
Endothelial Dysfunction 
Old Concepts and New Challenges

Edited by Helena Lenasi

Edited by Helena Lenasi

The endothelium enables communication between blood and tissues and is actively 
involved in cardiovascular homeostasis. Endothelial dysfunction has been recognized 

as an early step in the development of cardiovascular diseases: respectively, 
endothelium represents a potential therapeutic niche with multiple targets. The 

purpose of the book is to point out some recent findings of endothelial physiology and 
pathophysiology emphasizing various aspects of endothelial dysfunction connected to 
the body‘s internal and external environment. While basic features of the endothelium 
are presented in an introductory chapter, the authors of the following 17 chapters have 
provided extensive insight into some selected topics of endothelial (dys)function. The 

book would hopefully be useful for anyone interested in recapitulating endothelial 
(patho)physiology and expanding knowledge of molecular mechanisms involved in 

endothelial dysfunction, relevant also for further clinical investigations.

Published in London, UK 

©  2018 IntechOpen 
©  Razvan25 / iStock

ISBN 978-1-78984-253-1

Endothelial D
ysfunction - O

ld C
oncepts and N

ew
 C

hallenges



ENDOTHELIAL
DYSFUNCTION - OLD
CONCEPTS AND NEW

CHALLENGES

Edited by Helena Lenasi



ENDOTHELIAL
DYSFUNCTION - OLD
CONCEPTS AND NEW

CHALLENGES

Edited by Helena Lenasi



Endothelial Dysfunction - Old Concepts and New Challenges
http://dx.doi.org/10.5772/intechopen.68656
Edited by Helena Lenasi

Contributors

Cristina Sena, Fernanda Carrilho, Raquel Seiça, Vera Nevzorova, Tatyana Brodskaya, Natalia Zakharchuk, Carmen Diniz, 
Joana Beatriz Sousa, Francesca Caccuri, Pietro Mazzuca, Arnaldo Caruso, Katarzyna Korybalska, Marina Ziganshina, 
Ekaterina L. Yarotskaya, Gennady T. Sukhikh, Nicolai Bovin, Ezequiel Álvarez, Mercedes González-Peteiro, Beatriz 
Paradela-Dobarro, José R. González-Juanatey, Julia Carracedo, Rafael Ramirez-Carracedo, Matilde Alique, Rafael 
Ramirez-Chamond, Yu Wang, Joyce Gonzales, An Aerts, Bjorn Baselet, Raghda Ramadan, Abderrafi Mohammed 
Benotmane, Sarah Baatout, Pierre Sonveaux, Domokos Gero, Luiza Rusu, Richard Minshall, Claudio Aguayo, Felipe 
Zuñiga, Estefania Nova-Lamperti, Valeska Ormazabal, Carlos Escudero, Andres Rodriguez, Meriem Rezgaoui, Kurt 
Herlitz, Ines Drenjančević, Ivana Jukić, Ana Stupin, Anita Ćosić, Martina Mihalj, Marko Stupin, Kristina Selthofer-Relatic, 
Helena Lenasi

© The Editor(s) and the Author(s) 2018
The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright, Designs and 
Patents Act 1988. All rights to the book as a whole are reserved by INTECHOPEN LIMITED. The book as a whole 
(compilation) cannot be reproduced, distributed or used for commercial or non-commercial purposes without 
INTECHOPEN LIMITED’s written permission. Enquiries concerning the use of the book should be directed to 
INTECHOPEN LIMITED rights and permissions department (permissions@intechopen.com).
Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons Attribution 3.0 
Unported License which permits commercial use, distribution and reproduction of the individual chapters, provided 
the original author(s) and source publication are appropriately acknowledged. If so indicated, certain images may not 
be included under the Creative Commons license. In such cases users will need to obtain permission from the license 
holder to reproduce the material. More details and guidelines concerning content reuse and adaptation can be 
foundat http://www.intechopen.com/copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not necessarily those 
of the editors or publisher. No responsibility is accepted for the accuracy of information contained in the published 
chapters. The publisher assumes no responsibility for any damage or injury to persons or property arising out of the 
use of any materials, instructions, methods or ideas contained in the book.

First published in London, United Kingdom, 2018 by IntechOpen
eBook (PDF) Published by IntechOpen, 2019
IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales, registration number: 
11086078, The Shard, 25th floor, 32 London Bridge Street  
London, SE19SG – United Kingdom
Printed in Croatia

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Additional hard and PDF copies can be obtained from orders@intechopen.com

Endothelial Dysfunction - Old Concepts and New Challenges
Edited by Helena Lenasi

p. cm.

Print ISBN 978-1-78984-253-1

Online ISBN 978-1-78984-254-8

eBook (PDF) ISBN 978-1-83881-339-0

http://dx.doi.org/10.5772/intechopen.68656


Selection of our books indexed in the Book Citation Index 
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com

3,800+ 
Open access books available

151
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

116,000+
International  authors and editors

120M+ 
Downloads

We are IntechOpen,
the world’s leading publisher of 

Open Access books
Built by scientists, for scientists

 





Meet the editor

Helena Lenasi is an assistant professor of Physiology 
employed at the Institute of Physiology, Faculty of Med-
icine, University of Ljubljana, Slovenia. She obtained 
her MD title in 1996 and her PhD in 2003, both at the 
University of Ljubljana. Her working activities mainly 
include teaching and education. She gives lectures in 
Physiology for pre- and postgraduate students at the 

Faculty of Medicine and Faculty of Sport at the University of Ljubljana. 
Her main research interests are cardiovascular and exercise physiology 
with a focus on human microcirculation in health and disease. She is a 
member of the Slovenian Physiological Society as part of the Federation of 
European Physiological Societies, the Medical Chamber of Slovenia, and 
the European Society for Microcirculation. She is an editor of the Slovenian 
Medical Journal and Southeastern European Medical Journal and has served as 
a reviewer and author of scientific papers and textbook chapters.



Contents

Preface IX

Chapter 1 Endothelium at a Glance   1
Helena Lenasi

Chapter 2 Hox Genes in Adult Tissues and Their Role in Endothelial Cell
Differentiation and Angiogenesis   29
Estefanía Nova-Lampeti, Valeria Aguilera, Katherine Oporto, Paula
Guzmán, Valeska Ormazábal, Felipe Zúñiga, Carlos Escudero and
Claudio Aguayo

Chapter 3 Endothelial Cell Senescence in the Pathogenesis of Endothelial
Dysfunction   49
Julia Carracedo, Rafael Ramírez-Carracedo, Matilde Alique and
Rafael Ramírez-Chamond

Chapter 4 Targeting Endothelial SIRT1 for the Prevention of
Arterial Aging   75
Yumeng Guo and Yu Wang

Chapter 5 Sensing Fluid-Shear Stress in the Endothelial System with a
Special Emphasis on the Primary Cilium   89
Meriem Rezgaoui, Andres Rodriguez, Kurt Herlitz and Carlos
Escudero

Chapter 6 Endothelial Dysfunction as a Consequence of Endothelial
Glycocalyx Damage: A Role in the Pathogenesis of
Preeclampsia   113
Marina M. Ziganshina, Ekaterina L. Yarotskaya, Nicolai V. Bovin and
Gennady T. Sukhikh



Contents

Preface XIII

Chapter 1 Endothelium at a Glance   1
Helena Lenasi

Chapter 2 Hox Genes in Adult Tissues and Their Role in Endothelial Cell
Differentiation and Angiogenesis   29
Estefanía Nova-Lampeti, Valeria Aguilera, Katherine Oporto, Paula
Guzmán, Valeska Ormazábal, Felipe Zúñiga, Carlos Escudero and
Claudio Aguayo

Chapter 3 Endothelial Cell Senescence in the Pathogenesis of Endothelial
Dysfunction   49
Julia Carracedo, Rafael Ramírez-Carracedo, Matilde Alique and
Rafael Ramírez-Chamond

Chapter 4 Targeting Endothelial SIRT1 for the Prevention of
Arterial Aging   75
Yumeng Guo and Yu Wang

Chapter 5 Sensing Fluid-Shear Stress in the Endothelial System with a
Special Emphasis on the Primary Cilium   89
Meriem Rezgaoui, Andres Rodriguez, Kurt Herlitz and Carlos
Escudero

Chapter 6 Endothelial Dysfunction as a Consequence of Endothelial
Glycocalyx Damage: A Role in the Pathogenesis of
Preeclampsia   113
Marina M. Ziganshina, Ekaterina L. Yarotskaya, Nicolai V. Bovin and
Gennady T. Sukhikh



Chapter 7 Endothelial Cell von Willebrand Factor Secretion in Health and
Cardiovascular Disease   147
Luiza Rusu and Richard D. Minshall

Chapter 8 Hyperglycemia-Induced Endothelial Dysfunction   179
Domokos Gero

Chapter 9 Impact of Advanced Glycation End Products on Endothelial
Function and Their Potential Link to Atherosclerosis   211
Ezequiel Alvarez, Beatriz Paradela-Dobarro, Mercedes González-
Peteiro and José Ramón González-Juanatey

Chapter 10 Endothelial Dysfunction in Type 2 Diabetes: Targeting
Inflammation   231
Cristina M. Sena, Fernanda Carrilho and Raquel M. Seiça

