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a b s t r a c t
Objectives: Regular physical exercise is known to protect endothelial integrity. It has been proposed that
acute exercise-induced changes of the (anti-)oxidative system inﬂuence early (glycocalyx shedding) and
sustained endothelial activation (shedding of endothelial cells, ECs) as well as endothelial-cell repair by
circulating hematopoietic stem and progenitor cells (HPCs). However, results are not conclusive and data
in trained participants performing different exercise modalities is lacking.
Design: Eighteen healthy, well-trained participants (9 runners, 9 cyclists; age: 29.7 ± 4.2 yrs) performed
a strenuous acute exercise session consisting of 4 bouts of 4-min high-intensity with decreasing power
proﬁle and 3-min low-intensity in-between.
Methods: Average power/speed of intense phases was 85% of the peak achieved in a previous incremental
test. Before and shortly after exercise, total oxidative and antioxidative capacities (TAC), shedding of
syndecan-1, heparan sulfate, hyaluronan, ECs, and circulating HPCs were investigated.
Results: TAC decreased from 1.81 ± 0.42 nmol/L to 1.47 ± 0.23 nmol/L post-exercise (p = 0.010) only in
runners. Exercise-induced early and sustained endothelial activation were enhanced post-exercisesyndecan-1: 103.2 ± 63.3 ng/mL to 111.3 ± 71.3 ng/mL, heparan sulfate: from 2637.9 ± 800.1 ng/mL to
3197.1 ± 1416.3 ng/mL, both p < 0.05; hyaluronan: 84.3 ± 21.8 ng/mL to 121.4 ± 29.4 ng/mL, ECs: from
6.6 ± 4.5 cells/L to 9.5 ± 6.2 cells/L, both p < 0.01; results were not different between exercise modalities and negatively related to TAC concentrations post-exercise. HPC proportions and self-renewal ability
were negatively, while EC concentrations were positively associated with circulating hyaluronan concentrations.
Conclusions: These results highlight the importance of the antioxidative system to prevent the endothelium from acute exercise-induced vascular injury – independent of exercise modality – in well-trained
participants. Endothelial-cell repair is associated with hyluronan signaling, possibly a similar mechanism
as in wound repair.
© 2021 Sports Medicine Australia. Published by Elsevier Ltd. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Practical implications
• Early and sustained injuries to the vessel walls are increased
shortly post acute exercise, but do not differ between running
and cycling in well-trained participants.
• Both processes are enhanced if the antioxidative defense is
decreased.

• Signaling molecules released during exercise-induced injury to
the vessel walls help to initiate vessel regeneration by circulating
early immune cells- possibly a similar mechanism as in wound
repair.
• The necessity of antioxidant supplementation in training regimens should be further discussed.
1. Introduction

