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Abstract: Exosomes are extracellular vesicles that originate in the endosomal system. They perform important functions for cell-to-cell communication by transferring bioactive cargoes to recipient cells or activating signal transduction pathways in the target cells. Hypoxia is a severe cellular stress that can regulate the release of exosomes and
change their contents. Exosomes have been investigated in different types of hypoxic diseases and found to have
many effects from pathology to protection. Increasingly, studies have indicated that exosomes can reflect their
cellular origin and disease state through the bioactive cargoes they carry, making exosomes useful as potential
biomarkers for diagnosing or predicting hypoxic diseases. In this review, we summarize the effects and mechanisms
of hypoxia on exosomes and introduce the basics of exosome production, release, and uptake. In addition, we also
summarize current information on the involvement, diagnostic value, and therapeutic potential of exosomes in different types of hypoxic diseases, including myocardial infarction (MI), renal ischemia-reperfusion (IR) induced acute
kidney injury (AKI) and hypoxic tumors.
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Introduction
Hypoxia is a physiological and pathological
stress encountered during a variety of conditions, such as cancer, myocardial infarction
(MI), and renal ischemic injury. With increasing
research regarding the mechanism of hypoxia
injury and its adaptation mechanism, it has
been shown that hypoxia as a potential environmental death factor for cells by affecting the
cell cycle, morphological structure, metabolism, proliferation, differentiation, autophagy,
apoptosis and other aspects [1-3]. Recently, as
an important means of intercellular communication, exosomes have been reported to be
widely involved in the mechanism of hypoxic
injury and its adaptation mechanism.
Exosomes are 30-100 nanometer-sized vesicles that are released by most types of cells
and were initially considered to be carriers
responsible for the removal of cellular debris
[4, 5]. However, after exosomes were discovered to stimulate immune responses, their role

in cell-to-cell communication was valued. Exosomes can transfer different kinds of cargoes, including microRNAs (miRNAs), DNA, lipids,
and proteins to recipient cells, regulating their
basic functions as well as gene expression.
Exosomes have been found in body fluids, such
as serum, plasma, breast milk, saliva, urine,
amniotic fluid, and cerebrospinal fluid [6-11].
They reach recipient cells by passing through
these bodily fluids, fulfilling their functions as
signal vehicles in physiology and pathology.
Exosome cargo molecules vary considerably
because of the difference in the donor cell’s
type and health state, resulting in extremely different functional outcomes in target cells.
In recent years, increased levels of exosomes
have been detected in different hypoxic experimental models and patients with hypoxia-related diseases. Furthermore, exosomes have
been shown to extensively participate in the
pathophysiological processes of hypoxic diseases by providing an effective pathway for
hypoxia-specific information during adaption to
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cellular stress. However, the specific roles and
mechanisms of exosomes in different types of
hypoxic diseases are largely unclear, and the
mechanisms the underlying exosome biogenesis and secretion remain elusive. In this review,
we first investigate the effects and mechanisms of hypoxia on exosomes, and then introduce the basics of exosomes production,
release, and uptake. Finally, we summarize
current information on the involvement, diagnostic value, and therapeutic potential of exosomes in different types of hypoxic diseases.
Effects of hypoxia on exosomes
Hypoxia can stimulate the release of exosomes and change their contents
The difference between hypoxic exosomes and
normoxic exosomes has been noted in a large
number of studies indicating the association
between hypoxia and exosomes. Interestingly,
more and more studies have shown that hypoxia can stimulate cells to release more exosomes. For example, a study compared exosomes released from three kinds of breast cancer cell lines under normoxic, moderate (1% O2)
hypoxic, and severe (0.1% O2) hypoxic conditions [12]. The results of this study showed
that three kinds of breast cancer cell lines with moderate (1% O2) hypoxic and severe (0.1%
O2) hypoxic conditions showed more significant exosomal release as determined by CD63
immunoblotting and nanoparticle tracking analysis (NTA) [12]. Aligned with these results,
pulmonary artery endothelial cells (PAECs) [13],
adipocyte [14], epithelial cells [15], and cardiac
progenitor cells (CPCs) [16] were also found to
release more exosomes under hypoxic
conditions.
In addition to an increase in exosome release,
the content of exosomes released by cells under hypoxic conditions also appears to undergo significant changes. A seminal study by
Sano et al. [14] demonstrated that compared with that in normoxic exosomes, 75 proteins were upregulated, and 67 were downregulated in hypoxic adipocyte-derived exosomes.
Interestingly, the authors showed that in these
hypoxic exosomes, enzymes related to de novo
lipogenesis, such as acetyl-CoA carboxylase
(ACC), fatty acid synthase (FASN), and glucose6-phosphate dehydrogenase (G6PD) were also
selectively upregulated [14]. In addition to the
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analysis of exosomal proteins, a large number
of studies also analyzed exosomal miRNAs. For
example, Almendros et al. [17] explored miRNA
contents in circulating exosomes isolated from
an intermittent hypoxia (IH) group versus a
group exposed to room air (RA), and 11 differentially expressed miRNAs were identified,
which might be the key factors in their various
effects on tumor cell functions. Similar results
were reported by Khalyfa et al. [18], who
showed that six differentially expressed miRNAs in IH versus RA circulating exosomes
played important roles in the cardiovascular
dysfunction associated with obstructive sleep apnea (OSA) by targeting specific effector
pathways [18]. In summary, these findings provide evidence indicating that hypoxia not only increases the release of exosomes in various kind of cells but also can selectively change
the cargoes in exosomes including selective
proteins and miRNAs.