Chapter 11 Angiogenesis in Adipose Tissue: How can Moderate Caloric
Restriction Affects Obesity-Related Endothelial
Dysfunction?   251
Katarzyna Korybalska

Chapter 12 Pulmonary Vascular Endothelial Cells   287
Joyce N. Gonzales and Alexander D. Verin

Chapter 13 Smoking, Respiratory Diseases and Endothelial
Dysfunction   307
Vera Nevzorova, Tatiana Brodskaya and Natalia Zakharchuk

Chapter 14 Vascular Sympathetic Neurotransmission and Endothelial
Dysfunction   327
Joana Sousa and Carmen Diniz

Chapter 15 Endothelial Cell Dysfunction in HIV-1 Infection   347
Pietro Mazzuca, Arnaldo Caruso and Francesca Caccuri

Chapter 16 Selected Endothelial Responses after Ionizing Radiation
Exposure   365
Bjorn Baselet, Raghda Ramadan, Abderrafi Mohammed
Benotmane, Pierre Sonveaux, Sarah Baatout and An Aerts

X Contents

Chapter 17 The Markers of Endothelial Activation   391
Ines Drenjancevic, Ivana Jukic, Ana Stupin, Anita Cosic, Marko
Stupin and Kristina Selthofer-Relatic

Contents VII



Chapter 7 Endothelial Cell von Willebrand Factor Secretion in Health and
Cardiovascular Disease   147
Luiza Rusu and Richard D. Minshall

Chapter 8 Hyperglycemia-Induced Endothelial Dysfunction   179
Domokos Gero

Chapter 9 Impact of Advanced Glycation End Products on Endothelial
Function and Their Potential Link to Atherosclerosis   211
Ezequiel Alvarez, Beatriz Paradela-Dobarro, Mercedes González-
Peteiro and José Ramón González-Juanatey

Chapter 10 Endothelial Dysfunction in Type 2 Diabetes: Targeting
Inflammation   231
Cristina M. Sena, Fernanda Carrilho and Raquel M. Seiça

Chapter 11 Angiogenesis in Adipose Tissue: How can Moderate Caloric
Restriction Affects Obesity-Related Endothelial
Dysfunction?   251
Katarzyna Korybalska

Chapter 12 Pulmonary Vascular Endothelial Cells   287
Joyce N. Gonzales and Alexander D. Verin

Chapter 13 Smoking, Respiratory Diseases and Endothelial
Dysfunction   307
Vera Nevzorova, Tatiana Brodskaya and Natalia Zakharchuk

Chapter 14 Vascular Sympathetic Neurotransmission and Endothelial
Dysfunction   327
Joana Sousa and Carmen Diniz

Chapter 15 Endothelial Cell Dysfunction in HIV-1 Infection   347
Pietro Mazzuca, Arnaldo Caruso and Francesca Caccuri

Chapter 16 Selected Endothelial Responses after Ionizing Radiation
Exposure   365
Bjorn Baselet, Raghda Ramadan, Abderrafi Mohammed
Benotmane, Pierre Sonveaux, Sarah Baatout and An Aerts

ContentsVI

Chapter 17 The Markers of Endothelial Activation   391
Ines Drenjancevic, Ivana Jukic, Ana Stupin, Anita Cosic, Marko
Stupin and Kristina Selthofer-Relatic

Contents XI



Preface

The endothelium, the inner vascular layer, is far from being solely a mechanical barrier be‐
cause it enables communication between blood and tissues. In many ways, including its
metabolic, secretory, permeability, and vascular tone regulatory roles, it has been implicated
as a highly active organ, importantly contributing to cardiovascular homeostasis. Because
tissues depend on proper vascularization, the endothelium could indeed be considered as
one of the main determinants of tissue perfusion. It actually exhibits immense heterogeneity,
which could partly expain its many different functions and roles.

An immense expansion of knowledge on endothelial structure and function was achieved
by the discovery of electron microscopy combined with various labeling techniques. Never‐
theless, there are many obscurities regarding in vivo studies, even more so in humans. Re‐
spectively, it is not always easy to extrapolate the observations obtained in animal or cell
culture studies to humans, leaving a number of unanswered questions.

Exposed to instantanously changing environments and influences, the endothelium is sus‐
ceptible to noxious stimuli, which may lead to endothelial dysfunction. The latter is immi‐
nently connected also to normal aging and has nowadays been recognized as the leading
cause of atherosclerosis development predisposing to cardiovascular diseases. Therefore, an
insight into molecular mechanisms of endothelial activity is crucial from a clinical point of
view because early detection of endothelial dysfunction might postpone the development of
disease. Currently, clinical evaluation of endothelial dysfunction remains to be accomplish‐
ed, appropriate clinical methods to timely and accurately detect endothelial dysfunction are
lacking, and only more or less robust estimations are available. It is therefore essential to
pursue investigations into endothelial function and dysfunction. Accordingly, this book
presents recent findings on certain aspects of endothelial (dys)function and the mechanisms
involved, as well as potential therapeutic targets involving endothelium and surrogate
markers for estimation of endothelial (dys)function.

The book consists of 17 chapters written by reputed authors; because it is impossible to cover
all aspects of endothelial function, the chapters present only selected topics. It starts with an
introduction by the editor briefly presenting basic characteristics of endothelial structure and
function relevant for subsequent chapters. The chapter written by Claudio Aguayo and coau‐
thors follows, addressing genetic aspects with a focus on the Hox gene family directing endo‐
thelial differentiation and angiogenesis. The process of endothelial cell senescence as one of
the main causes of the development of endothelial dysfunction is presented by Carracedo,
while the chapter written by Wang and coauthors extensively exposes the regulation and
function of the longevity regulator sirtuin, proposing also its potential role as an antiaging
regulator. Subsequent chapters comprehensively present endothelial elements involved in
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shear stress sensing, such as the endothelial cilium, described by Escudero and coauthors, and
the glycocalyx by Ziganshina and coauthors, and some pathologies associated with their mal‐
functioning. The mechanisms of the von Willebrand factor action and its involvement in
thrombotic and inflammatory diseases is outlined in the chapter written by Rusu and Min‐
shall. It has long been appreciated that hyperglycemia adversely impacts the endothelium;
accordingly, the chapters by Domokos and Alvarez and coauthors extensively describe the
hyperglycemia-associated mechanisms that lead to endothelial dysfunction and expose an
important role of oxidative stress. Some altered endothelial metabolic pathways in diabetes
and their link to atherosclerosis are also covered in the chapter by Sena and coauthors. The
chapter by Korybalska deals with the impact of caloric restriction on endothelial dysfunction
focusing on angiogenesis in adipose tissue. Peculiarities of pulmonary endothelium and en‐
dothelial dysfunction associated with respiratory diseases are outlined in the chapters by
Gonzales and Verin and Nevzorova and coauthors, the latter focusing on their connection to
smoking. The chapter by Sousa and Diniz presents important crosstalk between the endothe‐
lium and the sympathetic nervous system. The mechanisms of HIV-1-infected cells in sustain‐
ing an aberrant endothelial cell function are outlined by Caccuri and coauthors followed by
the chapter by Aerts and coauthors who extensively describe the impact of ionizing radiation
on the endothelium. The last chapter by Drenjančević and coauthors exposes some potential
markers for clinical evaluation of endothelial activation and dysfunction.

I would like to express my gratitude to all authors for their excellent and dedicated reviews,
which readers will hopefully enjoy as much as I did. Finally, I’d like to thank the publishing
process managers, Mrs Renata Sliva and Mrs Lada Božić, for their help and patience, and
InTech publishers for inviting me to be the editor of this book.

I hope that the chapters will be useful for anyone interested in recapitulating endothelial
(patho)physiology and expanding the knowledge of molecular mechanisms involved in en‐
dothelial function and dysfunction, and will hopefully uncover additional questions for fur‐
ther, potentially more clinically oriented, investigations.

Helena Lenasi, MD, PhD
Assistant Professor of Physiology

University of Ljubljana
Faculty of Medicine

Institute of Physiology
Ljubljana, Slovenia
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Abstract

Exposed to the blood milieu and variable hemodynamic forces, endothelial cells of differ-
ent vessels exhibit significant heterogeneity, directing also the variety of endothelial func-
tions. Endothelial cells are actively involved in many physiological processes, including
vascular tone regulation, fluid filtration and reabsorption processes, maintenance of blood
fluidity and proper hemostasis, leucocyte trafficking, tissue repair, and angiogenesis;
accordingly, healthy endothelium is crucial for vascular homeostasis. On the other hand,
many exo- and endogenous harmful factors can cause endothelial dysfunction, associated
with inflammation, thrombosis, pathological vascular wall remodeling, and predispos-
ing to the development of cardiovascular and other diseases. In order to design accurate
clinical and pharmacological strategies to postpone or ameliorate endothelial dysfunction,
endothelial dysfunction should firstly be recognized. Therefore, understanding endothe-
lial physiology is crucial for clinical measures to be timely taken. The review briefly out-
lines some basic concepts of endothelial structure and function, focusing on endothelial
barrier function and endothelium-dependent vasodilation, and addressing some potential
therapeutic targets. Additional specific concepts of endothelial (dys)function, with par-
ticular emphasis on its involvement in inflammation, hemostasis, and its (mal)adaptation
to environmental challenges are extensively described in the following book chapters.