∗ Corresponding author.
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The glycocalyx is a gel-like layer covering the luminal surface of
vascular endothelial cells and helps to maintain homeostasis of the
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vasculature by controlling permeability and microvascular tone in
a healthy state.1 During early endothelial activation the glycocalyx is modiﬁed to allow leukocytes and platelets to interact with
the endothelium. This is associated with the shedding of glycocalyx components such as syndecan-1, heparan sulfate or hyaluronan
from the endothelial surface1 and can be initiated in an inﬂammatory state by reactive oxygen species (ROS), while the addition of
antioxidative enzymes prevented glycocalyx degradation in muscle capillaries of mice.2 During sustained endothelial activation
platelets and leukocytes bind to the endothelial surface which leads
to the formation of proinﬂammatory factors causing further activation of the endothelium. The stabilizing interaction of pericytes
with the endothelium becomes disrupted and pericytes start to
produce proteases that damage the endothelial basement membrane. This leads to the detachment of endothelial cells (ECs) and
the recruitement of circulating hematopoietic stem and progenitor
cells (HPCs) to the site of injury for endothelial-cell repair.1
Regular physical exercise is known to protect endothelial
integrity, likely a consequence of exercise increasing blood ﬂow
and shear stress, which in turn releases ‘vasoprotective’ molecules
such as nitric oxide (NO) and prostacyclin.3 Acute exercise-induced
responses on glycocalyx integrity and shedding, however, are not
well understood. Different studies found opposing results after
intensive cycling protocols, e.g. glycocalyx components were either
increased4 or integrity was preserved5 after the acute exercise.
Only one study has investigated the acute effect of running on
glycocalyx thickness and associated miRNAs, but shedding of glycocalyx components was not assessed.6 Although yet unknown,
glycocalyx shedding by cycling and running may differ, since different vascular beds (e.g. lung vs. systemic microvessels) display
particular thick layers7 and each exercise modality involves different muscle groups and body parts. In addition, blood viscosity
during cycling was shear rate dependent, while this effect was not
obvious during running.8 Since endothelial function is also inﬂuenced by the type of shear forces applied (antegrade vs. oscillatory
and retrograde),9 endothelial surface integrity might be equally
affected by exercise-modality dependent hemorheology, especially
at high exercise intensity.10 Increased blood ﬂow and viscosity during high-intensity cycling could shift shear forces applied to the
endothelial walls to the oscillatory type inducing oxidative stress,
a reduced NO bioavailability and inﬂammatory mechanisms.11 The
activation of metalloproteinases, heparanase, and hyaluronidase
would lead to the degradation of the glycocalyx surface. On the contrary, high-intensity running favors antegrade shear forces directly
post-exercise.10 Therefore, endothelial activation could be higher
after cycling compared to running.
Especially in well-trained participants acute exercise-induced
endothelial integrity by glycocalyx shedding could depend on
oxidative stress or antioxidative capacity, similar to endothelial
function.12 Majerczak et al. showed that both the amount of
oxidative stress by lipid peroxidation and glycocalyx shedding
by syndecan-1 and heparan sulfate release in circulation were
signiﬁcantly reduced, while the enzymatic antioxidative defence
by superoxide dismutase (SOD) in muscle was increased after
20 weeks of moderate-intensity endurance training.13 However,
analysis of parameter relationships was not performed in the aforementioned study and recent reports stated no change of glycocalyx
integrity with exercise training14 or between moderately trained
and untrained participants.15
The speciﬁc aims of this study were therefore (1) to assess
early and sustained endothelial activation as well as endothelialcell repair following an acute exercise session of running or cycling
known to pertubate the redox system; and (2) to elucidate a possible relationship between exercise-induced oxidative stress and
antioxidative capacity on endothelial activation and endothelialcell repair in well-trained runners and cyclists.
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Table 1A
Participants’ characteristics.
Parameters

Running

Cycling

Age, years
BMI, kg m−2
Body fat, %
Fat mass, kg
Fat free mass, kg

30.1 ± 3.4
22.5 ± 1.1
14.5 ± 2.3
10.8 ± 2.1
63.1 ± 2.8

29.2 ± 5.0
22.5 ± 2.0
13.2 ± 3.3
9.8 ± 3.0
64.2 ± 4.8

Values are reported as mean ± SD, nRunning = 9, nCycling = 9, Abbreviation: BMI, body
mass index.

Fig. 1. Graphical illustration of the applied exercise intervention.
Load distribution from the decremental high-intensity interval training session is
shown in grey, reproduced from Beltrami et al.16 The dashed line indicates the average workload given for each high-intensity bout, which equaled 85% of peak power
output. The ﬁrst minute of each bout was set above the target power (+40 W for
cycling, +2 km h−1 for running). Then, power output or speed were decreased every
30 s in absolute decrements of 20 W or 1.0 km h−1 (ﬁrst two drops) and 10 W or
0.5 km h−1 (subsequent drops), respectively.

2. Methods
Ethical approval. Participants were consecutively recruited,
informed about all procedures and signed written informed consent. The study conformed to the standards set by the Declaration
of Helsinki, except for registration in a database, and was approved
by the local ethics committee (BASEC 2017-00128).
Study design. The study included eighteen healthy, well-trained
male participants, who met all inclusion/exclusion criteria for
the study. Participants were either experienced runners (n = 9) or
cyclists (n = 9). They needed to have trained on average at least
150 km/week (cyclists) or 40 km/week (runners) split in at least
three weekly training sessions and should not have been part of
any structured interval exercise program three months prior to
the study. Participants’ characteristics are summarized in Table 1A.
They were asked to perform an acute exercise session in their
trained exercise modality. Matching between runners and cyclists
·

