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Abstract

Background. The endothelial glycocalyx is a dynamic layer covering the luminal surface of endothelial
cells and contributes to vascular permeability, blood cell-vessel wall interactions, and shear-stress
mechanotransduction. Exercise alters hemodynamic conditions, but glycocalyx responses may vary with
exercise characteristics and training status.

Aim. To summarize current evidence on the effects of acute exercise and regular training on the
endothelial glycocalyx, with emphasis on exercise intensity, modality, and high training load.
Material and methods. A narrative review of PubMed/MEDLINE, Scopus, and Web of Science was
conducted, including human studies available up to September 1, 2026.

Results. Glycocalyx responses to exercise were heterogeneous. Acute exercise was associated with
either no significant change or increased circulating shedding markers, whereas imaging-derived
measures did not consistently change. Chronic training studies reported favorable changes in some
markers or no significant group-level effects. High training load and ultra-endurance exercise were also
associated with variable glycocalyx-related responses.

Conclusions. The endothelial glycocalyx response to exercise is context-dependent. Acute responses,
long-term adaptations, and changes associated with high training load should be considered separately.
Standardized studies are needed to clarify the relevance of glycocalyx-related measures for monitoring

training adaptation in athletes.
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1. Introduction

Regular physical activity plays an important role in the prevention of cardiovascular
diseases and is associated with beneficial effects on the cardiovascular system (O¢wieja et al.,
2026). During exercise, changes in blood flow affect the shear forces acting on the endothelium,
which contribute to the regulation of endothelial phenotype and function through
mechanotransduction mechanisms (Johnson et al., 2011). One of the important components of
the vascular response is nitric oxide (NO), which participates in the regulation of vascular tone
and blood flow. The importance of the NO pathway and NO-dependent vasodilation has also
been described in the context of exercise physiology and endurance sports (Karon et al., 2024).

The luminal surface of endothelial cells is covered by the glycocalyx, a dynamic layer
composed of proteoglycans, glycoproteins, and associated components, including
glycosaminoglycans. It participates, among other functions, in hemostasis, interactions between
blood cells and the vascular wall, and mechanotransduction (Reitsma et al., 2007). Due to its
location, the glycocalyx is directly exposed to forces generated by flowing blood and may
transmit mechanical stimuli to endothelial cells, leading to biochemical responses (Tarbell &
Ebong, 2008). This property makes it an important component of the vascular response to
hemodynamic changes occurring during physical activity.

Available evidence indicates that both a single bout of exercise and regular training may
affect the endothelial glycocalyx. A meta-analysis including 10 studies and 252 healthy adults
interpreted the pooled findings as indicating a beneficial acute effect of exercise on the
glycocalyx, while also showing considerable variability in exercise protocols and assessment
methods (Saz-Lara et al., 2024). In the case of long-term endurance training of moderate
intensity, reductions in resting and post-exercise concentrations of markers associated with
glycocalyx shedding, including syndecan-1 and heparan sulfate, have been reported (Majerczak
et al., 2017). In contrast, female track and field athletes exposed to high training loads showed
lower flow-mediated dilation of the brachial artery and higher concentrations of syndecan-1
and hyaluronic acid compared with controls; training load was also correlated with these
parameters (Grandys et al., 2023).

The variability of these findings indicates that the effects of physical activity on the
glycocalyx should be considered in relation to the characteristics of exercise exposure. The
acute response to a single exercise session, long-term adaptation to regular training, and the

response associated with high training loads represent distinct but interconnected aspects of this



relationship. Their combined analysis may help to better characterize the association between

exercise characteristics and endothelial glycocalyx integrity.

Research Objective. The aim of this review is to synthesize current evidence on the effects of
physical activity on the endothelial glycocalyx, with particular emphasis on differences
between the acute response to a single bout of exercise, adaptation to regular training, and

responses associated with high training loads.

