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Introduction: Cellular nanovesicles (CNVs), that are shed from cells, have been recognized
as promising indicators of health status. We analyzed the effect of long-distance running on
concentration of CNVs, along with some standard blood parameters, in 27 athletes two days
before and >15 hours after physical effort.

Methods: CNVs were isolated by repetitive centrifugation and washing of samples, and
assessed by flow cytometry. Cholinesterase (ChE) and glutathione S-transferase (GST)
activity were measured spectrophotometrically. Interleukin 6 (IL-6) and tumor necrosis
factor-a (TNF-a) concentrations were measured using enzyme-linked immunosorbent assay
(ELISA). C-reactive protein (CRP) was measured with immunoturbidimetric determination
and lipidogram parameters were measured by enzymatic colorimetric assay. Flow cytometry
was used for blood cell count and mean platelet volume (MPV) measurement.

Results: More than 15 hours after physical effort a decrease was found in CNVs’ concen-
tration in isolates from blood (46%; p<0.05), in ChE activity in whole blood (47%; p<0.001),
in plasma (34%; p<0.01), and in erythrocyte suspension (54%; p<0.001), as well as in GST
activity in erythrocyte suspension (16%; p<0.01) and in IL-6 concentration in plasma (63%;
p<0.05). We found no change in GST activity in plasma and in TNF-o concentration in
plasma. Correlations (>0.8; p<0.001) between CNVs’ concentration and ChE activity, and
GST activity, respectively, in erythrocyte suspension were found.

Conclusion: We found that >15 hours post-physical effort, CNVs’ concentration was below
the initial value, concomitant with other measured parameters: ChE and GST activity as well
as IL-6 concentration, indicating a favorable effect of physical effort on health status. CNVs’
concentration and ChE activity in isolates from peripheral blood proved to have potential as
indicators of the response of the human body to inflammation after physical effort. Physical
activity should be considered as an important factor in preparation of subjects for blood
sampling in procedures focusing on CNV-containing diagnostic and therapeutic compounds.
Keywords: membrane vesiculation, physical effort, blood samples, inflammation process,

cellular nanovesicles, marathon

Introduction

Regular physical effort offers protection against all-cause mortality, elevates the
metabolic rate and increases oxygen consumption by the entire body, particularly by
locomotive muscles, which evokes acute stress response with consequent triggering
of instant changes in physiological parameters and in homeostatic processes in the

1 . . . .
human body.” Due to stress and immune response mechanisms during exercise,
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several tissues release molecules into the blood stream,
with the aim to mediate stress-related effects throughout
the whole body.> There is evidence that acute physical
effort involves changes in nerve conduction signals,® oxi-
dative stress” and inflammatory processes.”® Regular phy-
sical effort, especially aerobic exercise, reduces morbidity
and mortality and results in adaptation of endocrine, car-
diovascular and immune systems to oxidative stress and
inflammation caused by physical effort.”

Under the term “Cellular Nanovesicles” (CNVs) we
mean sub-micron sized membrane-enclosed fragments that
can be found in isolates (in this work, we consider isolates
from blood). A related term “Extracellular vesicles (EVs)” is
defined as a “generic term for particles naturally released
from the cell that are delimited by a lipid bilayer and cannot
replicate”.® The difference between the two terms is in the
definition of the system and in the suggested origin of the
particles. Namely, “CNVs” that pertain to isolates also
include particles that are potentially formed during the pro-
cessing of samples. CNVs more realistically interpret the
particles in the isolates, since the samples are subjected to
procedures and conditions that likely cause cell fragmenta-
tion and fragment remodeling. “EVs” pertain to in vivo
systems, which can however not be directly observed without
affecting the system. EVs can be regarded as a subset of
CNVs (ie, EVs are those CNVs that are shed by the cells in
the surroundings and their identity remains unchanged dur-
ing the harvesting). As there is to our knowledge no method
that could prove the mechanism of formation of particles in
the isolates solely by analyzing the isolates, we think that
“CNVs” is an appropriate term when addressing the isolates
while “EVs” is an appropriate term when addressing the
suggested in vivo mechanisms. CNVs were hitherto isolated
from different body fluids and visualized by electron
microscopy.>*

It was suggested that EVs are formed in the final stage
of membrane budding'® by pinching off of the buds from
the cell membranes and that they present an intercellular
communication system within the body.'''? EVs dis-
charged into the circulation could assist with disposal of
cellular waste products generated under stress conditions
and help the cells to preserve homeostasis.'* EV formation
by cells is considered a physiological process'* that can be
accelerated by oxidative stress'> and by inflammatory
EVs
microvascular,'® skeletal muscle and systemic'* adaptation

process.® may have an important role in

to physical effort.

Previous observations indicated an increased concen-
tration of CNVs in body fluid isolates during physical
effort, immediately after physical effort and also after up
to four hours of rest.”*'> An increased concentration of
CNVs in isolates may be connected to the release of heat
shock proteins, which provoke acute stress response of the
body during exercise.'*> Most of CNVs found in blood
isolates during physical effort contain receptors character-
istic of endothelial cells and blood cells, in particular,
activated platelets.'” Increase in concentration of platelet-
origin-CNVs has been previously observed after acute
aerobic exercise.”'® The mechanisms leading to this effect
are not fully understood.

