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Extracellular vesicles are cellular secretory particles that can be used as natural drug
delivery carriers. They have successfully delivered drugs including chemotherapeutics,
proteins, and genes to treat various diseases. Oxidative stress is an abnormal physiological
phenomenon, and it is associated with nearly all diseases. In this short review, we
summarize the regulation of EVs on oxidative stress. There are direct effects and
indirect effects on the regulation of oxidative stress through EVs. On the one hand,
they can deliver antioxidant substances or oxides to recipient cells, directly relieving or
aggravating oxidative stress. On the other hand, regulate factors of oxidative stress-related
signaling pathways can be delivered to recipient cells by the mediation of EVs, realizing the
indirect regulation of oxidative stress. To the best of our knowledge, however, only
endogenous drugs have been delivered by EVs to regulate oxidative stress till now.
And the heterogeneity of EVs may complicate the regulation of oxidative stress. Therefore,
this short review aims to draw more attention to the EVs-based regulation of oxidative
stress, and we hope excellent EVs-based delivery carriers that can deliver exogenous
drugs to regulate oxidative stress can be exploited.
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INTRODUCTION

Extracellular vesicles (EVs) are phospholipid bilayer-encapsulated vesicles that can be secreted by
nearly all cell types (Andaloussi et al., 2013). They can be found in cell culture supernatants as well as
biological fluids such as saliva (Winck et al., 2015), blood (Arraud et al., 2014), milk (Zonneveld et al.,
2014), cerebrospinal fluids (Akers et al., 2016), and malignant ascites (Li et al., 2019). According to
their biogenesis, EVs can be generally divided into three distinct categories: exosomes, microvesicles,
and apoptotic bodies (Lisser et al., 2018). Exosomes originate from multivesicular bodies (MVBs)
formed by the invagination of the limiting membrane of endosomes (Théry et al., 2002). MVBs can
fuse with the cellular membrane to release exosomes into the extracellular space. Different from
exosomes, microvesicles and apoptotic bodies are both generated from the cell membrane (Akers
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et al., 2013). Microvesicles derive from direct outward budding of the normal cells membrane, while
apoptotic bodies are only secreted by dying cells during their fragmentation. Besides the origination,
size is commonly used as a criterion to distinguish between the three types of EVs (Varga et al., 2014).
In general, the size of exosomes, microvesicles, and apoptotic bodies is respectively 30-150 nm,
50-1,000 nm, and 50 nm-2 um. It should be noted that the size range of the three types of EVs is
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overlapped due to their severe heterogeneity (Lérincz et al., 2015).
Furthermore, the heterogeneity of EVs may result in the absence
of marker proteins belonging to a certain population. The
distinguish of different types of EVs, therefore, cannot rely on
a single standard, and it needs to comprehensively consider
multiple criterions such as size, marker proteins or genes, and
specific lipids (Théry et al., 2018). EVs have been recognized as a
kind of messengers of intercellular communication during the
past several decades. They can transport cargoes including DNA,
RNA, proteins, and lipids between neighboring or distant cells
(Tkach and Théry 2016). Taking advantage of their cargoes, EVs
can perform numerous physiological functions. As an example,
EVs can regulate immune responses to participate in the
occurrence and development of many diseases such as cancers,
cardiovascular diseases, osteoporosis, and central nervous system
diseases (Robbins and Morelli, 2014; Yin et al., 2017).