Research Problems. The main research questions are: how does a single bout of physical
exercise affect the endothelial glycocalyx and its markers; whether regular training leads to
adaptations that support the preservation of glycocalyx integrity; and to what extent the

glycocalyx response is associated with exercise intensity, type, and training load.

2. Research materials and methods

2.1.Review design and data sources

A narrative review of the literature was conducted to evaluate the effects of physical
activity and training on the endothelial glycocalyx. The literature search was performed in the
electronic databases PubMed/MEDLINE, Scopus, and Web of Science from database inception
to September 1, 2026. In addition, the reference lists of eligible studies and relevant review
articles were screened to identify publications that might not have been retrieved through the
electronic search.

The main synthesis included human studies evaluating the effects of a single bout of
physical exercise, regular training, or training load on the endothelial glycocalyx or its markers.
Review articles and experimental studies addressing the mechanisms and physiological
functions of the glycocalyx were used as supplementary sources to provide mechanistic and

physiological background.

2.2.Search strategy
The search strategy combined terms related to physical activity and training with terms related
to the endothelial glycocalyx and its commonly assessed components and markers. Search
terms included “physical activity”, “exercise”, “training”, “athlete”, “endurance training”,

“resistance training”, “high-intensity interval training”, “endothelial glycocalyx”,
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“glycocalyx”, “syndecan-1", “heparan sulfate”, “hyaluronan”, and “hyaluronic acid”. Boolean
operators were used to combine the terms, and the search syntax was adapted to the
requirements of each database.

The searches identified 37 records in PubMed/MEDLINE, 49 records in Scopus, and 26 records

in Web of Science.

2.3. Study selection and narrative synthesis

Peer-reviewed human studies were considered eligible for the main synthesis if they
assessed the relationship between physical exercise or training and the endothelial glycocalyx.
Studies evaluating either direct measures of the glycocalyx or circulating components or
markers, including syndecan-1, heparan sulfate, and hyaluronic acid, were included. Eligible
studies addressed the acute response to a single exercise session, long-term adaptations to
regular training, or the effects of exercise intensity, modality, or training load.

Publications unrelated to physical activity or training were excluded, as were studies
assessing only general endothelial function without evaluation of the glycocalyx or its markers.
Studies in which glycocalyx alterations were investigated exclusively in the context of severe
disease states or non-exercise interventions were also excluded. Conference abstracts,
commentaries, letters to the editor, and case reports were not included in the main synthesis.

Titles and abstracts of retrieved publications were initially screened for relevance to the
scope of the review, followed by full-text assessment of potentially eligible studies. Following
title and abstract screening and full-text assessment, 11 human studies were included in the
main narrative synthesis. Data extracted from included studies comprised characteristics of the
study population, type and intensity of exercise, duration of the intervention or training
exposure, method of glycocalyx assessment, measured markers, timing of measurements, and
main findings.

Given the narrative nature of the review, the findings were synthesized qualitatively.
The available evidence was organized into the following thematic areas: acute glycocalyx
responses to a single bout of exercise, adaptations to regular training, the influence of exercise
type and intensity, and the association between high training load and endothelial glycocalyx

integrity. No meta-analysis or formal risk-of-bias assessment was performed.



2.4. Al

Generative artificial intelligence tools were used as supportive instruments during
manuscript structuring, development of the search strategy, and language editing. Decisions
regarding study eligibility, interpretation of scientific evidence, and final conclusions remained
under the responsibility of the authors. All scientific information and bibliographic data

obtained with the assistance of Al tools were verified by the authors against the original sources.

Research results

3.1. Endothelial Glycocalyx and Exercise-Induced Shear Stress

The endothelial glycocalyx forms an important interface between blood flow and
endothelial cells and participates in the mechanotransduction of shear stress. Its components,
including heparan sulfate, hyaluronan, and membrane-associated proteoglycans, contribute to
the transmission of mechanical forces generated by blood flow. Experimental studies
summarized by Power et al. indicate that glycocalyx-dependent mechanotransduction
contributes to endothelial nitric oxide production and flow-mediated vasodilation (Power et al.,
2024).