was done based on age, height, weight, and VO2peak . This study was
part of a larger project.16 However, the primary aims addressed
in the current paper are novel and are exclusively dealt within
this study alone with no overlap between this investigation and
others.16,17
Exercise protocols. A single high-intensity interval training session was used, which is known to pertubate the redox system
post-exercise.18,19 Unlike in our previous work,17 an interval exercise protocol with decremental workloads (DEC) during the intense
bouts of exercise was applied, please see Fig. 1 for details. The acute
exercise was a single training session, was not part of any exercise
training program16 and consisted of 4 bouts of 4 min high-intensity
cycling/running with decreasing power proﬁle intersped by 3 min
of low intensity exercise. The ﬁrst bout was preceded by a warm-up
and the last bout was followed by a cool down. The warm-up consisted of 5 min with 3 min at 100 W or 1 km h−1 and 2 min at 50% of
the difference between the ﬁrst stage and the ﬁrst bout, and the cool
down lasted for 3 min. Average speed or power of intense phases
was 85% of maximal speed or power from a previous incremental
test (100 W + 20 W min−1 or 10 km h−1 + 1 km h−1 min−1 after 3 min
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of rest until exhaustion) depending on the exercise modality. Work
was matched between the two exercise modalities. Cycling and
running were performed on an electromagnetically braked bicycle
ergometer (Ergoline 900, Ergoline, Blitz, Germany) and a treadmill (h/p/cosmos sports & medical GmbH, Traunstein, Germany),
respectively. Gas exchange was measured breath-by-breath by
a metabolic cart (Oxycon Pro, Jaeger, Höchberg, Germany). All
sessions were scheduled at the same time of day (±1 h), and participants were asked to refrain from intensive sports 48 h prior to
each visit and to avoid sports 24 h prior to each the visit. Furthermore, they were requested to sleep for at least 7 h on the 2 nights
preceding the visits and to refrain from taking caffeinated products
on the testing day or eating in the two hours prior to the test.16
Body composition. Body composition was investigated by dualenergy X-ray absorptiometry (GE Healthcare, Luna iDXA).
Blood sampling and analysis. 23 mL venous blood was withdrawn
from the cubital vein at baseline and 10−16 min after exercise
cessation. Serum was immediately isolated (1500 g, 10 min, 23 ◦ C)
and kept frozen at −80 ◦ C until further analysis. 300 L of whole
blood was kept for hematological analysis (ADVIA 2120i, Siemens,
Zurich, Switzerland) and the remaining volume was subjected to a
standard Ficoll gradient centrifugation (Histopaque, Sigma-Aldrich,
Switzerland, Cat#10771) within 2 h after blood withdrawal to isolate peripheral blood mononuclear cells (MNCs) for EC and HPC
analyses by ﬂow cytometry. HPC self-renewal ability was investigated by colony-forming unit (CFU) assays in cell culture (runners:
n = 5, cyclists: n = 6). In one runner there were not enough primary
colonies for secondary replating.
Flow cytometry. 1.0–1.2 million MNCs were incubated in
stain buffer (PBS including 2% FBS and 0.4% EDTA) with CD34phycoerythrin, CD45-ﬂuorescein-isothiocynate (Thermoﬁsher
Scientiﬁc, Zurich, Switzerland) and CD31-allophycocyanin-Cy7
(Lucerna-Chem AG, Lucerne, Switzerland) >30 min on ice. After
washing (1500 rpm, 5 min, 10 ◦ C), MNCs were incubated with a
ﬁxable Aqua stain (Thermoﬁsher Scientiﬁc, Zurich, Switzerland) for
live/dead cell discrimination for >10 min. After a last wash, the stain
was ﬁxed in 4% paraformaldehyde in PBS (Fisher Scientiﬁc, Ontario,
Canada). Afterwards, samples were analyzed on a FACS CantoII
device (BD Biosciences, Allschwil, Switzerland) – equipment of
the ﬂow cytometry facility, University of Zurich, Switzerland –
using a FACSDiva software within 2 h of ﬁxation. Analysis was
done in duplicate and was performed with corrected ﬂuorescent parameters (BDTM CompBead, BD Biosciences, Allschwil,
Switzerland) including appropriate FMO controls. Forward and
side scatter including lymphocytes and monocytes (MNCs) were
used to establish the main acquisition gate. Debris was excluded.
After doublet exclusion live cells were extracted and analyzed
for ECs (CD31+/CD45−) and HPCs (CD34+/CD45dim). At least
200’000 MNCs were acquired. Data analysis was done with FlowJo
(LLC, Oregon, USA). Relative EC and HPC content (proportion) was
diplayed as %MNCs. Estimates of EC and HPC concentrations were
calculated by multiplying respective total EC and HPC proportions
by the absolute number of MNCs in peripheral blood measured
by a standard hematology analyzer.20 Results were displayed as
cells/L.
Cell culture assays. Functional CFU-granulocyte macrophage
(CFU-GM) assays were done as previously described.21 200’000
MNCs/mL were cultured in methylcellulose medium without erythropoietin (Methocult H4534; StemCell Technologies, Vancouver,
Canada) and incubated at 37 ◦ C (5% CO2, >95% humidity) for 8
days. Colonies consisting of more than 40 cells were scored providing the number of functional hematopoietic progenitor cells
(primary CFU-GM) of each participant. Next, up to 90 primary CFUGM colonies were individually plucked from the methylcellulose
culture medium and transferred to individual wells and incubated
for two weeks. Then, each well was scored for the number of CFU-