Relevant conditions under which hypoxia regulates the release of exosomes
In different hypoxic studies, it has been shown
that the number and contents of exosomes
released by different types of cells are significantly different, which might be related to the
diversity of functions of exosome-secreting
cells and the distinctions in the tolerance of different cells for hypoxic conditions. However, in
some hypoxic studies, exosomes released by
cells of the same type under different hypoxic
conditions also showed significant differences.
For example, the research by Tadokoro et al.
[19] indicated that after exposure to hypoxia
(1% O2) for 72 h, exosomes derived from K562
cells were different in nanoparticle size distribution from their normoxic controls. In contrast,
after exposure to hypoxia (1% O2) for only 24 h,
the exosomes were not significantly changed in
size and concentration in comparison to their
normoxic controls [19]. Their findings demonstrated that the effects of hypoxia on exosomes
were related to the duration of hypoxia [19].
Moreover, a study by King et al. [12], indicated
that breast cancer cells exposed to severe
(0.1% O2) hypoxia released more exosomes
than breast cells exposed to moderate (1% O2)
hypoxia. Thus, their findings demonstrated that
the effects of hypoxia on exosomes were related to the severity of hypoxia. Despite the differences in these study designs, these results
Am J Transl Res 2019;11(3):1184-1201
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brane [21]. MVBs can have
different fates. They can fuse
with lysosomes for degradation. Alternatively, they can
fuse with the plasma membrane, and then release their ILVs as exosomes into the
extracellular environment. The
general process of exosomes biogenesis and release is
shown schematically in Figure
1.
Exosome secretion through
exocytosis requires a two-step process involving the transportation and the fusion of
MVBs with the plasma memFigure 1. The process of exosome biogenesis and release. Exosomes are
brane. Transportation of MVgenerated by inward budding from the endosomal membrane, which results
Bs to the plasma membrane
in the generation of late endosomes and multivesicular bodies (MVBs).
MVBs can have different fates. They can fuse with lysosomes for degradadepends on their interaction
tion; alternatively, MVBs can fuse with the plasma membrane leading to the
with actin and the microtubrelease of exosomes. Exosomes have a complex composition, such as proule cytoskeleton. Remarkably,
teins, nucleic acids, lipids, and other metabolites.
several Rab guanosine triphosphatases (GTPases) have
appear to indicate that different cell types show
been proposed to play a role in regulating the
transportation of MVBs to the site of the plasvarious responses to hypoxia. In addition, the
ma membrane, although the exact mechanism
duration of hypoxic exposure, as well as the
for their role is not yet clear [22, 23]. For examseverity of hypoxia are of importance for the
ple, in HeLa cells, knockdown of Rab27a leads
conditions under which hypoxia forms a compoto an increase in the size of MVBs, whereas the
nent of the stimulus for exosome release.
silence of Rab27a leads to the redistribution of
Mechanisms of exosome release during hyMVBs to the perinuclear region rather than the
poxia
plasma membrane [24]. Thereafter, once MVBs
dock with the plasma membrane, the soluble
General process and mechanism of exosome
N-ethylmaleimide-sensitive factor attachment
biogenesis and release
protein receptor (SNARE) and vesicle-associated membrane protein (VAMP) can directly or
Exosome biogenesis begins within the endoindirectly participate in docking and fusion of
some system [20]. Briefly, when plasma memMVBs with the plasma membrane, and subsebrane receptors are marked for degradation or
quently, their release in the extracellular envirecycling by ubiquitination, endocytosis starts
ronment [25]. Furthermore, exosome secretion
and primary endocytic vesicles are formed by
can also be affected by factors such as p53
internalization of the plasma membrane. Then,
protein (activation of p53 can stimulate the
primary endocytic vesicles can fuse and form
release of exosomes), intracellular Ca2+ levels
early endosomes (EEs). With the formation of
(increased Ca2+ levels result in increased exointernal vesicles in endosomes, EEs mature
some secretion) and extracellular and intracelinto late endosomes (LEs) or multivesicular
lular pH gradients [26-28].
bodies (MVBs). The internal vesicles are usually
termed intraluminal vesicles (ILVs), which are
Exosomes generated by a given cell type can
formed by the inward sprouting of the limiting
have distinct composition and function, which
membrane of LEs or MVBs. Thus, their memis often attributed to the presence of multiple
sorting machineries [29]. These machineries
brane orientation is the same as the extracelfirst separate some cargoes onto the microdolular facing side of the cellular plasma mem-
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mains of the limiting membranes of MVBs,
which then inwardly bud and fission small membrane vesicles containing segregated cytosol.
