of
signaling molecules [77]. Clostridium butyricum derived EVs can alle-
viate bacterial dysbiosis in colitis mice, resulting in a substantial
reduction in the abundance of two prominent bacterial pathogens,
Escherichia coli and Shigella flexneri [78]. Alternatively, BEVs might be
disrupted to minimize the colonization of pathogenic bacteria, or they
could be exploited to boost probiotic colonization, which is crucial for
the therapeutic impact of probiotics [79].

4.2. The role and function of BEVs in bacteria-host interactions

Similar to interbacterial communication, the communication facili-
tated by BEVs enables interaction between bacteria and their respective
hosts. BEVs exhibit diverse mechanisms of interaction with human host
cells, including binding to host receptors, internalization of EV contents
into the host cell, and the integration of EVs into the cytoplasm of the
host cells [80]. It has been noted that bacterial effectors are transported
into specific cells, thereby facilitating the regulation of host cell path-
ways and physiological processes. Akkermensia muciniphila-induced EVs
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exhibit a remarkable ability to infiltrate and accumulate within bone
tissues, thereby enhancing osteogenic activity and inhibiting of osteo-
clast formation in ovariectomy-induced osteoporotic mice [81]. BEVs
contain adhesin-type molecules that enable their attachment to host
cells, as well as microbial molecules that are recognized by immune
receptors involved in the induction of inflammatory and defense re-
sponses [82]. The relationship between host cells and the intestinal
mucosal microbiota is characterized by its dynamic nature, mutual
benefits, and high complexity [83]. Bidirectional communication be-
tween the microbiota and the host within the gut ecosystem does not
necessarily rely on direct cellular interactions. BEVs that are released
from host cells and the microbiota are both significant contributors to
interkingdom communication. To effectively communicate with the
host, bacteria need EVs that can penetrate the mucin layer and reach
cells lining the gut mucosal surface. In obese mouse models, it has been
demonstrated that Akkermansia muciniphila and its EVs may help reduce
some of the detrimental effects of obesity. The effects of EVs derived
from Akkermansia muciniphila were found to be more significant than
those of the bacterium itself in reducing inflammation, easing intestinal
permeability, and reversing the effects of obesity [84]. The adminis-
tration of pasteurized Akkermansia muciniphila and its EVs has been
observed to promote the growth of beneficial microbiota while inhib-
iting the proliferation of pathogenic bacteria. The aforementioned pro-
cedure plays a role in maintaining a balance within the intestinal
environment, consequently resulting in a decrease in obesity rates and
the advancement of general well-being [85]. In addition, BEVs com-
bined with tumor tissue-derived EVs exhibited a more robust immune
response in melanoma and colon mouse models [86]. Increasing
research points to the importance of EVs generated by gut microbiota or
host intestinal cells in mediating interkingdom crosstalk [87].

4.3. Interactions between BEVs and TCMs

The gut microbiome is a crucial factor in host nutrient metabolism,
preservation of the structural integrity of the intestinal mucosal barrier,
immune regulation, and protection against various pathogens [88].
TCMs have been observed to have a significant impact on the gut
microbiota, leading to alterations in its composition. After oral admin-
istration of TCM ingredients, they are often not directly absorbed by the
host, but instead enter the intestines, where they are transformed by the
intestinal microbiota. In NSCLC patients treated with anti-PD-1 in-
hibitors, Bacteroides vulgatus and Parabacteroides distasonis were found to
be highly represented in responders compared to nonresponders. When
the gut microbiota was transplanted from nonresponders to germ-free
mice, combination treatment with ginseng polysaccharides and
anti-PD-1 inhibitors reshaped the gut microbiota from nonresponders to
responders by increasing the abundance of Bacteroides vulgatus and
Parabacteroides distosoins [89]. BaWeiBaiDuSan (BWBDS), a TCM pre-
scription, was demonstrated to increase the abundance of Lactobacillus
johnsonii which can promote the secretion of IL-10 of M2 macrophage to
alleviate sepsis-induced liver injury in a cecal ligation and puncture
(CLP) mouse model [90]. Collectively, these findings indicate that TCMs
can act as postbiotics by harnessing gut microbiota to maintain host
balance and health.

