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Abstract

Background: In recent years, it has been demonstrated that when the endothe-
lial glycocalyx, composed of proteoglycans, glycosaminoglycans and glycopro-
teins, is altered or modified, this property is lost, playing a fundamental role in
cardiovascular pathologies. Cardiovascular risk factors can destroy the endothe-
lial glycocalyx layer. Exercise has a positive effect on cardiovascular risk factors,
but little is known about its direct effect on the integrity of the endothelial layer.
Methods: The Cochrane Library, PubMed, Web of Science and Scopus databases
were searched from their inception to June 30, 2022. The DerSimonian and Laird
method was used to compute pooled effect size estimates and their respective 95%
confidence intervals for the acute effect of exercise (within 24 h) on the endothe-
lial glycocalyx and its components in healthy adults.

Results: Ten studies were included in the meta-analysis, with a total of 252
healthy subjects. The types of exercise included were resistance training, inter-
val training, resistance training and maximal incremental exercise, with a dura-
tion range of 30-60 min. Glycocalyx assessment times included ranged from 0 to
90 min post-exercise. Our findings showed that endothelial glycocalyx increases
after acute effect of exercise in healthy population (.56, 95% CI: .38, .74). The
acute effect of exercise on endothelial glycocalyx components were .47 (95% CIs:
.27, .67) for glycosaminoglycans, .67 (95% ClIs: .08, 1.26) for proteoglycans and .61
(95% CIs: .35, .86) for glycoproteins.

Conclusions: In a healthy population, various types of exercise showed an acute
improvement of the endothelial glycocalyx and its individual components.
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1 | INTRODUCTION

The endothelial glycocalyx, a carbohydrate-rich layer
lining the vascular endothelium, is an important de-
terminant of vascular permeability.'™* Furthermore, in
healthy vessels, the endothelial glycocalyx attenuates
interactions between blood cells and vessel walls, me-
diates shear stress sensing, enables balanced signalling
and has a vasculoprotective function.' Proteoglycans
are core proteins to which one or more glycosamino-
glycan chains are attached and glycoproteins are con-
sidered the main connecting components between the
endothelial glycocalyx and the endothelium.>® These
components form a network incorporating soluble mol-
ecules derived from the plasma or endothelium, which
contributes greatly to the functional significance of the
endothelial glycocalyx (Figure 1), as do endothelial
markers such as syndecan, heparan sulfate, hyaluronic
acid or selectins (Figure S1).”*

In recent years, it has been demonstrated that when the
endothelial glycocalyx is altered or modified, these prop-
erties are lost, playing a fundamental role in cardiovas-
cular pathologies such as atherosclerosis, ischaemia and
diabetes.” Currently, considering cardiovascular diseases
(CVDs) as the main cause of morbidity and mortality
worldwide, there are different strategies aimed at reduc-
ing the risk factors associated with this pathology'’; how-
ever, only a 20%-30% reduction in cardiovascular events
has been achieved."' Given the need for new strategies to
improve cardiovascular outcomes, strategies focused on
improving endothelial function have recently emerged, as
increasing evidence reveals the critical role of the endo-
thelial glycocalyx in vascular protection, modulation and
haemostasis.

Proteoglycans

Endothelial glycocalyx

Glycoproteins

Endothelial cells

Regular physical exercise offers a protective effect on
cardiovascular health.'>'®> Moreover, there is evidence that
exercise-based rehabilitation, prescribed on an individ-
ualized basis, improves the quality of life of patients with
CVD.'® In addition to reducing cardiovascular risk factors
such as blood lipids, insulin resistance and hypertension,17
which can destroy the endothelial glycocalyx layer,' the
positive effects of exercise include the bioavailability of
endothelium-derived nitric oxide. Nitric oxide bioavailabil-
ity and production are associated with the integrity of the
endothelial glycocalyx layer, which is essential for maintain-
ing vascular homeostasis.'® However, little is known about
the effect of exercise on the integrity of the glycocalyx layer.

Although the protective effect of exercise on CVD has
been described in several studies,'* ™ evaluating the possible
acute beneficial or adverse effects of exercise on the endo-
thelial glycocalyx seems necessary. Therefore, the objectives
of this systematic review and meta-analysis were (i) to assess
the acute effect of exercise on the endothelial glycocalyx in
healthy adults, (ii) to assess the acute effect of exercise on en-
dothelial glycocalyx components in healthy adults, and (iii)
to assess the acute effect of exercise on markers of endothe-
lial glycocalyx components in healthy adults.