Physical effort also enhances other physiological state-
related parameters that reflect inflammation and stress
response of the human body,' such as cholinesterase
(ChE)® and glutathione S-transferase (GST) activity4 and
concentrations of cytokines®”® and C-reactive protein
(CRP)’ in blood samples. It was found that two types of
ChE, acetylcholinesterase (AChE) and butyrylcholinester-
ase (BuChE), may enhance inflammation with inactivation
of neurotransmitter acetylcholine (ACh) that is believed to
modulate immune and anti-inflammatory response via the
cholinergic system; a key factor in the anti-inflammatory
cholinergic pathway is supposed to be oxidative stress.”'
Some researchers found that ChE activity in blood samples
is influenced by physical effort,* yet others found no effect
in athletes. It was suggested that decrease in erythrocyte
suspension AChE activity may reflect an increased response
of the human body to oxidative stress which was associated
with increased metabolism due to prolonged physical
exercise.”’ GSTs are a family of antioxidant enzymes that
act in antioxidant defense, help in decreasing reactive oxy-
gen species and in protecting cells from oxidative stress.?*
Erythrocyte suspension GST activity has been proposed as
a potential marker for oxidative stress.”> However, evidence
on GST in connection with physical effort is limited. On the
contrary, there is much evidence regarding the inflamma-
tory processes in physical effort. CRP is an acute phase
protein synthetized primarily in the liver, but also in kid-
neys, neurons, and bowel; its concentration in plasma is
connected to inflammatory processes and tissue damage.®
Interleukin-6 (IL-6) is a myokine, produced during aerobic
and resistance physical effort when muscles are under con-
traction; it acts as an inflammatory mediator.’ IL-6 is
involved in mediating the health-beneficial effects of exer-
cise and protects the human body against chronic diseases
both

such as diabetes and cardiovascular diseases,
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associated with low-grade inflammation.”® Tumor necrosis
factor-o (TNF-a)) was originally described as a circulating
factor that can cause necrosis of tumors but has since been
identified as a key regulator of the inflammatory response.’
Delayed release of cytokines following eccentric exercise
was found to be related to the repair of muscle damage and
the production of cytokines turned out to be greater with
endurance than with resistance exercise.”® Systemic or
acute-phase inflammation can be detected by monitoring
CRP production, stimulated by cytokines IL-6 and TNF-q,
indicators of local inflammatory response.*® It was found
that after strenuous exercise, transient short-term increase
in plasma CRP occurs; on the other hand, chronic physical
effort provokes multiple mechanisms that reduce resting
CRP circulating concentrations.”

It is acknowledged that isolates are sensitive to proces-
sing procedures (blood sampling, handling the samples,
external parameters such as temperature, and time course
of experiments) and to the donor status.?’ Physical effort is
expected to influence the release of CNVs. >’ '* Overnight
fasting before blood collection in the morning, avoidance
of strenuous physical effort the day before sampling and
advice against using anti-inflammatory products are pre-
sently the guidance given to the blood donors.?’ However,
the underlying mechanisms are not completely understood.

Lipidogram parameters and blood cell parameters are
of interest due to possible interference with concentration
of CNVs isolated from peripheral blood and possible risk
for thromboembolism. It has been previously shown that
the concentration of CNVs in peripheral blood correlates
with total blood cholesterol and the prandial state of the
individual.** As reported by Brahmer et al (2019),% blood
cell count of erythrocyte suspensions, platelets and leuko-
cytes as well as concentration of lipoproteins, including
high density lipoproteins (HDL), low density lipoproteins
(LDH) and triglycerides (TGL) are also connected with the
concentration of CNVs in isolates from blood. Mean pla-
telet volume (MPV) is considered to be a marker of plate-
let alctivaltion,31 which is also connected to vesiculation of
platelets.*

In the study presented here we studied possible change
of CNV concentration in isolates from peripheral blood
samples and concomitant change of some physiological
state-related blood parameters that reflect response to
inflammation and stress (ChE and GST activity, IL-6 and
TNF-0 concentrations) as well as some standard blood
parameters. We compared these quantities two days before
and >15 hours after long-distance running. We discussed

the applicability of CNVs concentration and ChE activity
as indicators of the response of the human body to inflam-
mation after physical effort. Understanding these mechan-
isms and using the knowledge in planning of physical
activities will decrease risk for adverse effects of physical
effort and improve physical performance in various fields,
including recreational and competitive sport. Also, under-
standing the effects of physical activity on the assessment
of CNVs in isolates will improve the repeatability and
accuracy of CNV-based diagnostic and therapeutic meth-
ods by instructing the blood donors how to prepare for
blood sampling.

Materials and Methods
Participants

We included 27 volunteers (15 females, 12 males) in the
study, aged from 24 to 62 years, with a mean age of 36
(9.6) years who participated in 20th Ljubljana Marathon.
All participants gave written consent and the study was
conducted according to the rules of The Declaration of
Helsinki and has been approved by Republic of Slovenia
National Medical Ethics Committee, (approval number:
82/07/14). All participants were informed about the pur-
pose of the study. All participants were declared healthy,
with one participant being a type 1 diabetic. All partici-
pants ran a distance of at least 10 km (14 of them ran
21 km, 4 ran a full 42 km marathon, one of whom stopped
at 34 km).

