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 Background: A lack of physical exercise, a critical aspect of a healthy lifestyle, contributes to several cerebral diseases, such 
as cognitive impairment, Parkinson disease (PD), and Alzheimer disease (AD). The purpose of the present study 
was to evaluate the effect of physical exercise on cerebral disease via released extracellular vesicles (EVs).

 Material/Methods: Short-term high-intensity treadmill exercise was applied to assess the effect of physical activity on EVs in the 
serum and brain tissue. Immunofluorescence staining and western blot analysis were used to analyze biomark-
ers of EVs, including TSG101, HSC70, and CD63. Nanoparticle tracking analysis (NTA) was used to analyze the 
size and concentration of EVs.

 Results: Short-term high-intensity exercise increased the number of neuronal EVs in the brain. In the peripheral blood 
serum, the level of HSC70 showed a temporary increase after exercise and quickly returned to the normal lev-
el, whereas the levels of CD63 and TSG101 showed no obvious change in response to physical exercise. In 
brain tissue, the levels of HSC70 and TSG101 increased dramatically after exercise, while the level of CD63 re-
mained unchanged. The concentration of EVs was significantly increased after exercise, while the mean diam-
eter of the EVs showed no significant change. The levels of ceramide were significantly increased after exer-
cise, and quickly returned to normal levels.

 Conclusions: These data suggest that the secretion of EVs in the brain and blood is a transitory response to physical exer-
cise and is dependent on ceramide synthesis.
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Background

Physical exercise, especially regular aerobic exercise, is a healthy 
and non-pharmacological activity that is widely recognized to 
lower the risk of aging-related diseases and chronic metabolic 
disorders such as cardiovascular disease, cancer, cognitive im-
pairment, and stroke [1,2]. However, the mechanism by which 
physical exercise affects physiological and pathological pro-
cesses still requires in-depth analysis, and understanding the 
differences in the effects of short-term and high-intensity ex-
ercise and those of traditional aerobic exercise on physiolog-
ical function needs further exploration.

Exercise stimulates the release of a broad range of molecules, 
including proteins, enzymes, and nucleic acid, participating in 
the communication between cells [3,4]. Numerous tissues, such 
as skeletal muscle and brain and adipose tissue, secrete quan-
tities of proteins involved in physical adaptations during exer-
cise [5,6]. Physical exercise exerts positive biological effects in 
both physiological and pathological conditions. Abundant stud-
ies have shown that exercise can ameliorate depression and 
sleep disturbances in Alzheimer disease (AD) [7]. The mecha-
nism by which exercise contributes to neurodegenerative dis-
eases involves angiogenesis, neurogenesis, synaptic plastici-
ty, and energy metabolism [8]. Extracellular vesicles (EVs) play 
a central role in communication between cells. EVs are small 
vesicles containing complex RNAs and proteins ranging in di-
ameter from 40 to 200 nm. EVs are actively secreted from cells 
after multivesicular body fusion with the plasma membrane. 
Recently, mild to moderate exercise was demonstrated to al-
ter the miR-31 profile of circulating EVs [9]. The neuro-vascu-
lar unit (NVU) corresponds to the assembly of neurons, astro-
cytes, oligodendrocytes, pericytes, microglia, and extracellular 
matrix [10]. The NVU has the ability to influence blood-brain 
barrier (BBB) physiology. Neurons, glia, extracellular matrix, 
and neurovascular unit biology have been shown to be relat-
ed to CNS homeostasis. The relationship between EV secretion 
and the NVU could hasten the link between exercise and CNS 
regulation [10]. Extracellular vesicles (EVs) have beneficial ef-
fects on neurodegenerative diseases [11]. The levels of CD63, 
a tetraspanin, which is a type of membrane-specific protein, 
are decreased in aged rats, indicating that CD63 plays a bene-
ficial role in aging and in neurodegenerative diseases [12]. The 
release of HSC70 into the human circulation is associated with 
exosomes [13]. Functional depletion of TSG101 attenuates ER 
stress and perturbs the structure, mobility, and function of the 
ER, all of which are closely associated with neurodegenerative 
diseases [14]. Thus, we hypothesized that there is a close re-
lationship between exercise and the role of EVs in the cross-
talk between the brain and peripheral blood.

