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Chronic respiratory diseases (CRDs) are highly prevalent conditions, causing over 4 million
deaths every year and representing a major source of physical, psychological, and occupa-
tional disability [1]. While the term CRDs is typically linked to common conditions like
asthma and chronic obstructive pulmonary disease (COPD), the Global Burden of Disease
Dictionary currently extends its definition to encompass a wide range of disorders with
different etiologies that can affect any part of the airways [1]. Despite these varied etiolo-
gies (e.g., infectious, occupational, environmental, genetic), scientific evidence suggests
that inflammation and oxidative stress may serve as common pathogenetic mechanisms
in most CRDs, acting as key determinants of disease progression [2]. In this scenario, it is
important to emphasize that oxidative stress and chronic inflammation are rarely confined
to the lungs but are more often systemic, capable of disrupting vascular homeostasis [3].
In particular, oxidative stress is able to impact the vasculature in both pulmonary and
peripheral circulation through a number of mechanisms, including peroxynitrite formation
with reduced nitric oxide (NO) bioavailability, NO synthase uncoupling, accumulation of
asymmetric dimethylarginine (ADMA), and increased arginase activity [3]. Thus, prompted
in part by research on convalescent coronavirus disease 2019 (COVID-19) patients [4], the
resulting endothelial dysfunction has increasingly been recognized as a key contributor
to the systemic manifestations of CRDs and, as the earliest event in atherosclerosis, the
associated cardiovascular risk [2].

It follows that monitoring endothelial function could have significant implications
for the management of CRDs, with a variety of clinical and laboratory methods currently
available [5]. Laboratory methods mainly focus on detecting molecules, membrane proteins,
and medjiators involved in the regulatory functions of the endothelium. In this scenario, it
is important to emphasize that, due to the strong interconnection between inflammation,
oxidative stress, and endothelial dysfunction, numerous biomarkers are shared across these
processes, thus enabling comprehensive monitoring [3]. Among these, the most commonly
used include (but are not limited to) peroxynitrite, asymmetric dimethylarginine (ADMA),
vascular cell adhesion molecule-1 (VCAM-1), and malondialdehyde as indicators of both
oxidative stress and endothelial dysfunction, alongside circulating endothelial cells (CECs),
endothelial progenitor cells (EPCs), or endothelin-1 (ET-1), which are more specific to
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endothelial function [5]. Regarding clinical methods, both invasive and non-invasive
techniques have been proposed over time, based on different principles, including venous
occlusion plethysmography (VOP), laser Doppler flowmetry (LDF), and peripheral artery
tonometry (PAT) [5]. However, one of the most widely used techniques for endothelial
function assessment is the measurement of flow-mediated dilation (FMD) of the brachial
artery, which has emerged as both an independent predictor of cardiovascular events and a
surrogate marker of vascular oxidative stress [6].

Using these methods, several authors have monitored endothelial function in CRDs,
and, supported by robust meta-analytic data [7], the disruption of endothelial homeostasis
has earned recognition as a constant in CRDs and, therefore, as a novel and attractive
therapeutic target [8]. However, there are currently no specific medications designed to
treat isolated endothelial dysfunction, and its improvement still remains an unexpected
but welcome side effect of various existing drugs [5], including renin-angiotensin system
(RAS) inhibitors and statins, as well as some antioxidant and nutraceutical strategies [3].
Additionally, certain exercise-based approaches have shown the potential to mobilize EPCs,
support mitochondrial function, activate sirtuins, and reduce inflammation and oxidative
stress through the involvement of specific pathways, such as nuclear factor erythroid
2-related factor 2 (Nrf2) [9].