Blood Sampling

Blood was collected twice: first, two days before the
marathon, when all of the participants were pre-prandial
for at least 8 hours (mean 11.3 hours), and second >15 and
<22 hours after the marathon, when the participants were
pre-prandial for at least 10 hours (mean 11.1 hours).
Whole blood samples were collected by medial cubital
vein puncture using a 21-gauge needle (length 70 mm,
inner radius 0.4 mm, Microlance®, Becton Dickinson,
Franklin Lakes, NJ, USA) and stored in four 2.7 mL
vacutubes, thermostated at 37°C before the blood sam-
pling. Vacutubes for CNVs, GST, ChE, IL-6 and TNF-a
assessment contained 270 pL trisodium citrate (0.109 mol/
L) as an anticoagulant. For further hemogram analysis
Ethylenediaminetetraacetic acid (EDTA) was used as an
anticoagulant and for biochemical analysis, no anticoagu-
lant was added.
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Preparation of Samples

After the blood collection, vacutubes were gently mixed
by inverting. The samples were processed immediately
when all the sampling within the given group was com-
pleted. No sample waited more than half an hour. While
waiting, the samples were kept in thermoblocks at 37°C.
From vacutube with trisodium citrate, 100 puL of the blood
sample was dispensed into Eppendorf tube for whole
blood ChE activity analysis. Remainder of the sample
and sample from other vacutube with trisodium citrate
were combined in a 15 mL Falcon tube (to yield app.
8 mL of whole blood) for each donor. The samples were
then centrifuged for 20 min at 1550x g and 37°C. After the
centrifugation, the pellet contained a great majority of
erythrocytes and the supernatant consisted of platelet
poor plasma, with a fuzzy layer of white cells between
them. Pellet was used for erythrocyte suspension ChE and
GST activity analysis. The supernatant was divided in the
following manner: top 250 pL for CNV analysis, 250 pL
for GST and ChE activity analysis, and 100 pL for inflam-
mation factor analysis.

Isolation from Blood Plasma and
Assessment of CNVs

CNV isolation from platelet poor plasma was prepared
according to a protocol that was previously elaborated as
regards blood sampling,* visualization of the isolate®* and
variation of temperature.’® It was found that this method
yields in the isolates the particles that comply with theoreti-
cally obtained shapes corresponding to the minimum of the
membrane free energy.>* Also, it was found that a large pool
of the particles was formed in the process of isolation, how-
ever, the numbers of CNVs in the isolates reflect the proper-
ties of blood cells and plasma and are therefore clinically
relevant.®® For details regarding the identity of the particles
in the isolates obtained by the method also used in this work
please see references 33 and 35. To isolate CNVs, plasma
was pipetted into 1.5 mL Eppendorf tubes and centrifuged at
17,570x g and 37°C for 5 minutes. The top 225 pL of
supernatant was removed and replenished with PBS-citrate
buffer. After the second centrifugation 210 pL of supernatant
was removed, and the tube was replenished with 60 uL. PBS-
citrate buffer to yield the isolate.

The isolate was assessed by flow cytometry as described
in detail in references 33 and 35. The sample was vortexed
at 1200x g for 10 seconds, then 100 pL of the sample was
pipetted into the measuring chamber of a MACS Quant flow

cytometer (Miltenyi Biotec GmbH, Bergisch-G Ladbach,
Germany) with 405 nm, 488 nm, and 640 nm air-cooled
lasers. Flow cytometer was calibrated using the
MACSQuant Calibration Beads, 2 pym and 3 pm in size.
The presence of CNVs and residual cells was determined
within the forward scatter parameters and side scatter para-
(FFC and SSC axes on the
respectively).*® To adjust the channels and set the gate,

meters scatterplot,
460 nm beads were used as a reference to the CNVs in the
plasma sample. For all channel settings, the hyper log (hlog)
settings were selected. The threshold or trigger on side
scatter parameters (SSC) was set to 4 and secondary trigger
was shut off. Events in buffer (PBS citrate) were measured
and excluded as the background. The result of the measure-
ment corresponding to CNVs was the total number of
detectable particles in the plasma sample per pL. A typical
scatter plot before and after marathon (as obtained by this
method) is shown in Figure 1 (Panels A and B, respec-
tively). At least 10,000 events were recorded for each sam-
ple. MACSQuantifyT v. 2.4 software (Miltenyi Biotec
GmbH, Bergisch-Gladbach, Germany), was used for data
acquisition and results analysis. The results were expressed
in number of CNVs/mL of plasma — CNVs concentration.

