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Abstract

The aim of this study was to investigate the effect of exercise on extracellular vesicles (EVs) in patients with metabolic
dysfunction. The literatures were searched until Apr 28, 2022, and 16 studies that met inclusion criteria were included in
this review. The results showed that the concentrations of platelet-derived extracellular vesicles (PEVs) and endothelial cell-
derived extracellular vesicles (EEVs) decreased after long-term exercise, especially for CD62E* EEVs and CD105" EEVs.
Simultaneously, exercise improved the concentration of clinical evaluation indicators of metabolic diseases, and the changes
in these indicators were positively correlated with the changes of EEVs and PEVs. The concentration of skeletal muscle-
derived extracellular vesicles (SKEVs) increased after a single bout of exercise. The aforementioned results indicated that
long-term exercise might improve endothelial function and hypercoagulability in patients with metabolic dysfunction. The
changes in concentrations of EVs could assist in assessing effect of exercise on patients with metabolic dysfunction.
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Introduction

Metabolic dysfunction, such as hyperglycemia, dyslipi-
demias, hypertension, obesity, and insulin resistance (IR),
increases the risks for cardiovascular and cerebrovascular
diseases [1]. Metabolic dysfunction is characterized by
inflammation, oxidative stress, or haemodynamic fluctua-
tions that stimulate the release of extracellular vesicles
(EVs) [2]. A meta-analysis that included 48 independent
studies reported significantly elevated concentrations of
EVs derived from endothelial cells, platelets, and mono-
cytes in patients with type 2 diabetes mellitus (T2DM) [3].
A cohort study revealed that EV concentrations in diabetic
patients were significantly higher than those in normal par-
ticipants, while IR promoted the release of EVs [4]. EVs
are a group of heterogeneous membrane vesicles that can
be divided into small EVs(sEVs) (< 100 nm or <200 nm),
and medium/large EVs (m/IEVs) (>200 nm) [5]. EVs have
become increasingly popular as potential biomarkers for
the diagnosis and prognosis of metabolic dysfunction.
They represent a novel mechanism of intercellular com-
munication [4, 6], due to their ability to transfer proteins,
lipids, and nucleic acids and affect target organ function
[7, 8]. EVs can act as vectors between adipocytes and
other cells in the adipose tissue (AT). In obese insulin-
resistant animals and humans, adipocyte-derived EVs
were found to attract monocytes and lead to adipose tis-
sue inflammation [9, 10]. Metabolic dysfunction affects
the production of EVs that, in turn, regulate the metabolic
state of the body. Adipose tissue-derived EVs (AT-EVs)
from obese patients could promote monocytes differentiat-
ing to pro-inflammatory macrophages (M1 macrophages).
The M1 macrophages induced the release of tumor necro-
sis factor-a (TNF-a) and interleukin-6 (IL-6) accelerated
IR, which led to metabolic dysfunction [11].

There is strong evidence that exercise can reduce blood
glucose in patients with obesity and T2DM by stimulat-
ing skeletal muscle glucose uptake and directly affecting
insulin sensitivity [12—14]. The concentration of plasma
EVs is increased in obese patients [15, 16], and exercise
can decrease the EVs concentration [17]. Exercise also
affects EVs release via several possible mechanisms.
Aerobic exercise increases blood flow to meet the extra
oxygen demands of the working muscles, further induc-
ing elevation in shear stress, which is associated with EVs
formation [18]. Kawanishi observed that chronic exer-
cise could regulate the expression of EVs, prevent mac-
rophage infiltration in adipocytes, and downregulate toll-
like receptor 4 expression to adjust the transformation of
macrophages from M1 pro-inflammatory phenotype to M2
anti-inflammatory phenotype, thereby inhibiting inflam-
mation and improving insulin sensitivity [19]. Exercise
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can increase the release of EVs derived from endothelial
progenitor cells and promote the expression of miR-126,
thereby enhancing the protective effect of endothelial cells
by reducing apoptosis [20]. However, the changes in EVs
caused by different forms and exercise intensity need to be
analyzed in more detail.

The effect of exercise on different types of extracellular
vesicles has gained attention. Our previous study on healthy
participants has found platelet-derived extracellular vesicles
(PEVs) expressed a transient increase after a single bout of
exercise, while the proportion and duration of PEV incre-
ment reduced in long-term exercise. In addition, most stud-
ies reported a decline in leukocyte-derived extracellular
vesicles (LEVs) in trained participants after a single bout
and long-term exercise [21].

Exercise is one of the non-drug therapies for improving
metabolic dysfunction. Nevertheless, the changes in extra-
cellular vesicles concentrations and subtypes in patients with
metabolic dysfunction after exercise have not been reviewed.
Therefore, based on the existing literatures, we aimed to sum-
marize the concentration of EVs and their different subtypes
in patients with metabolic dysfunction and the changes after
exercise in order to evaluate the effect of exercise on patients.