The endosomal sorting complex required for
transport (ESCRT) machinery is the most important machinery consisting of ESCRT-0, -I, -II, -III
and the associated AAA ATPase Vps4 complex
[30]. The subunits of the ESCRT-0 complex are
responsible for recruiting proteins for internalization [31]. ESCRT-I and ESCRT-II determine
the initiation of the budding process and promote the de-ubiquitination of enzymes of the
cargo proteins before the formation of ILVs. The
ESCRT-III complex is responsible for driving the
final stage of membrane invagination and segmentation [32]. Accessory proteins include
ALG-2 interacting protein X (ALIX) participating
in vesicle budding and VPS4 assisting in division [21, 33].
Moreover, exosomes can also be formed in an
ESCRT-independent manner [34]. It has been
shown that the first ESCRT-independent mechanism of exosomes formation requires the
production of ceramide via neutral type II sphingomyelinase, and the effect of ceramide on
ILVs biogenesis is mediated by the local generation of its downstream metabolite sphingosine-1-phosphate (S1P) [35]. Subsequently,
proteins of the tetraspanin family, such as
CD63 [36], CD9 [37] and CD82 [37], have also
been proposed to participate in the sorting of
various cargoes into exosomes. Therefore, both
ESCRT-dependent and ESCRT-independent
mechanisms play a role in exosome biogenesis,
and their effects can vary depending on the
cargoes and the cell types.
HIF-α regulates the release of exosomes under
hypoxia
We have shown that exosome secretion is
increased under hypoxia. Interestingly, recent
research showed that this increase appears to
be HIF-1α-dependent. For example, a study by
Yu et al. [38], indicated that the induction of
cellular HIF-1α expression in cardiomyocytes
contributed to the release of exosomes.
Moreover, a study by King et al. [12], also
showed that increased exosome release in
breast cancer cells during hypoxia is HIF-1αdependent as determined by reduced release
upon HIF-1α knockdown prior to hypoxic treatment. Similarly, in rat renal proximal tubular
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cells (RPTC), HIF-1 induction by dimethyloxalylglycine (DMOG), a HIF hydroxylase inhibitor, significantly enhanced the release of exosomes,
while the suppression of HIF-1 prevented the
increased release of exosomes by hypoxia [39].
Therefore, the three studies discussed above
fully demonstrated that HIF-1α plays a key role
in the increased release of exosomes during
hypoxia.
HIF is a family of transcription factors that are
responsive to hypoxia and primarily responsible
for cell adaptation [40]. HIF is a heterodimeric
transcription factor consisting of one of three
different oxygen-sensitive HIF alpha subunits
(HIF-1α, HIF-2α, and HIF-3α) and a common
constitutive HIF beta subunit [41]. Under normoxic conditions, HIF-α is hydroxylated at the
specific proline residues by prolyl hydroxylases,
leading to its association with the E3 ligase VHL
and consequent degradation of proteasomes.
Under hypoxic conditions, proline hydroxylation
in HIF-α is blocked, resulting in HIF-α accumulation and dimerization with HIF-β to form HIF,
which is then translocated to the nucleus. HIF
binds to target genes at the hypoxia response
element (HRE) and recruits transcriptional
coactivators. There are over 70 known HIF target genes, including many plasma membrane
receptors such as the glucose transporter
(GLUT-1), the transferrin receptor, and the
Epidermal Growth Factor Receptor (EGFR). A
study by Milane et al. [42] showed that hypoxia
could increase the expression and nuclear
translocation of HIF-1α and HIF-2α in cancer
cell lines, leading to a subsequent increase in
GLUT-1 and EGFR protein levels. Receptor
expression changes (decreases or increases)
can increase plasma membrane remodeling,
and increased receptor expression can also
directly increase receptor activation and internalization which consequently induces endocytosis [43]. Eventually, these changes can promote the release of exosomes.
Additionally, Wang et al. [44] reported that HIF
increased the activity of Rab22a, a member of
the Rab family, which was colocalized with budding microvesicles on the cell surface and was
essential for vesicles formation, transport, and
membrane fusion. Therefore, HIF may regulate
vesicle formation, transport, and membrane
fusion by increasing the activity of Rab22a during hypoxia [44]. Similarly, it was reported that
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Figure 2. Three pathways of exosome uptake by recipient cells. Exosomes can be internalized in a variety of ways, including phagocytosis, clathrin-dependent endocytosis, macropinocytosis, caveolin-mediated endocytosis, and lipid
raft-dependent endocytosis. After internalization, exosomes follow the endocytic pathway and reach MVBs, which
target lysosomes in most cases, leading to exosomal degradation and contents recycling to promote the metabolism
of the recipient cells. Alternatively, internalized exosomes can undergo back-fusion with the limiting membrane of
the MVBs and release their cargoes into the cytoplasm of the recipient cells. Secondly, the exosome membrane can
also fuse with the plasma membrane, releasing its cargoes directly into the cytoplasm of the recipient cell. Thirdly,
the exosome membrane surface can initiate intracellular signaling pathways by interacting with receptors/ligands
on the recipient cell surface without exosome entry.

HIF mediated the induction of Rab20 [45] and
Rab27a [46], which may also be related to the
formation and secretion of exosomes.