Keywords: endothelium, endothelial cells, endothelial dysfunction, vascular tone 
regulation, nitric oxide, capillary permeability, cardiovascular diseases, oxidative stress

1. Introduction: general concepts

Endothelium, composed of approximately one trillion endothelial cells and extending over 
an area of 300 m2 [1, 2], is a monolayer cell lining covering the luminal surface of blood and 
lymphatic vessels, and the heart. Its strategic position, being in a direct contact with the blood 
on one side and with the underlying tissues on the other, enables its communication with 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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blood elements and the adjacent cells. Developmentally, it arises from mesoderm via the 
differentiation of hemangioblasts and angioblasts [3]. However, other cell lineages, such as 
adipose lineage and mesenchymal cells, can transdifferentiate into endothelial cells even in 
adulthood [4, 5].

Besides presenting a mechanical barrier between the blood and the tissues, the endothelium is 
actively involved in various processes, including the regulation of vascular tone, maintaining 
blood fluidity, and enabling proper hemostasis when needed, in leucocyte trafficking, inflam-
mation, wound repair, and angiogenesis, and, therefore, is of crucial importance for vascular 
homeostasis. As it metabolizes and releases many physiologically active substances that by 
acting in auto-, para-, and endocrine manner, govern the above physiological processes, it 
might justified be called an endocrine organ.

1.1. Endothelial heterogeneity

Although stemming from the same ontogenetic origin, to fulfill different metabolic and 
functional demands of tissues, the endothelial cells of different tissues exhibit distinct phe-
notypic and morphologic characteristics, accounting for its huge molecular and functional 
heterogeneity.

Endothelial heterogeneity could also be explained by the diversity of the vessel networks it 
is part of, namely arteries, veins, and capillaries which all serve different functions. While the 
endothelium of arteries and veins forms a continuous layer, it can be continuous, fenestrated, 
or discontinuous in capillaries, directing endothelial permeability and thus the degree of the 
filtration and reabsorption in the corresponding tissue. The representative tissues with the con-
tinuous non-fenestrated type of endothelium include the brain, the skin, the lung, and the 
heart; the continuous fenestrated type is found in tissues exhibiting extensive transcapillary 
transport: exo- and endocrine glands, the intestine mucosa, and the kidney glomeruli, whereas 
the prototype of the discontinuous endothelium are sinusoids in the liver and bone marrow 
vascular beds [1]. Endothelial cells of certain capillary beds, concomitantly with the adjacent 
tissue cells form specialized structures such as the blood-brain barrier composed of the brain 
capillary endothelial cells and the adjacent astrocytes, or special communications between 
maternal endothelial cells of the spiral arteries and fetal trophoblast cells in placenta [6].

While the thin capillary walls (of 0.2 μm order of magnitude) are composed only of endothe-
lial cells anchored in their basal lamina (and surrounded by pericytes), in larger vessels, endo-
thelium is part of the much thicker vascular wall. The latter comprises also the beneath lying 
vascular smooth muscle cells (VSMC) of arteries and veins, respectively, and the perivascular 
cells including macrophages and mesenchymal cells from the vessel adventitia.

It has been appreciated that the endothelial lining of arteriolar vascular beds primarily affects 
vascular tone and thus vascular resistance regulation, adjusted to tissue demands. Capillary 
endothelium in turn mainly determines water and solute passage into the tissues, whereas 
the one in the postcapillary venules directs vascular permeability and blood cell trafficking, 
being more involved in immune and inflammatory processes governing tissue repair and 
angiogenesis [7]. Therefore, apart from inter-endothelial cell junctions influencing capillary 
permeability, mutual communication of endothelial cells with other elements of the vascular 
wall importantly contributes to vascular homeostasis [8].

Endothelial Dysfunction - Old Concepts and New Challenges2

The vast heterogeneity of the endothelium of arteries and veins could additionally be 
explained by significantly different physiological and physical conditions to which endothe-
lial cells of various vascular beds are exposed, such as blood pressure, shear stress, and pulsa-
tility. Hemodynamic forces significantly impact endothelial structure and function: compared 
to ellipsoid morphology and coaxial alignment under the conditions of laminar flow, cell 
morphology and alignment change drastically in the settings of turbulent flow and at vessel 
bifurcations, all predisposing to atherogenicity [9, 10].

Endothelial cells therefore exhibit a wide range of plasticity, from alterations in the expression 
of various membrane receptors and adhesion molecules, changes in their morphology and 
shape, their mitogenic potential and even their potential to migrate or transit into different 
cell types (endothelial-to-mesenchymal transition) [3, 11].

1.2. Endothelial dysfunction

Being directly exposed to intravascular milieu, it is obvious that the composition of blood and 
the (patho)physiological conditions strongly affect endothelial cells, in terms of mediating 
signals which directly target their surface and activate numerous intracellular signaling path-
ways. During our life span, we are exposed to a variety of risk factors and toxic and noxious 
stimuli from the external environment (including air pollutants, tobacco smoke, chemicals 
from food, radiation, different eating habits in terms of high salt, sugar or saturated fatty acids 
intake, etc.) which strongly impact endothelial cells and their functions. As such, endothelial 
cells are constantly being challenged by changing internal environment to which they adapt 
more or less successfully. As long as their adaptive capacity in terms of maintaining homeo-
stasis between vasoconstrictors and vasodilators reflecting vascular tone regulation; anti- and 
procoagulant activity reflecting hemostatic processes; anti- and pro-inflammatory mediators 
affecting the inflammatory response, and pro- and antiangiogenic factors affecting new vessel 
formation, remains in physiological limits, one might consider the endothelium to be healthy. 
However, the delineation between health and disease is not easy to define. When the mal-
adaptive patterns overweigh, endothelial dysfunction issues what leads to disease [12].

Although the mostly exposed clinical sign of endothelial dysfunction is impaired endothe-
lium-dependent vasodilation, endothelial dysfunction on a broader scale encompasses a 
pro-inflammatory, proadhesive, procoagulant, and proliferative state predisposing to athero-
sclerosis [13]. Multiple mechanisms have been involved in the development of endothelial 
dysfunction, connected to alterations in glucose and lipid metabolism, insulin resistance, 
obesity, dyslipidemia, hyperhomocysteinemia, altered hormone and cytokine secretion, 
imbalance in the autonomic nervous system activity, arterial hypertension, etc. Oxidative 
stress is acknowledged to play a central role in the development of endothelial dysfunction; 
moreover, oxidative stress has been appreciated as one of the main factors involved in normal 
aging, which imminently is also associated with endothelial dysfunction [14]. Although the 
severity of endothelial dysfunction might differ between vascular beds, independent studies 
have shown correlations between endothelial dysfunction in different vascular beds [13, 15]. 
Therefore, endothelial dysfunction can be regarded as a systemic disorder: as tissues and 
organs depend on proper vascularization and an adequate supply of nutrients and removal 
of waste products, the dysfunctional endothelium not only predisposes to the development 
of cardiovascular diseases (atherosclerosis, hypertension, peripheral arterial disease, stroke, 
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etc.) but also to a wide range of other diseases, including metabolic (diabetes, obesity), inflam-
matory, rheumatoid, oncology, and degenerative diseases, and in the worst scenario, culmi-
nates in organ failure.

Accordingly, understanding the physiology of the endothelium is of crucial clinical impor-
tance, and there is an ongoing search for potential strategies to postpone or at least amelio-
rate endothelial dysfunction and disease progression, either in terms of drugs application or 
avoiding the known risk factors; even more, when timely treated, endothelial dysfunction 
might be reversible [13]. To this end, additional methodological tools have to be accom-
plished in order to timely detect potential endothelial dysfunction. In spite of huge effort 
put in mechanistic studies performed on animal models and cell cultures, the exact tool to 
specifically reveal endothelial dysfunction clinically is missing and, at the moment, is far 
from being optimal. Various molecules have been used as surrogate markers of endothelial 
function, including soluble vascular adhesion molecule-1 (sVCAM-1), von Willebrand fac-
tor (vWF), angiopoietin-2 [16], adipocytokines [17], microparticles [18], and several more; 
yet, they mostly lack the sensitivity and specificity, and are often too robust to detect subtle 
preclinical changes. Also functional studies to assess endothelium, such as measurement of 
arterial intima-media thickness or flow-mediated dilation (FMD), offer just a raw estimation 
of endothelial function. As proper organ functioning strongly depends on microcirculation, 
particular attention should be given to this vascular bed also in the clinics. An interesting 
observation when tracing the microcirculation in vivo is that it exhibits typical oscillations of 
distinct frequencies [19, 20]. It has been suggested that each of them could reflect particular 
aspect of vascular tone regulation: low frequency oscillations have shown good correlations 
with the endothelial component of vascular tone regulation and therefore could be used as a 
marker of microvascular endothelial function [19].