Ceramides, a family of membrane lipids, have been demon-
strated to play a role in exosome formation [15,16]. Ceramide 

also accelerates exosome release from neuronal cells. Neutral 
sphingomyelinase 2, an enzyme that can produce ceramide 
from sphingomyelin, increases exosome release [17].

The present study explored the alteration of EVs in the se-
rum and brain tissue during short-term high-intensity exer-
cise. Our data indicate that short-term high-intensity exercise 
affects the release of EVs through the synthesis of ceramide.

Material and Methods

Animals

Male C57BL/6 mice were first obtained from the Jackson 
Laboratory and housed in a room on a 12-h dark/12-h light 
cycle with a constant temperature (24°C) in the Experimental 
Animal Centre of Shandong Provincial Hospital. Four-month-
old mice (25-30 g) were randomly divided into 2 groups (non-
exercise control group and high-intensity exercise group, n=8 
per group). All animal experiments were approved by the 
Animal Care and Utilization Committee of Shandong Provincial 
Hospital Affiliated with Shandong University (no. 2017-015).

High-Intensity Treadmill Program

After exposure to a 10-min adaptive training protocol, the 
mice in the high-intensity exercise group underwent incre-
mental treadmill exercise for 30 min according to a previous-
ly reported protocol [18] (starting velocity of 5 m/min for 2 
min followed by 10 m/min for 2 min, 15 m/min for 2 min, and 
20 m/min for 24 min). The mice in the non-exercise control 
group were allowed to freely run on a treadmill without ef-
fort, and there was no significant difference in age or weight 
between the control and high-intensity exercise groups. The 
mice were sacrificed 0 min or 90 min after the short-term high-
intensity treadmill program.

Isolation of EVs from Peripheral Blood Serum

For serum EV isolation, the mouse whiskers were cut off, the 
eyeballs were removed, and blood was taken from the oph-
thalmic artery. The blood was then rapidly centrifuged at 3000 
rpm for 10 min. A total of 400 μl of serum per mouse was di-
luted with an equal volume of PBS and centrifuged at 2000×g 
at 4°C for 30 min. The supernatant then was transferred to 
ultracentrifuge tubes and centrifuged at 110 000×g at 4°C for 
2 h. The pellets were resuspended and centrifuged twice for 70 
min at 110 000×g at 4°C. Finally, the pellets were resuspend-
ed in 100 µl of PBS and prepared for western blot analysis.
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Isolation of EVs from Brain Tissues

After blood collection, the mice were anesthetized with 0.1% 
pentobarbital sodium and perfused with 0.9% saline through 
cardiac perfusion. The cerebral hemispheres were removed 
from the skull. Next, brain EVs were prepared from the brain 
based on the method reported by Muraoka et al [19] with 
some modifications. First, the brain was minced and trans-
ferred into a 15-ml conical tube with 3.5 ml papain solution 
in Hibernate A, maintained at 37°C, and then incubated for 
20 min. Next, 6.5 ml ice-cold Hibernate A supplemented with 
protease inhibitors was added. The homogenate was centri-
fuged at 300×g for 10 min at 4°C. Then, the supernatant was 
collected, centrifuged at 2000×g for 10 min at 4°C, and trans-
ferred into a high-speed centrifugation polycarbonate tube. 
PBS was added until the volume was 60 ml. Then, the tubes 
were ultracentrifuged for 30 min at 10 000×g at 4°C using a 
fixed-angle rotor, and the supernatant was filtered into anoth-
er polycarbonate tube. The tube was then filled with PBS up 
to 60 ml and then ultracentrifuged for 70 min at 100 000×g 
at 4°C. The supernatant was discarded, and the pellet was re-
suspended and ultracentrifuged for 70 min at 100 000×g at 
4°C. The supernatant was discarded again, and the pellet was 
resuspended, followed by ultracentrifugation at 200 000×g at 
4°C for 16 h using a swinging-bucket rotor. The supernatant 
was discarded, and the pellet was resuspended. Finally, the 
tubes were ultracentrifuged at 100 000×g at 4°C for 1 h, and 
the pellets were collected with PBS.