2 | METHODS

This systematic review and meta-analysis was reported
in compliance with the Preferred Reporting Items for
Systematic Reviews and Meta-analyses (PRISMA) guide-
lines' and was performed following the recommenda-
tions of the Cochrane Collaboration Handbook.?® This
study was registered in PROSPERO (Registration number:
CRD4202235070).

FIGURE 1 Structure and
composition of the endothelial glycocalyx

components.
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2.1 | Search strategy

Two reviewers (A.S.-L. and 1.C.-R.) independently con-
ducted systematic searches of the Cochrane Library,
PubMed (via Medline), Web of Science and Scopus data-
bases from their inception to June 30, 2022. The following
free terms were used in combination with Boolean opera-
tors following the PICO strategy (population, interven-
tion, comparison, outcome): adults, ‘adult population’,
‘adult subjects’, exercise, ‘physical exercise’, ‘physical
activity’, training, ‘physical training’, acute, ‘acute effect’,
‘inmediate effect’, ‘endothelial glycocalyx’, ‘glycocalyx
components’, proteoglycan, syndecan, glypican, perlecan,
mimecan, biglycan, versican, decorin, glycosaminogly-
cans, ‘heparan sulfate’, ‘chondroitin sulfate’, ‘dermatan
sulfate’, ‘keratan sulfate’, ‘hyaluronic acid’, hyaluronan,
glycoproteins, selectins, ‘E-selectin’, P-selectin’, integ-
rins, immunoglobulin, ICAM, VCAM, PCAM, ‘functional
complexes’, ‘glycoprotein Ib-IX-V complex’ and ‘von
Willebrand factor’. Table S1 shows the search strategy
used for the Medline database. Furthermore, we searched
the reference lists of the included articles as well as pre-
vious systematic reviews or meta-analyses. A final search
was performed just before the final analysis to include the
most recently published studies.

2.2 | Eligibility and data extraction

Studies examining the acute effect of exercise on the
endothelial glycocalyx were included in the systematic
review and meta-analysis. The inclusion criteria were
as follows: (i) population: healthy subjects older than
18years; (ii) intervention: pre—post exercise (maximal in-
cremental exercise, endurance training, interval training,
resistance training); (iii) outcome: endothelial glycocalyx
components (proteoglycans, glycosaminoglycans, glyco-
proteins); and (iv) study design: clinical trials. The fol-
lowing were excluded: (i) reports on the effect of exercise
measured 24 h after the intervention; (ii) review articles,
editorials, or case reports; (iii) studies including interven-
tions combining exercise with supplements or diet; and
(iv) articles that were not written in English.

The main characteristics of the included studies are
summarized in Table 1, which includes the following in-
formation: (1) reference: first author and year of publica-
tion; (2) country in which the study data were collected; (3)
study design (randomized clinical trial [RCT] or non-RCT);
(4) population characteristics: sample size (percentage of
males) and mean age; (5) intervention characteristics:
exercise intervention (maximal incremental exercise, en-
durance training, interval training, resistance training),
exercise characteristics and assessment points; and (6)

outcome: endothelial glycocalyx components (proteogly-
cans, glycosaminoglycans, glycoproteins) and markers
(syndecan-1, chondroitin sulfate, heparan sulfate, hyal-
uronic acid, E-selectin, P-selectin, VCAM-1, ICAM-1, von
Willebrand factor) and measurement technology used.

2.3 | Quality assessment

The quality of the included studies was assessed using the
Cochrane Collaboration's tool for assessing risk of bias
(Rob2).*! This tool evaluates the Rob2 according to five
domains: randomization process, deviation from intended
interventions, missing outcome data, measurement of the
outcome and selection of the reported result. Overall bias
was considered ‘low Rob2’ if all domains were classified as
‘low risk’, ‘some concerns’ if there was at least one domain
rated as ‘some concern’ and ‘high Rob2’ if there was at
least one domain rated as ‘high risk’ or several domains
rated as ‘some concerns’.

Study selection, data extraction and quality assess-
ment were performed independently by two researchers
(A.S.-L. and I.C.-R.), and disagreements were resolved by
consensus or with the participation of a third researcher
(C.P-M.).