Endothelium represents a therapeutic potential: many newer drugs targeting endothelium—
either its surface and the corresponding membrane receptors, or intracellular targets affecting 
various signaling or metabolic pathways or directly its genome, are being developed and 
tested on the level of preclinical and clinical studies. In addition, independent studies have 
also shown that many classical cardiovascular drugs, such as angiotensin receptor antago-
nists, calcium (Ca2+) antagonists, angiotensin converting enzyme (ACE) inhibitors, and beta 
adrenergic blockers, and other drugs (antidiabetic agents, sulfonylurea, etc.) apart from acting 
via their established mechanisms also exert positive actions connected directly or indirectly 
to endothelium [21–23]. Yet, keeping in mind the huge heterogeneity of endothelial cell phe-
notype, one must not forget that therapy affecting endothelium should be targeted to specific 
vascular beds. In the last time, endothelium-targeted nanomedicine has evolved as a promis-
ing new model to deliver drugs directly into the endothelial cells [24]. Last but not least, 
exercise has long been appreciated as one of the most efficient measures to improve endothe-
lial (dys)function in various ways: increasing nitric oxide (NO) bioavailability; induction of 
reactive oxygen species (ROS) scavenging enzymes [25]; affecting the sympathetic nervous 
system; and increasing the number of endothelial progenitor cells (EPCs) to list just a few.

In the subsequent sections of the chapter, basic concepts of endothelial (patho)physiology, rel-
evant for the book, will briefly be addressed. More detailed information on endothelial (dys)
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function, with particular emphasis on its genetic background and senescence, its involvement 
in inflammation and hemostasis, and its adaptation to various environmental challenges are 
extensively given in the following book chapters.

2. Endothelial function depends on its structural and molecular 
characteristics

Electron microscopy combined with various labeling techniques has enabled an insight into 
the endothelial structure. Along the arterial tree, the shape of endothelial cells varies from 
predominantly flat in arteries and capillaries to even cuboidal in high endothelial venules, 
a special type of postcapillary venules [1, 7]. As endothelial cells are challenged by diverse 
extracellular stimuli from their environment on a spatial and temporal basis, various signaling 
pathways finally culminate in (post)transcriptional modifications and thus marked alterations 
of the phenotype. In addition, some site-specific properties of endothelium are epigenetically 
determined. Using DNA microarray analysis, distinct gene patterns between large vessel and 
microvascular endothelial cells, as well as between blood and lymphatic endothelial cells have 
been shown [26]. While large vessels express several genes involved in the biosynthesis and 
remodeling of extracellular matrix (fibronectin, various collagens, osteonectin), microvascular 
endothelial cells abundantly express genes coding for basement membrane proteins (laminin, 
various integrins, CD36). In addition, microvascular endothelial cells were shown to express 
higher levels of transcripts encoding proteins involved in trafficking of circulating blood cells 
and pathogens which enables pathogens and immune cells to migrate to target tissues [26]. 
Interestingly, data suggest that the artery-vein identities of endothelial cells are established 
before blood circulation begins [26]. Recent findings on the organotypical differentiation of 
microvascular beds are extensively presented elsewhere [3, 27].

2.1. On endothelial permeability, inter-endothelial cell junctions, and caveolae

Given the pivotal role of the microvascular endothelium in supplying tissues with nutrients 
and oxygen, endothelial integrity is crucial for tissue-fluid homeostasis. While basal perme-
ability mainly governs water and solutes transport across the capillary wall of a healthy 
endothelium, the term inducible (or induced) permeability refers to alterations in endothelial 
permeability associated with inflammation and occurs predominantly at the site of postcapil-
lary venules [1]. The latter occurs as a consequence of endothelial cell retraction and intercel-
lular gap formation by a variety of agonists (histamine, serotonin, bradykinin, substance P, 
vascular endothelial growth factor (VEGF)) [28], or according to more recent speculations, 
due to transcellular vascular leakage of macromolecules [29].

In general, microvascular endothelial structure directs the capillary dynamics: fluids and 
small solutes (less than 3 nm) move passively across the endothelium mainly via paracel-
lular transport mechanisms or transcellularly by simple diffusion (nonpolar substances and 
gases) whereas larger macromolecules are transported by transcellular mechanisms, includ-
ing receptor-dependent and receptor-independent transcytosis [30].
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Paracellular transport pathways across the capillary wall depend on endothelial permeability. 
Permeability is mainly determined by the integrity of endothelial glycocalyx and two types of 
inter-endothelial cell junctions, the distribution of which depends on the capillary network: 
tight junctions (TJs) and adherens junctions (AJs). The main component of AJs are cadherins 
(cadherin-VE being the most abundant), which belong to adhesion molecules and are also 
connected to actin cytoskeleton [31, 32]. Changes in VE-cadherin dynamics at AJs can lead 
to disassembly of AJs, increasing the junctional permeability; chronic vascular leakage that 
occurs in tumor vessels is associated with downregulation of VE-cadherin expression [33]. 
Interestingly, endothelial NO synthase (eNOS) hyperactivation in response to vascular endo-
thelial growth factor (VEGF) or platelet aggregating factor (PAF) triggers S-nitrosylation of 
VE-cadherin, thereby causing destabilization of AJs, and leading to endothelial hyperperme-
ability [34]. In addition, ROS have been implicated in junctions disorganization [35]. As altered 
Ca2+ signaling has been implicated in inducing endothelial hyperpermeability, activation of 
transient receptor potential (TRP) channels which regulate Ca2+ entry has been associated 
with hyperpermeability states and transendothelial migration of leukocytes [31]. In addition, 
the integrity of AJs depends on small RhoGTPases that have been intensively investigated as 
potential drug targets [31]. Interestingly, statins (simvastatin) have been shown to prevent 
vascular injury associated with hyperpermeability and inflammation by affecting the RhoA- 
and Rac1-mediated cytoskeletal arrangements [36].

Transcellular transport mechanisms are accomplished by membrane-bound vesicular carri-
ers, such as caveolae and vesiculo-vacuolar organelles. Caveolae are plasma-membrane 
invaginations composed of lipids and caveolins, scaffolding proteins that are involved in 
transmembrane signaling. Caveolin has been used as molecular marker for the isolation of 
caveolae-enriched membranes from in vitro cultured cells [37].

With reference to endothelial heterogeneity, there are significant differences in the number 
of caveolae in endothelium along the vascular tree reaching up to 10,000 per cell in the capil-
laries [1]. Besides being involved in transcellular trafficking, caveolar network in endothelial 
cells affects many other endothelial functions. Caveolin can modulate signal transduction: 
G-protein-coupled receptors and receptor tyrosine kinases are localized into caveolae and 
interact with caveolin [37]. Caveolins have also been involved in cell migration, angiogenesis, 
and cancer [38]. VEGF is an important proangiogenic factor that promotes angiogenesis by 
increasing vascular permeability, endothelial cell migration, and the release of proteolytic 
matrix metalloproteinases (MMPs). VEGF receptors have been localized in caveolae and 
interact with caveolin-1 [39]. VEGF disrupts the interaction between the VEGF receptor 
(VEGFR)-2 and caveolin-1, thereby activating the downstream signaling [39]. Silencing caveo-
lin-1 has been shown to affect MMPs activity and VEGF-induced angiogenesis [40]; moreover, 
it induced morphological alterations of endothelial cells, and reduced cell migration and 
tubulogenesis induced by VEGF, pointing to an important role of caveolae in angiogenesis. 
Additional evidence on the involvement of caveolae in vasculogenesis comes from studies 
showing that the recruitment of EPCs [41], which are now widely recognized as one of the key 
mechanisms in adult vasculogenesis, to the peripheral blood is dependent on the expression 
of VEGFR2 [42]. Finally, one should not forget one of the main effects of caveolin, namely 
inhibition of eNOS [43, 44]. As caveolin also interferes with adenosine receptor trafficking and 
the role of adenosine has been implicated in ischemia and inflammation, caveolar network 
may represent a potential therapeutic target [45].
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In addition, being part of the mechanosensory complex, caveolae and AJs are involved in 
mechanosensing [31, 46]: exposure of endothelial cells to shear stress has been shown to affect 
the number and distribution of caveolae [47, 48].

2.2. On endothelial barrier and mechanosensing

Mechanosensing is accomplished by a complex mechanism involving parts of endothelial 
cells, which convey the mechanic signals sensed by surface cellular elements in the transduc-
tion intracellular signaling pathways, finally adjusting the endothelial response to alterations 
of shear-stress. Mechanosensing complex, located in AJs, is composed of endothelial glycoca-
lyx and endothelial cilium, VE-cadherins, VEGFR2 and platelet endothelial cell adhesion mol-
ecules (PECAM-1 or CD31), and various ion channels: the role of Ca2+-dependent potassium 
channels (K+

Ca) and TRP channels has extensively been investigated [10, 48]. However, certain 
predilection sites are prone to the generation of characteristic spatiotemporal shear-stress pat-
terns favoring atherogenesis [9, 10, 48, 49].

Glycocalyx, a 50–100 μm thick structure anchored in the endothelial plasma membrane and 
composed of carbohydrate-rich proteoglycans, is located at the luminal surface of the endo-
thelium [2, 30, 50]. It is importantly involved in mechanosensing, in the regulation of perme-
ability, and inflammatory response [32, 48, 50] and has also been investigated as a potential 
therapeutic target [51, 52]. It prevents leucocyte and platelet adhesion [53] and mediates 
shear-stress-induced NO release, thus exerting vasculoprotective effects and contributing to 
vascular homeostasis [10, 54]. Besides being susceptible to pathological alterations in blood 
flow, other environmental alterations affect its composition and thus function, e.g., high glu-
cose has been shown to be involved in glycocalyx degradation contributing to lower NO 
bioavailability in hyperglycemia [55, 56]. Recent concept has confirmed the existence of an 
additional thicker (0.5–1 μm) layer on the luminal endothelial surface (termed endothelial 
surface layer, ESL) which significantly impacts hemodynamic conditions, oxygen transport, 
vascular control, coagulation, inflammation, and atherosclerosis [2].