Since 1986, when the potential benefit of exercise on endothelial function in tennis
players was first hypothesized [10], several studies have been published on this topic, with
some promising and (sometimes) conflicting results also in regard to CRDs. A number
of reports have highlighted the link between exercise capacity and endothelial function
in CRDs, along with a consistent association between physical activity levels and the
extent of endothelial dysfunction. In a pioneering paper by Barr et al. [11], it was first
documented that there is a strong relationship between endothelial function measured
by FMD and the severity of airflow obstruction across a heterogeneous group of former
smokers. This result was later confirmed among COPD patients, along with the finding
of a stronger association between forced expiratory volume in 1 s (FEV;) and endothelial
function in physically less active patients [12]. Accordingly, with the awareness that
strenuous exercise can conversely increase oxidative stress and inflammation [13], physical
inactivity has been linked to increased vascular lipid peroxidation, upregulated superoxide
release, and systemic inflammation in both animal models [14] and COPD patients [15],
thereby determining endothelial dysfunction and accelerated atherosclerosis. Inactive
COPD patients also show increased arterial stiffness, as indicated by higher values of
pulse-wave velocity (PWV) [16]. This pairs well with the evidence that physical inactivity
is one of the strongest predictors of overall and cardiovascular mortality in COPD [17].
Moreover, when assessing peripheral endothelial function through the reactive hyperemia
index (RHI) measured by PAT, COPD patients with endothelial dysfunction (RHI < 1.67)
demonstrate poorer aerobic exercise capacity and a higher prevalence of cardiovascular risk
factors [18]. A similar significant positive correlation between exercise capacity, measured
by the 6-min walking distance, and endothelial function, assessed through FMD, can also
be found among patients hospitalized for severe acute exacerbations of COPD [19].

The observation that physical activity levels and exercise capacity may somehow be
linked to endothelial function in COPD has raised questions about whether exercise-based
approaches could serve as effective strategies for reversing endothelial dysfunction in
CRDs, thereby potentially reducing the associated cardiovascular risk. In a randomized
controlled trial involving patients with COPD, 12-week exercise training led to a significant
improvement in peak work rate, along with a reduction in blood fibrinogen, leptin, and late
EPCs [20]. Despite some isolated conflicting findings [21], the latter result is substantially
also confirmed when adopting FMD for endothelial function assessment and supervised
training protocols with shorter durations (8 weeks) [22], or even by modest increases
in daily step counts [23]. Accordingly, although PWYV is not strictly considered a direct
measure of endothelial dysfunction but rather an indicator of a consequential event, namely
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arterial stiffness, it is noteworthy that endurance exercise appears to improve this parameter
as well [24].

Turning to a more structured approach in the context of a rehabilitation program, the
scientific literature presents less consistent results, particularly highlighting some differ-
ences between measures of endothelial function and arterial stiffness. In patients with
stable pulmonary arterial hypertension (PAH), rehabilitation appears to have a positive
effect on endothelial function, promoting mechanisms that favor repair over damage, as
evidenced by an increase in the number of CECs (CD34*/ CD45'°%) and a reduction in
endothelial microvesicles (CD31*/CD42b ™) following training [25]. Similar findings are
observed among stable group E COPD patients, in whom an almost 50% improvement
in endothelium-dependent FMD can be expected at the end of an in-hospital rehabilita-
tion program [26]. This improvement appears to be independent of major clinical and
demographic variables, with one relevant exception, namely hypercholesterolemia. The
well-known phenomenon of endothelial lipotoxicity seems to prevent hypercholesterolemic
COPD patients from achieving favorable changes in endothelial function following rehabil-
itation [26]. Furthermore, scientific evidence suggests that improvements in endothelial
function correlate with improvements in pulmonary functional parameters after completing
the rehabilitation program [26]. Very similar results are also observed in less severe COPD
patients [27] and even among convalescent COVID-19 patients accessing the rehabilitation
setting within 3 months of testing negative [4]. On the other hand, while some authors
report a similar improvement in arterial stiffness, correlated with favorable changes in
blood pressure values [27], others fail to observe significant modifications in PWV and/or
the augmentation index at the end of the rehabilitation program [28]. In an attempt to
interpret these apparently conflicting results, it is important to first note that endothelial
dysfunction is an early phenomenon of atherosclerosis and, by definition, reversible even in
relatively short periods, whereas arterial stiffness is a consequential event associated with
the accumulation of protein material (i.e., collagen) in the arterial wall, which reduces vessel
distensibility. Therefore, according to some preliminary evidence [29,30], it is reasonable
to assume that any improvement in arterial stiffness may require a longer intervention
and/or depend on other concomitant factors, including physical activity levels or baseline
exercise capacity.