Methods
Criteria for Considering Studies for This Review

Types of patients: patients with metabolic dysfunction were
included. Metabolic dysfunction refers to a collection of risk
factors associated with many diseases, such as hyperglyce-
mia, dyslipidemias, hypertension, obesity, insulin resistance,
glucose intolerance and diabetes mellitus [1]. Fasting plasma
glucose (FPG) > 7.0 mmol/L or glycosylated hemoglobin
(HbAlc) > 6.5% can be used as the basis for the diagnosis of
diabetes mellitus, which includes type I or type II diabetes
mellitus. Impaired fasting glycaemia (FPG < 7.0 mmol/L)
and impaired glucose tolerance (FPG: 5.6-6.9 mmol/L)
which are called pre-diabetes were also included [22]. Obe-
sity is defined as a chronic disease caused by excess adipose
tissue, with a body mass index (BMI) > 25 kg/m? as diagnos-
tic and evaluation criteria [23]. Hypertension is diagnosed
when a person has a systolic blood pressure is > 140 mmHg
and/or diastolic blood pressure > 90 mmHg in the office or
clinic following repeated examination [24].

Types of interventions: exercises or physical activities were
included. It mainly comprised moderate-intensity continuous
training (MICT) or high-intensity interval training (HIIT)
based on aerobic exercise, resistance training, and endurance
exercise. Swimming, diving, and climbing were excluded.
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Types of outcomes: Detection of different types of EVs,
including sEVs and m/IEVs, used flow cytometry (FCM),
nanoparticle tracking analysis (NTA), western blotting, and
ELISA [5].

Types of studies: prospective studies such as randomized
controlled trials (RCTs), before—after self-control studies,
cohort studies, case—control studies, and descriptive stud-
ies were included [25].

Types of work: full articles, meeting abstracts or oral
reports were included.

Search Strategy

Databases of PubMed, Web of Science, Embase, and the
Cochrane Library were comprehensively searched until
Apr 28, 2022. “Exercise,” “Cell-Derived Microparticles,”
“Exosomes,” “Extracellular Vesicles,” “Hyperglycemia,”
“Dyslipidemias,” “Hypertension,” “Obesity,” “Insulin
Resistance,” “Diabetes Mellitus,” “Glucose Intolerance,”
“Hyperlipidemias,” and “Adipose tissue” were used as the
retrieval words. Search strategies included Medical Subject
Headings (MeSH) and keywords adapted to databases.

Study Selection and Data Extraction

Retrieval results were imported into EndNote X8, and dupli-
cates were excluded. Two independent reviewers filtered all
the titles and abstracts according to the eligibility criteria,
and evaluated full texts for inclusion. Divergences were
resolved by discussion. If no agreement was reached, the
corresponding authors were consulted. Studies that met all
criteria were included. After study selection, two authors
independently extracted the relevant data from the included
studies using an extraction sheet. The data sheet included
the authors’ name, published time, sample size, types and
changes of EVs, and exercise protocols and outcomes.

Methodological Quality Assessment

The methodological quality assessment was independently
conducted by two reviewers, and the Cochrane collabora-
tion’s tool was used for assessing the risk of bias (ROB) of
RCTs. It included six items of selection bias, performance
bias, detection bias, attrition bias, reporting bias and other
bias. “High risk,” “unclear risk,” and “low risk” were used
to describe the concentration of each project. The Methodo-
logical Index for Non-Randomized Studies (MINORS) [25]
was applied to evaluate the quality of non-randomized stud-
ies. This validated index contains 12 items; the first 8 items
are specifically designed for noncomparative studies, and the
remaining 4 items are applied to comparative studies. Items
were scored as O (not reported), 1 (reported but inadequate),
and 2 (reported and adequate). The maximal ideal score for

noncomparative studies and comparative studies was 16 and
24, respectively.

Summary Analysis

Due to the complexity of exercise modes, various types of
EVs, diverse study designs, and different extraction and
detection methods, qualitative synthesis was adopted.

Results
Identification of Studies

Among a total of 722 assessed studies, 400 duplicates and
167 inconsistent studies were removed. Next, 155 studies
were roughly screened, among which 117 were inconsistent
with the designed research. Among 38 studies whose full
text was screened, 22 imperfect-design studies (unclearly
described interventions or incomplete data presentation)
were excluded. Finally, 16 studies met the selection criteria
and were enrolled in this systematic review. Figure 1 pre-
sents the flow diagram of the study collection [17, 26—40].