Physical exercise alters the magnitude, duration, and pattern of shear stress acting on
the vascular wall. Regular exercise training is generally associated with increased antegrade
shear stress and reduced retrograde or oscillatory shear, which has been linked to anti-
inflammatory, antioxidant, and antithrombotic endothelial responses (Qi et al., 2026). Different
exercise modalities and durations generate distinct shear-stress profiles, and the endothelial
glycocalyx has been proposed as a key interface through which these hemodynamic stimuli are
transmitted to endothelial cells (Qi et al., 2026).

The characteristics of the included human studies, exercise protocols, methods of

glycocalyx assessment, and their main findings are summarized in Table 1.

Table 1. Characteristics and main findings of human studies evaluating the endothelial glycocalyx in
relation to physical exercise and training.

. . Exercise/ training|Glycocalyx . .
Study Participants gy y Main findings
protocol assessment
Majerczak |21 healthy, young,|Maximal incremental cycling|[Serum SDC-1, HS|No significant post-
etal., 2016 [untrained men exercise to exhaustion; workload|and HA exercise changes in
increased by 30 W every 3 min SDC-1 or HS.




Lee et al.,

26 sedentary men; 13

45-min cycling exercise at 70%

Serum SDC-1 and|

Acute 1 SDC-1 and

2019 with and 13 without|VO2max; acute tests performed(SDC-4 SDC-4; no baseline
dysglycemia beforg a}nd afte}r a 12-week change after 12-week
exercise intervention L
training,
Sapp et al,[10 young, healthy[30-min moderate-intensity|Serum SDC-1 and|SDC-1 increased after
2019 men continuous cycling at 60% PPOlother circulating|both moderate and high-
vs. workload-matched high-|endothelial intensity exercise.
intensity interval cycling markers; FMD
Kropfl et al.,[18 well-trained male|Four 4-min high-intensity bouts|Serum SDC-1, HS|t SDC-1, HS and HA;
2021 runners and cyclists |at approximately 84% PPO,|and HA no difference between
separated by 3-min low-intensity running and cycling,
recovery
Fuchs et al.,|14 healthy adults Single 10-km running trial Sublingual ~ SDF|No significant
2022 imaging; PBR and|immediate changes in
RBC filling PBR or RBC filling.
Steinach et{13 finishers of the|Ultra-endurance footrace of up to[Serum HS, HA(T HA, | syndecan CD-
al., 2022 Yukpp Arctic Ultra;|690 .k.m under extreme coldfand syndecan|138. no significant
additional control|conditions CD138/SDC-1 temporal change in HS.
group
Majerczak (11 healthy, young,|20 weeks of moderate-intensity|Serum SDC-1, HS[! resting SDC-1 and
etal., 2017 [previously untrained|endurance training; 4land HA HS after training; HA
men;  age-matched|sessions/week unchaneed
control group e
Schmitz et|SO healthy, young,|4-week running-based HIIT; 4 x|Sublingual =~ SDF|Improved exercise
al., 2019 moderately  trained|30-s all-out bouts, twice weekly |imaging; PBR and|capacity was associated
adults microvascular with reduced PBR.
parameters
Grandys et{15 female track and|High-volume professional|Serum SDC-1 and[Lower FMD and higher|
al., 2023 field athletes vs. 15|training, approximately  13|HA; brachial[HA/SDC-1 in athletes;
age-matched controls |h/week artery FMD associations with
training load.
Pranskiinien |18 healthy,|High-intensity sprint interval|Sublingual No significant changes
¢ et al., 2020|recreationally active|cycling; measurements repeated|microcirculatory [in SDC-1, PBR or
men after a 2-week pomegranateland glycocalyx-|microcirculatory
extract or control intervention |related parameters.
assessment; SDC-
1
Schwalm et|21 healthy adult sport|10-week polarized and|SBT-mini and|No group-level change
al., 2022 and running|periodized  running  training|vascular function|in SBT-mini after
beginners program parameters training.