2.4 | Data synthesis and
statistical analysis

The DerSimonian and Laird random effects method** was
used to compute pooled estimates of effect size (ES) and
their respective 95% confidence intervals (95% ClIs) for
the acute effect of exercise on the endothelial glycocalyx.
Acute effect of exercise was considered as the effect of a
single training session, which was not part of any physi-
cal training program.*® In addition, pooled ES estimates
were calculated for endothelial glycocalyx components
(proteoglycans, glycosaminoglycans, glycoproteins). At
least five studies were required for each exposure group in
the meta-analyses.** Heterogeneity was assessed using the
I” statistic, which ranges from 0% to 100%.>> According to
the I* values, heterogeneity was considered not important
(0%-30%), moderate (30%-60%), substantial (60%-75%),
or considerable (75%-100%). The corresponding p values
were also considered.

Sensitivity analysis (systematic reanalysis removing
studies one at a time) was also conducted to assess the ro-
bustness of the summary estimates. In addition, a sensitivity
analysis was performed by removing studies that included
resistance training to assess whether it influenced the ro-
bustness of the total effect of acute effect of exercise on the
endothelial glycocalyx. Subgroup analysis according to the
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FIGURE 2 Flowchart: Search
trat Z Records identified through database
strategy. Q searching (n = 1432)
=
<
O Pubmed (n = 539)
= Scopus (n = 443)
E Cochrane Library (n = 122)
EJ Web of Science (n = 328)
A4
O [ Duplicate records removed (n = 452) ]
Z
Z
m
§ Irrelevant records excluded ,
Qm) on the basis of title and abstract
review (n=828) Records screened (n = 980) ]
E A 4
2
m Records excluded (n = 141) Full text articles assessed for eligibility (n = 152)
=
=) - Non outcome of interest (n = 129)
M - Chronic effect (n = 5)
- Studies including interventions with v
supplements or diet (n =7)
o) ‘ Studies included in qualitative synthesis (n = 11)
53]
a
3 !
=
Q ~N
E Studies included in quantitative synthesis
(meta-analysis) (n = 10)
J

acute effect of exercise on the expression of the endothelial
glycocalyx components (syndecan-1, chondroitin sulfate,
heparan sulfate, hyaluronic acid, E-selectin, P-selectin,
VCAM-1, ICAM-1, and von Willebrand factor) was per-
formed. Randomeffects meta-regressions were used to as-
sess whether mean age, percentage of males or assessment
points, as continuous variables, modified the acute effect
of exercise on the endothelial glycocalyx. Finally, publica-
tion bias was evaluated using Egger's regression asymmetry
test.”® A level of <.10 was used to determine whether publi-
cation bias was present.

Statistical analyses were performed using STATA SE
software, version 15 (StataCorp, College Station, TX, USA).

3 | RESULTS

3.1 | Baseline characteristics

A total of 11 studies? >’ were included in the system-
atic review and 10 studies®’ %7 were included in the
meta-analysis (Figure 2). All included studies were non-
RCTs,2732:3537 except for three that were RCTs, 333436
The records were published between 2000 and 2021
and were obtained from eight countries: two in the
United States,?”*> Cameroon®®*?° and Poland*"* and
one in Thailand,*® the United Kingdom,33 Norway,34
Lithuania®® and Switzerland.”” The sample sizes of
the studies ranged from 9 to 58 healthy adults (aged

18.0-52.5years). The included assessment time points
ranged from 0 to 90 min after exercise. The most com-
mon type of exercise was endurance training (five
studies),”*?**** followed by interval training (three
studies),”™’ resistance training (three studies)®”****
and maximal incremental exercise (three studies).?®31:3?
Regarding endothelial glycocalyx components, six stud-
ies included glycoproteins, 23335 six studies in-
cluded proteoglycans®***77 and five studies included
glycosaminoglycans.’**>*” Finally, in reference to
markers of endothelial glycocalyx components, six stud-
ies reported data on syndecan-1,>***7 five studies
on VCAM-1,772%3132 [CAM-1*""2%2132 and hyaluronic
acid®* 3% three studies on heparan sulfate’'3%%; and
one study on syndecan-4,** von Willebrand factor,*
chondroitin sulfate,”® E-selentin’’ and P-selectin.”’
Finally, all included studies used an enzyme-linked im-
munosorbent assay (ELISA) for the measurement of
endothelial glycocalyx markers. Table 1 shows the char-
acteristics of the included studies.

3.2 | Quality assessment

The overall Rob2 for records showed a high Rob2 in 72.7%
of the included studies and some concerns in 27.3% of
the included studies. Regarding the specific domains, we
identified one main reason for the high Rob2: (i) most of
the included studies were not randomized. In addition,
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none of the studies provided information on whether the
investigators were blinded to the intervention of the par-
ticipants (Figure S2).