Exosome uptake and the role of exosomes in
hypoxic diseases
Exosomes play a vital role in the process of
intercellular communication, and released exosomes can target cells close to their donor cells
as well as cells distant from their release sites.
By providing an effective pathway for hypoxiaspecific information during adaption to cell
stress, exosomes have been widely implicated
in the pathophysiological processes of hypoxiarelated diseases, such as MI, renal ischemiareperfusion (IR) induced acute kidney injury
(AKI) and hypoxic tumors.
General process and mechanism of exosome
uptake
Exosome uptake by recipient cells is cell-specific. Numerous studies have shown that target
cell specificity can be determined by the interaction between proteins enriched on the surface of exosomes and receptors on the plasma
1188

membrane of the recipient cells. Several of
these interacting mediators are known, including integrins, tetraspanins, phosphatidylserine (PS), and heparin sulfate proteoglycans
(HSPGs). For example, exosomal integrins could interact with adhesion molecules such as
intercellular adhesion molecules (ICAMs) at the
surface of recipient cells [47]. Remarkably, a
study indicated that the different integrin expression patterns of tumor-derived exosomes
were vital causes of organotropism metastasis [48]. Tetraspanins on exosomes could also
regulate cell-specific targeting. They were shown to interact with integrins and promote exosome docking as well as uptake by target cells
[49, 50]. Moreover, PS could recruit specific
lipid-binding proteins, such as galectin 5, which
could then induce docking of exosomes to the
plasma membrane of the recipient cell [51].
HSPGs presented on the membranes of exosomes and contributed to the docking or
attachment of exosomes to target cells [52].
Once exosomes bind to recipient cells, they are
likely to be taken up by recipient cells through
the three potential pathways (Figure 2): First,
Am J Transl Res 2019;11(3):1184-1201
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numerous studies have shown that internalization is the main method of exosome uptake,
and distinct internalization mechanisms have
been described in different cell types [53]. For
example, clathrin-dependent endocytosis or
phagocytosis in neurons [54], macropinocytosis by macrophages [55], and microglia [56],
receptor-mediated endocytosis by dendritic
cells [57], caveolin-mediated endocytosis in
epithelial cells [58], and cholesterol- and lipid
raft-dependent endocytosis in endothelial and
some tumor cells [59]. After internalization,
exosomes follow the endocytic pathway and
reach MVBs, which target lysosomes in most
cases, leading to exosomal degradation and
contents recycling to promote the metabolism
of the recipient cells [60]. In some cases, the
internalized exosomes can undergo backfusion with the limiting membrane of the MVBs
and release their cargoes into the cytoplasm of
the recipient cells [56]. Secondly, the exosome
membrane can also fuse with the plasma membrane, releasing their cargoes directly into the
cytoplasm of the recipient cells [28]. Besides,
cargoes delivered by exosomes, including proteins, miRNA [61], mRNA [61], lipids and so on,
can activate various reactions and processes
in recipient cells after internalization. Thirdly,
exosome membrane surfaces can initiate intracellular signaling pathways by interacting with
receptors and ligands on the recipient cell surface without exosomes entry as, for example,
exosomes derived from dendritic cells and B
cells that were able to present antigens to T
cells and induce a specific antigenic response
[62, 63].
To conclude, recipient cells of different cell
types can take up exosomes through various
mechanisms leading to their functional responses and promoting phenotypic changes that
affect their physiological or pathological status.
Moreover, the diverse mechanisms of exosome
uptake may be due to both differences in exosome composition and the specific structure of
the plasma membrane of the recipient cells. As
hypoxia can stimulate the release of exosomes
and change the composition of their cargoes,
the effect of exosomes on recipient cells also
changes under hypoxia. Next, we will discuss
the specific role and mechanism of exosomes
in three specific types of hypoxia-related diseases below.
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Exosomes in MI
MI mostly occurs as a result of coronary atherosclerotic stenosis, primarily caused by plaque
rupture or thrombus formation and subsequent
coronary artery occlusion, leading to myocardial cell apoptosis and myocardial necrosis.
Interruption of the coronary blood supply and
the resultant ischemia/hypoxia prevent the
process of oxidative phosphorylation for ATP
production. In contrast, anaerobic glycolysis
becomes the main mechanism for ATP production which leads to the production of lactic acid
and a drop in intracellular pH [64]. Notably, cardiomyocytes originally thought to be a nonsecretory cell type have now been proven to
secrete exosomes [65-67], and the number
and content of exosomes derived from the border zone of MI and normal myocardium are different. Reports have suggested that exosomes
are important in the mechanism involved in
heterologous cellular communication in adult
hearts, and play a vital role in ischemic signal transduction [68-70]. For example, recent
research demonstrated cross-talk between
cardiac fibroblasts and cardiomyocytes [71].
Cardiac fibroblasts were shown to secrete exosomes enriched with miR-423-3p as a crucial
paracrine signaling mediator under myocardial
IR. miR-423-3p was shuttled to cardiomyocytes
affecting its downstream effector RAP2C and
mediated cardioprotective effects. These findings illustrate that exosome-mediated communication can exert beneficial effects during
myocardial IR.