To date, what we know for certain is that inflammation, oxidative stress, and accel-
erated atherosclerosis are closely interconnected processes in CRDs, with cardiovascular
comorbidity accounting for a substantial proportion of the excess disease burden in these
clinical settings. Current evidence is more easily interpreted when considering that, based
on meta-analytical data, for each percentage point reduction in FMD, the risk of ischemic
events increases by 12% [6], while a difference of >0.5 m/s in ankle-brachial PWV corre-
sponds to a 7.5% reduction in cardiovascular risk [31]. Therefore, given that exercise-based
strategies seem to positively impact these parameters, one could speculate that pulmonary
rehabilitation may become the ideal healthcare setting for managing cardiovascular co-
morbidities in CRDs. However, several questions still remain unanswered, and further
research is still needed. First, most of the current evidence on this topic concerns COPD,
but other respiratory conditions, such as PAH or interstitial lung diseases, are endothelial
cell disorders, so it is now necessary to determine whether the key role of endothelial
dysfunction as a pathogenic mechanism and potential therapeutic target can be extended to
pathologies other than COPD. Another issue concerns whether, within a multidisciplinary
approach, additional factors beyond exercise (e.g., pharmacological adjustments) could
contribute to the observed improvement in endothelial function and how to optimize their
impact. Other aspects to explore pertain to whether different training modalities may
have different effects on endothelial function, whether any improvements are temporary,
and how long they persist after completing the rehabilitation program. Significant efforts
are now required to better understand how (and to what extent) exercise and pulmonary
rehabilitation may help restore endothelial function and manage CRDs along with their
associated cardiovascular comorbidities.



Antioxidants 2024, 13, 1543 40f5

Author Contributions: All authors contributed equally to the conception, drafting, and critical revi-
sion of the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was partially supported by the “Ricerca Corrente” funding scheme of the
Ministry of Health, Italy.

Data Availability Statement: No datasets were generated or analyzed during the current study.

Acknowledgments: The authors would like to thank SIRAS (Societa Italiana di Riabilitazione e Alta
Specializzazione—Italian Society of Rehabilitation and High Specialization), the President Monica
Panigazzi, and the Governing Board for their technical support in the preparation of this manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

S

10.

11.

12.

13.

14.

15.

16.

17.

18.

GBD Chronic Respiratory Disease Collaborators. Prevalence and attributable health burden of chronic respiratory diseases,
1990-2017: A systematic analysis for the Global Burden of Disease Study 2017. Lancet Respir. Med. 2020, 8, 585-596. [CrossRef]
[PubMed]

Miklos, Z.; Horvath, I. The Role of Oxidative Stress and Antioxidants in Cardiovascular Comorbidities in COPD. Antioxidants
2023, 12, 1196. [CrossRef] [PubMed]

Barnes, P.J. Oxidative Stress in Chronic Obstructive Pulmonary Disease. Antioxidants 2022, 11, 965. [CrossRef] [PubMed]
Ambrosino, P.; Molino, A.; Calcaterra, I.; Formisano, R.; Stufano, S.; Spedicato, G.A.; Motta, A.; Papa, A.; Di Minno, M.N.D.;
Maniscalco, M. Clinical Assessment of Endothelial Function in Convalescent COVID-19 Patients Undergoing Multidisciplinary
Pulmonary Rehabilitation. Biomedicines 2021, 9, 614. [CrossRef]

Ambrosino, P.; Bachetti, T.; D’Anna, S.E.; Galloway, B.; Bianco, A.; D’Agnano, V,; Papa, A.; Motta, A.; Perrotta, F.; Maniscalco, M.
Mechanisms and Clinical Implications of Endothelial Dysfunction in Arterial Hypertension. J. Cardiovasc. Dev. Dis. 2022, 9, 136.
[CrossRef]