From a material science point of view, EVs are natural drug
delivery carriers. Their phospholipid bilayers similar in structure
to liposomes endow EVs with the ability of hydrophilic and
hydrophobic drugs loading (van der Meel et al., 2014). And the
loaded drugs can be effectively protected from degradation.
Compared with liposomes, EVs have intrinsic stability owing
to their negatively charged surface and the support of skeletal
proteins (Frank et al., 2018). Importantly, EVs have many unique
properties superior to synthetic drug delivery carriers. They have
low immunogenicity and cytotoxicity due to their endogenous
source (Elsharkasy et al., 2020). And their lipid composition and
protein content endow them with inherent active targeting
properties and the capacity to cross multiple biological barriers
such as the blood-brain barrier and mucosal barrier (Ashrafian
et al, 2019; Matsumoto et al., 2017). Besides endogenous
compositions, exogenous drugs can be loaded in EVs and
delivered into target cells (Vader et al., 2016). In our previous

researches, we have exploited a series of blood exosome-based
delivery systems to efficiently deliver chemotherapeutics for
tumor therapy (Qi et al., 2017; Qi et al., 2016; Qi et al., 2018;
Yangetal., 2019; Zhan et al., 2020). As shown in Figure 1, we take
advantage of the structure and properties of the blood exosome
membrane to load nucleic acid drugs and chemotherapeutics.
The system with the tumor-targeting ability and endosome-
escaping capacity realizes the combined antitumor therapy. In
general, EVs have been used as carriers to deliver endogenous or
exogenous drugs for disease treatment. Oxidative stress is an
abnormal physiological phenomenon, and it is defined as “an
imbalance between antioxidants and oxidants, resulting in the
disruption of redox signaling and the corresponding molecular
damage.” To the best of our knowledge, it is associated with
nearly all diseases such as cancers (Hayes et al, 2020),
cardiovascular diseases (Dubois-Deruy et al, 2020), aortic
dissection (Zong et al., 2021), atherosclerosis (Li et al., 2021;
Xue et al, 2021), COVID-19 (Li et al, 2021), drug-induced
injuries (Li et al., 2021), and diabetes (Zhang et al., 2020). The
effective regulation or relief of oxidative stress can potentially
prevent many diseases, and EVs play an important role in this
process. In this mini-review, we will mainly summarize how
oxidative stress under pathological conditions is modulated by
EV-mediated drug delivery, and also discuss the influence of
oxidative stress on EVs.

EVS MODULATE OXIDATIVE STRESS

As we have mentioned above, EVs derived from different cells
have heterogeneity. They may have different sizes, shapes, and
compositions. Therefore, EVs may exhibit diverse regulations of
oxidative stress, and the modulation mechanism is shown in
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FIGURE 2 | The modulation mechanism of oxidative stress by EVs. There are direct effects and indirect effects of EVs on the modulation of oxidative stress. To
relieve oxidative stress, EVs can directly deliver antioxidant substances, such as SOD, CAT, GST, et al., and indirectly deliver a single regulation factor or multiple
regulators to recipient cells. For the aggravation of oxidative stress, EVs can deliver oxides such as ROS and RNS to recipient cells directly. Besides, oxide-producing
agents or multiple regulators can be delivered to recipient cells to realize indirect effects.

Figure 2. On the one hand, they can deliver reactive oxygen
species (ROS) scavengers to relieve oxidative stress. On the other
hand, they may produce ROS by their detrimental contents.
Below we will discuss these two aspects in great detail.

EVs Relieve Oxidative Stress

Under normal physiological conditions, the production and
elimination of ROS are balanced, while oxidative stress is
produced when this balance is disturbed (Betteridge, 2000). In
eukaryotic cells, antioxidant enzymes are commonly used as ROS
scavengers to maintain the balance. EVs could inherently carry
antioxidant enzymes, and numerous proteomic analyses have
proved that superoxide dismutases (SOD), catalase (CAT),
peroxiredoxin  (PRDX), glutathione peroxidase (GPX),
glutathione S-transferase (GST), and thioredoxin (TRX), et al.
can be secreted into EVs (Bodega et al., 2019). These antioxidant
enzymes loaded in EVs can directly relieve oxidative stress under
various pathological conditions. For example, EV's released from
T lymphocytes can deliver antioxidant enzymes, such as SOD
isoforms and CAT, to human umbilical vein endothelial cells
(HUVECs) and scavenge ROS (Soleti et al., 2012). Compared
with other cells, stem cells are one of the main sources of
antioxidant enzyme-loaded EVs. EVs derived from human
mesenchymal stem cells (hMSCs) can protect hippocampal
neurons from oxidative stress by the mediation of CAT
(Bodart-Santos et al, 2019). hMSCs can also secret
manganese-SOD  (Mn-SOD) into EVs that can reduce
oxidative stress in the hepatic ischemia-reperfusion injury
(Yao et al, 2018). In addition to antioxidant enzymes, other
proteins can also be riched in EVs to relieve oxidative stress. EVs
secreted by astroglial cells can transport apolipoprotein D to
neurons and reduce oxidative stress damage (Pascua-Maestro
etal., 2019). Besides, endothelial EV's carry functional endothelial
nitric oxide synthase (eNOS) to regulate eNOS/Akt signaling
pathway, protecting against oxidative stress in endothelial cells
(Mahmoud et al., 2017). These antioxidant substance-loaded EVs
are more like ROS scavengers and they can directly eliminate both
intracellular and extracellular ROS to relieve oxidative stress.