Source: Authors’ own compilation.

Notes: FMD, flow-mediated dilation; HA, hyaluronic acid; HIIT, high-intensity interval training; HS, heparan
sulfate; PBR, perfused boundary region; PPO, peak power output; RBC, red blood cell; SBT-mini, salt blood test-
mini; SDC, syndecan; SDF, sidestream dark-field imaging. Increased circulating concentrations of glycocalyx
components such as SDC-1, HS and HA generally reflect increased shedding and should not be interpreted as
direct measurements of glycocalyx thickness. Imaging-derived indices such as PBR represent a different approach
to glycocalyx assessment.




3.2. Acute Effects of Physical Exercise on the Endothelial Glycocalyx

Across the included studies, the acute response of the endothelial glycocalyx to physical
exercise was heterogeneous. Majerczak et al. observed no significant changes in SDC-1 or HS
after maximal incremental cycling in young, healthy men, providing no evidence of increased
glycocalyx shedding based on these circulating markers (Majerczak et al., 2016). In contrast,
Lee et al. reported increased serum SDC-1 and SDC-4 after 45 min of cycling, consistent with
enhanced syndecan shedding (Lee et al., 2019).

Similar post-exercise increases in glycocalyx-related markers were reported by Sapp et
al., who observed elevated SDC-1 after both moderate continuous and high-intensity interval
cycling, and by Kropfl et al., who demonstrated increases in SDC-1, HS, and HA after high-
intensity exercise in trained runners and cyclists (Sapp et al., 2019; Kropfl et al., 2021).

However, imaging-derived measures did not consistently demonstrate acute changes.
Fuchs et al. found no significant immediate change in PBR or RBC filling after a 10-km run,
while Pranskiinien¢ et al. reported no significant changes in SDC-1 or PBR across assessments

involving high-intensity sprint interval cycling (Fuchs et al., 2022; Pranskiinien¢ et al., 2020).

3.3. Chronic Training Adaptations

Across the included studies, chronic training-related glycocalyx responses were
variable. After 20 weeks of moderate-intensity endurance training, Majerczak et al. reported
significant reductions in resting SDC-1 and HS concentrations, consistent with reduced
glycocalyx shedding (Majerczak et al., 2017).

In Schmitz et al.,, improvement in exercise capacity following a four-week HIIT
intervention was associated with a reduction in PBR, an imaging-derived change compatible
with a more favorable glycocalyx-related profile (Schmitz et al., 2019).

However, not all interventions produced group-level changes in glycocalyx-related
measures. Lee et al. observed no significant changes in baseline SDC-1 or SDC-4 after 12
weeks of exercise training. Similarly, Schwalm et al. reported no change in SBT-mini for the
overall cohort after a 10-week running program, although greater performance gains were
associated with improved SBT-mini values in participants younger than 45 years (Lee et al.,

2019; Schwalm et al., 2022).



Overall, chronic training effects on glycocalyx-related measures were not uniform, with
favorable changes or associations observed in some studies and no group-level changes in

others.

3.4. The Role of Exercise Intensity and Modality

Available studies do not demonstrate a consistent relationship between exercise
intensity and glycocalyx-related responses. Sapp et al. reported similar increases in SDC-1 after
both moderate continuous and high-intensity interval cycling, while the high-intensity protocol
produced changes in selected additional endothelial markers (Sapp et al., 2019).

In a direct comparison of exercise modalities, Kropfl et al. observed increases in SDC-
1, HS, and HA after high-intensity exercise without significant differences between running
and cycling (Kropfl et al., 2021). Pranskiinien¢ et al. reported no significant changes in SDC-1
or PBR across assessments involving high-intensity sprint interval cycling (Pranskiiniené et al.,
2020).