Matsuzawa, Y.; Kwon, T.G.; Lennon, R J.; Lerman, L.O.; Lerman, A. Prognostic Value of Flow-Mediated Vasodilation in Brachial
Artery and Fingertip Artery for Cardiovascular Events: A Systematic Review and Meta-Analysis. |. Am. Heart Assoc. 2015,
4, e002270. [CrossRef]

Theodorakopoulou, M.P.,; Alexandrou, M.E.; Bakaloudi, D.R; Pitsiou, G.; Stanopoulos, I.; Kontakiotis, T.; Boutou, A.K. Endothelial
dysfunction in COPD: A systematic review and meta-analysis of studies using different functional assessment methods. ER]
Open Res. 2021, 7, 00983-2020. [CrossRef]

Nediani, C.; Dinu, M. Oxidative Stress and Inflammation as Targets for Novel Preventive and Therapeutic Approaches in
Non-Communicable Diseases II. Antioxidants 2022, 11, 824. [CrossRef]

Gao, J.; Pan, X,; Li, G.; Chatterjee, E.; Xiao, J. Physical Exercise Protects Against Endothelial Dysfunction in Cardiovascular and
Metabolic Diseases. J. Cardiovasc. Transl. Res. 2022, 15, 604—620. [CrossRef]

Sinoway, L.I.; Musch, T.I.; Minotti, ].R.; Zelis, R. Enhanced maximal metabolic vasodilatation in the dominant forearms of tennis
players. J. Appl. Physiol. 1986, 61, 673—678. [CrossRef]

Barr, R.G.; Mesia-Vela, S.; Austin, ].H.; Basner, R.C.; Keller, B.M.; Reeves, A.P,; Shimbo, D.; Stevenson, L. Impaired flow-mediated
dilation is associated with low pulmonary function and emphysema in ex-smokers: The Emphysema and Cancer Action Project
(EMCAP) Study. Am. ]. Respir. Crit. Care Med. 2007, 176, 1200-1207. [CrossRef] [PubMed]

Clarenbach, C.E; Senn, O.; Sievi, N.A.; Camen, G.; van Gestel, A.].; Rossi, V.A.; Puhan, M.A.; Thurnheer, R.; Russi, E.W.; Kohler,
M. Determinants of endothelial function in patients with COPD. Eur. Respir. J. 2013, 42, 1194-1204. [CrossRef] [PubMed]
Meza-Ramos, A.; Alcarraz, A.; Lazo-Rodriguez, M.; Sanguesa, G.; Banon-Maneus, E.; Rovira, J.; Ramirez-Bajo, M.].; Sitges,
M.; Mont, L.; Ventura-Aguiar, P; et al. High-Intensity Exercise Promotes Deleterious Cardiovascular Remodeling in a High-
Cardiovascular-Risk Model: A Role for Oxidative Stress. Antioxidants 2023, 12, 1462. [CrossRef] [PubMed]

Laufs, U.; Wassmann, S.; Czech, T.; Munzel, T.; Eisenhauer, M.; Bohm, M.; Nickenig, G. Physical inactivity increases oxidative
stress, endothelial dysfunction, and atherosclerosis. Arterioscler. Thromb. Vasc. Biol. 2005, 25, 809-814. [CrossRef] [PubMed]
Waschki, B.; Spruit, M.A.; Watz, H.; Albert, P.S.; Shrikrishna, D.; Groenen, M.; Smith, C.; Man, W.D; Tal-Singer, R.; Edwards, L.D.;
et al. Physical activity monitoring in COPD: Compliance and associations with clinical characteristics in a multicenter study.
Respir. Med. 2012, 106, 522-530. [CrossRef]

