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The endothelium is composed of a monolayer of endothelial cells (ECs) covering the
inner side of arterial, venous and lymphatic vessels [1]. ECs display important homeostatic
functions, since they are able to respond to both humoral and hemodynamic triggers [2].
Being present in virtually every part of the body, the endothelium plays a key role in the
systemic control of vascular tone, inflammation, coagulation and oxidative stress [3–5].
Accordingly, endothelial dysfunction has been identified as a key and early pathogenic
mechanism in many clinical conditions [6], including the novel coronavirus disease 2019
(COVID-19) and its post-acute sequelae [7,8]. The leading role of endothelial function in
vascular and organ homeostasis has led to the development of many clinical and laboratory
tests for its assessment [9]. Furthermore, considering its pathogenetic role, the loss of
functional integrity of ECs has been proposed as a potential therapeutic target for tailored
pharmacological, rehabilitation and even epigenetic approaches [10].

Numerous original [11–18] and review articles [19–24] were published in the first
volume of this Special Issue, entitled “Endothelial Dysfunction: From a Pathophysiological
Mechanism to a Potential Therapeutic Target” [25], contributing to an improved under-
standing of the intrinsic mechanisms of endothelial dysfunction and elucidating many
aspects of the relationship between the alteration in endothelial integrity and the onset
of inflammation, oxidative stress and hypercoagulable states. Thus, the pathogenesis of
endothelial dysfunction was analyzed and discussed in light of the contributing role of
the Notch pathway [19] and neutrophil extracellular traps and NLR family pyrin-domain-
containing 3 (NLRP3) inflammasome [21]. Moreover, the complex interplay between ECs
and the sympathetic nervous system was extensively reviewed by Quarti-Trevano et al. [22],
who proposed it as a key pathogenic mechanism in heart failure and hypertension. Ac-
cordingly, in another interesting article [16], the prognostic role of endothelial dysfunction
was confirmed in hypertensive subjects as a surrogate marker of cardiovascular risk and a
predictor of future diabetes onset. The potential therapeutic and clinical implications of
endothelial damage were also analyzed in other clinical conditions, including autoimmune,
infective and multifactorial diseases. Thus, Lo Gullo et al. [12] reported a direct association
between the severity of pulmonary impairment and the degree of endothelial dysfunction
in patients with systemic sclerosis (SSc), as expressed by circulating endocan levels. An-
other functional study [15] suggested the potential beneficial effect of multidisciplinary
rehabilitation on endothelium-dependent flow-mediated dilation (FMD) of convalescent
COVID-19 patients referred to a post-acute care setting, thus supporting the hypothesis that
exercise-based interventions may reduce endothelial dysfunction and cardiovascular risk
in the post-acute phase of COVID-19 [7]. The beneficial impact of gliflozins on endothelial
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function, due to a reduction in oxidative stress and inflammation, was also discussed in
another intriguing paper [23].

Overall, this first collection of articles offered a comprehensive but non-exhaustive
view of the molecular pathways related to the homeostatic functions of the endothelium,
with a focus on the clinical implications of endothelial dysfunction in different clinical
settings. However, in response to the need for further preclinical and translational research
on this issue, a second volume has been launched, with some clinical and laboratory studies
already published.