Schmitz et al. also found no significant differences in microvascular parameters
between two HIIT protocols differing in recovery duration (Schmitz et al., 2019). Overall, the
included studies did not demonstrate a clear intensity- or modality-dependent pattern in

glycocalyx-related responses.

3.5. High Training Load and Endothelial Glycocalyx Integrity

In the available athlete-specific evidence, high training load was associated with a less
favorable endothelial and glycocalyx-related profile. Grandys et al. found that female track and
field athletes had lower FMD and higher resting concentrations of HA and SDC-1 than age-
matched controls. Training load was negatively correlated with FMD and positively correlated
with both HA and SDC-1, consistent with an association between greater training exposure and
increased glycocalyx shedding (Grandys et al., 2023).

A heterogeneous response was also observed during ultra-endurance exercise. During
the Yukon Arctic Ultra, performed under extreme cold conditions, Steinach et al. reported an
increase in HA, a decrease in syndecan CD-138, and no significant temporal change in HS.
Glycocalyx-related responses were additionally associated with sex, age, BMI, and covered
distance (Steinach et al., 2022).

Overall, high-volume training and ultra-endurance exposure were associated with



alterations in glycocalyx-related markers, but the limited available evidence does not indicate

a uniform pattern of response.
4. Discussion

The findings of this review indicate that the relationship between physical exercise and
the endothelial glycocalyx is not uniform. Acute exercise was associated with responses ranging
from no detectable change to transient increases in circulating glycocalyx components, whereas
chronic training studies reported either favorable changes or no significant group-level effects.
High-volume training and ultra-endurance exercise were associated with further heterogeneous
responses. These differences may partly reflect distinct patterns of exercise-induced shear
stress, which contribute to endothelial adaptation and vascular remodeling (Tinken et al., 2010;
Green et al., 2017). Such mechanisms are consistent with the broader cardiovascular benefits
of regular aerobic exercise (Koman et al., 2024), although direct evidence linking them to
glycocalyx remodeling remains limited.

Interpretation of acute glycocalyx responses is particularly challenging. Saz-Lara et al.
interpreted pooled findings as indicating an overall beneficial acute effect of exercise (Saz-Lara
et al., 2024), whereas Bolger et al. subsequently emphasized that increases in circulating SDC-
1, HS, and HA generally indicate shedding and should not be interpreted as direct evidence of
improved glycocalyx integrity (Bolger et al., 2025). Circulating markers provide indirect
information on glycocalyx degradation or turnover, while PBR and other imaging-derived
indices assess different properties of the endothelial surface layer and are not interchangeable
with serum biomarkers (Tomita et al., 2026). Consequently, post-exercise increases in
circulating glycocalyx components cannot be classified automatically as either beneficial
adaptation or endothelial damage. Measurement timing may further influence interpretation, as
other indices of endothelial function, including FMD, also demonstrate time-dependent
responses after acute exercise (Dawson et al., 2013).

Redox balance may contribute to this variability. Kropfl et al. reported an association
between glycocalyx shedding and total antioxidative capacity after high-intensity exercise
(Kropfl et al., 2021). Exercise-induced ROS participate in physiological signaling and training
adaptation, whereas excessive oxidative stress may contribute to tissue injury (Powers et al.,
2016; Korohod et al., 2026). Transient glycocalyx shedding could therefore occur within a
broader adaptive response, but its physiological significance remains uncertain, and no

threshold separating normal turnover from detrimental degradation has been established. This
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uncertainty is also relevant to the findings of Steinach et al., who suggested that changes in
circulating glycocalyx components during ultra-endurance exercise may partly reflect
reorganization or physiological release rather than exclusively destructive shedding (Steinach
et al., 2022).