Endothelial cilium is a single hair-shaped projection from the cellular surface of endothelial 
cells. Besides being involved in sensing hemodynamic forces, it coordinates cell migration and 
division [30, 57]. Impaired function of the primary cilium, either genetically or due to environ-
mental factors, results in developmental disorders or endothelial dysfunctions, respectively. 
The main components of the primary cilium are various membrane receptors (specific receptor 
tyrosine kinases, as platelet-derived growth factor (PDGF) receptor α, fibroblast growth factor 
receptor; insulin-like growth factor 1 (IGF-1) receptor; G-protein coupled receptors), channel 
proteins (polycystin-1 and -2), and special arrangement of the microtubules [30, 57]. Both 
polycystin proteins are importantly involved in intracellular signaling: polycystin-2, in turn, 
belongs to the TRP channel family which, by interacting with polycystin-1, increases intracel-
lular Ca2+ leading to the activation of ryanodine receptors on the endoplasmic reticulum. The 
released Ca2+ subsequently activates a number of signaling pathways, among others the shear-
stress induced activation of eNOS and an increase in NO production [57, 58]. Alterations in 
the patterns and magnitude of biomechanical forces induce disorganization in cilia structure: 
prolonged exposure to increased shear stress induces disassembly of cilia, rearrangement of 
cytoskeleton, and increased acetylation of microtubules [59]. Dysfunctional cilia have been 
implicated in kidney disease, hypertension, and the development of atherosclerosis [60].
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In addition to being part of endothelial cilium, microtubules polymerized with heterodimers of 
alpha- and beta-tubulins are important cytoskeletal proteins in endothelial cells. They regulate 
numerous cellular functions, including cell shape, adhesion, intracellular transport, mitosis, and 
migration and thus contribute to endothelial integrity [35, 61]. Increased level of tubulin acetyla-
tion has been shown to increase cell migration [62]. On the other hand, cyclic stretch and angio-
tensin II (AngII) have been shown to increase tubulin deacetylation and tubular reorganization, 
predisposing to the development of cardiovascular diseases [63]; potential role on the AngII 
type 1 receptor antagonist in positively affecting endothelial microtubular organization has been 
implicated [63]. The longevity regulator sirtuin 1 (SIRT1), a potential therapeutic target [64], has 
been implicated in tubulin deacetylation and the regulation of microtubule function [63].

Disturbed flow patterns and increase of shear-stress have been acknowledged to affect the above 
targets, thus contributing to endothelial dysfunction in many ways, including increased genera-
tion of ROS, promoting cytoskeletal disassembly, increasing cellular permeability, expression of 
adhesion molecules and inflammation, as well as inducing mitogenic signaling pathways through 
extracellular signal-regulated kinase (ERK) and Jun kinase (JNK) involved in vascular remodel-
ing which all favor atheroma formation [65]. Moreover, there is ample evidence that nonlaminar 
flow can result in gene expression of pro-inflammatory molecules in the vascular wall [49, 65].

2.3. On endothelium and inter-cellular communication

As mentioned, endothelial homeostasis involves mutual communication with other cells.

Gap junctions in turn enable a direct transmission of electrical and chemical signals and thus 
exchange of ions and other small molecules between endothelial cells, VSMC, and pericytes 
[8, 30, 66]. The main components of endothelial gap junctions are connexins (Cx) which have 
been shown to be defective in diseased states and thus represent a potential therapeutical 
target. A total of 21 connexins have been identified in humans displaying cellular specificity 
[67]. Healthy endothelium mainly expresses Cx-37 and Cx-40 [67, 68]. Alterations in connexin 
expression might be associated with endothelial dysfunction and increased susceptibility to 
atherosclerosis: altered expression of Cx-37 was shown to decrease NO bioavailability by 
decreasing eNOS activity [69], whereas endothelial-specific deletion of Cx-40 was reported to 
increase CD73-dependent leukocyte adhesion to endothelium [70].

Pericytes are contractile cells that wrap around the endothelial cells of capillaries and venules 
by sharing their basement membrane [71, 72]. As there is a considerable paracrine signaling 
between both cell lineages (via the release of transforming growth factor, angiopoietins, PDGF, 
sphingosine-1-phosphate), pericytes have been implicated in the regulation of capillary blood 
flow, and in the maturation and survival of endothelial cells by modulating apoptosis, and 
promoting angiogenesis [71–73]. Disturbance in pericyte-endothelial communication induces 
various pathological processes, associated with increased proneness to hemorrhage, apopto-
sis, impaired (tumor) angiogenesis, and endothelial hyperplasia [73].

An important communication exists between the perivascular adipose tissue (PVAT), endothe-
lial cells, and VSMCs: PVAT secretes a number of adipokines (tumor necrosis factor, TNFα, 
interleukin-6, IL-6, resistin, irisin) with various pro- and antiatherogenic properties [8, 11]. 
The level of adipocytokines has been suggested as an independent predictor of endothelial 
dysfunction in healthy subjects [17]. In a healthy individual, PVAT importantly influences 
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metabolism [74] and inflammatory response and modifies vascular tone regulation by secret-
ing protective adipokines which exert paracrine actions directly and indirectly by stimulating 
the release of endothelial vasodilators on VSMC [75, 76]. Moreover, healthy PVAT has been 
shown to enhance insulin-induced vasodilation by releasing adipokines [77], as well as pros-
tacyclin (PGI2) [74]. Adiponectin, the most abundant adipokine, has been shown to decrease 
tissue inflammation [78]. However, these anti-contractile and anti-inflammatory properties 
of PVAT are blunted in disease, such as obesity, and hypertension where an imbalance of 
secreted adipokines from PVAT and alterations in metabolism predispose to inflammation 
and the development of endothelial dysfunction [79]. Hypoxia is one of the main mechanisms 
increasing the release of inflammatory cytokines (IL-6 and TNFα) from PVAT [80], and induc-
ing macrophage activation which all favors a pro-inflammatory and pro-contractile state [81]. 
Moreover, in response to vascular injury [82] or high fat diet [83], PVAT has been shown to 
express pro-inflammatory phenotype and a significant reduction of adiponectin levels lead-
ing to atherosclerosis. Interestingly, the inflammatory profile of PVAT has been shown to dif-
fer between distinct fat depots [84]. Independent human studies have proven beneficial effects 
of exercise and diet on PVAT, and consequently also on endothelial dysfunction [85, 86].

Endothelial and VSMC are abundantly innervated with the fibers of the sympathetic nervous 
system, and there is a considerable and complex cross talk between various neurotransmit-
ters released from these fibers and endothelial autacoids [87–89]. Besides noradrenaline, that 
binds on various adrenoceptors on endothelial cells and VSMC, other transmitters (such as 
adenosine triphosphate (ATP), calcitonin gene-related peptide (CGRP) acetylcholine (ACh), 
and neuropeptide Y) are released from nerve varicosities, thereby profoundly modulating 
endothelial function. Noradrenaline was shown to activate β3-adrenergic receptors on endo-
thelium, thereby increasing NO production [89, 90], while the co-transmitted ATP mediates 
endothelial hyperpolarization by acting on endothelial purinoceptors (P2Y) [88]; both effects 
finally induce vasorelaxation and, respectively, modulate the “classical” sympathetic vaso-
constrictor effects on VSMC. Moreover, NO affects neurotransmission at the level of blood 
vessels, acting on presynaptic α2-adrenergic receptors, and it also interferes with the sympa-
thetic neurotransmission in the central nervous system [87].

Endothelial dysfunction and autonomic nervous system imbalance often coexist in the devel-
opment of cardiovascular diseases [88]. Indeed, an inverse relationship between markers of 
endothelial function and the sympathetic activity in healthy conditions is well known: in young 
adults, acute increase of the sympathetic activity, as assessed by measuring the plasma nor-
adrenaline concentration, has been shown to impair endothelium-dependent dilation [91, 92].  
Sympathetic nervous system activity is also proposed to be an important factor contributing 
to endothelial dysfunction with age [92].

2.4. Other endothelial functions: involvement in hemostasis, inflammation, and 
angiogenesis

Endothelium maintains blood fluidity, preventing intravascular coagulation and thrombus 
formation, respectively; endothelial cells express a variety of intraluminal surface proteins 
(such as thrombomodulin) and secrete molecules with anticoagulant and antithrombotic 
properties: ectonucleotidases and protein C and S as well as substances which inhibit platelet 
adhesion and aggregation (PGI2 and NO).
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On the other hand, endothelium enables hemostasis when needed through the expression of 
specific membrane glycoproteins which enable adhesion of platelets to the damaged vascular 
wall (i.e., subendothelial matrix); and secretion of diverse substances, such as vWF, thrombin, 
tissue factor, and many others. Additionally, endothelium plays a crucial role in the fibri-
nolytic system. Nevertheless, prothrombotic, procoagulation, and antifibrinolitic states are 
associated with thrombi formation and cardiovascular events.