Characteristics of Studies and Patients

As shown in Table 1, a total of 16 studies were included in
this review. Diseases included after retrieval contained obe-
sity, T2DM and concomitant diseases, and hypertension. The
referred studies contained 5 RCTs, 3 case—control studies,
and 8 descriptive studies. The sample size ranged from 10 to
86; 4 studies only included men and 2 only included women,
while both men and women were enrolled in the remaining
10 studies. Among the included articles, exercise protocols
in 12 studies were aerobic exercise and combined aerobic,
while the remaining included a resistance training program.
Twelve studies used differential centrifugation to extract EVs.
The time points of drawing blood were pre-exercise and post-
exercise and 3 h to 3 days after exercise. Ethylenediaminetet-
raacetic acid and citrate were used as anticoagulants in 5 and
7 studies, respectively. Twelve studies used FCM to quantify
extracellular vesicles and three utilized NTA. Extracellular
vesicles covering endothelial-derived extracellular vesicles
(EEVs), LEVs, PEVs, and skeletal muscle-derived extracel-
lular vesicles (SKEVs) were included in the eligible literature.
The details are shown in Table 1.

Quality of Evidence
The Cochrane assessment tool was applied for assessing
RCTs. Four RCTs showed a low risk of attrition and report-

ing bias but performance bias was high risk. Two studies
showed a low risk of selection bias. The MINORS index, a
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Fig. 1 Flow diagram of the
study search and selection
process

Cochrane--71)

719 of records identified through
databasc scarching (Pubmed--56
Web of science--515 Embase--77

3 of additional records
identified through
other sources

=
2
=
N
&
=
=
=
@
=
-

[ Screening J

[ Included J ( Eligibility J

tool for evaluating non-randomized studies, was used to assess
the methodological quality. In this review, MINORS scores
ranged from 9 to 17, demonstrating a relatively medium or
high concentration of methodological quality among studies.
The results are shown in detail in Tables S1 and S2.

The Effects of Exercise on the Concentration of EVs
in Patients with Metabolic Dysfunction

It is well-known that exercise can lower body weight, reg-
ulate glucose and lipid metabolism disorders, and reduce
the risk of cardiometabolic diseases. Most included stud-
ies reported that the concentration of EEVs and PEVs was
decreased after exercise while SKEVs were increased and
were associated with clinical evaluation indicators of meta-
bolic diseases. The details are shown in Table 2 and Fig. 2.

Obesity
Nine studies examined the changes of EVs concentrations in
obese patients after exercise [17, 26, 27, 29, 32-35, 39], where

4 studies addressed a single bout of exercise [27, 32, 35, 39],
and 5 dealt with long-term exercise [17, 26, 29, 33, 34].
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One study showed the concentration of EVs in obese
patients was higher than in those with normal weight at base-
line after long-term exercise. After performing an 8-week
HIIT, the counts of EVs increased some 30%, and a significant
reduction of BMI was obtained in both groups. Positive asso-
ciations were found between EVs and TNF-a and IL-6 while
negative association were found between EVs and HDLc [29].
While, the significantly decreased of total EVs was found at
the end of the moderate-intensity training (MIT) and after 3
and 24 h. EV concentrations were not associated with BMI
but were positively correlated with homeostatic model assess-
ment of insulin resistance (HOMA-IR) (P <0.05) [35].

Out of 9 studies, 6 focused on the EEVs, and the con-
centration of EEVs declined after a single bout of exercise
and three long-term exercises [26, 27, 33-35, 39]. Only
one showed an increment of EEVs after a single bout of
exercise. The concentration of CD105* EEVs and CD317/
CD41™ EEVs decreased after a moderate-intensity exercise
session [39]. An interval exercise decreased AV~ CD105
EEVs compared to continuous training [34]. The base-
line number of EEVs was significantly higher in the usual
care than the intervention group, and a significant reduc-
tion in the number of circulating EEVs was shown in the
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Table 2 The correlations between different types of EVs and clinical evaluation indicators of metabolic diseases

Author/year Types of EVs

Correlations with EVs

Apostolopoulou et al., 2021 sEVs -

Rigamonti et al., 2020

sEVs and IEVs Total EVs, sEVs, and CD61TPEVs

Quantitative proteomic analysis of SEV revealed that
HIIT-mediated proteins related to glycolysis in T2DM,
to antioxidative metabolism in IR (insulin resistant)
and to lipid metabolism in IS (insulin sensitive)

Positively with homeostatic model assessment of insulin
resistance (HOMA-IR) (P <0.05)