Isolates of CNVs were visualized by scanning electron
microscopy (SEM).****  Samples were fixed, gold-
sputtered and observed by the JEOL JSM-6500F scanning
electron microscope (JEOL, Japan). A typical image of the
isolate is shown in Figure 2. The shapes of the particles
have characteristics of membrane-enclosed particles with-
out internal structure — membrane-enclosed vesicles.*
Immunolabeling showed that the CNVs obtained by this
method carry receptors that are found in membranes of
endothelial cells, platelets, and erythrocytes.>

Glutathione S-Transferases (GST) Activity

Assessment

GST activity in red blood cells and plasma was measured
using the method previously described by Mannervik.?’
Red blood cells were diluted 1:300 in PBS (pH=6,5) with
0.1% Triton X-100 and plasma samples were used undi-
luted. 70 pL samples were transferred to a 96-well micro-
titer plate and 180 pL of reaction mixture was added. The
reaction mixture consisted of 1 mM ethylenediaminete-
traacetic acid (EDTA) in PBS (pH 6.5), 1 mM glutathione
(GSH), and 1 mM 1-chloro-2,4-dinitrobenzene (CDNB).
Formation of the CDNB-GSH conjugate was measured
spectrophotometrically at room temperature by monitoring
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Figure | Gating strategy for the analysis of CNVs by FCM. 2D-plot of typical CNV isolates, prepared from blood plasma of a donor before (A) and after (B) the marathon.
Gating of the CNVs and residual cells (RCs) was as indicated. The total number of events in the CNVs gate were taken.
Abbreviations: CNVs, cellular nano vesicles; RCs, residual cells; FCM, Flow Cytometry; FSC, forward scatter; SSC, side scatter.

Figure 2 Scanning electron micrograph of a typical isolate of CNVs from the blood
plasma sample with characteristic shapes of particles without internal structures
including spheres, tubules (black arrows), and tori (white arrows). No residual cells
are observed in the figure.

the change in absorbance at 340 nm every minute over
a period of 12 minutes (BioTek, Cytation 3, Bad
Friedrichshall, Germany). Each sample was assayed in
quadruplicate. The rate of change in absorbance recorded
for the blank (0.1% Triton X-100 in PBS) was subtracted
from the sample rates to avoid interference from non-
enzymatic conjugation. The results were expressed in
mM/min/mL of sample.

Tumor Necrosis Factor-o (TNF-a) and

Interleukin-6 (IL-6) Assessment
TNF-a and IL-6 concentrations were measured in 100 pL
previously diluted (1:5 with PBS buffer) blood plasma

samples. For TNF-o measurements, TNF alpha Human
Uncoated ELISA Kit with Plates was used (catalog num-
ber #88-7346-76, ThermoFisher Scientific). For IL-6 mea-
surements in plasma samples, IL-6 Human Uncoated
ELISA Kit with Plates was used (catalog number #88-
7066-76, ThermoFisher Scientific). The results were
expressed in pg/mL of sample.

Cholinesterase (ChE) Activity

Assessment

The following samples: whole blood, red blood cells, and
plasma, were evaluated for ChE activity following
Ellman’s method.*® Briefly, the obtained samples of
whole blood, erythrocyte suspensions, and plasma were
diluted 1:300 in potassium phosphate buffer (P-P buffer)
(100 mM, pH 8.0) with low detergent content (0.01%
Triton X-100). 100 uL of the dilution was transferred
into a 96-well microtiter plate with 100 pL of 1 mM
substrate acetylthiocholine chloride in Ellman’s reagent
(5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB) in 250 mM
P-P buffer, pH 7.4). Absorbance values were measured at
420 nm using a spectrophotometer (BioTek, Cytation 3,
Bad Friedrichshall, Germany) for 30 cycles (at 2-minute
intervals, for 60 minutes). All measurements were per-
formed at room temperature in quadruplicate. The rate of
change in absorbance recorded for blanks (0.01% Triton
X-100 in 100 mM P-P buffer) was subtracted from the
sample rates to avoid interference from non-enzymatic
reactions. The results were expressed in mM/min/mL of
sample.

International Journal of Nanomedicine 2021:16

submit your manuscript

447

Dove


http://www.dovepress.com
http://www.dovepress.com

Jan et al

Dove

Assessment of the Standard Blood
Hematological and Biochemical

Parameters

Laboratory blood sample analysis was performed for the
following hematological parameters: blood cell counts for
erythrocytes, platelets, leukocytes, MPV and the following
biochemical parameters: lipidogram - cholesterol, HDL-
LDL-cholesterol, and CRP.
Laboratory blood sample analyses were performed at the

cholesterol, triglycerides
Adria Lab d.o.o. Diagnostic Laboratory in Ljubljana,
Slovenia. The concentrations of total cholesterol, HDL-
cholesterol, LDL-cholesterol, and triglycerides were mea-
sured by enzymatic colorimetric assays on a Roche/Hitachi
Cobas™ 6000 system (Roche Diagnostic GmbH, Mannheim,
Germany). MPV, erythrocyte and platelet counts were mea-
sured with flow cytometric light scattering and myeloperox-
idase activity light scattering was used for measuring
leukocytes count on Advia® 2120i Hematology System
Healthcare GmbH, Erlangen,
Immunoturbidimetric method was used for CRP measure-
ment on AU680 (Beckman Coulter, Inc., Brea, California).

(Siemens Germany).