Endothelium is importantly involved in inflammatory processes and tissue repair as it adjusts 
changes in vascular reactivity and permeability in response to various cytokines and auta-
coids, increasing plasma extravasation and larger molecules trafficking as well as the adhesion 
and recruitment of leucocytes across the vessel walls, mainly of the postcapillary venules to 
the site of injury/inflammation. It itself produces many substances involved in inflammation 
and subsequent tissue repair, i.e., VEGF and various cytokines (e.g., IL-1, TNF-α). Moreover, 
cytokines released from endothelium in an autocrine manner augment the inflammatory 
response by affecting intracellular signaling pathways which activate various transcription 
factors, especially the transcription factor NF-kB, to finally increase the expression of proadhe-
sive and procoagulant genes. In addition, cytokines and VEGF also promote endothelial and 
VSMC proliferation [93]. In response to inflammation, endothelial cells increase the expres-
sion of a variety of adhesion molecules, belonging to three gene families, namely selectins, 
integrins, and the immunoglobulin (Ig) superfamily (comprising VCAM, intercellular adhe-
sion molecules (ICAM), and PECAM-1) on their surface which enable leucocytes to recognize 
the affected sites, adhere to endothelium and cross the vessel wall. As the level of circulating 
adhesion molecules is increased in diseases, they have been used as a marker of endothelial 
dysfunction. Inappropriate regulation of inflammatory processes has been acknowledged as 
an early step in the development of atherosclerosis as well as other pathological processes [94].

Endothelium is crucial for vasculo- and angiogenesis. Postnatally, endothelial cells are rela-
tively quiescent and the growth of new vessels (neoangiogenesis) in healthy adults only 
occurs in uterine cycle, reproduction (i.e., placenta formation), and wound healing, as well as 
in response to repeated exercise and endurance training in myocardium and skeletal muscles. 
Neoangiogenesis requires a fine orchestrated interplay between endothelial cells, VSMC, 
pericytes, and a variety of signaling molecules, including growth factors [95], chemokines, 
angiopoietins, semaphorins, angiogenic enzymes, adhesion molecules, ephrins, and MMPs 
[93]. Neoangiogenesis involves many interdependent processes; in brief, upon stimulation 
by various angiogenic growth factors, endothelial cells get activated and release protease 
to degrade and invade basal lamina and the underlaying extracellular matrix. Endothelial 
cells then migrate into the interstitial space, where they proliferate and differentiate to form 
solid sprouts connecting neighboring vessels [38, 93, 96]. The role of VEGF and angiopoietins 
and the involvement of caveolae have shortly been mentioned above. In addition, circulating 
EPCs have also been shown to play a role in angiogenesis as they can differentiate to mature 
endothelial cells and replace injured or senescent endothelial cells [41, 97]. The number of 
circulating EPCs has been shown to be increased in cancer [98]. One of the most important 
(patho)physiological stimuli for neoangiogenesis in adult period is hypoxia which modi-
fies gene expression dependent on the activation of hypoxia-inducible factor-1 (HIF-1) and, 
among others, it triggers endothelial cells to get activated [99]. Excessive angiogenesis in adult 
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period also occurs in many pathological conditions, such as cancerogenesis, tumor growth, 
and metastasis. To this end, the processes connected to angiogenesis represent an important 
therapeutic niche: on one side, antiangiogenic drugs are targeted against tumor growth [100], 
and on the other, proangiogenic drugs have to be designed to augment the angiogenic poten-
tial [101].

Endothelial cells also express enzymes for degradation of other autacoids, and enzymes 
which convert humoral factors to attend their full activity, as, e.g., ACE.

Endothelium, therefore, is a highly metabolic organ. Energy supply for its pleiotropic func-
tions is derived mainly from glucose by anaerobic metabolism although endothelium is 
directly exposed to blood with high oxygen partial pressure (pO2); therefore, enough O2 to be 
transported to other cells may be conserved [102]. Fatty acids represent another potential fuel 
for endothelial cells; yet, as they have relatively few mitochondria, fatty acids have been pro-
posed to only modestly contribute to total ATP generation [102]. Glucose is transported into 
endothelial cells via insulin-independent GLUT-1 transporter [103]; respectively, endothelial 
cells, particularly the microvascular ones [104], are susceptible to adverse effects of hypergly-
cemia which in multiple ways increases the level of oxydative stress. The mechanism involves 
mitochondrial hyperpolarization, which affects ROS production [105, 106]. However, ROS 
should not only be regarded as a foe: in recent years, they have been acknowledged as impor-
tant players in endothelial homeostasis, modulating endothelium-dependent vasodilation, 
permeability, and angiogenesis [105, 106]. On the other hand, dysfunctional mitochondria 
have been implicated in endothelial dysfunction and vascular aging [107–109] and as such 
represent a potential therapeutic target [109]. Moreover, mitochondria might be regarded as 
oxygen sensors since in hypoxic conditions, the generation of ROS is increased and connected 
to hypoxia-mediated responses, such as increased permeability, changes in cell surface adhe-
sion molecules, cell proliferation, and angiogenesis [110]. Exercise and diet have been shown 
to beneficially impact mitochondria dysfunction [108, 111]. Caloric restriction has also been 
connected with SIRT1: decreased ATP level activates AMP-activated protein kinase (AMPK), 
the main cellular energy sensor which in turn activates SIRT1 [112].

3. Endothelium and vascular tone regulation: endothelial 
vasodilators

One of the main functions of endothelium is its involvement in vascular tone regulation. 
In response to mechanical and pharmacological (ACh, histamine, bradykinin, VEGF, vari-
ous hormones as estrogen, CGRP, substance P, insulin, and platelets products (serotonin, 
ADP)) stimuli, endothelium releases a number of vasoactive mediators which, by affecting 
VSMC, regulate vascular tone and thus help to adjust blood flow to tissue demands. There 
is a considerable and complex interplay between endothelial and other humoral vasoac-
tive substances, as well as the sympathetic nervous system. Mostly investigated endothe-
lial vasodilators are NO, PGI2, and endothelium-derived hyperpolarizing factor(s) (EDHF), 
whereas the main constrictors include endothelin, thromboxane, AngII, the cytochrome P450 
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(CYP)-hydroxylase-derived 20-hydroxyeicosatetraenoic acids (20-HETE) [113, 114], and con-
strictor prostanoids [115]. In a healthy state, vasodilators predominate whereas in endothelial 
dysfunction, reduced vasodilator bioavailability, in particular NO and an excessive release of 
vasoconstrictors result in an increased vascular tone. Moreover, in the settings of endothelial 
dysfunction, other vasodilators may compensate for the reduced NO bioavailability [116–118].

Endothelial vasodilators mediate the endothelium-dependent vasodilation. Yet, it must be 
noted that the contribution of each to the regulation of vascular tone differs between the vas-
cular beds: while NO has mainly been implicated in the regulation of larger vessels, other 
vasodilators seem to play the prominent role in microcirculation [116, 117, 119].

FMD denotes endothelium-dependent decrease of vascular tone in response to increased 
blood flow, which is noted down—as well as upstream of the vessel tree, and has been used 
as a surrogate marker of endothelial function in the clinics. It is mostly tested by performing 
a transient occlusion of a distal (or proximal) artery to induce local ischemia and assessing 
blood flow increase after reperfusion. The phenomenon of postocclusive hyperemia (PORH) 
is a good example to explain the mechanism of FMD: endothelium-dependent vasodilation 
elicited by increased shear stress due to increased flow as a consequence of the vasorelaxant 
effect of locally accumulated metabolites additionally increases the flow to meet tissue meta-
bolic demands and simultaneously oppose the pressure-induced myogenic vasoconstrictory 
response [116].

3.1. Nitric oxide exerts many vasoprotective functions

NO is constantly being formed from the amino acid L-arginine by constitutively expressed 
eNOS. It can also be produced by other isoforms of NOS, namely inducible (iNOS) and neu-
ronal (nNOS), present in various cell types (endothelial cells, platelets, neurons and VSMC, 
macrophages, polymorphonucleated leukocytes) which are important in the settings of 
endothelial activation and/or dysfunction [43]. eNOS is a calmodulin-dependent enzyme 
requiring cofactors as Ca2+, tetrahydrobiopterin (BH4), nicotinamide adenine dinucleotide 
phosphate (NADP), etc. Its activity is regulated by complex interactions of the endothelial 
microdomain proteins whereby its association with the heat-shock protein increases and with 
the caveolin-1 decreases its activity [44]. Moreover, it is modulated posttranslationally in a 
Ca2+-dependent way through the activation of various Ca2+-channels on the cell membrane 
and by Ca2+-independent way which is the main mechanism of shear-stress-induced eNOS 
activation. The Ca2+-independent pathway mainly affects the phosphorylation of eNOS by 
Akt kinase, Ca2+/calmodulin-dependent protein kinase II (CaMKII), protein kinase A (PKA), or 
AMPK, depending on the stimulus; a variety of stimuli, including hormones, growth factors, 
purines, histamine, bradykinin, serotonin, noradrenaline, etc., affect G-protein-coupled recep-
tors and finally activate the corresponding target to subsequently phosphorylate eNOS and 
increase its activity [43]. On the other hand, hyperglycemia has been suggested to adversely 
affect eNOS phosphorylation thus attenuating NO production [120]. Another common post-
translational modification of eNOS activity is acetylation/deacetylation: for example, SIRT-1, 
a class III histone deacetylase enhances the ACh- and shear-stress-induced-NO production by 
deacetylating eNOS, thereby enhancing its binding to calmodulin [121]. Moreover, aspirin has 
been shown to enhance eNOS activation by acetylating eNOS, independently of its effect on 
cyclooxygenase inhibition [122].
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Of note is the dual role of eNOS: when the bioavailability of its substrates and/or cofactors 
is reduced and in conditions of increased oxidative stress, eNOS can get uncoupled and pro-
duces superoxide anion (O2−) instead of NO; O2− is a highly reactive radical which forms 
peroxynitrite (ONOO−) with NO, and in this way, it additionally decreases the bioavailability 
of NO and contributes to endothelial dysfunction [43, 44, 90].