Western Blot Analysis

Equal volumes of EV pellets were separated by 10% sodi-
um dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and then blotted onto PVDF membranes. The mem-
branes were blocked with 5% milk for 1.5 h and incubated at 
4°C overnight with primary antibodies: mouse anti-TSG101 
(1: 1000, Abcam), rabbit anti-HSP70 (1: 1000, Abcam), mouse 
anti-CD63 (1: 1000, Abcam), and mouse anti-b-actin (1: 2000, 
Zsbio). The membranes were washed 3 times and then incu-
bated with anti-rabbit or anti-mouse IgG antibodies (1: 4000, 
Zsbio) conjugated with peroxidase at room temperature for 1.5 
h. The protein bands were visualized by enhanced chemilumi-
nescence and were scanned using a luminescent image ana-
lyzer (GE Healthcare Bio-Sciences AB, Amersham Imager 600).

Immunofluorescence

Mice were anesthetized with 0.1% pentobarbital sodium and 
intracardially perfused with 4% PFA and 0.9% saline. Next, the 
whole brain was immersed and fixed in 4% paraformaldehyde 
to prepare for paraffin-embedding [20]. Hippocampal coro-
nal sections (4-um thick) were cut from the paraffin-embed-
ded brain tissue. The sections were deparaffinized, hydrated, 

and boiled in citrate buffer under high pressure for antigen 
retrieval. Then, the sections were incubated with the primary 
antibodies at 4°C overnight and incubated with the secondary 
antibodies at 37°C for 1 h. The primary antibodies used were 
mouse anti-TSG101 (1: 200, Abcam), rabbit anti-HSP70 (1: 200, 
Abcam), and mouse anti-CD63 (1: 200, Abcam). The sections 
were then incubated with an Alexa Fluor 488-conjugated goat 
anti-rabbit antibody (1: 1000, Invitrogen) and an Alexa Fluor 
594-conjugated goat anti-mouse antibody (1: 1000, Invitrogen). 
Immunofluorescence was captured using an Olympus DP73 
microscope and manually assessed using ImageJ software by 
a researcher blinded to the identity of groups.

Nanoparticle Tracking Analysis (NTA)

To detect particle size, we performed NTA with a NanoSight 
3.2 Dev Build 3.2.16 instrument equipped with NTA 3.2 ana-
lytical software. The exosomal suspension was isolated and 
purified from each group of brain tissues. All samples were 
diluted with pure water at a 1: 100 dilution and were detect-
ed in triplicate. The particle size distribution in a typical ex-
periment was as follows: D10, 58.4 nm; D50, 117.3 nm; and 
D90, 211.2 nm.

Ceramide Analysis

For ceramide analysis, lipids were extracted from brain tis-
sues using the Folch extraction method with 2: 1 chloroform: 
methanol, and thin-layer chromatography (TLC) was used to 
detect ceramide release [21]. After being dried in a nitrogen 
atmosphere, the lipids extracted from brain tissues were then 
resolubilized with 1: 1 chloroform: methanol. The TLC plates 
were loaded for normalization of lipid levels to protein or cho-
lesterol levels as indicated, developed using chloroform: meth-
anol: glacial acetic acid (95: 4.5: 0.5), and visualized by char-
ring with 3% cupric acetate (w/v) in 8% phosphoric acid (v/v).