Eichner et al., 2020 1EVs AV'/CD105 EEVs Positively with dietary sugar intake (r=0.60, P=0.01);
AV~/CD31* PEVs negatively with VO, (r= —0.60, P=0.01)
Positively with early phase glucose tolerance (trend:
r=0.40, P=0.10)
Dimassi et al., 2018 1EVs - Positively with TNFa (r=0.487; P<0.01), and IL-6
(r=0.534; P<0.005); Negatively with HDLc (r=0.45;
P<0.05)
Kim et al., 2015 IEVs CD31%/CD42a” EEVs, CD62E" EEVs Negatively with endothelial cell mitochondrial content
(r=-0.768, P=0.008, and r= —0.684, P=0.021)
Murakami et al., 2007 1EVs PEVs Positively with BMI, waist circumference, fat tissue
mass, and subcutaneous fat area
- Upregulated
Fig.2 The results of EVs ] unchange
changes after exercise (one [ pownreguiated
cuboid represents one study) = 6
‘x;..
)
£’
S
2.
=
z
: HNERERNANEEN BN
@éﬁ %%é‘o (g\e &ée ‘%é" ’ @6 &@é‘q %Qé'v g & g & ’:Qéb) R \(y&» , \9\6 ““‘5‘7 . & %&&»
<3 «& (9,\0") &@, o & X\&Q? (\&u PR e ! \&tx <& &bf’ &\h Q\??’
&”7 &";\ (9,)] (9’))

latter compared to a rise of EEVs in the former following a
10-month supervised training program. Moreover, the resi-
dential intervention also decreased BMI and body fat per-
centage [26]. In addition, it was found that gender differences
might influence the concentration of EVs in exercise. Base-
line concentrations of CD62% and CD31" EEV populations
were lower in the healthy controls than in overweight and
obese women. Two weeks of progressive HIIT or MICT low-
ered the concentration of CD62E™ EEVs, accounting for 7%
and 5.7%, respectively. It also led to a significant reduction in
body mass and BMI. Still, neither HIIT nor MICT affected on
CD31* EEVs [33]. In males, both high-intensity continuous
training and HIIT reduced EEVs compared to control, while
the former group had increased CD62E* EEVs whereas
CD31%/CD42b~ EEVs were unaltered by either exercise type
in females. HIIT led to a significant increase in fasting insulin
and insulin resistance in males but an obvious reduction in
females when compared to control [27]. However, there was

Types of EVs

no significant difference in CD62E* EEVs, CD105" EEVs
before and after exercise [35].

Besides, the concentration of PEVs and SKEVs also showed
a significant fluctuation after exercise. A single bout of exer-
cise decreased CD41" PEVs and CD311/CD41" PEVs [39].
A remarkable reduction in CD611PEVs after exercise and a
positive correlation with HOMA-IR was reported [35]. Com-
pared with the non-obese group, the patients in the non-diabetic
obese group had a higher plasma concentration of PEVs in the
baseline data that significantly decreased after a 12-week cal-
orie-restricted diet and diet with aerobic exercise. Meanwhile,
the number of PEVs was positively correlated with BMI waist
circumference, fat tissue mass and subcutaneous fat area [17].

The two studies found that the concentration of SKEVs
increased after a single bout of exercise [32, 35]. The concen-
tration of SKEVs ascended immediately after exercise [35] and
the total SKEV post-exercise was 27% higher in obese men
with T2DM than obese men without T2DM. Additionally,
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the concentration of SKEVs that carrying FATP4 and CD36
was significantly increased immediately after exercise in both
groups [32]. One study showed that the concentration of CD45*
LEVs and tetraspanin-derived EVs declined after a moderate
exercise [39], while the concentration of AV*/~ CD45" LEVs,
AV*/~ CD45%/CD41~ LEVs, CD14* monocyte-derived extra-
cellular vesicles (MEVs), and fatty acid binding protein (FABP*)
EVs were examined in the included studies, and there was no
significant difference in before and after exercise [34, 35].

T2DM and Concomitant Diseases

Four studies observed the effect of exercise on EVs in patients
with T2DM and concomitant diseases [30, 31, 36, 40].

After 12 weeks of HIIT, the number of EVs increased
by 52+ 19% and 58 +21% in T2DM and insulin-resistant
patients, respectively. Quantitative proteomic analysis of
EV revealed that HIIT-mediated proteins were linked with
glycolysis in T2D, antioxidative metabolism in IR, and lipid
metabolism in IS [36]. Another study reported that the EEVs
counts reduced in patients with metabolic syndrome after
high-volume MICT and HIIT. Moreover, the overall concen-
tration of LEVs decreased, and the relative representation
of T-cell extracellular vesicles increased among all LEVs
following the latter interventions [31].

Nevertheless, the concentration of EEVs, LEVs, PEVs,
and MEVs did not significantly vary during the intervention
period in patients with coronary artery disease with T2DM
[30]. And the total concentration of EVs was not affected by
an acute exercise in patients with prediabetic [40].