Journal of Science and Medicine in Sport 24 (2021) 689–695

GM colonies (>40 cells, secondary CFU-GM) and displayed as Area
Under the Curve (AUC).
Serum analysis. Total oxidative capacity (TOC) and total antioxidative capacity (TAC) were measured in serum using the Labor
Diagnostika Nord (Germany) assays according to the manufacturer’s instructions (DMP 20-4200T-O-C and DMP 20-4100T-A-C,
intra-assay CVs = 4.3% and 3.8%; inter-assay CVs = 6.4% and 5.1%,
respectively). The limits of detection for TOC and TAC equaled
0.06 mmol/L and 0.08 mmol/L, respectively. TOC values are given
in equivalents of H2 O2 (mmol/L), and TAC values as equivalents of
Trolox (mmol/L). The TOC/TAC ratio indicates the oxidative index
(OI) and is an indicator of any shift in redox balance.
Glycocalyx components such as syndecan-1, heparan sulfate
and hyaluronan concentrations were determined in serum by
using enzymelinked immunosorbent assay kits (Diaclone Research,
Besancon, France; Seikagaku, Tokyo, Japan; Fa. Cusabio Art.Nr.:
CSB-E09585h; Echelon Biosciences, Salt Lake City, UT, USA; respectively). Intra-assay CVs ranged from <6.2% over <12% to <20%;
inter-assay CVs were <10.2%, <15%, and <10%, respectively. The
limits of detection for syndecan-1, heparan sulfate and hyaluronan
were 4.94 ng/mL, 31.25 ng/mL, and 25 ng/mL, respectively.
Statistics. Data are represented as mean ± standard deviation
(SD). A-priori sample size calculation13 suggested a necessary sample size of n = 18 in order to detect a signiﬁcant correlation between
basal non-enzymatic antioxidative capacity and syndecan-1 concentrations with a power >0.8 using a linear bivariate regression
model, one-tailed, ˛ = 0.05,  = 0.53, SDantioxidative capacity = 71.4
Trolox Equivalents, SDsyndecan-1 = 12.9 ng/mL in trained participants. A repeated-measures two-way ANOVA (repeated effect:
time; group effect: exercise modality) was used for analysis of
blood parameters. Post-hoc and between-group comparisons were
performed for participants’ characteristics and performance variables by unpaired t-tests or Mann Whitney-U tests depending on
variable distribution. Pearson or Spearman (coefﬁcient r or rho)
or repeated measures correlation (coefﬁcient rrm ) analyses were
used to determine the relationship between variables. Repeated
measures correlation analysis does not violate the assumption of
independence of observations and has greater statistical power
in the case of a repeated measures design. The slopes that are
displayed show the best ﬁt for all intra-individual associations.
Calculations were done with R3.3.0 using the available package
“rmcorr”. In addition, G*Power3.1.7, IBM SPSS Statistics25 and
GraphPad Prism8 were used for analysis and visualizations. A pvalue < 0.050 was considered signiﬁcant.