BEVs have the capacity to serve as critical mediators in the
communication between microorganisms and their host across different
biological kingdoms. These EVs are believed to play a significant role in
maintaining the balance and stability of the gut microbiota, which in
turn contributes to the overall health of the intestines. Furthermore, they
are thought to be implicated in the development and progression of
metabolic diseases [91]. BEVs have the potential to interact with diverse
bioactive constituents found in herbal medicines. These interactions
have the capacity to influence the biotransformation and metabolism of
various chemical components, including but not limited to flavonoids,
saponins, alkaloids, and anthraquinones. BEVs exert their influence on
the host in various physiological and pathophysiological contexts,

179

Cytokine and Growth Factor Reviews 73 (2023) 173-184

thereby modulating the pharmacological effects of herbal medicines.
Hence, it is imperative to examine the correlation between BEVs and
TCMs, as this will facilitate researchers in exploring the pharmacological
impacts of TCMs on the human body, as well as the causal association
between intestinal microorganisms and various diseases.

4.4. The crosstalk between PEVs and gut microbiota

PEVs maintain intestinal homeostasis and intestinal barrier function
by modulating the gut microbiota. Lei C et al. found that lemon-like
exosome nanoparticles improve colitis caused by Clostridium difficile
infection by regulating probiotics [92]. Specifically, treatment with
lemon-like exosome nanoparticles increased the levels of AhR ligands,
such as indole-3-lactic acid and indole-3-formaldehyde. This increase
subsequently leads to the induction of IL-22. Additionally, the elevated
levels of lactic acid resulting from this treatment have been found to
reduce the shedding of Clostridium difficile in feces. This reduction is
achieved by inhibiting the growth of Clostridium difficile and impeding
indole biosynthesis [92]. Furthermore, plant-derived nanoparticles can
be absorbed by the gut microbiota. These nanoparticles carry specific
RNAs that can alter the composition of the microbiota and impact host
physiology (Fig. 4). Ginger-derived exosome nanoparticles show a
preference for uptake by Lactobacillaceae in a lipid-dependent manner.
These nanoparticles have been found to contain microRNAs that spe-
cifically target various genes in Lactobacillus rhamnosus. Ginger-derived
exosome nanoparticles mdo-miR7267-3p mediated an increase in
indole-3-carboxaldehyde production targeting Lactobacillus rhamnosus
monooxygenase ycnE, induced IL-22 production and improved intesti-
nal barrier function in mice with colitis [16]. Maca-derived EVs could
cross the brain-blood barrier and increase serotonin production to
recover depression-like behaviors, as well as increase of Enterococcus,
Lactobacillus, and Escherichia Shigella [93]. Altogether, the interactions
between PEVs and the gut microbiota represent a fascinating area of
research with potential implications for human health. Further studies
are needed to better understand the specific mechanisms underlying
these interactions and to explore the therapeutic potential of PEVs for
promoting a healthy gut microbiota and preventing disease.