However, exosomes can also exert detrimental effects. For example, Yu et al. [38] indicated that cardiomyocytes could secrete exosomes enriched with a high level of tumor necrosis factor-α (TNF-α) under hypoxia. Excessive
TNF-α expression is thought to be detrimental
to coronary endothelial function by elevating
the expression of arginase in endothelium [72].
Moreover, heat shock protein (HSP) 60 has
been shown to be released from cardiomyocytes via exosomes [73], which could promote
cardiomyocyte apoptosis and inflammation via
activation of Toll-like receptor (TLR) 4 in ischemic myocardium [74-76]. These studies implicate a significant role for exosome-mediated
communication in MI through a variety of mechanisms. More comprehensive information ab-
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Table 1. Summary of the effects and mechanisms of different cell-derived exosomes in MI or MIRI
Source of exosomes
Cardiomyocytes

Cardiac fibroblast
Circulating plasma
CPC
MSCs

Effects
Related cargoes Reference
Endothelial dysfunction↑
TNF-α
[38, 72]
Cardiomyocyte apoptosis↑
HSP60
[73-75]
Inflammation↑
HSP60
[76]
Autophagy↓
miR-30a
[135]
Cardiomyocyte hypertrophy↑
miR-21*
[136]
Cardioprotection↑
miR-423-3p
[71]
Cardioprotection↑
HSP70
[137]
Cardiomyocyte apoptosis↓
miR-210
[90]
Angiogenesis↑
miR-132
[90]
Cardiomyocyte apoptosis↓
Unknown
[94]
Angiogenesis↑
Unknown
[138]
Oxidative stress↓
Unknown
[94]
CPC survival↑
miR-294
[97]
CPC proliferation↑
miR-294
[97]
Cell cycle progression of CPC↑
miR-294
[97]
Cardiomyocyte apoptosis↓
miR-146a
[139]
Cardiomyocyte proliferation↑
miR-146a
[139]
Angiogenesis↑
miR-146a
[139]

sociated with a higher
Killip class, higher cardiac troponin T peaks, higher creatine kinase isoenzyme (CK-MB) peaks, and reduced 1-year
survival rate [84]. Thus,
exosomes may serve
as a valuable source
of cardiac-specific miRNAs for early diagnosis
and assessment of prognosis in MI.

Timely myocardial reperfusion using thrombolytic therapy, percuESCs
taneous coronary intervention (PCI), and coronary artery bypass graCDCs
fting are the most effective strategies to reduce myocardial infarct
Note: MIRI: myocardial ischemia reperfusion injury; CDCs: Cardiosphere-derived cells. miRsize and improve clini21*: miR-21-3p; ↑: up-regulation; ↓: down-regulation.
cal outcomes in treating patients with AMI.
out specific effects and mechanisms of exoHowever, the process of reperfusion itself can
somes in MI is provided in Table 1.
induce further cardiomyocyte injury by activating inflammatory responses, elevating oxygen
In MI patients, cardiac and circulating muscleradical levels and damaging microvasculature.
specific miRNAs such as miR-1, miR-133a, miRThis ‘second hit’ phenomenon is referred to as
208, and miR-499 are dramatically increased,
ischemia-reperfusion injury (IRI) [64, 85]. Receindicating myocardial damage [66, 77]. Studies
ntly, the addition of various forms of stem cellof acute myocardial infarction (AMI) have indibased therapy has demonstrated cardioproteccated that these specific miRNAs not only can
tion and cardiovascular regeneration during MI
be detected in the blood faster and earlier than
and IRI [86, 87]. Interestingly, stem cell-derived
cardiac troponin T [78, 79], but also have better
exosomes can replicate stem cell-induced thersensitivity and specificity than troponin T [80,
apeutic effects and blockade of exosome se81]. Moreover, recent research indicated that
cretion alleviated the protective effects of stem
plasma miRNAs are temporally regulated and
cells on the infarcted mouse heart [88, 89].
associated with left ventricular remodeling
These data led to the hypothesis that transpost-MI [82]. Collectively, the above evidence
planted stem cells may act in a paracrine manindicates that cardiac and circulating musclener through the release of exosomes. As a cespecific miRNAs are potential biomarkers for
ll-free approach, exosomes can circumvent maearly diagnosis and assessment prognosis of
ny of the limitations of cell transplantation. In
AMI. Furthermore, exosomes derived from
addition, the therapeutic effect in MI varied
damaged cardiomyocytes have been shown to
among exosomes from different cell sources.