3.3 | Acute effect of exercise on the
endothelial glycocalyx

The pooled ES of the acute effect of exercise on the endothe-
lial glycocalyx was .56 (95% Cls: .38, .74). Heterogeneity
between studies was not important (I’=27.7%; p=.118)
(Figure 3).

3.4 | Acute effect of exercise on
endothelial glycocalyx components

ES estimates of the acute effect of exercise on endothe-
lial glycocalyx components were .47 (95% ClIs: .27, .67)
for glycosaminoglycans, .67 (95% ClIs: .08, 1.26) for
proteoglycans and .61 (95% Cls: .35, .86) for glycopro-
teins. Heterogeneity between studies was not important
for glycosaminoglycans and glycoproteins (I>=7.0%;
p=.372 and I’=.0%; p=.630, respectively), and hetero-
geneity was substantial for proteoglycans (I*=72.0%;
p=.007) (Figure 3).

Effect %
Reference size (95% Cl) Weight
Glycosaminoglycans :
Kropfl et al, 2021 ——— 0.95(0.03,1.87) 3.10
Majerczak et al, 2016 —1—— 0.60 (-0.42,1.62) 2.60
Majerczak et al, 2017 -—+— 0.57 (-0.15, 1.29) 4.61
Pruksakorn et al, 2013 —O‘I- 0.40 (0.14,0.65) 14.02
Pruksakorn et al, 2013 —1— 0.73(0.32,1.14) 9.58
Roberts et al, 2018 — 0.07 (-0.44,0.58) 7.47
Subtotal (l-squared =7.0%, p = 0.372) <|> 0.47 (0.27,0.67) 41.39
. 1
Proteoglycans |
Kropfl et al, 2021 —— 0.12 (-0.53,0.77) 5.37
Majerczak et al, 2016 T 0.49 (-0.12,1.11) 5.82
Majerczak et al, 2017 | —— 1.73(0.75,2.71) 2.79
Pranskuniene et al, 2020 —r T 0.01 (-0.64, 0.66) 5.37
Sapp et al, 2019 —— 1.28 (0.60, 1.97) 4.97
Subtotal (l-squared = 72.0%, p = 0.007) <:> 0.67 (0.08, 1.26) 24.33
: 1
Glycoproteins :
Majerczak et al, 2016 —— 0.70 (0.26, 1.14) 8.88
Majerczak et al, 2017 —— 0.72 (0.11,1.33) 5.89
Monchanin et al, 2007 — 1.33(0.07,2.59) 1.79
Monchanin et al, 2007 : * 1.53 (-1.05,4.12) 0.46
Monchanin et al, 2007 ——:0— 0.67 (-0.58, 1.92) 1.81
Monchanin et al, 2008 —— 0.15(-0.54, 0.85) 4.87
Monchanin et al, 2008 —1— 0.30 (-0.44, 1.04) 4.42
Monchanin et al, 2008 —— 1.41 (-0.13,2.95) 1.23
Sapp et al, 2019 : * 1.49 (-0.27, 3.24) 0.96
Smith et al, 2000 —1— 0.28 (-0.51, 1.07) 3.99
Subtotal (l-squared = 0.0%, p = 0.630) d) 0.61 (0.35,0.86) 34.29
1
" 1
Overall (l-squared = 27.7%, p = 0.118) Q 0.56 (0.38,0.74) 100.00
1
T T ' T T T
-4 -2 0 2 4 6

FIGURE 3 Forest plot for the acute effect of exercise on endothelial glycocalyx components (Proteoglycans, glycosaminoglycans and

Glycoproteins).
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3.5 | Sensitivity analysis

The pooled ES estimate for the acute effect of exercise on
the endothelial glycocalyx and its components was not
significantly modified (in magnitude or direction) when
the data from individual studies were removed one at a
time from the analysis. In addition, when a sensitivity
analysis was performed by removing studies that included
resistance training, the acute effect of exercise on the en-
dothelial glycocalyx and its components was also not sig-
nificantly modified.

3.6 | Subgroup analysis and
meta-regression models

When analyses based on markers of endothelial glycoca-
lyx components (syndecan-1, chondroitin sulfate, heparan
sulfate, hyaluronic acid, E-selectin, P-selectin, VCAM-
1, ICAM-1 and von Willebrand factor) were performed
to estimate the acute effect of exercise, pooled ES esti-
mates showed significant results for syndecan-1 (ES: .73;
95% Cls: .19-1.27, F=65.6%), hyaluronic acid (ES: .67;
95% Cls: .30-1.04, I*=58.0%), ICAM-1 (ES: .54; 95% Cls:
21-.87, I’=.0%), and VCAM-1 (ES: .93; 95% ClIs: .45-1.41,
PP=46.6%) (Table S2).