In line with the widespread belief that endothelial dysfunction is the earliest stage
of atherosclerosis, Coppola et al. [26] published an in vitro study in human EC cultures
(Ea.hy926) to explore the role of vascular calcification as the leading cause of cardiovas-
cular mortality in chronic kidney disease (CKD). In particular, the authors demonstrated
that the uremic toxin lanthionine, generated as a side-product of the trans-sulphuration
process, is able to modify endothelial homeostasis at a concentration similar to that usually
documented in CKD patients, with the expression of specific markers involved in the
mineralization process. Another laboratory study [27] used mouse-brain microvascular
endothelial cells (bMECs) to explore the antioxidant, anti-inflammatory and neuroprotec-
tive effects of resveratrol, a phenolic compound of grape, mulberry and blueberry peels.
First, the authors demonstrated that interleukin (IL)-1β is able to induce the expression of
matrix metalloproteinase-9 (MMP-9) in bMECs, thus causing the disruption of the arranged
integrity of zonula occludens-1 (ZO-1). Hence, they found that resveratrol can reduce the
upregulation of MMP-9 caused by IL-1β in bMECs. Exploring the hypothesis that sodium
(Na+) accumulation in the skin may be responsible for salt sensitivity in salt-sensitive
hypertension, Šilhavý et al. [28] analyzed skin Na+ levels after 10 days of salt loading in
salt-sensitive hypertensive rats (SHRs) and salt-resistant normotensive Brown Norway
(BN-Lχ) rats. Interestingly, the authors documented significantly increased salt storage in
SHR after loading. Furthermore, the BN-Lχ rats exhibited an upregulation of the genes
involved in endothelial proliferation and angiogenesis, along with a significant increase
in skin capillary density. The authors hypothesized that skin vasodilation is a normal
response to salt loading in salt-resistant rats, along with a subsequent decrease in systemic
vascular resistance. In contrast, they speculated that salt sensitivity may be associated
with endothelial dysfunction and capillary rarefaction in the skin, causing a failure to
vasodilate and reduce systemic vascular resistance. Two clinical studies [29,30] have also
been published in this second volume. In a small cohort of patients with peripheral artery
disease (PAD) [29], vascular endothelial growth factor (VEGF) levels were measured in
ischemic and nonischemic skeletal muscles before and after revascularization. Significantly
reduced VEGF levels were found in ischemic muscles, particularly in advanced PAD stages
and diabetic patients, with a significant increase after endovascular or surgical restoration
of vascular patency. These interesting findings support the hypothesis of a local endothelial
compensatory mechanism against hypoxia in PAD mediated by the increase in VEGF
levels and consequent angiogenesis. Among patients with stable coronary artery disease,
Sbrana et al. [30] demonstrated instead the association between dense macrocalcifications
in coronary plaques and the M2-like circulating monocyte fingerprint, also suggesting
that trans-endothelial migration during plaque formation may be primary sustained by
Mon1 (CD14++/CD16−) and Mon2 (CD14++/CD16+) circulating subsets. A comprehensive
review of the complex relationship between obesity and endothelial dysfunction with a
focus on the mechanisms underlying the increased cardiovascular risk of obese patients is
also included in this second volume of the Special Issue [31]. In this regard, the authors
summarized the literature presenting evidence for the altered function of adipocytes in
obesity, which may determine increased levels of pro-inflammatory adipokines (i.e., IL-1β,
IL-6, tumor necrosis factor-α, transforming growth factor-β, serum amyloid A, leptin,
resistin, osteopontin); reduced levels of anti-inflammatory, antithrombotic and antidia-
betic adipokines (i.e., IL-10, adiponectin, omentin, pigment-epithelium-derived factor,
secreted frizzled-related protein, C1q/TNF-related proteins); and the consequent systemic
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enhancement of inflammation, oxidative stress and endothelial dysfunction. The article
also summarized the lifestyle interventions, including exercise and diet, that may positively
impact endothelial function and, therefore, cardiovascular risk, in obese subjects.

Overall, a limited number of the complex and multiple molecular aspects of endothe-
lial homeostasis were analyzed in this relatively small collection of articles, from which it
seems clear that the alteration in endothelial integrity may be a key pathological mecha-
nism in different clinical conditions, including hypertension, heart failure, coronary artery
disease, CKD, autoimmune diseases, COVID-19 and post-acute COVID-19 syndrome. One
of the recurring themes is the role of endothelial dysfunction as an early event of the
atherosclerotic process and plaque formation, which suggests that monitoring endothelial
function through clinical (e.g., FMD) and laboratory methods may be used as a surrogate
marker of cardiovascular risk. In this regard, the epidemiological evidence of an increased
cardiovascular risk in any clinical condition characterized by chronic inflammation, re-
gardless of its etiology [32,33], is consistent with the contents of some papers included in
both the first and second volumes of the Special Issue. Another translational aspect that
has emerged is the possibility of directly treating endothelial dysfunction, not only as a
welcome pleiotropic effect of routine pharmacological and rehabilitation strategies but also
as a consequence of novel approaches specific to the endothelium or at least driven by
its response. In this regard, based on a better knowledge of the mechanisms underlying
endothelial homeostasis, some promising candidates and epigenetic approaches have been
proposed and tested, with encouraging findings [10,34].

In light of current evidence, it is reasonable to assume that many other diseases may
be impacted by an imbalanced endothelial homeostasis, with a number of deregulated
pathways still to be elucidated. The endothelium is ubiquitous in humans, being the largest
organ of the body with complex functions, which display their specificity in different organs
and tissues. Therefore, more translational and laboratory research is urgently needed for
a better understanding of such homeostatic functions of the endothelium and a deeper
awareness of how and to what extent the alteration in endothelial integrity can represent a
key determinant of different disease mechanisms. This second volume of the Special Issue,
entitled “Endothelial Dysfunction: From a Pathophysiological Mechanism to a Potential
Therapeutic Target (Volume II)”, focuses on the mechanisms and diagnosis, as well as the
potential prognostic and therapeutic implications of endothelial dysfunction as a biomarker
of inflammation, oxidative stress and vascular disease.