Besides the above direct effects, indirect effects on ROS or
oxidative stress can be carried out by EVs. They can deliver drugs
to target cells and regulate oxidative stress-associated signaling
pathways. For example, EV's secreted by H293T cells can deliver
microRNA-126 to H,O,-treated neonatal rat ventricular
cardiomyocytes, attenuating the ROS elevation and reducing
the apoptosis by targeting ERRFI1 (Wang et al, 2019). By
comparison, stem cell-derived EV's possess a greater regulatory
capacity owing to their versatility. EVs derived from hMSCs can
mediate the nuclear factor erythroid 2-related factor-2 (Nrf2)
signaling pathway to reduce ROS generation in H,O,-stimulated
keratinocytes or UV-irradiated mice skin (Wang et al., 2020).
They can also resist cisplatin-induced oxidative stress by
increasing GSH levels and suppressing activation of the
p38MAPK pathway (Zhou et al, 2013). Adipose-derived
mesenchymal stem cells (ADMSCs)-derived EVs can alleviate
LPS induced accumulation of ROS and inflammatory cytokines in
macrophages via regulating the Nrf2/heme oxygenase-1 (HO-1)
signaling pathway (Shen et al., 2021). Besides, they can reduce
ischemia/reperfusion injury as well as lung injury by suppressing
oxidative stress (Liu et al., 2019; Gao et al.,, 2021). EVs derived
from human placental mesenchymal stem cells (hP-MSCs) can
eliminate ROS and reduce the activity of myeloperoxidase (MPO)
effectively suppressing oxidative stress (Duan et al, 2020).
Human Wharton Jelly mesenchymal stem cells (hWJMSCs)-
released EVs can protect the kidney against ischemia/
reperfusion injury by suppressing nicotinamide adenine
dinucleotide phosphate oxidases 2 (NOX2) expression or
enhancing Nrf2/ARE activation and the subsequent alleviation
of the oxidative stress (Zhang et al., 2014; Zhang et al.,, 2016a).
These indirect regulation effects may be more lasting. That is
because antioxidant substances loaded in EVs for the direct relief
of oxidative stress are readily destroyed.

Compound types of EVs such as EVs separated from body
fluids also show the capacity of oxidative stress relief. Human
milk-derived EVs protect intestinal stem cells (ISCs) from
oxidative stress injury mediated via the Wnt/p-catenin
signaling pathway (Dong et al., 2020). Blood-derived EVs from
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healthy individuals can restore the homeostasis of oxidative stress
in the mice model of Parkinson’s disease possessing
neuroprotective effects (Sun et al., 2020). Camel milk EVs and
their related genes ameliorate oxidative stress, normalize the
antioxidant status, regulate the inflammatory pattern and
improve the immune response in the cyclophosphamide
(CTX)-treated animals (Ibrahim et al., 2019). The regulation
mechanisms of compound types of EVs are more complicated
because different types of EVs may have distinct functions.
Furthermore, the ratio of different types of EVs is diverse at
each separation resulting in the unstable regulation efficiency of
compound types of EVs.