be enriched with these cardiac-specific miRStudies performed in experimental MI models
NAs [66, 83]. Other studies have reported a
demonstrated that exosomes secreted by husignificant increase of exosome-derived miRman cardiac progenitor cells (CPCs) could inhib208 and miR-1 levels not only in the circulating
it cardiomyocyte apoptosis, stimulate cardiac
blood of AMI rats but also in the urine of AMI
angiogenesis and promote the recovery of cardiac function after MI [90]. Further study shpatients [77]. Furthermore, the increase in
owed that the beneficial effects of these exoserum exosome-derived miR-208a level is as1190
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somes were due to the miRNAs they carry, such
as miR-210 and miR-132 [90]. miR-210 downregulated its known targets, ephrin A3 and protein tyrosine phosphatase-1b (PTP1b), inhibiting apoptosis in cardiomyocytes [90], whereas
miR-132 down-regulated its target, RasGTPase activating protein (RasGAP)-p120, enhances
tube formation in endothelial cells [90]. Moreover, the findings of another study confirmed
that intramyocardial delivery of CPCs-derived
exosomes could inhibit cardiomyocyte apoptosis in a murine model of acute myocardial IRI
[91]. Of note, compared with exosomes from
normoxic CPCs, injection of the myocardium
with exosomes secreted by CPCs grown in hypoxic conditions produced increased angiogenic and antifibrotic potential in myocardial IRI
models of rats, which indicated that hypoxia
could modulate the therapeutic potential of
exosomes [92].
In addition to CPC-derived exosomes, the therapeutic effects of exosomes derived from mesenchymal stem cells (MSCs) and embryonic
stem cells (ESCs) in cardiac repair have recently been studied. Several experimental studies
have demonstrated that intramyocardial injection of MSC-derived exosomes could reduce
infarct size and improve contractile performance in a rat AMI model [92, 93]. These beneficial effects were reported to be associated
with increased reductive potential [94], reduced
oxidative stress [94], reduced autophagic flux
[95] and increased angiogenesis [96]. Moreover, studies with intramuscular injection of
ESC-derived exosomes showed improved function in MI mouse heart, associated with increased angiogenesis, enhanced cardiomyocyte
survival, and reduced cardiac fibrosis [97]. miRNA arrays revealed a significant enrichment of
miR-294 in ESC-derived exosomes, suggesting
that the beneficial effect of mouse ESC-derived
exosomes may be due to the delivery of miR294 to cardiac cells [97]. Taken together, these
findings suggest that multifunctional processes involving metabolic alterations, antifibrotic
mechanisms, angiogenesis-promoting activities, and anti-cardiomyocyte apoptosis mechanisms may all contribute to the protective role
of stem progenitor cells derived exosomes in
MI.
Exosomes in renal IR induced AKI
AKI is a clinical syndrome characterized by a
rapid loss of renal excretory function [98]. It is
1191

usually diagnosed by the accumulation of nitrogen metabolism (urea and creatinine) end-products, reduced urine volume, or both [98]. The
kidney is highly sensitive to blood flow shortages and hypoxia because of the high metabolism
and vascular anatomy of the kidney. In the kidney, IR contributes to the pathological state of
AKI and is a common cause of AKI [99]. The
pathophysiology of IRI in the kidney is very complex, and associated with tubular cell necrosis,
endothelial cell dysfunction, and inflammation.
In response to renal IR, exosomes and their
contents released by various cells in the kidney
also change. Studies have shown that due to
the mechanical and charge barriers of the
glomerulus, circulating exosomes in the serum
cannot pass through the nephron, at least
under physiological conditions, indicating that
urinary exosomes are primarily derived from
renal cells [9, 100]. Therefore, exosomal proteins might become biomarkers for AKI. In this
regard, Aquaporin-1 (AQP1) and fetuin-A proteins in urine exosomes have been identified as
potential biomarkers for AKI. The level of AQP1
proteins in urine exosomes was significantly
decreased during IR in rat kidneys [101]. Remarkably, similar reductions were observed postoperatively in renal transplant recipients, indicating that AQP1 proteins in urinary exosomes
might be a biomarker for renal IR induced AKI.
Moreover, in both animal models and human
patients of AKI, fetuin-A was markedly increased in urinary exosomes, and its elevation occurred before serum creatinine elevation [102].
Additionally, in mouse models of IR-induced
AKI, a study detected increased activating transcription factor 3 (ATF3) in urine exosomes, and
this increase also preceded serum creatinine,
suggesting that ATF3 might be a biomarker for
early diagnosis of AKI [103]. To support this
possibility, one clinical study indicated that
urine exosomes containing ATF3 mRNA were
60 times higher in AKI patients than in normal
controls [104]. Therefore, urinary exosomes
may be a potential source of sensitive biomarkers for early detection of renal IR-induced AKI.