Random-effects meta-regression models showed that
mean age, percentage of males, and assessment points
were not related to pooled ES estimates (Table S3).

3.7 | Publication bias

Finally, evidence of publication bias was found by Egger's
test for the endothelial glycocalyx estimate (p=.065) but
not for its components (proteoglycans, p=.175; glycosa-
minoglycans, p=.524; and glycoproteins, p=.163).

4 | DISCUSSION

To our knowledge, this is the first systematic review and
meta-analysis evaluating the acute effect of exercise on
the endothelial glycocalyx and its components in healthy
adults. Our findings provide a synthesis of evidence show-
ing positive effects of acute effect of exercise on the en-
dothelial glycocalyx and its components in a healthy
population, showing a greater effect on proteoglycans.
Additionally, syndecan-1, hyaluronic acid, ICAM-1 and
VCAM-1 showed positive effects on endothelial function
after acute effect of exercise.

Recently, the endothelial glycocalyx has been at-
tributed, among other functions, a mechanotransduction

function whereby endothelial cells (endothelial
glycocalyx-coated) exposed to flow stress produce nitric
oxide, which is an important determinant of vascular
tone.*®*° In particular, heparan sulfate, hyaluronic acid
and glycosaminoglycans appear to play a role in sensing
and amplifying flow stress forces. Previous evidence has
shown that acute effect of exercise produces changes in
blood flow patterns characterized by increases in flow
stress on artery walls, which in turn triggers NO syn-
thesis.*”*! Our findings could shed light on the mech-
anism by which exercise leads to improvements at the
vascular level by eliciting specific cell signalling pro-
cesses (such as nitric oxide synthesis) that act directly
on glycosaminoglycans.*?

Furthermore, previous evidence has shown that acute
effect of exercise restricts oxidative phosphorylation, al-
lowing oxygen to diffuse to peripheral tissues.* This could
occur because, as suggested by our findings, exercise stim-
ulates proteoglycans, which in turn bind oxygen radical
inactivators, such as extracellular superoxide dismutase,
reducing oxidative stress and maintaining nitric oxide
bioavailability.**

Finally, glycoproteins act as enzyme receptors and
favour the adhesion of plasma-derived molecules and
important anticoagulant mediators, such as tissue fac-
tor inhibitory factor, to promote endothelial thrombo-
embolism resistance.*> Therefore, the described effect
of exercise on homeostasis could be mediated by the ef-
fect of acute effect of exercise on glycoproteins, as acute
effect of exercise has been observed to improve coagu-
lation and fibrinolysis and thus decrease endothelial
thrombo-resistance.*®

This systematic review and meta-analysis has several
limitations that should be acknowledged. First, differ-
ent markers were included in the endothelial glycocalyx.
Second, the limited number of samples included in the
evaluation of several markers of endothelial glycocalyx
components may have modified the results of the meta-
analysis. Third, some interventions showed a consider-
able level of heterogeneity, possibly due to the inclusion
of some samples who exercised regularly, so the results
should be interpreted with caution. Fourth, the results
of this meta-analysis were obtained after some data ma-
nipulation (ESs of the raw data of the included studies),
which could generate some bias. Fifth, 72.7% of the stud-
iesincluded in the systematic review showed a high Rob2.
Sixth, there was evidence of publication bias for the use of
the endothelial glycocalyx and unpublished results could
have modified the results of this meta-analysis. Seventh,
only a healthy population was included in the meta-
analysis. Eighth, because of the limited number of stud-
ies that included different exercise modalities, the overall
analysis was performed and included different types of
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exercise. Finally, because of the limited number of stud-
ies, it was not possible to evaluate the long-term effect of
exercise on the endothelial glycocalyx. Therefore, ran-
domized controlled trials of high methodological quality
with large sample sizes testing these findings in popula-
tions with different characteristics are needed to further
elucidate the acute effect of exercise on the endothelial
glycocalyx and its components, in addition to assessing
the long-term effect of different exercise modalities on the
endothelial glycocalyx.

5 | CONCLUSIONS

Our findings provide a synthesis of evidence showing a
positive acute effect of exercise on the endothelial gly-
cocalyx and its components in a healthy population.
These findings are of research and clinical importance,
as they could generate new hypotheses as to why exer-
cise improves different vascular parameters and could
therefore be implemented in the preclinical phases
of CVDs to slow their progression and prevent major
complications.
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