Author Contributions: The four authors contributed equally to the conceptualization, design and
drafting 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.

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

References
1. Vane, J.R.; Anggard, E.E.; Botting, R.M. Regulatory functions of the vascular endothelium. N. Engl. J. Med. 1990, 323, 27–36.

[CrossRef]
2. Glassberg, M.K.; Bern, M.M.; Coughlin, S.R.; Haudenschild, C.C.; Hoyer, L.W.; Antoniades, H.N.; Zetter, B.R. Cultured endothelial

cells derived from the human iliac arteries. In Vitro 1982, 18, 859–866. [CrossRef]
3. Trepels, T.; Zeiher, A.M.; Fichtlscherer, S. The endothelium and inflammation. Endothelium 2006, 13, 423–429. [CrossRef]
4. van Hinsbergh, V.W. Endothelium–role in regulation of coagulation and inflammation. Semin. Immunopathol. 2012, 34, 93–106.

[CrossRef]
5. Ambrosino, P.; Lupoli, R.; Iervolino, S.; De Felice, A.; Pappone, N.; Storino, A.; Di Minno, M.N.D. Clinical assessment of

endothelial function in patients with chronic obstructive pulmonary disease: A systematic review with meta-analysis. Intern.
Emerg. Med. 2017, 12, 877–885. [CrossRef]

6. Feletou, M.; Vanhoutte, P.M. Endothelial dysfunction: A multifaceted disorder (The Wiggers Award Lecture). Am. J. Physiol. Heart
Circ. Physiol. 2006, 291, H985–H1002. [CrossRef]

http://doi.org/10.1056/NEJM199007053230106
http://doi.org/10.1007/BF02796327
http://doi.org/10.1080/10623320601061862
http://doi.org/10.1007/s00281-011-0285-5
http://doi.org/10.1007/s11739-017-1690-0
http://doi.org/10.1152/ajpheart.00292.2006


Biomedicines 2022, 10, 2757 4 of 5

7. Ambrosino, P.; Calcaterra, I.; Molino, A.; Moretta, P.; Lupoli, R.; Spedicato, G.A.; Papa, A.; Motta, A.; Maniscalco, M.; Di Minno,
M.N.D. Persistent Endothelial Dysfunction in Post-Acute COVID-19 Syndrome: A Case-Control Study. Biomedicines 2021, 9, 957.
[CrossRef]

8. Varga, Z.; Flammer, A.J.; Steiger, P.; Haberecker, M.; Andermatt, R.; Zinkernagel, A.S.; Mehra, M.R.; Schuepbach, R.A.; Ruschitzka,
F.; Moch, H. Endothelial cell infection and endotheliitis in COVID-19. Lancet 2020, 395, 1417–1418. [CrossRef]

9. Flammer, A.J.; Anderson, T.; Celermajer, D.S.; Creager, M.A.; Deanfield, J.; Ganz, P.; Hamburg, N.M.; Lüscher, T.F.; Shechter,
M.; Taddei, S.; et al. The assessment of endothelial function: From research into clinical practice. Circulation 2012, 126, 753–767.
[CrossRef]

10. Daiber, A.; Steven, S.; Weber, A.; Shuvaev, V.V.; Muzykantov, V.R.; Laher, I.; Li, H.; Lamas, S.; Munzel, T. Targeting vascular
(endothelial) dysfunction. Br. J. Pharmacol. 2017, 174, 1591–1619. [CrossRef]

11. Kan, K.; Mu, Y.; Bouschbacher, M.; Sticht, C.; Kuch, N.; Sigl, M.; Rahbari, N.; Gretz, N.; Pallavi, P.; Keese, M. Biphasic Effects of
Blue Light Irradiation on Human Umbilical Vein Endothelial Cells. Biomedicines 2021, 9, 829. [CrossRef]

12. Lo Gullo, A.; Mandraffino, G.; Rodriguez-Carrio, J.; Scuruchi, M.; Sinicropi, D.; Postorino, M.; Morace, C.; Giuffrida, C.; Sciortino,
D.; Gallizzi, R.; et al. Endocan and Circulating Progenitor Cells in Women with Systemic Sclerosis: Association with Inflammation
and Pulmonary Hypertension. Biomedicines 2021, 9, 533. [CrossRef]