3. Results
Exercise performance. The exercise session speciﬁc power (Pmean )
was 84.0 ± 1.8% of peak power output (PPO) from a previous incremental test. Performance parameters of the incremental test and
the intense bouts of the acute exercise split by exercise modality are
described in Table 1B. There was no signiﬁcant difference between
exercise modalities regarding maximal oxygen uptake during the
·

incremental test (VO2peak O2peak ) or average power (Pmean, %PPO)
·

and oxygen uptake (VO2mean O2mean ) during the intense bouts of
the single high-intensity interval training session.
Oxidative stress analysis in serum. There was a signiﬁcant main effect of time for both TOC (p = 0.012) and TAC
(p = 0.034). TOC signiﬁcantly decreased from 0.081 ± 0.047 nmol/L
to 0.074 ± 0.043 nmol/L shortly after exercise cessation with
no interaction between exercise modalities (p = 0.012, Supplement 1). TAC showed a signiﬁcant interaction effect (p = 0.019)
and post-hoc analysis revealed only a signiﬁcant decrease from
1.81 ± 0.42 nmol/L to 1.47 ± 0.23 nmol/L after running (p = 0.010,
691
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Fig. 2. Exercise-induced serum parameters in well-trained participants.
Serum total antioxidative capacity (TAC, n = 18, A), syndecan-1 (n = 18, B), heparan sulfate (n = 18, C), and hyaluronan concentrations (n = 18, D) at baseline and post-exercise.
TAC concentrations showed a signiﬁcant interaction effect and a drop below baseline values only post-running. Glycocalyx shedding signiﬁcantly increased post-exercise
without interaction between groups. Color differences indicate the two different exercise modalities. Signiﬁcant differences are indicated by *p < 0.050, **p < 0.010. Analysis
was done by mixed ANOVA with one repeated factor (time) and one group factor (exercise modality).

Table 1B
Exercise performance.
Parameters

Running

Cycling

Incremental test
PPO, km h−1 and W

17.5 ± 1.1

405.6 ± 31.7

·

VO2peak , mL min−1 kg−1
59.4 ± 3.7
Intensive bouts of the acute exercise training session
84.0 ± 2.3
Pmean , %PPO
Pmean , km h−1 and W
14.7 ± 0.9

84.0 ± 1.4
340.5 ± 26.8

VO2mean , mL min−1

4082.6 ± 304.6

·

3929.2 ± 308.9

63.8 ± 5.1

Values are reported as mean ± SD, nRunning = 9, nCycling = 9, Abbreviations: PPO, peak
·

·

power output; VO2peak , maximal oxygen uptake; Pmean , average power; VO2mean ,
average oxygen intake.

Fig. 2A). For OI no signiﬁcant main or interaction effects could be
found (all p > 0.05).
Glycocalyx component analysis in serum and parameter correlations. Syndecan-1 and heparan sulfate both signiﬁcantly
increased from 103.2 ± 63.3 ng/mL to 111.3 ± 71.3 ng/mL and
from 2637.9 ± 800.1 ng/mL to 3197.1 ± 1416.3 ng/mL (p = 0.012
and p = 0.013, respectively) after exercise without interaction
between exercise modalities (Fig. 2B, C). Hyaluronan also
increased shortly after exercise cessation from 84.3 ± 21.8 ng/mL
to 121.4 ± 29.4 ng/mL (p = 0.001) without any interaction effect
(Fig. 2D). There were signiﬁcant relationships between syndecan1, heparan sulfate as well as hyaluronan concentrations and
TAC (rrm = −0.46, p = 0.048; rrm = −0.57, p = 0.010; and rrm = −0.55,
p = 0.016, respectively, all n = 18, Supplement 1), but no correlation of any glycocalyx parameter to TOC or OI concentrations
(all p > 0.050). Basal circulating glycocalyx components were not
related to any body composition variable (all p > 0.05).
Cell proportions and concentrations by ﬂow cytometry. There
were no main or interaction effects for EC proportions (both
p > 0.05). However, EC concentrations showed a main effect of time
(p = 0.001) by signiﬁcantly increasing from 6.6 ± 4.5 cells/L to
9.5 ± 6.2 cells/L without interaction between exercise modalities
(Fig. 3A).