4.5. EV-based integrated multiomics platforms for TCM microbiome study

The utilization of EVs and the integration of multi-omics platforms to
study TCMs and the microbiome signifies a novel and pioneering
methodology. Various multiomics platforms, such as 16 S rRNA ampli-
con sequencing, shotgun metagenomics, epigenetics, transcriptomics,
proteomics, and metabolomics, are employed to perform comprehensive
analyses with the goal of identifying the functional components of EVs.
Proteomic and lipidomic analysis provides a possibility to reveal the
compositions of EVs. Garcia-Martin et al. identified six common markers
(ENO1, GPI, HSPA5, YWHAB, CSF1R, and CNTN1) of exosomes/small
EVs from five cell lines representing metabolically important tissues by
quantitative proteomic analysis. They also revealed the unique small EV
proteome in each cell type and validated the prediction via lipodys-
trophy mice with decreased white adipose and increased brown adipose
tissue, which provides an effective prediction method to understand the
origin of exosomes/small EVs in vivo [94]. Lipidomic profiles showed
the presence of fatty acids, such as myristic, palmitic, octadecenoic,
stearic, and eicosenoic acids in G' bacteria [95-97]. To determine the
bacterial origin of plasma derived BEVs, Jones et al. employed a rapid
and cost-effective isolation method of EBV-associated DNA in plasma.
Subsequently, they utilized 16 S rRNA sequencing to identify the bac-
terial species present in these EVs [98]. This method may hold promise
as a less invasive and potentially more accurate method for evaluating
gut dysbiosis in the context of various diseases. In addition, the recent
proliferation of diverse databases and bioinformatics tools dedicated to
EVs has the potential to accelerate the pace of EV investigation, enabling
researchers to focus on applied research and the discovery of biomarkers
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Table 2
Extracellular-related databases.
Resource Latest Statistics Features Refs
version
ExoCarta 12/09/ include 286 a web-based [113]
2016 exosomal studies, compendium of
41,860 exosomal exosomal proteins,
proteins, 7784 RNAs ~ RNAs and lipids
and 1116 lipid
molecules
EVpedia 27/09/ include 6879 a web portal contains [114]
2021 publications, 172 identification of
080 vesicular orthologous vesicular
components from components and
263 high- bioinformatic tools
throughput datasets
Vesiclepedia 15/08/ include 1254 EV a web-based database; [115]
2018 studies, 38166 RNA incorporate the entire
entries, 349988 data into FunRich
protein entries and
639 lipid/
metabolite entries
EV-TRACK 31/05/ include 2910 EV- a crowdsourcing [116]
2023 related articles and knowledgebase that
multiple sample centralizes EV biology
types or isolation and methodology
methods of 7514
experiments (until
2023-05-31)
ExoRBase 19/11/ include 19643 an online resource [117]
2021 mRNAs, 15645 available for
IncRNAs and 79084 exploring different
circRNAs obtained long RNA biotypes of
from human blood, EVs in human normal
urine, cerebrospinal and cancerous
fluid and bile biofluids
samples
miREV 26/06/ include 428 miRNA an online database for [118]
2021 sequencing data sets  the analysis of EV
enriched samples;
find reference
transcripts in studies
with comparable
experimental setups
EVAtlas 13/08/ include the a state-of-the-art EV [119]
2021 expression of seven ncRNA repository

types of ncRNA
(miRNA, snoRNA,
PiRNA, snRNA,
rRNA, tRNA and Y
RNA) from 2030
smRNA-seq datasets
of EVs

deposited
comprehensive
expression profiles

associated with EVs. Several widely used and significant research tools
that are presently accessible here encompass ExoCarta, EVpedia, Ves-
iclepedia, EV-TRACK, ExoRBase, miREV, and EVAtlas. These resources
will be briefly outlined in Table 2.

5. Conclusion and perspectives

EVs can serve as a shuttle system to orchestrate the crosstalk among
the host, TCMs, and gut microbes. In 2021, the International Scientific
Association of Probiotics and Prebiotics (ISAPP) defined the term
“postbiotics” as a “preparation of inanimate microorganisms and/or
their components that confers a health benefit on the host” [99]. Thus,
BEVs derived from probiotics may be new postbiotics to support health.
To magnify the effect of BEVs, we can use synthetic biology technology
to modify and obtain more purified recombinant BEVs. However, cur-
rent findings mainly focus on preclinical studies, and clinical proof is
still needed prior to advancing microbial EV technology and its potential
utilization in diagnostic and therapeutic interventions in precision
medicine. First, a standard method to isolate and characterize BEVs is
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lacking, which makes it difficult to evaluate the accuracy and repro-
ductivity. Second, since BEVs have the capability to reach host tissues,
whether they may elicit negative effects on the host is unclear. Hence,
the safety of BEVs must be assessed and confirmed before carrying out
clinical trials. In summary, the mechanistic study of interkingdom
crosstalk of EVs among TCMs, microbes, and host cells is still in its in-
fancy and great efforts are required to fully illustrate this phenomenon.
Further understanding of the crosstalk of TCM-host-microbiota via EVs
will help to reveal the pharmacodynamic mechanism of TCMs, improve
the quality control of TCMs and ensure safe, stable and effective clinical
treatment. Identification of BEVs in blood can provide a new avenue for
diagnosis and treatment.
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