Statistical Analysis

The results were graphed in GraphPad Prism and are present-
ed as the mean±SD. The unpaired t test and one-way ANOVA 
with Bonferroni post-test were applied for comparisons be-
tween 2 groups and multiple groups, respectively. Statistical 
significance was indicated by * P<0.05 and ** P<0.01.

Results

Short-Term High-Intensity Exercise Altered Level of EVs in 
the Brain

Immunofluorescence staining of the brain tissues was used 
to investigate the effect of short-term exercise on EV release 
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in the hippocampus and their colocalization with Tuj1+ neu-
rons. The expression of HSC70 and TSG101, which are selective 
exosome markers [21], were detected in neuronal exosomes 
in this study. Specifically, there were significant differences 
in the proportions of TSG101+Tuj1+ cells and HSC70+Tuj1+ 
cells among total Tuj1+ cells in the hippocampus between the 
non-exercise group and the group assessed immediately af-
ter exercise (TSG101: 282.4±98.0 vs 100±9.4, P<0.01; HSC70: 
215.4±65.5 vs 100±11.4, P<0.05) (Figure 1). These results sug-
gest that there were more EVs in the hippocampus neurons 
immediately after exercise than before exercise.

Short-Term High-Intensity Exercise Significantly Influenced 
Release of Serum EVs in C57BL/6 Mice

To investigate the relationship between high-intensity exer-
cise and the release of EVs in the serum, mice in the exercise 
group performed incremental treadmill exercise for 30 min. 
After EVs were purified from peripheral blood serum, western 
blot was used to analyze EV markers TSG101, CD63, and HSC70 
expression (Figure 2A). The protein bands revealed that the 
levels of HSC70 rapidly increased just after high-intensity ex-
ercise (0 min) (144.4±25.0 vs 100±14.4, P<0.01) and quickly re-
turned to the original level after exercise (90 min) (111.5±13.0 
vs 100±14.4, P>0.05) (Figure 2D). In contrast, there were no 
significant differences in the levels of TSG101 or CD63 before 
and after exercise (TSG101 117.0±17.4 vs 100±12.0; CD63 
103.7±14.6 vs 100±27.9; p>0.05) (Figure 2B, 2C).

Short-Term High-Intensity Exercise Increased Release of 
EVs in Brain Tissue of C57BL/6 Mice

To investigate the relationship between high-intensity exer-
cise and the release of EVs in the brain, mice in the exercise 
group performed incremental treadmill exercise for 30 min. We 
collected brain tissue from mice before exercise, immediate-
ly after exercise (0 min), and 90 min after exercise (90 min), 
and analyzed EV secretion by western blot (Figure 3A-3D). 
Western blot analysis of EV proteins confirmed that the re-
lease of EVs immediately after exercise at 0 min was signifi-
cantly greater than that before exercise. Moreover, the effect 
of short-term and high-intensity exercise was more evident 
in HSC70- and TSG101-positive vesicles (HSC70 124.3±13.3 
vs 100±3.5; TSG101 152.7±21.1 vs 100±17.5; P<0.05), where-
as there was no significant change in CD63-positive vesicles 
after exercise (102.8±6.2 vs 100±21.4; P>0.05). Western blot 
analysis also revealed that the levels of TSG101 and HSC70 al-
most returned to baseline levels 90 min after exercise (HSC70: 
106.7±11.1 vs 100±3.5; TSG101: 123.3±17.7 vs 100±17.5; 
P>0.05) (Figure 3A-3D).

Furthermore, EV secretion from mice before exercise, imme-
diately after exercise (0 min), and 90 min after exercise (90 

min) was further confirmed by NTA. The concentration of EVs 
(×108 particles/ml) at 0 min was higher than that before exer-
cise (13.2±7.2 vs 2.9±2.1, P<0.01) and had returned to base-
line levels at 90 min after exercise (2.2±0.7 vs 2.9±2.1; P>0.05) 
(Figure 3E), while the mean diameter of EVs showed no sig-
nificant change before and after exercise (150±42.2 nm vs 
148±22.4 nm; P>0.05) (Figure 3F).