13. Pulito-Cueto, V.; Remuzgo-Martinez, S.; Genre, F.; Atienza-Mateo, B.; Mora-Cuesta, V.M.; Iturbe-Fernandez, D.; Lera-Gomez, L.;
Perez-Fernandez, R.; Prieto-Pena, D.; Portilla, V.; et al. Endothelial Progenitor Cells: Relevant Players in the Vasculopathy and
Lung Fibrosis Associated with the Presence of Interstitial Lung Disease in Systemic Sclerosis Patients. Biomedicines 2021, 9, 847.
[CrossRef]

14. Macor, P.; Durigutto, P.; Mangogna, A.; Bussani, R.; De Maso, L.; D’Errico, S.; Zanon, M.; Pozzi, N.; Meroni, P.L.; Tedesco, F.
Multiple-Organ Complement Deposition on Vascular Endothelium in COVID-19 Patients. Biomedicines 2021, 9, 1003. [CrossRef]

15. 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]

16. Maio, R.; Suraci, E.; Caroleo, B.; Politi, C.; Gigliotti, S.; Sciacqua, A.; Andreozzi, F.; Perticone, F.; Perticone, M. New-Onset Diabetes,
Endothelial Dysfunction, and Cardiovascular Outcomes in Hypertensive Patients: An Illness-Event Model Analysis. Biomedicines
2021, 9, 721. [CrossRef]

17. Meiners, J.; Jansen, K.; Gorbokon, N.; Büscheck, F.; Luebke, A.M.; Kluth, M.; Hube-Magg, C.; Höflmayer, D.; Weidemann, S.;
Fraune, C.; et al. Angiotensin-Converting Enzyme 2 Protein Is Overexpressed in a Wide Range of Human Tumour Types: A
Systematic Tissue Microarray Study on >15,000 Tumours. Biomedicines 2021, 9, 1831. [CrossRef]

18. Berenyiova, A.; Bernatova, I.; Zemancikova, A.; Drobna, M.; Cebova, M.; Golas, S.; Balis, P.; Liskova, S.; Valaskova, Z.; Krskova,
K.; et al. Vascular Effects of Low-Dose ACE2 Inhibitor MLN-4760-Benefit or Detriment in Essential Hypertension? Biomedicines
2021, 10, 38. [CrossRef]

19. Fortini, F.; Vieceli Dalla Sega, F.; Marracino, L.; Severi, P.; Rapezzi, C.; Rizzo, P.; Ferrari, R. Well-Known and Novel Players in
Endothelial Dysfunction: Updates on a Notch(ed) Landscape. Biomedicines 2021, 9, 997. [CrossRef]

20. Bozic, J.; Kumric, M.; Ticinovic Kurir, T.; Males, I.; Borovac, J.A.; Martinovic, D.; Vilovic, M. Role of Adropin in Cardiometabolic
Disorders: From Pathophysiological Mechanisms to Therapeutic Target. Biomedicines 2021, 9, 1407. [CrossRef]

21. Theofilis, P.; Sagris, M.; Oikonomou, E.; Antonopoulos, A.S.; Siasos, G.; Tsioufis, C.; Tousoulis, D. Inflammatory Mechanisms
Contributing to Endothelial Dysfunction. Biomedicines 2021, 9, 781. [CrossRef]

22. Quarti-Trevano, F.; Seravalle, G.; Grassi, G. Clinical Relevance of the Sympathetic-Vascular Interactions in Health and Disease.
Biomedicines 2021, 9, 1007. [CrossRef]

23. Salvatore, T.; Caturano, A.; Galiero, R.; Di Martino, A.; Albanese, G.; Vetrano, E.; Sardu, C.; Marfella, R.; Rinaldi, L.; Sasso, F.C.
Cardiovascular Benefits from Gliflozins: Effects on Endothelial Function. Biomedicines 2021, 9, 1356. [CrossRef]

24. Little, P.J.; Askew, C.D.; Xu, S.; Kamato, D. Endothelial Dysfunction and Cardiovascular Disease: History and Analysis of the
Clinical Utility of the Relationship. Biomedicines 2021, 9, 699. [CrossRef]

25. Ambrosino, P.; Grassi, G.; Maniscalco, M. Endothelial Dysfunction: From a Pathophysiological Mechanism to a Potential
Therapeutic Target. Biomedicines 2021, 10, 78. [CrossRef]

26. Coppola, A.; Vigorito, C.; Lombari, P.; Martinez, Y.G.; Borriello, M.; Trepiccione, F.; Ingrosso, D.; Perna, A.F. Uremic Toxin
Lanthionine Induces Endothelial Cell Mineralization In Vitro. Biomedicines 2022, 10, 444. [CrossRef]