Statistical Analysis

Data are presented as means (standard deviations) while
differences are expressed as the percentage of decreased or
increased values after physical effort in comparison to
values before physical effort. Differences were compared
by Student’s #-test for dependent samples. The correspond-
ing probability was calculated by using Excel v. 16.35
(Microsoft, Washington) software. Pearson’s test was used
for calculating the correlation coefficients between variables.
The corresponding probability was calculated by using
GraphPad Prism v. 8.4.1 (GraphPad Software, California).
All tests were two-tailed, and values of p<0.05 were con-
sidered statistically significant.

Results

Decrease of Measured Parameters After
More Than |5 Hours of Recovery from
Physical Effort

On both sampling days (two days before marathon and >15
hours after marathon), CNV concentration in isolates was
independent of gender and running distance (participants
ran 10, 21 or 42 km). The effect of physical effort (long-
distance running) on CNV concentration, GST activity in
erythrocyte suspension and plasma samples, concentration

of IL-6 and TNF-a in plasma samples and ChE activity in
erythrocyte suspension, whole blood and plasma samples,
are shown in Figure 1. Results >15 hours after the marathon
were compared with results two days before the marathon.
We found a decrease in ChE activity in whole blood (47%;
p<0.001), plasma (34%; p<0.01) and erythrocyte suspen-
sion (54%; p<0.001). We also found decrease in the con-
centration of CNVs in isolates (46%; p<0.05) and in GST
activity in erythrocyte suspension (16%; p<0.01). There
was no change in GST activity in plasma samples
(p=0.36). Plasma samples’ concentration of inflammatory
factor IL-6 statistically significantly decreased >15 hours
after the marathon (63%; p=0.04) but TNF-o did not
(p=0.60).

Correlation Between Measured
Parameters After the Effort

CNV concentration in isolates correlated with ChE activity in
whole blood (r=0.821; p<0.001), with ChE activity in ery-
throcyte suspension (r=0.820; p<0.001) and with ChE activ-
ity in plasma (r=0.823; p<0.001). Also, CNV concentration
in isolates correlated with GST activity in erythrocyte sus-
pension (r=0.824; p<0.001). All measurements before and
after the effort were taken into account in these correlations.
We found positive correlation between CNVs concentration
after the physical effort and MPV (1=0.46; p<0.05). CRP
concentration after the running correlated with the running
distance (r=0.56; p<0.01). There were no correlations
between CNV concentration in isolates and other hematolo-
gical parameters (blood cell counts for erythrocyte suspen-
sions, platelets, leukocytes and CRP concentration) and
biochemical parameters (lipidogram - cholesterol, HDL-
cholesterol, LDL-cholesterol and triglycerides) (Table 1).

Hematological and Biochemical

Parameters

More than 15 hours after physical effort the average values
of lipidogram parameters (cholesterol, lipoproteins HDL-
cholesterol, LDL-cholesterol and triglycerides) and of
blood cell counts (erythrocytes, platelets, and leukocytes)
were all within the normal range for healthy individuals
(Table 2). The average value of CRP was elevated; how-
ever, the increase was not statistically significant (p=0.050).

Discussion
With this study we provide experimental evidence that >15
hours after physical effort, the concentration of CNVs in
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Table 2 Average Values of Lipidogram Parameters and Blood Cell Counts in Blood Samples Taken More Than |5 Hours After Physical

Effort
Variables Study Data Reference Value I-p value
N (number of samples) 27 (M: 12, F: 15)
CRP [mg/L] 7.3 59 <5 050
Cholesterol [mmol/L] 5.1 £1.0 4.0-5.2 0.526
HDL-cholesterol [mmol/L] M: 1.5 £0.2 M>14 M: 0.653
F: 1.8 £0.3 F>I1.6 F: >0.990
LDL-cholesterol [mmol/L] 3.1 £0.8 2.0-35 >0.990
Triglycerides [mmol/L] 0.8 +0.3 0.6-1.7 >0.990
Erythrocytes [10'%/L] M: 5.0 0.3 M: 45-6.3 M: >0.990
F: 4.5 £0.3 F: 42-54 F: >0.990
Platelets [10°/L] 249.2 +44.7 140-340 >0.990
Leukocytes [107/L] 6.9 =14 4.0-10.0 >0.990

Notes: Study data are presented by the average value * standard deviation. p-values were calculated by the one-sample t-test.
Abbreviations: CRP, C reactive protein; HDL, high density lipoprotein; LDL, low density lipoprotein; M, male; F, female.

isolates from blood decreased concomitantly with activity
of ChE and GST, as well as with inflammatory factor IL-6
concentration in blood samples (Figure 3).