Short-Term High-Intensity Exercise Significantly Influenced 
Release of Ceramide in Brain Tissues of C57BL/6 Mice

To determine whether exosome secretion is dependent on ce-
ramide synthesis, we measured ceramide secretion in brain tis-
sues by TLC (Figure 4A). The results showed that the release of 
ceramide at 0 min after short-term high-intensity exercise was 
significantly greater than that before exercise (150.4±15.0 vs 
100±4.4, P<0.05) and almost returned to baseline levels at 90 
min after exercise (122.8±12.2 vs 100±4.4; P>0.05) (Figure 4B).

Discussion

In our study, we delineated the relationship between short-
term high-intensity exercise and the secretion of EVs into se-
rum and brain tissue. These interesting findings demonstrate 
that aerobic exercise increases the release of EVs into periph-
eral circulation [13,22]. Accordingly, we found that the con-
centration of EVs immediately after exercise was higher than 
that found in animals in the non-exercise group.

Physical exercise is well established as a non-pharmacologi-
cal method to improve human health [22]. Short-term high-
intensity exercise, which is characterized by short periods of 
intense activity, is a highly effective method of enhancing met-
abolic function and aerobic capacity. Importantly, short-term 
high-intensity exercise has been shown to be more efficacious 
than moderate endurance exercise [23]. The purpose of this 
study was to explore whether there is a change in the release 
of EVs at 0 min and 90 min after short-term high-intensity ex-
ercise. In our study, EVs were generally cleared during the ear-
ly recovery period within 90 min after exercise, which is con-
sistent with a previous study by Frühbeis et al, who showed 
that EVs are rapidly released after exercise in humans [13]. In 
another study, Karine Bertoldi et al showed that exercise has 
prolonged effects on EVs 18 h after the last exercise session 
in young adult and aged Wistar rats [12].

Many cells secrete EVs under psychological and pathological 
conditions [24]. EVs are mainly derived from multivesicular 
bodies formed by intracellular lysosomal microparticles and 
are released into the extracellular matrix through fusion of the 
outer membrane of the multivesicles with the cell membrane. 
Among 4000 different types of proteins identified from purified 
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exosomes, the most common proteins are tetraspanins (CD63, 
CD81, and CD9), HSP 70, and TSG101 [24]. We then examined 
the expression of the EV biomarkers HSC70, TSG101, and CD63 
and found that the levels of HSC70 and TSG101 were clearly 
increased after short-term high-intensity exercise. However, 
the levels of CD63 responded differently to this exercise pro-
cedure. CD63 levels did not show an obvious increase imme-
diately after exercise, which is in contrast to a previous report 
showing that exercise has transitory and delayed effects on se-
rum CD63 levels in young adult and aged Wistar rats [12]. We 
hypothesized that the different exercise protocols or sources 
of EVs may contribute to these differences in results. CD63 is 