Stickland, M.K.; Vogan, N.; Petersen, S.R.; Wong, E.Y.; Bhutani, M. Physical activity and arterial stiffness in chronic obstructive
pulmonary disease. Respir. Physiol. Neurobiol. 2013, 189, 188-194. [CrossRef]

Waschki, B.; Kirsten, A.M.; Holz, O.; Mueller, K.C.; Schaper, M.; Sack, A.L.; Meyer, T.; Rabe, K.F; Magnussen, H.; Watz, H. Disease
Progression and Changes in Physical Activity in Patients with Chronic Obstructive Pulmonary Disease. Am. ]. Respir. Crit. Care
Med. 2015, 192, 295-306. [CrossRef]

Vaes, A.W.; Spruit, M.A_; Theunis, J.; Wouters, E.EM.; De Boever, P. Peripheral endothelial function is positively associated with
maximal aerobic capacity in patients with chronic obstructive pulmonary disease. Respir. Med. 2018, 142, 41-47. [CrossRef]


https://doi.org/10.1016/S2213-2600(20)30105-3
https://www.ncbi.nlm.nih.gov/pubmed/32526187
https://doi.org/10.3390/antiox12061196
https://www.ncbi.nlm.nih.gov/pubmed/37371927
https://doi.org/10.3390/antiox11050965
https://www.ncbi.nlm.nih.gov/pubmed/35624831
https://doi.org/10.3390/biomedicines9060614
https://doi.org/10.3390/jcdd9050136
https://doi.org/10.1161/JAHA.115.002270
https://doi.org/10.1183/23120541.00983-2020
https://doi.org/10.3390/antiox11050824
https://doi.org/10.1007/s12265-021-10171-3
https://doi.org/10.1152/jappl.1986.61.2.673
https://doi.org/10.1164/rccm.200707-980OC
https://www.ncbi.nlm.nih.gov/pubmed/17761614
https://doi.org/10.1183/09031936.00144612
https://www.ncbi.nlm.nih.gov/pubmed/23429917
https://doi.org/10.3390/antiox12071462
https://www.ncbi.nlm.nih.gov/pubmed/37508000
https://doi.org/10.1161/01.ATV.0000158311.24443.af
https://www.ncbi.nlm.nih.gov/pubmed/15692095
https://doi.org/10.1016/j.rmed.2011.10.022
https://doi.org/10.1016/j.resp.2013.08.001
https://doi.org/10.1164/rccm.201501-0081OC
https://doi.org/10.1016/j.rmed.2018.07.013

Antioxidants 2024, 13, 1543 50f5

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Kabbach, E.Z.; Heubel, A.D.; da Luz Goulart, C.; Di Lorenzo, V.A.P; Phillips, S.A.; Borghi-Silva, A.; Mendes, R.G. Association of
exercise capacity and endothelial function in patients with severe exacerbations of chronic obstructive pulmonary disease. Sci.
Rep. 2021, 11, 461. [CrossRef]

Neunhauserer, D.; Patti, A.; Niederseer, D.; Kaiser, B.; Cadamuro, J.; Lamprecht, B.; Ermolao, A.; Studnicka, M.; Niebauer, J.
Systemic Inflammation, Vascular Function, and Endothelial Progenitor Cells after an Exercise Training Intervention in COPD. Am.
J. Med. 2021, 134, €171-e180. [CrossRef]

Gelinas, J.C.; Lewis, N.C.; Harper, M.I.; Melzer, B.; Agar, G.; Rolf, ].D.; Eves, N.D. Aerobic exercise training does not alter vascular
structure and function in chronic obstructive pulmonary disease. Exp. Physiol. 2017, 102, 1548-1560. [CrossRef] [PubMed]
Merlo, C.; Bernardi, E.; Bellotti, F.; Pomidori, L.; Cogo, A. Supervised exercise training improves endothelial function in COPD
patients: A method to reduce cardiovascular risk? ER] Open Res. 2020, 6, 00304-2019. [CrossRef] [PubMed]