There were signiﬁcant main effects of time with HPC proportions signiﬁcantly decreasing from 0.120 ± 0.055% MNCs to
0.096 ± 0.051% MNCs (p = 0.021) without interaction between exercise modalities (Supplement 1). For HPC concentrations neither
main nor interaction effects could be detected (both p > 0.05).
Correlations between cell and serum parameters. EC proportions were not related to any (anti-)oxidative stress or glycocalyx
parameters. EC concentrations were signiﬁcantly associated with
TAC (rrm = −0.51, p = 0.027, n = 18, Fig. 3B), but not with TOC or
OI. Furthermore, EC concentrations were signiﬁcantly correlated
to syndecan-1 (rrm = 0.47, p = 0.043, n = 18, Supplement 1) and
hyaluronan concentrations (rrm = 0.74, p < 0.001, n = 18, Supplement 1). Neither EC baseline proportions nor estimates of basal EC
concentrations were signiﬁcantly related to any body composition
variable (all p > 0.05).
HPC proportions were not related to respective TOC, TAC or
OI values, but there was a signiﬁcant relationship with hyaluronan concentrations (rrm = −0.58, p = 0.009, n = 18, Supplement 1).
HPC proportions were also signiﬁcantly associated with estimates
of EC concentrations (rrm = −0.71, p < 0.001, n = 18, Supplement 1).
Estimates of HPC concentrations were not related to any (anti)oxidative stress or glycocalyx parameters. Neither HPC baseline
proportions nor basal estimates of HPC concentrations were significantly related to any body composition variable (all p > 0.05).
Cell culture assay results and respective parameter correlations.
HPC self-renewal ability showed a signiﬁcant main effect of time
(p = 0.001) by declining from 1.27 ± 0.43 to 0.84 ± 0.28 shortly
after exercise without interaction between exercise modalities
(p = 0.001, Supplement 1). There was a signiﬁcant correlation
between HPC self-renewal ability and hyaluronan concentrations
(rrm = −0.90, p < 0.001, n = 11, Fig. 3C), but no association to any
other glycocalyx, (anti-)oxidative stress or body composition variable (all p > 0.05).
Blood cell counts. A summary of descriptive statistics of blood cell
counts can be found in Supplement 2. Shortly after exercise white
blood cell counts (p < 0.001), red blood cell (RBC) counts (p = 0.002),
hematocrit (p = 0.001), hemoglobin (p < 0.001), mean corpuscu-
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lar volume (p = 0.002), lymphocytes (LYM, p < 0.001), monocytes
(MONO, p < 0.001), neutrophils (NEU, p = 0.029), and lymphocyte
proportions (%LYM, p < 0.001) signiﬁcantly increased, while neutrophil proportions (%NEU, p < 0.001) signiﬁcantly decreased. No
signiﬁcant interaction effects could be detected (all p > 0.05). There
were signiﬁcant correlations between TOC and %LYM (rrm = −0.47,
p = 0.042, n = 18), MONO (rrm = −0.56, p = 0.013, n = 18), %MONO
(rrm = −0.46, p = 0.046, n = 18), %NEU (rrm = 0.57, p = 0.011, n = 18),
and between TAC and LYM (rrm = −0.52, p = 0.022, n = 18), %LYM
(rrm = −0.48, p = 0.038, n = 18), and NEU (rrm = −0.51, p = 0.026,
n = 18). There were no relationships to OI (all p > 0.05). LYM, %LYM,
Hgb, and Hct were positively related to syndecan-1 concentrations
(rrm = 0.65, p = 0.003; r=0.65 should be in the same line–!>rm = 0.62,
p = 0.005; rrm = 0.54, p = 0.016; rrm = 0.52, p = 0.023; respectively,
all n = 18), while %NEU were negatively associated (rrm = −0.57,
p = 0.010, n = 18). Heparan sulfate concentrations were positively associated with LYM (rrm = 0.49, p = 0.029, n = 18), MONO
(rrm = 0.56, p = 0.014, n = 18), and %MONO (rrm = 0.47, p = 0.041,
n = 18), and negatively related to %NEU (rrm = −0.52, p = 0.022,
n = 18). Hyaluronan concentrations were positively linked to LYM
(rrm = 0.76, p < 0.001, n = 18), %LYM (rrm = 0.77, p < 0.001, n = 18),
MONO (rrm = 0.54, p = 0.016, n = 18), NEU (rrm = 0.63, p = 0.004,
n = 18), Hgb (rrm = 0.65, p = 0.002, n = 18), and Hct (rrm = 0.62,
p = 0.004, n = 18) and negatively related to %NEU (rrm = −0.73,
p < 0.001, n = 18).
4. Discussion