The chronic training studies further emphasize the distinction between acute responses
and long-term adaptation. Moderate-intensity endurance training was associated with
reductions in resting SDC-1 and HS in Majerczak et al., while improvement in exercise capacity
following HIIT was associated with lower PBR in Schmitz et al. (Majerczak et al., 2017;
Schmitz et al., 2019). However, other interventions produced no significant group-level
changes in baseline syndecan concentrations or SBT-mini values (Lee et al., 2019; Schwalm et
al., 2022). Thus, the available evidence does not support a uniform chronic training response,
and the absence of change in a single glycocalyx-related measure should not necessarily be
interpreted as an absence of vascular adaptation.

From a sports medicine perspective, the findings related to high training load require
particular caution. Grandys et al. reported lower FMD and higher HA and SDC-1 in female
track and field athletes, with these measures associated with training volume (Grandys et al.,
2023). Sex-related differences may also influence the interpretation of endothelial function, as
associations between flow-mediated dilation and metabolic cardiovascular risk factors have
been reported to differ between women and men (Gozhenko et al., 2025). These findings should
not be equated with overtraining syndrome, but they can be considered within the broader
concept of the balance between training stress and recovery. Current literature emphasizes that
excessive training exposure combined with insufficient recovery may be associated with
maladaptation and that no single biomarker is sufficient to identify overtraining-related states
(Meeusen et al., 2013; Wajerowska et al., 2026). Glycocalyx-related measures may therefore
warrant further investigation as components of multidimensional athlete monitoring, but they
are not currently validated for this purpose.

Ultra-endurance exercise represents an even more complex setting. During the Yukon
Arctic Ultra, individual glycocalyx components changed in different directions, and the results
may have been influenced by cold exposure, hydration status, renal elimination, sex, age, BMI,
and covered distance (Steinach et al., 2022). Marathon and ultramarathon participation can also
be accompanied by broad transient biochemical and metabolic changes involving multiple

organ systems (Uzdzicki et al., 2018). Glycocalyx-related changes observed under such
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conditions should therefore be interpreted as part of a complex systemic response rather than

as isolated evidence of endothelial injury.
4.1. Limitations

Several limitations of the available evidence should be acknowledged. Most studies
included small samples and differed in sex distribution, training status, exercise modality,
intensity, duration, and measurement timing. Men predominated in most experimental studies,
while the main study of high training load in competitive athletes included only women.

Methodological heterogeneity is another important limitation. Circulating SDC-1, HS,
and HA are indirect markers of glycocalyx shedding or turnover and do not directly measure
glycocalyx thickness or function. Likewise, PBR, SBT-mini, and other approaches assess
different aspects of glycocalyx-related physiology and should not be interpreted
interchangeably. These differences may partly explain conflicting findings across studies.

The present review is also limited by its narrative design, with no formal risk-of-bias
assessment or quantitative synthesis. Future studies should use larger and more diverse cohorts,
standardized exercise protocols, and complementary glycocalyx measurements combined with
established markers of endothelial function. At present, glycocalyx-related measures should be
considered research tools rather than established standalone markers of training adaptation in

athletes.

5. Conclusions

Current evidence indicates that the endothelial glycocalyx responds to both acute
exercise and repeated training, but the direction and magnitude of these responses are not
uniform. Acute exercise may be accompanied by changes in circulating glycocalyx-related
markers without consistent alterations in imaging-derived measures, while chronic training
studies have reported both favorable associations and no detectable group-level changes. High
training load and ultra-endurance exercise have also been associated with alterations in
glycocalyx-related markers, although the available evidence does not demonstrate a consistent
pattern of glycocalyx disruption.

Interpretation of these findings is limited by small study populations, heterogeneous
exercise protocols, differences in training status, and substantial variability in glycocalyx
assessment methods. Circulating shedding markers and imaging-derived indices should

therefore not be interpreted interchangeably. Further prospective studies using standardized and

12



complementary assessment methods are needed to clarify how exercise intensity, duration,
modality, and training load influence the endothelial glycocalyx and to determine whether
glycocalyx-related measures may have future value in the assessment of training adaptation in

athletes.
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