Besides directly inducing vascular relaxations by activating the soluble guanylate cyclase 
(sGC) in VSMC, NO importantly modulates other endothelial autacoids (e.g., PGI2, EDHF, 
endothelin) affecting vascular tone [123, 124], and interferes with the sympathetic neurotrans-
mission pre- and postsynaptically [89].

NO exerts other effects: it inhibits platelet aggregation (interestingly, activated-platelet-
derived substances increase the activity of eNOS, thus producing more NO) and the adhesion 
of leucocytes to the vascular wall by decreasing the expression of adhesion molecules on 
endothelial surface [90]. Moreover, it interferes with cellular metabolism [125] by modulat-
ing mitochondrial function, and oxygen metabolism [106, 126]. As stated, NO forms ROS 
(ONOO−) with increased levels of O2− which, among others, impairs the mitochondrial respi-
ratory chain [127]. On the other hand, the depolarization of mitochondrial membrane induced 
by mitochondrial KATP-channel activators has been reported to increase the activity of eNOS in 
rat cerebral arteries [128]. Other gaseous mediators involved in vascular tone regulation have 
also been proposed to interfere with the mitochondrial function [127].

In the settings of hypoxia, NO could alternatively be derived from the reduction of ONOO− 
which may partly compensate for reduced eNOS activity [129].

A number of factors have been known to exert beneficial vasoprotective effects by interfering 
with eNOS activity and consequently increasing NO bioavailability, including female sex hor-
mones (the protecting effects of estrogens have long been appreciated), insulin, glucagon-like 
peptide, thyroid hormones, erythropoietin, high density lipoproteins, etc., as well as endothe-
lial exposure to repetitive increases in shear stress as occurs in exercise [25, 130].

On the other hand, many factors negatively impact eNOS or scavenge NO, thereby reducing 
the beneficial effects of NO: ROS, reduced availability of BH4 or arginine, due to increased 
levels of arginase, asymmetric dimethylarginine (ADMA), an endogenous inhibitor of 
eNOS, cortisol, aldosterone, and numerous others. Moreover, environmental factors, such 
as smoking, radiation, increased salt intake or hyperglycemia, as well as other metabolic 
disturbances, such as insulin resistance and metabolic syndrome, hypercholesterolemia and 
obesity, homocysteinemia, uric acid, diminish the NO-dependent vasodilation and other 
NO-associated effects [130]. The latter settings predispose to endothelial dysfunction and the 
development of diseases, such as hypertension and atherosclerosis, and increase the risk for 
cardiovascular events.

Therefore, the biosynthetic pathways of NO and its downstream targets might all represent 
potential therapeutic targets [90, 131].

Increased levels of ROS could be regarded as a common denominator of reduced NO bioavail-
ability resulting in endothelial dysfunction. Fortunately, the endogenous ROS-scavenging 
enzymes convert O2− to hydrogen peroxide (H2O2) which is proposed as one of important endo-
thelial factors inducing VSMC hyperpolarization and vasodilation, respectively [75, 132, 133].  
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The bad ROS are turned into the good ones thus ameliorating their damaging effects [133]. 
Indeed, increased levels of H2O2 have also been suggested to overtake the role of NO in the 
settings of reduced NO bioavailability also in humans [134].

3.2. Endothelium-dependent relaxations beyond NO: hyperpolarization

Shear stress and various agonists also stimulate the production of other vasodilators, among 
which the derivatives of arachidonic acid (AA) play an important role.

AA is liberated from membrane phospholipids by the action of Ca2+-stimulated phospholi-
pase A2, and subsequently metabolized into biologically active eicosanoids with a variety of 
functions. Three main complex enzymatic pathways of AA metabolism are the cyclooxygen-
ase pathway, the cytochrome (CYP)-P450 pathway, and the lipoxygenase pathway; however, 
AA can be transformed into isoprostanes nonenzymatically by ROS [135]. Regarding vascu-
lar tone regulation, AA metabolites include a number of vasodilators and vasoconstrictors 
[113–115, 135–138].

One of the most investigated AA metabolites is PGI2, formed by prostacyclin synthase, which 
belongs to the CYP-450 family and is highly expressed in endothelial cells and associated 
with cyclooxygenase (COX)-2 [115, 135–137]. Its vasodilator effects mainly involve binding 
to prostacyclin (IP) receptors and activation of adenylate cyclase increasing cAMP level in 
VSMC and subsequent relaxation. Yet, the role of PGI2 as endogenous mediator of endothe-
lium-dependent vasodilation in vivo has often been questioned and its other effects, such 
as inhibition of platelet adhesion and aggregation, and reduction of oxidative stress [135, 
139] might rather account for its vasculoprotective effects. Moreover, COX-2-derived PGI2 
might play a compensatory role for the decreased NO bioavailability [117, 118]. To this end, it 
must be noted that other prostanoids from the COX metabolic pathways also affect vascular 
tone: due to various metabolic pathways as well as various prostaglandin receptors coupled 
to different signaling pathways, they might either induce vasoconstriction or vasodilation  
[115, 135, 137–139]. It is the delicate balance between vasoconstrictors and vasodilators which 
enables normal functioning of healthy endothelium; in endothelial dysfunction, the effect of 
vasoconstrictive prostanoids predominates, predisposing to the development of hyperten-
sion, atherosclerosis, and various other diseases.

Besides NO and PGI2, endothelial hyperpolarization (EDH) accounts for endothelium-
dependent, flow-mediated vasodilation; by blocking eNOS (by L-NMMA) and COX (by more 
or less specific COX inhibitors), the role of non-NO-non-PGE-dependent vasodilation has 
unequivocally been confirmed not only in in vitro assays and in animal models but also in vivo 
in various human vessels during resting [140–143] and exercise [144].

Many of endothelial mediators and signals are known to induce the hyperpolarization of 
VSMC [8, 130, 135, 136, 145, 146]: epoxyeicosatrienoic acids (EETs) produced in the CYP-450-
dependent metabolism of AA [135, 136]; the above mentioned H2O2 [133, 140], potassium 
ions released from the endothelial cells via Kca channels, and direct transmission of endo-
thelial cell hyperpolarization by myoendothelial gap junctions. Thus, EDHF comprises a 
variety of factors which activate various potassium channels: small (SKCa), intermediate, and 
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large-conductance Kca channels; inward rectifier K+ channels (KIR) [147], and TRPV4 channels 
[148] have been implicated in finally inducing EDH. To this end, the corresponding channels 
have been investigated as potential targets to affect EDH [147, 149]. Endothelial hyperpo-
larization can spread via myoendothelial gap junctions to directly induce VSMC hyperpo-
larization: the role of gap junctions has been implicated also in humans in vitro and in vivo 
as carbenoxolone, a nonspecific gap junction blocker, diminished conducted vasodilation in 
isolated human coronary arterioles [150], and, moreover, reduced FMD in the brachial artery 
of healthy volunteers [151]. The term conducted dilation has been used to denote electrotonic 
transmission of local hyperpolarization, and may spread several mm upstream independent 
of alterations in shear stress [116, 119, 152]. It reflects the involvement of gap junctions and 
enables a coordinated adjustment of vascular resistance in larger and smaller arterioles and 
capillaries [153].

Age and gender might affect the EDHF-mediated response as male animals were reported 
to exhibit smaller EDHF-mediated endothelium-dependent relaxation compared to females; 
similarly, aging affected EDH. A reduced SKCa activity and a reduced expression of gap junc-
tion proteins, Cx-40 and Cx-43, have been suggested to account for these differences [154]. 
Moreover, 17b-estradiol has been proposed to activate AMPK and/or SIRT1, both implicated 
to be involved in increasing the EDHF-mediated signaling [154]. Alteration of the EDH con-
tributes to endothelial dysfunction observed in various pathologies [145, 154].

Finally, other endothelium-derived vasodilators should be listed: adenosine and purines, 
various peptides, including CGRP, C-type natriuretic peptide (CNP), adrenomedullin, endo-
cannabinoids, and gaseous transmitters other than NO, namely hydrogen sulfide (H2S), and 
carbon monoxide (CO) which have been suggested to compensate for decreased NO bioavail-
ability [127, 155, 156]. Adenosine, one of the most potent vasodilators (exerting also other 
vasculoprotective effects) is mainly formed from extracellular nucleotides (ATP, AMP) by the 
action of ectonucleotidases, expressed in endothelial cells and also investigated as potential 
therapeutic targets [157]. Interestingly, circulating ATP itself has been proposed to mediate 
vasodilation in humans in vivo by inducing vascular hyperpolarization via activation of KIR 
channels [158].