Fig. 3. Exercise-induced sustained endothelial activation and endothelial-cell
repair.
(A) Estimates of circulating endothelial cells (ECs) were assessed at baseline and
post-exercise. Results were signiﬁcantly increased post-exercise without interaction between groups. Runners and cyclists are indicated in black and grey,
respectively, n = 18; (B) sustained endothelial activation (EC shedding) was negatively associated with total antioxidative capacity (TAC) (rrm = −0.51, p = 0.027,
n = 18); (C) self-renewal ability of HPCs was negatively associated with circulating
hyaluronan concentrations (rrm = −0.90, p < 0.001, n = 11). The signiﬁcant difference
is indicated by **p < 0.010 and was assessed by mixed ANOVA with one repeated
factor (time) and one group factor (exercise modality). Parameter relations were
addressed by repeated measures correlation analysis.

We tested the inﬂuence of acute exercise on early and sustained endothelial activation in well-trained participants. Our
results showed that acute exercise-induced shedding of glycocalyx components (early endothelial activation) and ECs (sustained
endothelial activation) did not differ between exercise modalities. Interestingly, both processes were negatively associated with
TAC in well-trained participants even though exercise-induced TAC
concentrations were not comparable between groups. Endothelialcell repair was correlated to hyaluronan signaling.
It is known that high-intensity interval exercise-induced oxidative stress is similar between runners and cyclists,17,22 which could
be conﬁrmed in the present study. In the same study,17 TAC values after exercise cessation were also not modality-dependent.
Furthermore, we could show that traditional high-intensity interval exercise did not perturbate the anti-oxidative side of the
redox system enough to evoke signiﬁcant TAC changes, while
TOC decreased post-exercise. Interestingly, in the present study
TAC dropped below baseline shortly post-acute decremental highintensity interval exercise (Fig. 1) in well-trained runners, but
not cyclists (Fig. 2A). Since this effect was not obvious in both
exercise modalities, it is unlikely that the decreasing mechanical workload triggering increasing physiological responses16 alone
would have directly inﬂuenced the redox-system only in runners.
We rather hypothesize that the combination of the decremental
and the eccentric nature of the exercise triggered a reduced production of endogenous antioxidants as already shown for total
glutathione post-running.23 On the contrary, acute cycling did not
change post-exercise TAC concentrations shortly after traditional17
or decremental exercise cessation. This could be due to an increase
in enzymatic (e.g. glutathione peroxidase activity) and a decrease
in non-enzymatic antioxidants.24 Further research on the detailed
understanding of the physiological differences in post-exercise
redox-balance between traditional and decremental high-intensity
interval exercise in well-trained participants is warranted. Also,
we suggest to measure an array of (anti)oxidative stress markers
at multiple time-points post-exercise in order to overcome any
methodological limitations25 and differences in time-courses of
individual parameters.26
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Endothelial function depends on several factors such as redoxbalance present at the level of the endothelium, the type of shear
stress induced, the mode of exercise conducted and also the training status of the participant.27 Evidence supports the presence of a
biphasic response in endothelial function with a drop below baseline during/immediately after acute exercise and recovery within
1−24 h after exercise cessation.27 Endothelial integrity could be
equally affected, since a change in redox-balance shed glycocalyx components under non-exercise conditions.2 Runners show a
RBC deformability upon higher exercise intensities, which reduces
blood viscosity, shear rate and pressure upon the endothelial
walls.8 This could diminish any retrograde (oscillatory) shear stress
induced9 and might enhance NO presence to scavenger exerciseinduced ROS. Therefore, we would have expected endothelial
activation to be more prominent in cyclists. However, our data suggest that the exercise modality does not play a role for the amount of
early (Fig. 2B–D) or sustained endothelial activation (Fig. 3A) at high
exercise intensities in well-trained participants. We hypothesize