In the clinic, current treatment of AKI is still limited to supportive care and dialysis. It is necessary to develop new treatment strategies that
effectively reduce renal cell death. Regarding
this issue, emerging evidence has suggested
that exosomes derived from differentiable cells such as MSCs and ECFCs can attenuate
renal injury and promote kidney repair in animAm J Transl Res 2019;11(3):1184-1201
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study found that CCR2
was enriched in exosomes of mouse bone maSource of exosomes
Effects
Related cargoes Reference
rrow MSCs [109]. In a
RTC
Renal function↑
Unknown
[140]
mouse model of IR-indRenal tubular damage↓
Unknown
[140]
uced renal injury, these
Neutrophil infiltration↓
Unknown
[140]
CCR2-positive exosomRenal fibrosis↓
Unknown
[140]
es could strongly bind
MSC
Inflammatory reaction↓
CCR2
[109]
and reduce the conceTubular regeneration↑
Unknown
[107]
ntration of extracellular
CCL2, thereby inhibitiRenal fibrosis↓
Unknown
[107]
ng the recruitment and
Apoptosis↓
Unknown
[141]
activation of peripheral
ECFCs
Endothelial cell apoptosis↓
miR-486-5p
[105]
monocytes or macrophProinflammatory responses↓
Unknown
[106]
ages and reduce inflaEndothelial proliferation↑
Unknown
[106]
mmation in the kidney
RAPC
Endothelial migration↑
miR-218
[142]
[109]. Together, these fiNote: renal IRI: renal ischaemia-reperfusion injury; RTC: Renal Tubular Cell; ECFCs: Endondings suggest that vethelial Colony-Forming Cells; RAPC: renal artery derived vascular progenitor cells; CCR2:
rsatile processes involC-C motif chemokine receptor 2. ↑: up-regulation; ↓: down-regulation.
ving inhibition of apoptosis, reduction of inflaal models of IR-induced AKI. These observammatory reactions, promotion of endothelial
proliferation, and antifibrotic mechanisms may
tions indicate that exosomes are promising
all contribute to the protective effects of exotherapeutic remedies for IR-induced AKI. In
somes in IR-induced AKI.
addition, exosomes released by different types
of differentiable cells produce different biologiExosomes in hypoxic tumors
cal effects in IR-induced AKI (Table 2), which is
related to the special biologically active subIn the process of tumor formation, the vasculastances carried by exosomes. For example,
ture often fails to meet the oxygen demand of
studies performed in experimental ischemic
rapidly proliferating tumor cells, resulting in the
AKI mice models demonstrated that adminispresence of hypoxic regions in the tumor. In
tration of exosomes from human ECFCs at
these regions, hypoxic tumor cells remodel threperfusion significantly attenuated increases
eir local and distant tumor microenvironment
in plasma creatinine, renal tubular necrosis,
for tumor growth and metastatic disseminaapoptosis, and oxidative stress in kidney tistion, which usually cause more aggressive cansues [105, 106]. In cell experiments, studies
cer phenotypes and worse prognoses [110,
indicated ECFCs derived exosomes inhibited
111]. Under hypoxic conditions, tumor cellapoptosis in cultured endothelial cells exposed
derived exosomes, as one of the key mechato hypoxia/reoxygenation (HR) [106].
nisms of interaction between the tumor microenvironment and cancer cells, are actively reFurther research showed that ECFCs exosomes
leased into the tumor microenvironment with
were enriched with miR-486-5p, which could
pleiotropic roles in tumor growth and metastadirectly target endothelial cell PTEN leading to
sis [112-115]. For example, a study showed
enhanced Akt phosphorylation and inhibited
that exosomes isolated from hypoxic glioblasapoptosis [105]. Similarly, studies demonstrattoma multiforme (GBM) cells promoted in vitro
ed the ability of exosomes derived from adiand in vivo angiogenesis and tumor developpose-derived mesenchymal stem cells (ADMSC)
ment more efficiently than their normoxic counto improve AKI induced by acute IRI in rats [107,
terparts, thereby emphasizing exosomes as
108]. Furthermore, these exosomes could promediators of communication with an important
mote tubular regeneration and mitigate renal
role in the hypoxic tumor microenvironment
fibrosis through tubular epithelial cell-depen[116].
dent activation of Sox9 [107]. In addition, inhiIn recent years, the effects of hypoxia on the
bition of inflammatory reactions is considered
content and function of exosomes have been
to be pivotal to protecting the kidney from IRI. A
Table 2. Summary of the effects and mechanisms of different cell-derived exosomes in AKI or renal IRI
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Table 3. Summary of the effects and mechanisms of different cell-derived exosomes in hypoxic
tumors
Source of exosomes
GBM
Hypoxic tumor cells
HR-MM cells
Hypoxic lung cancer cells
Bladder tumor
Hypoxic PCA cells
Nasopharyngeal tumor cells
Pancreatic cancer
Glioma

Effects
Angiogenesis↑
Angiogenesis↑
Angiogenesis↑
Angiogenesis↑
Vascular permeability↑
Tumor progression↑
Invasiveness of PCA cells↑
EMT↑
Metastasis↑
Immunosuppressive effects↑

Related cargoes
Unknown
miR-210
miR-135b
miR-23a
miR-23a
lncRNAs
Unique proteins
HIF-1α
miR-301a
miR-10a; miR-21

Reference
[116]
[124]
[143]
[125]
[125]
[123]
[118]
[126]
[122]
[127]

Note: HR-MM cells: hypoxia-resistant multiple myeloma cells; FIH-1: hypoxia-inducible factor 1; PCA: prostate cancer; EMT:
epithelial-mesenchymal transition. ↑: up-regulation; ↓: down-regulation.