27. Tsai, M.M.; Chen, J.L.; Lee, T.H.; Liu, H.; Shanmugam, V.; Hsieh, H.L. Brain Protective Effect of Resveratrol via Ameliorating
Interleukin-1beta-Induced MMP-9-Mediated Disruption of ZO-1 Arranged Integrity. Biomedicines 2022, 10, 1270. [CrossRef]

28. Silhavy, J.; Mlejnek, P.; Simakova, M.; Liska, F.; Kubovciak, J.; Sticova, E.; Pravenec, M. Sodium Accumulation and Blood Capillary
Rarefaction in the Skin Predispose Spontaneously Hypertensive Rats to Salt Sensitive Hypertension. Biomedicines 2022, 10, 376.
[CrossRef]

29. Schawe, L.; Raude, B.; Carstens, J.C.; Hinterseher, I.; Hein, R.D.; Omran, S.; Berger, G.; Hering, N.A.; Buerger, M.; Greiner, A.;
et al. Effect of Revascularization on Intramuscular Vascular Endothelial Growth Factor Levels in Peripheral Arterial Disease.
Biomedicines 2022, 10, 471. [CrossRef]

http://doi.org/10.3390/biomedicines9080957
http://doi.org/10.1016/S0140-6736(20)30937-5
http://doi.org/10.1161/CIRCULATIONAHA.112.093245
http://doi.org/10.1111/bph.13517
http://doi.org/10.3390/biomedicines9070829
http://doi.org/10.3390/biomedicines9050533
http://doi.org/10.3390/biomedicines9070847
http://doi.org/10.3390/biomedicines9081003
http://doi.org/10.3390/biomedicines9060614
http://doi.org/10.3390/biomedicines9070721
http://doi.org/10.3390/biomedicines9121831
http://doi.org/10.3390/biomedicines10010038
http://doi.org/10.3390/biomedicines9080997
http://doi.org/10.3390/biomedicines9101407
http://doi.org/10.3390/biomedicines9070781
http://doi.org/10.3390/biomedicines9081007
http://doi.org/10.3390/biomedicines9101356
http://doi.org/10.3390/biomedicines9060699
http://doi.org/10.3390/biomedicines10010078
http://doi.org/10.3390/biomedicines10020444
http://doi.org/10.3390/biomedicines10061270
http://doi.org/10.3390/biomedicines10020376
http://doi.org/10.3390/biomedicines10020471


Biomedicines 2022, 10, 2757 5 of 5

30. Sbrana, S.; Cecchettini, A.; Bastiani, L.; Di Giorgi, N.; Mazzone, A.; Ceccherini, E.; Vozzi, F.; Caselli, C.; Neglia, D.; Clemente, A.;
et al. Blood M2-like Monocyte Polarization Is Associated with Calcific Plaque Phenotype in Stable Coronary Artery Disease: A
Sub-Study of SMARTool Clinical Trial. Biomedicines 2022, 10, 565. [CrossRef]

31. Kajikawa, M.; Higashi, Y. Obesity and Endothelial Function. Biomedicines 2022, 10, 1745. [CrossRef]
32. Ross, R. Atherosclerosis—An inflammatory disease. N. Engl. J. Med. 1999, 340, 115–126. [CrossRef] [PubMed]
33. Bonetti, P.O.; Lerman, L.O.; Lerman, A. Endothelial dysfunction: A marker of atherosclerotic risk. Arter. Thromb. Vasc. Biol. 2003,

23, 168–175. [CrossRef] [PubMed]
34. Manresa-Rocamora, A.; Ribeiro, F.; Casanova-Lizón, A.; Flatt, A.A.; Sarabia, J.M.; Moya-Ramón, M. Cardiac Rehabilitation

Improves Endothelial Function in Coronary Artery Disease Patients. Int. J. Sports Med. 2022, 43, 905–920. [CrossRef] [PubMed]

http://doi.org/10.3390/biomedicines10030565
http://doi.org/10.3390/biomedicines10071745
http://doi.org/10.1056/NEJM199901143400207
http://www.ncbi.nlm.nih.gov/pubmed/9887164
http://doi.org/10.1161/01.ATV.0000051384.43104.FC
http://www.ncbi.nlm.nih.gov/pubmed/12588755
http://doi.org/10.1055/a-1717-1798
http://www.ncbi.nlm.nih.gov/pubmed/35468652

	References