EVs Aggravate Oxidative Stress

In addition to being therapeutics, EVs may also be accomplices of
oxidative stress. They can directly load ROS or other oxides and
deliver them to recipient cells. EVs derived from hypoxia/
reoxygenation-treated HUVECs can deliver ROS into H9C2
cardiomyocytes resulting in ROS overload and subsequent
oxidative stress (Zhang et al., 2016b). However, this direct
effect mediated by EVs-loaded ROS is rarely reported owing
to the extremely short life span of ROS. Similar to indirect relief
of oxidative stress, the indirect aggravation of oxidative stress
depends on the contents of EVs. On the one hand, EVs may
directly produce ROS by the loaded enzymes to aggravate
oxidative stress. As an example, endothelial EVs containing
NOX subunits produce ROS to involve in endothelial damage
(Burger et al,, 2016). On the other hand, EVs can regulate target
cells to indirectly aggravate oxidative stress. Gene drugs loaded in
EVs have multi-target control ability, and they may induce
numerous target genes to involve in oxidative stress. For
example, EVs from ionizing irradiated mouse embryo
fibroblasts (MEFs) can deliver microRNA-34c into
unirradiated cells, potentially triggering a cascade of gene
expression alterations to increase ROS and inducing bystander
oxidative stress (Rastogi et al., 2018). And this radiation-induced
bystander effect is also present in the body. EVs originated from
mice irradiated with 2-Gy X-rays are intravenously injected into
bystander mice, and the circulating reactive oxygen metabolite
(ROM) level is increased (Hargitai et al., 2021). Ketamine-
injured human uroepithelial cells (SV-HUC-1) cells can
secrete EVs containing specific miRNAs. They enhance
oxidative stress by mediating P38/NF-kB pathway (Xi et al,
2020). Besides genes, proteins or other small molecules can also
be delivered by EVs. Polycyclic aromatic hydrocarbons-treated
hepatocytes release EVs that are enriched in proteins, such as
NOX and ferritin, as well as iron (van Meteren et al., 2020). These
EVs could induce oxidative stress in recipient cells, thereby
resulting in apoptosis.

It should be noted EVs that can aggravate oxidative stress are
mainly derived from stimulated cells. The stimulating factors
usually cause changes in the redox state of parent cells, and cells
would secrete EVs to maintain their redox homeostasis. These
EVs contain genes, proteins, and even lipids that can activate or
regulate signaling pathways of oxidative stress aggravation.
Therefore, these EVs can be thought of as products of the
stress response of cells.

EVs for Oxidative Stress Regulation

This stress response also occurs in the body. EVs derived from
body fluids such as blood potentially aggravate oxidative stress.
Platelet-derived EVs are the main type of EVs in the blood, and
they are readily instigated to increase oxidative stress. In severe
sepsis patients, platelet-derived EVs can produce ROS by the
mediation of NOX and subsequently induce vascular cell
apoptosis (Janiszewski et al, 2004). However, it is also
reported that EVs derived from septic shock patients show
protective effects on vascular function (Mostefai et al., 2008).
This difference is potentially due to different sources of EVs.
Besides, EVs from mice with the acetaminophen-induced liver
injury can cause the allogeneic mice plasma ROS elevation
inducing in vivo toxicity (Cho et al, 2018). Body fluids of
different individuals are significant heterogeneity, and
corresponding EVs may differ in origin, composition, and
structure. Different from EVs from a specific type of cells,
therefore, EVs separated from body fluids may show diverse
functions.

OXIDATIVE STRESS MODULATE EVS

As drug delivery carriers, EVs can modulate oxidative stress by
their contents. While the contents of EVs are readily changed
under different pathological conditions. Cells with or without the
treatment of oxidative stress secrete EVs with heterogeneity, and
these diverse EVs may possess positive or negative effects on their
adjacent or distant cells and tissues.