Hypertension

The concentration of CD31%/CD42a~ EEVs and CD62E" EEVs
in individuals with prehypertension decreased after acrobic exer-
cise training for 6 months; the same trend was also observed
with triglycerides. Moreover, both two subtypes of EEVs were
negatively correlated with endothelial cell mitochondrial content
[28]. The concentration of CD31%/ CD42b~ EEVs decreased
after acute exercise in patients with stage 1 hypertension and the
blood pressure reduced too[38]. Yet, another study found that
after a single bout of aerobic exercise, resistance exercise, or
combined exercise, the concentration of CD45~/CD42b~/CD31*
EEVs remained unchanged [37].

Discussion

Metabolic dysfunction characterized by endothelial dys-
function, pro-inflammatory cytokines release, hyperco-
agulable state, and unstable vascular homeostasis has
been found to be closely related to cardiovascular and
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cerebrovascular diseases. In addition, continuous inflam-
mation, thrombin production [41], and impaired mitochon-
drial network can result in metabolic dysfunction [42, 43],
which is associated with changes in plasma concentrations
of extracellular vesicles as well as alterations in their EVs
cargo [1].

EVs released by cell activation or apoptosis, carry-
ing proteins, lipids, and microRNAs, have been gaining
increasing interest in the field of cardiovascular disease
and oncology [44]. The concentrations of EVs were
reported to be significantly elevated in patients with coro-
nary heart disease and had an increasing trend with the
degree of: myocardial infarction > unstable angina > stable
angina, thus suggesting that EVs might be a potential bio-
marker to identify coronary heart disease [45]. A previous
study reported that GPC-1 protein was highly expressed in
sEVs derived from breast cancer cell lines, which was used
for preoperative and postoperative monitoring of breast
cancer patients [46]. EVs have abundant targets for detec-
tion and may be an important means for non-invasive liq-
uid biopsy. After high-throughput proteomics analysis of
fluid body samples from tumor patients, it was found that
the newly discovered markers can be used as markers of
EVs from tumor cells in addition to the traditional markers
[47]. EVs might have great potential for diagnosing and
treating diseases in the future.

Undoubtedly, the role of EVs in metabolic diseases
cannot be underestimated. The elevated concentration of
EVs in obese patients may be partly due to the response
of EVs to a high fat that induced vascular dysfunction and
increased oxidative stress [48] and leukocyte infiltration
[49]. Hyperglycemia promotes greater coagulant activity,
reactive oxidative species, and blunts endothelial constric-
tion [50]. High glucose conditions increased the activity
of NADPH oxidase in EEVs thereby accelerating vascular
inflammation [51]. The use of exercise, the preferred non-
drug therapy applied to improve the metabolic state for
EVs regulation, has attracted widespread attention. This
systematic review summarized the effect of exercise on
EVs in patients with metabolic dysfunction to further the
understanding and provide additional references for future
studies.

The Changes of Subtypes and Numbers of EVs After
Exercise

Total EVs

Our results showed that the baseline concentration of EVs
was higher in patients with metabolic dysfunction compared
to healthy participants [17, 29, 32, 33]. Patients with meta-
bolic dysfunction exhibited a chronic low-grade inflamma-
tion, hypercoagulability, and endothelial dysfunction [52] that
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could induce more EVs secretion [29]. Improving metabolic
abnormalities through exercise is recommended as a basic
non-drug therapy. However, the three studies investigating
changes in total EVs displayed contradictory changes in extra-
cellular vesicles concentrations, which might be related to the
small sample size of included studies. The effect of exercise
on total EVs has not been confirmed, and its credibility needs
to be further confirmed. In addition, different intensities and
frequencies of exercise and combining data might influence
the results [29, 35]. Long-term aerobic exercise can improve
chronic cardiovascular inflammation and insulin sensitivity,
reduce the risk factors of cardiovascular disease such as hyper-
glycemia, hyperlipidemia, and obesity, and promote metabolic
health [53-55]. Although regular moderate-intensity exercise
is beneficial for regulating risk factors in chronic disease, most
patients remain inactive [56]. HIIT was found to be superior
to moderate-intensity continuous training in improving glu-
colipid metabolism in lifestyle-induced cardiometabolic dis-
eases [57]. After 1-year intervention in patients with T2DM,
in both MCT and HIIT groups, carotid intima-media thickness
was reduced, while only the HIIT group had improved periph-
eral arterial stiffness index and dilation coefficient [58]. The
research demonstrated that HIIT could effectively improve the
cardiorespiratory health of coronary artery disease patients
[59]. At the same time, it also significantly improved the VO,
peak by 10% compared with 4% in the MICT group. HIIT
was feasible and safe, and adherence to MICT was simi-
lar at 12-month follow-up. This suggested that HIIT could
be incorporated into cardiac rehabilitation programs as an
adjunct to or as an alternative to MCT [60]. Eight to 12-week
HIIT increased the counts of EVs in normal-weight, obesity,
T2DM, and IR groups; it also improved insulin sensitivity in
the latter two groups [29, 36]. The sedentary obese patients
had a higher prevalence of cardiovascular risk factors such as
hypertension and inflammation with a higher circulating EV
concentrations. The cardiovascular risk appears to increase
when exercise is strenuously executed at high intensity and for
long times, mainly due to hypercoagulability [61]. The results
of this review revealed that HIIT had a more obvious effect
on regulating the clinical evaluation indicators of metabolic
diseases and EV variations.