Our results show that after >15 hours of recovery, con-
centration of CNVs decreased below the basal concentra-
tion. Most of the previous studies reported increase in the
concentration of CNVs in blood isolates during or immedi-

26.9,13,17.18 r return of the con-

9,13,17,18

ately after physical effort
centration of CNVs to baseline after some hours.
Brahmer et al (2019)” observed 21 healthy male athletes
subjected to an incremental cycling test until exhaustion;
blood was drawn before, during, and immediately after the
test. They found that the concentration of CNVs in isolates
from blood increased during (with highest concentrations at
peak effort) and immediately after cycling exercise.
Frithbeis et al (2015)"® assessed CNVs released into the
circulation of 12 healthy individuals who were cycling
and running until exhaustion. The concentration of CNVs
was on average 1.5 (0.2) times higher immediately after
cycling compared to the concentration of CNVs before
cycling. However, already after 90 min of rest, concentra-
tion of CNVs returned to baseline values before cycling.
Further, follow-up in two participants showed that the
respective values measured 6 hours and one day after phy-
sical effort stayed at baseline. Wilhelm et al (2016)"7 col-
lected blood samples from 9 healthy young men before and
during heavy cycling exercise as well as one hour after the
recovery period. They followed CNVs by marking the

receptors characteristic for platelets and endothelial cells.
They found more than two-fold (p<0.05) increase in con-
centration of CNVs carrying receptors characteristic for
platelets and return to baseline after the one-hour recovery
period, whereas concentration of CNVs carrying receptors
characteristic for endothelial cells was on average
unchanged. Chaar et al (2011)° noticed app. 6% (p<0.05)
increase in concentration of CNVs carrying receptors char-
acteristic for platelets of seven individuals immediately
after strenuous exercise which persisted after a two-hour
recovery period. A study reported by Sossdorf et al (2016)'®
considered 16 trained and untrained individuals who per-
formed 90 minutes of cycling at 80% of their individual
anaerobic threshold. Blood samples were collected before,
immediately after, 45 minutes after, and two hours after
cycling. Before cycling no differences between trained
and untrained individuals were observed in the concentra-
tion of CNVs. After exercise, the concentration of CNVs
increased, being highest at 45 minutes and two hours in
trained and untrained individuals, respectively. While in
untrained subjects CNVs peaked after two hours of recov-
ery, in trained subjects Augustine et al (2014)° measured
concentration of CNVs in blood samples of 107 individuals
before, immediately after, and one hour after undergoing
dobutamine stress echocardiogram. Their analysis has
shown that in healthy participants, the concentration of
procoagulant CNVs carrying receptors characteristic for
erythrocytes, platelets and endothelial cells was found
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Figure 3 The effect of physical effort on concentration of microparticles and measured physiological state-related parameters in blood. (A) CNVs concentration in | mL
plasma samples two days before and >15 hours after physical effort. (B) Activity of ChE (n=24) (in mM/min/mL of sample) two days before and >15 hours after physical
effort in plasma, erythrocyte suspension and whole blood samples. (C) Activity of GST (n=24) (in mM/min/mL of sample) in plasma and erythrocyte suspension samples two
days before and >15 hours after physical effort. Scale on the left represents values of plasma GST activity and scale on the right represents values of erythrocyte suspension
GST activity. (D) Concentration of IL-6 and TNF-a (n=26) (in pg/mL of plasma) two days before and >15 hours after physical effort. Statistical differences before and after

physical effort at: * p<0.05, ** p<0.0l and *** p<0.001.

Abbreviations: CNVs, cellular nanovesicles; ChE, cholinesterase; GST, Glutathione S-transferase; TNF-a, tumor necrosis factor; IL-6 -interleukin 6.

elevated immediately after cardiac stress. After one hour of
rest, procoagulant and platelet CNVs returned to baseline,
erythrocyte-derived CNVs started to decrease and endothe-
lial cell-derived CNVs fell below the baseline. Except
Augustine et al (2014),” who reported a decreased concen-
tration of CNVs one hour after rest, most of the previous
studies described return of CNVs concentration to baseline
after rest.>®!*!7!8 However, the concentration of CNVs
was measured immediately after the physical effort or after
a shorter recovery period. In two individuals only," the
observation time was comparable to ours: in these two

participants, the concentration of CNVs measured one day
after the effort was found to be at baseline. Concentration of
CNVs depends on the duration of recovery period.
However, our study reports CNVs decrease after >15
hours recovery period, below the baseline. This indicates
a beneficial effect of long-distance running exercise. CNV
concentration >15 hours after rest decreased concomitantly
with other measured state-related parameters: erythrocyte
suspension GST activity, whole blood, plasma and erythro-
cyte suspension ChE activity and IL-6 plasma concentra-
tion. This indicates that CNV concentration measurements
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give us information about the response of the human body
to physiological stress and inflammatory process after phy-
sical effort.

It was suggested that EVs present in the circulation
might help cells to maintain hemostasis with assistance of
disposal of cellular waste products generated as a result of
physical effort; EVs, especially exosomes, released into
circulation, could have a role in regulating physiological
adaptation processes in response to physical activity and
therefore have beneficial health-protective effect.'® On the
other hand, increased concentration of CNVs in isolates
from blood was connected with increased risk for blood
clot formation in blood vessels and therefrom deriving
increased risk for thromboembolic events®® and also with
increased risk for other cardio-metabolic diseases, such as
Type 2 diabetes mellitus.*® Monitoring concentration of
CNVs is clinically relevant as it is indicated that it may be
informative in assessment of instantaneous risk for throm-

3940 and glucose tolerance.*’ Further

boembolic events
studies are needed to improve CNV isolation and assess-
ment methods and to link the measurements of CNVs in
isolates from blood to various pathologies.*