that training adaptation led to a thickness growth of the boundary region between RBCs and the endothelial glycocalyx,13 which
would facilitate smooth ﬂowing of RBCs despite more retrograde or
oscillatory shear forces during acute cycling. Furthermore, it could
be that vascular beds displaying particular thick glycocalyx layers are not differently affected due to training-induced vascular
protection by e.g. a strong antioxidative side of the redox system.
Our data suggest an attenuation of early and sustained endothelial
activation with increased TAC (Supplement 1, Fig. 3B). However,
further studies are necessary to investigate this topic, especially
with a focus on NO bioavailability and systemic redox homeostasis speciﬁc to each modality during and after the acute exercise
regulating exercise-induced endothelial activation. We would predict a decrease of glycocalyx and EC shedding from the immediate
post-exercise high towards baseline during the recovery period and
possibly even attenuated circulating concentrations after 24−48 h
compared to baseline for both exercise modalities.
Degradation of all three main constituents of the glycocalyx was also observed with acute normovolemic hemodilution
with normal saline and decreasing Hct and Hgb.28 Interestingly,
in our study we found a positive relationship between Hct and
Hgb with syndecan-1 and hyaluronan, but no association with
heparan sulfate. Both Hct and Hgb were signiﬁcantly increased
post-exercise independent of the exercise modality (Supplement
2). This could mean that not only a normovolemic hemodilution,
but also an exercise-induced hemoconcentration leads to shedding
of glycocalyx components – but possibly due to different reasons.
A normovolemic dilution might lead to microcirculatory disturbances and impaired macrohemodynamics.28 Exercise-induced
hemoconcentration could mediate mechanotransduction signals
to the glycocalyx, which senses endothelial shear stress-induced
reactivity mainly through syndecan-1.
As anticipated, exercise-induced early and sustained endothelial activation as well as endothelial-cell repair were signiﬁcantly
associated. Furthermore, the initiation of exercise-induced EC
detachment as well as endothelial-cell repair were both related to
systemic hyaluronan shedding. The more hyaluronan was set free,
the more ECs were shed from the vasculature. On the contrary, HPCs
(%MNCs) (Supplement 1) and HPC self-renewal ability (Fig. 3C)
were indirectly associated with circulating hyaluronan concentrations. Hyaluronan signaling plays a signiﬁcant role in facilitating
leukocyte access to an injury site,29 possibly seen by the positive
correlation between hyaluronan and leucocyte subset concentrations in this study. When HPCs are more proliferated, they vanish
from the CD34+/CD45dim gate in ﬂow cytometry analysis. Therefore, the total amount of circulating HPCs was unchanged during
exercise-induced endothelial activation possibly by more primitive progenitors migrating at the site of injury due to an especially
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strong hyaluronan expression in that area and more committed
progenitors remaining in the circulation.
The lack of investigating female participants is a limitation of
the present study, since there are differences in early and sustained endothelial activation between sexes,30 possibly also with
acute exercise. Furthermore, the measurement of only single nonspeciﬁc markers of oxidative stress and antioxidative activity at
one discrete time point post-exercise limits the interpretation and
functional relevance of the presented data – results have to be taken
with caution.
To conclude, acute exercise induces early and sustained activation of the endothelium, but its extent does not differ between
running and cycling in well-trained participants. The amount of
the exercise-induced glycocalyx and EC shedding was correlated to
the antioxidative system, even though TAC is differently affected
by each exercise modality. Circulating HPC proportions and selfrenewal ability are negatively associated with exercise-induced
hyaluronan shedding, likely in order to help endothelial-cell repair
at the site of vascular injury. These results extend the already
existing knowledge of acute exercise-induced responses on glycocalyx shedding and integrity to well-trained participants and
might provide the basis for discussing the necessity of antioxidant
supplementation in training regimens from another perspective.
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