derived from platelets and basophils under physiological con-
ditions and plays a role in the activation of platelets and im-
mune reactions. However, HSC70 and TSG101 both exert an 
effect on the transport of proteins [25]. Together, our results 
suggest that short-term high-intensity exercise increases the 
release of EVs into circulation. Moreover, HSC70-positive EVs 
are more prevalent immediately after short-term high-inten-
sity exercise. Studies have indicated that HSC70 is a reliable 
marker of the acute stress response and that its presence in 
circulation increases in response to exercise [13]. Exercise-
induced elevation of cardiac HSC70 levels can induce cardio-
protection in rats subjected to ischemia and reperfusion (I/R) 
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Figure 1.  Short-term high-intensity exercise increased the levels of EV markers in the mouse hippocampus. (A) A paraffin section of 
mouse hippocampus obtained immediately after exercise is co-stained with anti-TSG101 and anti-Tuj1; Scale bar: 50 μm. 
(B) Mice in the exercise group show higher hippocampal neuron levels of TSG101 compared with the non-exercise group; 
n=8/group. Data are expressed as the mean±SD; ** p<0.01 using the t test. (C) A paraffin section of the hippocampus from 
mice after exercise was co-stained using anti-HSC70 and anti-Tuj1; Scale bar: 50 μm. (D) Mice in the exercise group showed 
higher hippocampal neuron levels of HSC70 compared with the non-exercise group; n=8/group. Data are the mean±SD; 
* p<0.05 using the t test.
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injury [26,27]. Internal and external changes in the environ-
ment can impact the components and secretion of EVs. In vi-
tro experiments have shown that hypoxia affects the compo-
nents secreted in EVs, thereby promoting the repair of damaged 
tissues. Our results provide a new perspective on the mech-
anism of exercise intervention. EVs in circulation are closely 
associated with multiple systems during physical activity and 
may include stem cell-derived vesicles, platelet-derived ves-
icles, pro-coagulant EVs, and cardiovascular-associated vesi-
cles [21,28-30]. Further studies examining exercise-mediated 
EV release and EV-mediated signaling pathways may be use-
ful for exploring new avenues for chronic disease treatment 
and clinical diagnosis [6].

There is an explicit relationship between EVs and neurodegen-
erative diseases such as AD, Parkinson disease (PD), Huntington 
disease (HD), multiple sclerosis (MS), and amyotrophic lateral 
sclerosis (ALS). The release of APP and Ab, which is associat-
ed with AD, is related to exosomes [31-33]. Exosomal surface 
proteins such as PrPC can sequester aggregates of synapto-
toxic Ab [34,35]. The exosomal alpha-synuclein level in the 

cerebrospinal fluid may be a useful diagnostic marker for PD. 
Cerebrospinal fluid exosomes in PD patients contain a-synu-
clein, a pathogenic species that can cause soluble a-synuclein 
oligomerization and induce PD symptoms [36]. In an in vitro 
HD model, exosomes released from adipose-derived stem cells 
were shown to downregulate the expression of apoptotic pro-
teins and suppress cell apoptosis and mitochondrial dysfunc-
tion, thus decreasing the number of HTT aggregates in R6/2 
mouse-derived neuronal cells [37]. In MS patients, platelet-
derived MVs associated with endothelial-derived MVs can in-
crease endothelial layer permeability, indicating that EVs are 
involved in BBB disruption [38-40]. Exosome secretion enhanc-
es the neuronal clearance ability of pathological TDP-43 [41]. 
Incubation with the cerebrospinal fluid of ALS-FTD patients in-
creases the number of exosomes in cultured U251 cells at dif-
ferent stages, resulting in TDP-43 aggregate propagation [42].