Oxidative Stress Educates EVs

Under oxidative stress, cells may secrete EVs with positive effects.
Firstly, oxidative stress-educated EVs may have the anti-oxidative
ability. These EV's can relieve the cell’s oxidative stress as well as
the oxidative stress of other cells or tissues. EVs derived from the
non-pigmented ciliary epithelium (NPCE) which are exposed to
oxidative stress can deliver protecting messages to activate major
antioxidant genes and enhance SOD and CAT activity, protecting
the trabecular meshwork (TM). Mouse mast cells exposed to
oxidative stress release EVs, and these EVs transport mRNA to
recipient cells providing them with resistance against oxidative
stress (Tailleux et al., 2010). Besides relieving oxidative stress,
other beneficial physiological effects can also be realized through
oxidative stress-educated EVs. Retinal pigment epithelium (RPE)
cells release higher amounts of EVs when they are exposed to
oxidative stress. These EVs have a higher expression of vascular
endothelial growth factor receptors (VEGFRs) in the surface
membrane and have VEGFR mRNA in their internal cavity,
promoting angiogenesis in endothelial cells (Atienzar-Aroca
et al., 2016). Besides, oxidative stress-educated EVs can also
involve in the muscle regeneration process. EVs released from
oxidatively challenged myotubes have an increased loading of
nucleic acid. They can decrease the diameter of the myotube, the
mRNA levels of myogenin, and the expression of myosin heavy
chain, leading to the proliferation of recipient myoblast (Guescini
et al.,, 2017). EVs derived from stem cells often show beneficial
effects, and oxidative stress may enhance these effects. The
angiogenic and antimicrobial protein content of EVs derived
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from H,0,-treated ADMSCs was altered (Mayo et al.,, 2019).
These EV's can enhance the viability of flaps and increase capillary
density, improving tissue recovery. Taken together, these
oxidative stress-educated EVs can be used as compensatory
measures to minimize damage caused by oxidative stress.

Oxidative Stress Miseducates EVs

Whether in vitro or in vivo, the cells can interact with each other,
and EVs are important media of the interaction. Under
pathological conditions, oxidative stress cause damage to cells,
while these cells would expand the damage to other cells by their
miseducated EVs. To date, immune cells are the main victims of
oxidative stress-miseducated EVs, and immunosuppressive EVs
are often released under oxidative stress. It has been reported that
Jurkat and Raji cells release EVs containing NKG2D relative
mRNA and proteins under thermal or oxidative stress. These EV's
can reduce the cytotoxicity mediated by natural killer cell group
2D (NKG2D) receptor-ligand system and thus impair the
functions of natural killer (NK) cells (Zimmer et al., 2011).
Besides the specific type of cells, the body fluids of patients
also contain immunosuppressive EVs. EVs separated from the
blood of patients with rheumatoid arthritis contain oxidized
phospholipids. These EVs can stimulate cells expressing Toll-
like receptor 4 (TLR4), involving in inflammatory diseases
(Mancek-Keber et al, 2015). In addition, EVs have an
important role in feto-maternal Under
oxidative stress, fetal cells-derived EVs can deliver unique
cargos to parturition-associated uterine cells, inducing
inflammation (Shahin et al., 2021). The effects of oxidative
stress-miseducated EVs on the immune system need to be
taken seriously since the immune system involves in nearly all
pathological diseases. Furthermore, how to effectively avoid the
effects is also worth study.

communication.

FUTURE AND PROSPECT

Genes, proteins, and even lipids loaded in EV's can all be used as
regulatory factors. In recent researches, however, EVs used to
regulate oxidative stress are undecorated products, and it
means that regulatory factors are endogenous components of
EVs. These crude EVs have low regulation efficiency of
oxidative stress. That is because EVs have heterogeneity, and
parts of EVs may not have the regulation ability because of their
lack of endogenous regulatory factors. Furthermore, it is
complicated to adjust endogenous components of EVs for
the regulation of oxidative stress. To improve the regulation
efficiency, therefore, exogenous drugs possessing the efficient
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