studied in different tumor models. Research
has shown that the hypoxic tumor microenvironment affects the content of tumor-derived
exosomes resulting in the loading of unique
cargoes that reflect the hypoxic state of tumor
cells. For example, studies have found that
higher levels of lactic acid are loaded in exosomes secreted by tumor cells under hypoxia,
indicating that tumor cells secrete more exosomes as a survival mechanism to remove metabolic waste [117]. Moreover, numerous studies have shown that hypoxic features carried by
tumor-derived exosomes can enhance the invasiveness and the stemness of adjacent tumor
cells, thereby promoting tumor aggressiveness
and metastasis [118-120]. Interestingly, RNAs
are reported to be the predominant molecular
cargoes of tumor cell-derived exosomes and
many species of noncoding RNAs including
miRNAs and long non-coding RNAs (lncRNAs)
are significantly upregulated in exosomes secreted by hypoxic tumor cells [121-123]. Angiogenesis has a well-established role in tumor
progression, and some of the noncoding RNAs
can be transferred to cells in the tumor microenvironment by exosomes contribute to angiogenesis through different mechanisms. For
example, a study by Jung et al. [124] indicated
that miR-210 was significantly upregulated in
exosomes secreted by hypoxic tumor cells.
Thus, miR-210 could be transferred to adjacent cells by exosomes, which increased VEGF to
promote angiogenesis by down-regulating the
expression of vascular remodeling-related genes such as Ephrin A3 and PTP1b [124]. Similarly, miR-23a was significantly up-regulated
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in exosomes secreted by hypoxic lung cancer,
which could directly inhibit its target PHD1 and
PHD2, resulting in the accumulation of HIF-1α
in endothelial cells and enhanced angiogenesis
[125]. Notably, this study also showed that exosome miR-23a could inhibit tight junction protein ZO-1, thereby increasing vascular permeability and cancer trans-endothelial migration
[125].
Moreover, it was reported that HIF-1α was
detected in the exosomes of nasopharyngeal tumor cells. The active form of HIF-1α could be transferred to recipient cells by exosomes and could regulate pro-metastatic effects by changing the expression of E-cadherins
and N-cadherins associated with EMT [126].
Furthermore, studies have shown that hypoxic tumor cell-derived exosomes could arbitrate
the generation of an immunosuppressive environment by blunting the response of immune
effector cells and triggering the expansion of
immune suppressor cells [121, 127]. Collectively, these studies indicate that exosomes
released by hypoxic tumor cells have an important and fundamental role in many steps leading to tumor progression (Table 3).
Similar to circulating tumor cells, exosomes
derived by tumor cells can reflect their cellular
origin and disease state through proteins, lipids, and nucleic acids they carry [128]. Therefore, the isolation of tumor-derived exosomes
in body fluids and analysis of the specific biomarkers carried in these exosomes are expected to be a non-invasive method for diag-
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nosis and monitoring of tumors. In this regard,
detection of exosomes in the serum of glioblastoma [129], prostate cancer [130], nasopharyngeal carcinoma [131], colorectal cancer
[132], and ovarian cancer patients [133] have
emphasized the potential utility of exosomes
and their contents as biomarkers for cancer.
Moreover, Studies have shown that exosomes
released by hypoxic cancer cells can be taken
up more avidly by hypoxic cancer cells, making
it possible for hypoxic exosomes to be used as
ideal carriers to provide anticancer drugs and
radiosensitizers for various hypoxic cancers
[134].
Conclusions
In this review, we have summarized the distinctions between hypoxic exosomes and normoxic
exosomes, the basics of exosomes and current
information on the involvement, diagnostic
value, and therapeutic potential of exosomes in
different types of hypoxic diseases. Hypoxia
can regulate the release of exosomes and
change their contents, which is closely related
to cell specificity, the duration of hypoxic exposure, and the severity of hypoxia. Hypoxiastimulated exosome release appears to be HIFα-dependent. However, HIF-α regulation of exosome function is a new area of study. The direct mechanisms of exosome induction by HIF-α
and the influence of HIF-α in the regulation of
exosome formation, content selection, transport, and release have yet to be determined.
Moreover, by providing an effective pathway for
hypoxia-specific information during adaptation
to cellular stress, exosomes have been widely
implicated in the pathogenesis and progression of hypoxia-related diseases such as MI,
renal IR-induced AKI, and hypoxic tumors. A
variety of cell-derived exosomes play a protective and therapeutic role in different kinds of
hypoxic diseases through multifunctional processes involving the reduction of oxidative
stress, antifibrotic mechanisms, promotion of
angiogenesis, and inhibition of apoptosis. In
addition, numerous studies also indicate that
exosomes in body fluids of patients with hypoxic diseases can reflect their cellular origin and
disease state through the specific proteins, lipids, and nucleic acids they carry, which may
provide powerful tools for monitoring diagnosis,
prognosis, and drug treatment. However, at
present, our understanding of the contribution
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of exosomes to the pathophysiological processes and underlying mechanisms of hypoxic diseases, as well as the clinical application of exosomes in the diagnosis and treatment of hypoxic diseases remains limited. Therefore, efforts
to further explore the role of exosomes in the
pathophysiology, diagnosis, and treatment of
hypoxic diseases are needed in the future. In
conclusion, exosomes are a promising factor
that may encompass a new strategy for the
diagnosis and treatment of hypoxic diseases.
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