Erythrocyte suspension GST activity dropped below
the initial activity after >15 hours of rest. Erythrocyte
suspension GST has been proposed as a potential marker
for oxidative stress”> and CNV's formation is considered to
be provoked by oxidative stress.'® Similarly, Yarana et al
(2017)* suggested that during oxidative stress, oxidized
EVs as

a compensatory mechanism to remove them and to main-

proteins are formed, and cells release
tain homeostasis. Connection between GST activity in
erythrocyte suspension and concentration of CNVs in
blood isolates can indicate a decrease in oxidative stress
>15 hours after recovery period. Evelo et al (1992)* docu-
mented changes in erythrocyte suspension GST activity in
41 individuals who trained for 40 weeks to run a half
marathon race. They reported that the activity of erythro-
cyte suspension GST decreased one day after the marathon
and was restored four days later. Our results are consistent
with Evelo et al’s (1992),* indicating absence of oxidative
stress after >15 hours of rest.

After >15 hours of rest, ChE activity in blood, plasma
and erythrocyte suspension dropped below initial values,
concomitantly with decrease of CNVs concentration.
Connection between AChE activity in erythrocyte suspen-

sion and concentration of CNV was previously considered
42-46

extracellular medium during maturation of reticulocytes
into erythrocytes, was monitored.*® Reticulocytes get rid
of membrane proteins that they no longer need with release
of small vesicles - exosomes, enriched with AChE and this
phenomenon contributes to decrease of AChE from the
erythrocyte surface.*® Liao et al (2019)*” suggested that
ChE activity can be used as a marker for erythrocyte derived
CNVs. Duchnowicz et al (2018)* suggested that decrease
in erythrocyte suspension AChE activity may reflect an
increased response of the human body to oxidative stress,
which was also confirmed in our study with drop of ChE
and GST activity in erythrocyte suspension after >15 hours
of rest. Considering 15 individuals, Zimmer et al (2011)*
found an increase of BuChE activity in plasma and AChE
activity in erythrocyte suspension. They concluded that
a single session of physical exercise performed on
a treadmill at a speed of 7 km/h for 30 minutes was suffi-
cient to stimulate the release of BuChE in the plasma.
However, they did not observe changes in the BuChE activ-
ity after recovery period. Chamera et al (2015) reported
that ChE activity in blood samples of 8 female football
players 15 minutes after a one-hour run was higher than
its baseline values, but lower than ChE activity immediately
after the run. The results obtained by Chamera et al (2015)*
indicate that ChE activity starts decreasing during the
recovery period, and our results also indicate a decrease in
ChE activity after >15 hours of rest. Also, our results
suggest that ChE is a potential indicator of response of the
human body to inflammation after physical effort, since
ChE activity was lower after >15 hours of rest concomi-
tantly with CNVs concentration, erythrocyte suspension
GST activity, and IL-6 concentration.

We found a decrease in IL-6 concentration in blood
plasma samples after >15 hours of rest. Chaar et al (2011)°
previously reported the impact of inflammatory processes
on vesiculation. Other authors found a relationship
between running intensity, duration and level of fitness
and elevated plasma IL-6 concentration.”® It was also

reported™>®47

that immediately after physical effort, plasma
IL-6 concentration increased. Chaar et al (2011)° and
Fischer et al (2004)** reported that IL-6 plasma concentra-
tion began to lower after two hours of rest but remained
elevated compared to basal values. Fischer et al (2004)*
also monitored IL-6 plasma concentration after 20 hours of
rest and reported that it almost reached basal concentra-
tion. Mendham et al (2010)° reported that after one day of
recovery, plasma IL-6 concentration decreased slightly
below basal values, which is in agreement with our results.

in other studies, in which AChE activity was used as an
exosome marker. Release of small vesicles into
452 submit your manuscript
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Decrease in plasma IL-6 concentration indicates beneficial
effects of physical effort on the human body after >15
hours of rest. Individuals who are regularly physically
active have lower basic concentrations of IL-6*’ and there-
fore have lower risk of diseases associated with low-grade
inflammation: cardiovascular disease'® and Type 2 dia-
betes mellitus.*

Plasma TNF-a concentration was not changed after
>15 hours of rest and that is similar to previously reported
results for TNF-a.°® TNF-o in general does not increase
with exercise.”’ Timmerman et al (2008)°" assessed blood
samples of 15 physically active individuals at baseline and
after 12 weeks of regular training. They reported 13%
decrease in plasma TNF-a concentration, indicating that
regular physical effort decreases concentration of TNF-a.
TNF-a is mainly produced and works locally and is not
always reflected in its systemic levels. However, chroni-
cally elevated IL-6 and CRP concentrations are likely to
reflect local ongoing TNF-o production and from this
aspect, TNF-a is also connected with systemic low-grade
inflammation.*°

After the marathon, CRP concentrations were found
higher than proposed criteria for healthy individuals
(Table 2). However, elevated CRP concentrations were
not statistically significant. Furthermore, CRP concentra-
tions were positively correlated to the running distance
(Table 1). Other authors reported increase in CRP concen-
trations after longer period of rest: Mendham et al (2010)°
and Fischer et al (2004)*® reported increase in CRP con-
centrations one day and 20 hours after physical effort.
Regular physical activity is reported to reduce CRP con-
centrations and therefore may suppress systemic low-grade
inflammation.°

We found correlation between the concentration of
CNVs in isolates and MPV (Table 1), indicating that in
healthy physically active individuals, platelets are the
major source of CNVs in blood isolates.'” Namely, MVP
is considered to be a marker of platelet activity which may
lead to formation of CNVs in blood isolates.*?