Kohlbrenner, D.; Clarenbach, C.E; Thiel, S.; Roeder, M.; Kohler, M.; Sievi, N.A. A few more steps lead to improvements in
endothelial function in severe and very severe COPD. Respir. Med. 2021, 176, 106246. [CrossRef] [PubMed]

Vivodtzev, I.; Minet, C.; Wuyam, B.; Borel, ].C.; Vottero, G.; Monneret, D.; Baguet, ].P.; Levy, P; Pepin, ].L. Significant improvement
in arterial stiffness after endurance training in patients with COPD. Chest 2010, 137, 585-592. [CrossRef]

Rodriguez-Chiaradia, D.A.; Khilzi, K.; Blanco, I.; Rodo-Pin, A.; Martin-Ontiyuelo, C.; Herranz Blasco, A.; Garcia-Lucio, J.; Molina,
L.; Marco, E.; Barreiro, E.; et al. Effects of Exercise Training on Circulating Biomarkers of Endothelial Function in Pulmonary
Arterial Hypertension. Biomedicines 2023, 11, 1822. [CrossRef]

Ambrosino, P; Di Minno, M.N.D.; D’Anna, S.E.; Formisano, R.; Pappone, N.; Mancusi, C.; Molino, A.; Motta, A.; Maniscalco, M.
Pulmonary rehabilitation and endothelial function in patients with chronic obstructive pulmonary disease: A prospective cohort
study. Eur. |. Intern. Med. 2023, 116, 96-105. [CrossRef]

Szucs, B.; Petrekanits, M.; Varga, J. Effectiveness of a 4-week rehabilitation program on endothelial function, blood vessel elasticity
in patients with chronic obstructive pulmonary disease. J. Thorac. Dis. 2018, 10, 6482-6490. [CrossRef]

Pereira de Araujo, C.L.; Pereira Reinaldo, G.; Foscarini, B.G.; Ferreira Schneider, B.; Moraes Menezes, V].; Dal Lago, P. The effects
of pulmonary rehabilitation on endothelial function and arterial stiffness in patients with chronic obstructive pulmonary disease.
Physiother. Res. Int. 2020, 25, €1820. [CrossRef]

Aldabayan, Y.S.; Ridsdale, H.A.; Alrajeh, A.M.; Aldhahir, A.M.; Lemson, A.; Alqahtani, ].S.; Brown, J.S.; Hurst, ].R. Pulmonary
rehabilitation, physical activity and aortic stiffness in COPD. Respir. Res. 2019, 20, 166. [CrossRef]

Moore, L.E.; Byers, B.W.; Fuhr, D.P.; Wong, E.; Bhutani, M.; Stickland, M.K. Cardiovascular benefits from standard pulmonary
rehabilitation are related to baseline exercise tolerance levels in chronic obstructive pulmonary disease. Respir. Med. 2017, 132,
56-61. [CrossRef]

Chen, W.; Thomas, J.; Sadatsafavi, M.; FitzGerald, ].M. Risk of cardiovascular comorbidity in patients with chronic obstructive
pulmonary disease: A systematic review and meta-analysis. Lancet Respir. Med. 2015, 3, 631-639. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/s41598-020-80601-w
https://doi.org/10.1016/j.amjmed.2020.07.004
https://doi.org/10.1113/EP086379
https://www.ncbi.nlm.nih.gov/pubmed/28857336
https://doi.org/10.1183/23120541.00304-2019
https://www.ncbi.nlm.nih.gov/pubmed/32714965
https://doi.org/10.1016/j.rmed.2020.106246
https://www.ncbi.nlm.nih.gov/pubmed/33248361
https://doi.org/10.1378/chest.09-1437
https://doi.org/10.3390/biomedicines11071822
https://doi.org/10.1016/j.ejim.2023.06.015
https://doi.org/10.21037/jtd.2018.10.104
https://doi.org/10.1002/pri.1820
https://doi.org/10.1186/s12931-019-1135-6
https://doi.org/10.1016/j.rmed.2017.09.011
https://doi.org/10.1016/S2213-2600(15)00241-6

	References