Different mechanisms are utilized to sort specific molecules into 
exosomes. The sorting mechanisms include ESCRT-dependent, 
lipid-dependent, and specific mechanisms involving the load-
ing of RNA into exosomes [43]. As some positive exosome 
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Figure 2.  Short-term high-intensity exercise increased the levels of EV biomarkers in the mouse serum. (A) Western blot shows the 
indicated biomarkers in serum from mice sacrificed before exercise (control), immediately after exercise (0 min) and 90 min 
after exercise (90 min). (B) The serum level of TSG101 showed no significant increase (P>0.05). (C) The serum level of CD63 
showed no apparent changes (P>0.05). (D) The HSC70 level was markedly higher after exercise than before exercise (p<0.01); 
n=8/group. Data are expressed as the mean±SD; * P<0.05, ** P<0.01 using one-way ANOVA with the Bonferroni post-test.
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Figure 3.  Short-term high-intensity exercise increased the levels of EV biomarkers in the mouse brain. (A) Western blot shows 
immunoreactivity for TSG101, HSC70 and CD63 from mice sacrificed before exercise (control), immediately after exercise 
(0 min) and 90 min after exercise (90 min). (B) The TSG101 level showed a significant increase after exercise (p<0.01) and 
almost returned to baseline within 90 min (P<0.05). (C) The level of CD63 in brain tissue showed no significant changes 
(P>0.05). (D) The HSC70 level was higher after exercise than before exercise (P<0.01) and almost returned to baseline within 
90 min (P<0.05). (E, F) NTA of EVs from the brain tissues of mice sacrificed before exercise (control), immediately after 
exercise (0 min) and 90 min after exercise (90 min) is shown. The concentration of EVs (E) and the mean diameter of EVs 
(F) in the brain tissues were determined; n=8/group. Data are expressed as the mean±SD, ** P<0.01 using one-way ANOVA 
with the Bonferroni post-test.
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secretion is dependent on ceramide, we measured ceramide 
secretion in this study and found that the levels of ceramide 
were clearly increased after short-term high-intensity exercise. 
Several studies have assessed the role of ceramide in exosome 
release [15,17]. Inhibition of neutral SMase was shown to de-
crease exosome secretion [17]. These studies clearly indicate 
that the production of ceramide through complex sphingo-
lipids hydrolysis stimulates exosome formation and release. 
Ceramides promote endosome budding by inducing sepa-
ration of lateral phase and spontaneous curvature of mem-
branes [15]. Based on these data, we propose that short-term 
high-intensity exercise stimulates the release of EVs from the 
cell through increasing ceramide synthesis.

The functional ability and integrity of nerves require the inter-
active exchange of information among motor neurons, neu-
rons, and glial cells [44]. The secretion of EVs into the extra-
cellular environment can result in changes in the physiological 
or pathological processes of the recipient cells [45]. In addi-
tion, EVs also carry biomolecules associated with their source 
cells, which facilitate their recognition, stimulate signal cas-
cades by interacting with receptors, interact with specific tar-
get cells, and participate in intercellular communication [7]. 
Short-term high-intensity exercise increases the activity of neu-
rons, which can lead to EV secretion or promote the transfer 
of EVs, thereby elevating the level of EVs in the brain. Several 
studies suggest that EVs are involved in the mutual signaling 
between myelin glial cells and neurons to promote neuronal 
survival, the immune response, synaptic assembly, and plas-
ticity mediated by microglia [46]. The systemic benefits of ex-
ercise may be regulated by EVs in an autocrine, paracrine, or 
endocrine manner. In response to exercise, the concentration 
of EVs in the circulation may increase. Previous studies also 
illustrate that EVs are able to cross the BBB [47]. Each cell can 

produce EVs to communicate between cells across short or 
long distances. The interactions between EVs and endothelial 
cells mediated by surface markers allow EVs to cross the BBB, 
indicating that EVs allow NVU cells to respond to a variety of 
environmental stimuli [10]. Further understanding of the mo-
lecular mechanism underlying the effect of physical exercise 
may help promote exercise efficiency and provide new meth-
ods to treat related chronic diseases.

Conclusions

Our study indicates that short-term high-intensity exercise trig-
gers an increase in the total number of EVs in serum and brain 
tissue via the synthesis of ceramide. However, as the regula-
tory activity of elements during EV marker upregulation is un-
certain, more light needs to be shed on the specific receptors 
involved in EV transport as well as the interaction of EVs with 
target cells or tissues. Further understanding of this response 
may lead to the development of new strategies for the treat-
ment and diagnosis of diseases affecting multiple systems.
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Figure 4.  Short-term high-intensity exercise increase ceramide levels in the mouse brain. (A) Ceramide levels in the brain tissues 
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shown. Lipids were isolated and separated by TLC. (B) Quantification of ceramide levels as shown in A. n=8/group. Data are 
expressed as the mean±SD, * P<0.05 using one-way ANOVA with the Bonferroni post-test.
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