We used the most prevalent technique for CNVs detec-
tion and counting, flow cytometry. Since measurements
with a flow cytometer are restricted to CNVs above the
size of 500 nm, it is unclear to what extent <500 nm CNVs
contributed to vesicle enumeration in our study.’’

There are some known biases in the isolation of plasma
CNVs samples, therefore it must be taken into considera-
tion how the person should prepare for CNVs sampling.?’
Present instructions include overnight fasting,**>? since it

has been previously shown that the concentration of CNV's
in peripheral blood correlates with lipoproteins, including
high density lipoprotein (HDL), low density lipoprotein
(LDH), triglycerides (TGL)* and exclusion of activities
that have already been found to interfere with the results
(eg, physical effort, travel with airplane, long distance
driving, irradiation). To avoid additional formation of
CNVs, donors were asked to use car or public transport
to the blood sampling site.

In our study, measured lipoproteins (triglycerides, total
cholesterol, HDL-cholesterol and LDL-cholesterol) were
within the normal range after physical effort and the fast-
ing state of the participants contributed to the reduction of
error due to lipoprotein occurrence in the samples. Other
parameters that can interfere with measuring the concen-
tration of CNVs are blood cell count of erythrocytes,
platelets and leukocytes.” In our study cell count of
blood cells was within the normal range and also, there
was no statistically significant correlation between blood
cell count and concentration of CNVs after physical effort.
It can be expected that the in vivo release of CNVs also
depends on the physiological background of the indivi-
duals and may be influenced by parameters like age,
immune status, hormone levels or metabolic state.” It
should be kept in mind that the isolation procedures them-
selves affect the CNVs’ formation and that the indirect
effects of the media in which the CNVs are processed are
also a contributing factor.’® Participants in our study
had not eaten until after blood collection app 20 hours
after the marathon. Therefore, their bodies could not
regenerate in the first hours after physical effort as it
would have if they had eaten usual amount of food.
Improved methods for CNVs isolation and assessment
and improved knowledge on specific role in tissue cross-
talk and action mechanisms in target cells, may help with
future diagnostic and therapeutic applications of CNVs.
Also, a better understanding CNVs’ cellular sources, tar-
gets and signaling components, can help to master health-
promoting effects associated with physical activity.

In statistical analysis we considered that the measured
values of parameters were normally distributed, however,
a more rigorous analysis showed that the data for two
parameters that showed statistically significant difference
by assuming normality (IL-6 and ChE in whole blood)
could not be transformed to normality. The Wilcoxon
Sign Rank test of the transformed data yielded the
p-values for these two parameters as 0.073 and <0.001,
respectively. However, as at least three independently
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assessed parameters (CNVs, GST in erythrocyte suspen-
sion and ChE in plasma and in erythrocyte suspension)
complied to rigorous statistical analysis and showed
a decrease after the effort, this does not affect the main
conclusion of our study — a decrease in the concentration
of CNVs in isolates >15 hours after physical effort.

In interpreting the results, it should be borne in mind
that athletes had been training and preparing for the mara-
thon, which affected the results also before the effort.
Furthermore, the population analyzed was heterogeneous
with respect to age and sex. However, it should be
acknowledged that participation in such a study requires
considerable input of the participants and we considered
ourselves fortunate that 27 athletes consented to partici-
pate. Fasting for two days before the marathon may not
have been optimal for their achievement at the marathon
and it was particularly difficult for the participants to fast
15 hours on the night after the marathon until the second
sampling was performed the next morning, especially for
those who had run 42 km. Fasting is however necessary
for accurate assessment of CNV concentration since the
lipid droplets after food intake present artefacts in deter-
mination of the concentration of CNVs. Nevertheless, we
were able to show the effect of running also on this
heterogeneous population. It is expected that even more
information could be obtained by studying homogeneous
groups and it seems likely that the differences also would
have been obtained in plasma GST and TNF-a (Figure 3C
and D) in groups matching in sex, age, and physical effort.

Conclusion

We obtained lower concentration of CNVs in isolates from
peripheral blood >15 hours after physical effort with lower
values of other measured physiological state-related para-
meters: whole blood, plasma and erythrocyte suspension
ChE activity, erythrocyte suspension GST activity and IL-6
plasma concentrations. This suggests that CNVs concentra-
tion and ChE activity have the potential to indicate impact of
physical effort on inflammation in the human body. Also,
concentration of the measured parameters depends on the
duration of recovery period. According to previous reports,
physical effort causes an increase in concentration of CNVs,
but according to our results, the concentration of CNVs in
isolates decreases after rest and may reach values lower than
initial ones. With this, our study provides novel insights into
the beneficial effects of physical effort on the human body
and guidance about physical effort for donors before blood

collection in procedures focusing on CNV-containing diag-
nostic and therapeutic compounds.
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