EEVs

All of the included literatures reported a decrement in EEVs
after long-term exercise, especially for CD62E* EEVs and
CD105% EEVs [26-28, 31, 33, 34], while only one research
displayed the increased concentration of CD62E* EEVs
after a single bout of exercise. EEVs are being used as novel
circulating biomarkers of endothelial cell damage and dys-
function, and cardiovascular risk [62]. CD105, a constitu-
tively expressed protein on the surface of endothelial cells,
is present in almost all EEVs [33]. CD62E* EEVs are a sign

of early phase endothelial dysfunction [63]. An important
role of exercise is to improve vascular endothelial function,
which might be related to regulating the release of EVs [64].
Firstly, exercise can increase nitric oxide (NO)-dependent
vasodilation and decrease endothelial cells activation and
apoptosis in the arterial wall [65, 66]. Moreover, an impaired
endothelial mitochondria network has been related to dys-
functional endothelium [42, 43]. Also, exercise elevated
long-term laminar shear stress to alleviate endothelial dys-
function by motivating mitochondrial biogenesis in the vas-
cular [28]. Finally, the adaptation of vascular to exercise is
partly mediated by shear stress acting on endothelial cells
[67]. Exercise-induced increment of endothelial blood flow
might reduce the concentration of EEVs as the high shear
stress conditions limited EEV secretion in vitro studies [68].

PEVs

The concentration of PEVs was decreased in obese
patients undergoing a moderate or high-intensity exercise
[17, 35]. Metabolic dysfunction is featured with hyperco-
agulability and chronic low-grade inflammation. Platelet
was overactivated in diabetic patients and its aggregation
and adhesion were enhanced. Activated platelets activate
phospholipase A2 to promote arachidonic acid production
and accelerate platelet release [69]. At the same time, the
metabolism of arachidonic acid in platelets was changed
due to the synthetic reactive oxygen species by hypergly-
cemia, resulting in the production of platelet coagulants
[69, 70]. PEVs are released upon platelet activation by
agonists such as thrombin in obesity with T2DM [71, 72].
Insulin resistance also increases EV secretion [4]. The gly-
cosylated products of insulin resistance reduce the fluid-
ity of platelet membranes and make platelets more prone
to activation [73]. In addition, insulin resistance reduces
the synthesis of endothelial-derived nitric oxide and pros-
taglandin, weakening the sensitivity of platelets, which
leaves the platelets in a state of obvious activation [74].
Exercise can reduce postprandial glucose concentrations
by improving insulin resistance, which might explain the
drop of PEVs [75]. Patients with metabolic dysfunction
exhibited a chronic low-grade inflammation, which could
increase the information of PEVs [76, 77], while exercise
was reported to decrease the pro-inflammatory cytokines
such as IL-6 and TNF-a to regulate EVs [78].

SKEVs

Two studies involving SKEVs reported an ascending
change after a single bout of exercise [32, 35]. Still, the
effect of long-term exercise on SKEVs was not mentioned.
There is growing evidence suggesting that skeletal muscle
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functions as a secretory organ [79], releasing EVs con-
taining hundreds of peptides [80]. Intramuscular injection
of fluorescently labeled EVs could cause fluorescence in
the distal and contralateral muscles, thus strengthening
the concept of paracrine-like effects of muscle release of
EVs [81]. A preliminary observation suggested that exo-
some marker, such as apoptosis-linked gene 2 interacting
protein X, was present in the skeletal muscle and seri-
ously depleted immediately after exercise. This supports
the premise that EVs of skeletal muscle are released in
response to exercise [82]. Exercise can improve the body’s
metabolism, the balance of oxidative stress, and chronic
inflammation [83, 84]. Furthermore, exercise induced the
translocation of glucose transporter-4 from intracellular
to the cell membrane surface thereby regulating glucose
transport in skeletal muscle [85], which can maintain
blood glucose homeostasis. Currently, there are no stud-
ies on the changes of EVs concentrations and subtypes in
metabolic dysfunction after exercise so further studies are
needed for in-depth discussion.

AT-EVs

The concentration of FABP* EVs was unchanged before
and after exercise [35]. A study has recently showed that
human ATs also secrete EVs that are able to affect local
IR in adipocytes through macrophage activation, thus sug-
gesting that AT-EVs have a paracrine role [86]. The AT-
EVs also participate in regulating transforming growth
factor beta pathway expression in hepatocytes [87] and
appetite or weight at central level [88], or even involving
in obesity-related cancer [89]. The amount of EV-TFGBI
corrected for EV-caveolin, an adipose tissue-specific
protein, was significantly elevated in circulating vesicles
compared with non-IR obese patients and lean individu-
als [90]. At present, there are few studies on the effect of
exercise on AT-EVs in patients with metabolic dysfunc-
tion, and more in-depth studies are needed to demonstrate
their specific mechanisms.

The Change of EV Cargos in Response to Exercise

Various miRNA species and peptide are altered by exer-
cise that can influence the pathophysiology of obesity and
T2DM through endocrine-like effects. EVs are endocrine-
like intercellular communication vesicles that carry proteins,
miRNAs, and other nucleic acids which in turn are taken up
by target cells [82]. Among the studies we included, three
studies investigated the change of EV cargos in response
to exercise. After the training program, miR-150, miR-21,
miR-223, and miR-146a expression in circulating EVs was
significantly enhanced in obesity. A significant positively
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correlation was found between the EV concentration of
miR-150 and adiponectin [29], a well-known cytokine that
is downregulated in obese subjects [91]. This suggests that
exercise positively modulates metabolic risk biomarkers.
One study found impaired regulation of transporter-medi-
ated long-chain fatty acid (LCFA) uptake processes may
contribute to intracellular triacylglycerol accumulation and
cellular insulin resistance [92]. By comparing changes in
gene expression and SKEVs carrying LCFA transport pro-
tein concentrations, it was found exercise-induced changes
in skeletal muscle CD36 mRNA expression were positively
correlated with CD36-carrying SKEV concentrations in
patients with T2DM [32], indicating the beneficial effects
of exercise on diabetes. Simultaneously, HIIT can down-
regulate EV proteins involved in the MAPK, PLC, and PKA
signaling, which might help stimulate the downstream insu-
lin signaling pathway in T2D. It also enhanced the antioxi-
dant system in the EVs released by IR, which ultimately
improved peripheral insulin sensitivity [36]. This provided
new evidence that EV-mediated exercise regulated the meta-
bolic state of the body.

Correlation Analysis Between EV Subtypes
and Clinical Evaluation Indicators of Metabolic
Diseases

A reduction of total and subtypes of EVs after exercise
was positively associated with clinical evaluation of indi-
cators of metabolic diseases in several studies. One study
found that HOMA-IR, a measurement used to assess an
individual’s concentration of insulin resistance, was posi-
tively correlated with the postexercise release of total EVs,
and CD61" PEVs in obese patients [35]. The HOMA-IR
index in normal individuals was 1, and with the increase of
insulin resistance, the index will be higher than 1. Obese
patients are frequently insulin-resistant, which might lead
to a more sensitive postexercise response in EVs. Moderate
increases in exercise are associated with significant reduc-
tions in both fasting glucose and HbAlc [93]. In addition,
compared with aerobic and resistance exercise, combined
exercise can significantly improve the HbAlc concentra-
tions [94]. Another study showed AV* CD105 EEVs were
positively linked to dietary sugar intake and the same asso-
ciation was displayed between AV/CD31* PEVs and early
phase glucose tolerance [34]. Hyperglycemia can increase
the concentration of EVs to promote greater coagulant activ-
ity and endothelial dysfunction [50]. As exercise is known
to improve glucose regulation, it is reasonable to infer that
exercise might modulate EVs released by improving glu-
cose control [14, 95]. This review also showed that PEVs
were positively correlated with BMI, waist circumference,
fat tissue mass, and subcutaneous fat area [17]. One possible
explanation is the positive association of PEVs with leptin,
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which decreases the proportion of BMI in obese patients
[96]. Moreover, high concentrations of leptin promote ADP-
induced platelet aggregation by leptin receptors expressed on
the platelet surface [97-99]. Exercise seems to increase t-PA
and decrease PAI-1 activity [100] and moderate-intensity
exercise can also inhibit platelets activation [101]. Exercise
may reduce the release of PEVs, thereby regulating leptin
in order to improve hypercoagulability and promote weight
loss in obese patients.

Exercise-Related Factors on EVs and EV-Related
Detecting Methods

In addition to considering the changes of EVs in metabolic
diseases, the impact of exercise-related factors on vesicles
cannot be ignored. Among the included studies, 5 focused
on a single bout of exercise [27, 32, 35, 37, 39], while the
remaining focused on long-term exercise [17, 26, 28-31,
33, 34, 36]. SKEVs increased after a single bout of exercise,
while the EVs derived from other cells remained unchanged
or decreased. Exercise induced the increase of SkMVs
expressing vital long-chain fatty acid (LCFA) transport pro-
teins and increased LCFA oxidation was promoted by the
rapid and continued upregulation of LCFA uptake primar-
ily by CD36 and FATP4 [102, 103]. The SKEVs carrying
CD36 and FATP4 could reflect real-time expression levels
of parental skeletal muscle cells, thus facilitating trans-
location from intracellular pools to the sarcolemma [32].
The total of EVs in circulation increased after long-term
exercise; however, the concentrations of subgroups of EVs
remained unchanged or declined. Several proteins from EVs
regulated by HIIT overlapped with proteins released from
a skeletal muscle cell, which supported the premise that
skeletal muscle was likely the key contributor to exercise-
induced EVs release. The central role of skeletal muscle in
exercise responses and high secretory activity in myokines
might help support this argument [104]. The concentration
of other subgroups of EVs, for example, EEVs, PEVs, and
LEVs decreased after a moderate-intensity single bout of
exercise while long-term exercise might be associated with
endothelial function improvement, an inhibition of platelet
vesiculogenesis and antioxidation of exercise [84, 105].
According to the American College of Sports Medi-
cine, the intensity of exercise is divided into five levels,
i.e., very light, light, moderate, high, and near maximum
to maximum, on the basis of individual factors such as age,
sex, body weight, and fitness level [56]. In this review, all
included studies focused on moderate- or high-intensity
exercise. After moderate-intensity exercise, the concentra-
tion of PEVs was decreased in patients [17, 35, 39], whereas,
after interval exercise, PEVs remained unchanged [30, 34].
Moderate-intensity aerobic exercise promoted the synthe-
sis and release of NO, and increased the concentration of

plasma NO. Subsequently, it activated the guanylate cyclase
system in platelets and increased the level of cGMP, thereby
inhibiting platelet activation [106]. Yet, high-intensity exer-
cise induced a hypercoagulative state that might activate the
platelets and be related to the release of EVs [61].

In spite of the universalities, we can summarize from the
available results, the methods for detecting EVs, including
sEVs and m/IEVs, cannot be ignored. Out of 14 studies, 12
used FCM to detect EVs and three researches applied NTA,
which are the commonly used detection methods [5]. FCM,
which has good statistical accuracy and strong applicabil-
ity, is applied for rapid quantitative analysis and cell origin
of EVs [107, 108]. The diameter of EVs ranging from 200
to 2000 nm can be directly measured and FCM can detect
the specific marker. EVs have a diameter between 40 and
200 nm and need to be tracked and tested by NTA. Nano-
particle tracking analysis determines suspended particles
size and concentration by tracking the Brownian motion of
submicrometer particles using a dark field microscope [109].
However, due to the complex composition of blood after
exercise, the analysis of EVs is hindered, thus challenging
the separation and characterization of EVs. The use of a
two-step EV isolation protocol (containing size and density)
and complete identification of EVs (including biochemical
EV-marker analysis, single-EV imaging, and single-particle
tracking) are essential [110].

Limitations

This review has several limitations. First, different types of
diseases, and exercise patterns, had a complex impact on
outcomes. Furthermore, most of the included studies were
observational studies with relatively low grades. And the
small sample size limits the application to the general par-
ticipants. Finally, current methods of extraction and detec-
tion of EVs continue to improve so the economic burden of
EVs as a biomarker of patient response to exercise should be
strictly considered. Hence, comprehensively designed clini-
cal studies are essential to provide data support and further
evidence.

Conclusions

This systematic review summarized the effect of exercise on
different types of EV concentration in patients with meta-
bolic dysfunction. Our review showed that the concentra-
tion of EEVs decreased after long-term exercise, especially
for CD62E* EEVs and CD105" EEVs. The same trend was
also observed in PEVs. Nevertheless, completely opposite
changes were seen in the concentration of SKEVs after a
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single bout of exercise. It was also found that the changes
in EEVs were positively linked to dietary sugar intake and
PEVs were positively linked with glucose tolerance and BMI
after long-term exercise. The pathological mechanism of
EVs on the improvement or aggravation of metabolic func-
tion should be further studied. In conclusion, the changes
in EVs concentrations could assist in assessing the effect of
exercise on patients with metabolic dysfunction.
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