4. Conclusion

By spreading throughout the vascular system and exerting pleiotropic functions, the endothe-
lium could be regarded as one of the main players in cardiovascular physiology. The integrity 
of endothelium is crucial for vascular homeostasis and health. On the other hand, endothe-
lial cells are susceptible to changes in blood composition and hemodynamic forces and as 
such vulnerable to developing endothelial dysfunction. Endothelial dysfunction nowadays is 
acknowledged a key initiating event in atherosclerosis, and connected to several pathologi-
cal conditions and cardiovascular events. Accordingly, understanding endothelial function 
and dysfunction is crucial for recognition and treatment, or, optimally, for prevention of the 
development of cardiovascular diseases, the leading cause of death worldwide. To this end, 

Endothelium at a Glance
http://dx.doi.org/10.5772/intechopen.81286

15



The bad ROS are turned into the good ones thus ameliorating their damaging effects [133]. 
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development of cardiovascular diseases, the leading cause of death worldwide. To this end, 
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it should be emphasized that the mechanistic studies on isolated vessels or on animal models 
cannot always be extrapolated directly to humans. Therefore, in spite of intensive investiga-
tions, additional studies to elucidate mechanisms of endothelial function and dysfunction are 
necessary to accomplish endothelium-targeted interventions.
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it should be emphasized that the mechanistic studies on isolated vessels or on animal models 
cannot always be extrapolated directly to humans. Therefore, in spite of intensive investiga-
tions, additional studies to elucidate mechanisms of endothelial function and dysfunction are 
necessary to accomplish endothelium-targeted interventions.
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HOX genes belong to a family of transcription factors characterized by a 183 bp DNA 
sequence called homeobox, which code for a 61-amino-acid domain defined as the home-
odomain. These genes play a central role during embryonic development by control-
ling body organization, organogenesis, and stem cell differentiation. They can also play 
a role in adult processes such as embryo implantation, hematopoiesis, and endothelial 
differentiation. Since endothelial cell differentiation is one of the main steps to initiate 
vasculogenesis and angiogenesis, we analyzed the role of several Hox genes in the regu-
lation of these two processes. In this chapter, we summarized the evidence to support the 
function of Hox genes in adult tissues, specifically in endothelial cell differentiation, by 
studying their mechanism of action and how their target genes regulate vasculogenesis 
and angiogenesis. Understanding the cellular and molecular mechanisms triggered by 
Hox biological effects is pivotal for designing new drugs or therapies for high prevalent 
pathologies, such as cardiovascular diseases.
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[1, 2]. Even though the main function of these genes is well known during embryogenesis, their 
role in adults remains under investigation. Several studies have linked Hox genes with adult 
processes such as vascularization, hematopoiesis, tumor angiogenesis, and cell differentiation 
[3]. In this chapter, we will focus our attention on the origin and main role of Hox genes in adult 
tissues, especially on endothelial cell differentiation, neovasculogenesis, and angiogenesis.

2. Origin of the Hox gene cluster

The Hox genes were discovered in 1915 by Calvin Bridges in a mutant Drosophila melanogaster 
named Bithorax, which showed a partial duplication of the thorax [4]. Years later, another 
mutation in the Hox genes was identified resulting in a mutant fly exhibiting legs instead of 
antenna named Antennapedia [5]. The Hox genes were then grouped into these two com-
plexes (Bithorax and Antennapedia), which are located on chromosome 3 and play a key role 
in conferring the identity along the anteroposterior axis of the body. The role of these genes 
in establishing the anteroposterior axis is highly conserved in vertebrates [5, 6]; however, the 
Hox gene cluster has changed during its evolution, evidenced by different numbers of clusters 
between species (Figure 1). For example, whereas invertebrates typically possess a single clus-
ter, vertebrates such as mice and humans possess four gene clusters coding for the three differ-
ent axes: cervical, thoracic, and lumbosacral [2, 6]. Despite these differences, Hox genes have 
been identified in all species, which reflects the important role of these genes in the regulation 
of body structure [1, 7]. In humans, the 39 mammalian Hox genes are grouped into four chro-
mosomal clusters named HOXA, HOXB, HOXC, and HOXD, located on chromosomes 7p14, 
17q21, 12q13, and 2q31, respectively [8]. This large family encodes homeodomain transcrip-
tion factors that share highly conserved DNA sequence formed by 183 bp called “homeobox,” 
which encodes a polypeptide core of 61 amino acids formed by three alpha helices known 
as the homeodomain. Most homeodomains recognize highly conserved DNA elements that 

Figure 1. The composition and evolutionary differences of the HOX gene cluster between Drosophila melanogaster, 
mouse, and Homo sapiens. The HOX gene clusters and their chromosomal location were compared between Drosophila 
melanogaster, mouse, and Homo sapiens. Genes were grouped according to the distribution of the three axes corresponding 
to the anteroposterior part of the body (cervical, thoracic, lumbosacral).

Endothelial Dysfunction - Old Concepts and New Challenges30

serve as a promoter for many genes (motif TAAT) being a T in the direction 5′ determinant for 
this coupling acknowledgment [9]. Hox transcription factors are well known for playing a key 
role during cell and tissue differentiation in developing embryos; however, other studies have 
shown that these homeotic genes also play a role in adult process such as hematopoiesis and 
embryo implantation by promoting neovasculogenesis and angiogenesis [10].

3. Hox genes in adult-related processes

3.1. Endometrial tissue

Hox genes are crucial during endometrium redevelopment and corpus luteum formation 
because they regulate cell growth and differentiation during each reproductive cycle [10]. 
Expression of HoxA10 in human epithelial and stromal endometrial cells has been signifi-
cantly higher in the intermediate and late phase of the menstrual cycle, suggesting that it 
could favor the implantation of the embryo [11–13]. Mechanistically, the protein encoded by 
this gene regulates the expression of several proteins related to endometrial development 
such as Emx2/EMX2, integrin β3, insulin-like growth factor-binding protein-1 (IGFBP-1), 
cyclin inhibitors, Wnt family genes, and the prostaglandin receptors EP-3 and EP-4 [14, 15].

Endometrium development is regulated by estrogen and progesterone; thus, any regulation 
of Hox genes by these hormones suggests that these genes play a role in the growth and 
development of the endometrium. For example, 17β-estradiol and progesterone significantly 
increased the expression of HoxA10 in endometrial cells [16] and primary culture of stromal 
endometrial cells, respectively, with a higher response induced by progesterone compared to 
17β-estradiol [17] and even higher when both hormones were used in combination [17, 18].

HOXA11 is another hox gene from the A cluster that has been closely associated with morphologi-
cal alterations [19]. During the development of the female reproductive tract, HOXA11 is normally 
expressed in the cervix and lower uterine segment. When the expression of this gene is impaired, it 
promotes aberrant epithelial cell differentiation leading to epithelial ovarian neoplasia [20, 21]. In 
addition, HOXA11−/− mice exhibit reduced development of the stroma in the glandular tissue and 
decidua during pregnancy [18, 22], suggesting a role in myometrium preparation to implantation.

More recently, Yim et al. suggested that HOXA11 promotes metastasis by regulating the 
expression of gene coding for metastasis-related proteins [23]. These findings indicate that 
HOXA11 plays a role in the aggressive nature of ovarian cancer cells through HOXA11-
mediated expression of target genes such as matrix metalloproteinase (MMP) and VEGF.

3.2. Implantation

Implantation is a series of sequential biological events triggered after fertilization in which the 
blastocyst migrates from the fallopian tube into the uterus. The fertilized egg is then attached to 
the uterine wall and subsequently implanted in the endometrium. Implantation occurs only in 
a very specific time period and place during the mid-secretory phase of the uterine cycle [24]. 
During this period, the uterus becomes more receptive by promoting a series of cellular and 
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molecular events favoring the implantation of the embryo. In this stage, the role of several inter-
cellular mediators has been implicated, which include specific cytokines, growth factors, adhe-
sion molecules, lipid mediators, steroid hormones, and Hox transcription factors [25]. Like in 
endometrial tissue, HOXA10 also plays a role during embryo implantation as it has been shown 
that despite the fact that HOXA10-deficient mice (HOXA10−/−) exhibited normal ovulation cycle, 
the implantation did not occur. Interestingly, implantation was restored when embryos from 
HOXA10−/− were transferred to wild-type mice; however, wild-type embryos were not implanted 
in HOXA10−/− female mice [18], suggesting that HOXA10 is required to have an adequate implan-
tation environment. Moreover, HOXA10−/− and HOXA11−/− mice also exhibit poor implantation 
due to insufficient development of stromal glandular tissue and decidua during pregnancy 
[26]. In humans, the expression of both HOXA10 and HOXA11 genes rises gradually during 
the proliferative phase of the menstrual cycle, showing a peak of expression in mid-cycle, when 
implantation typically occurs [13, 27]. Interestingly, this peak of expression was not observed 
in women with endometriosis or in mice with induced endometriosis [13, 27], suggesting that 
HoxA10 and HoxA11 peaks require a healthy endometrium to support and continue with the 
implantation process. Several studies have shown that Hox10 not only promotes implantation 
directly but also inhibits detrimental factors such as empty spiracles homeobox 2 (EMX2), P300/
CBP-associated factor (P/CAF), and gamma-aminobutyric acid (GABA). Studies by Taylor and 
colleagues demonstrated that HoxA10 repressed EMX2 expression, which in turn inhibited the 
proliferation of endometrial cells [28], suggesting that HoxA10 is a pro-proliferative and pro-
implantation factor in these cells. Zhu and colleagues demonstrated that HoxA10 repressed the 
promoter activity of P/CAF, which impairs endometrial receptivity and embryo implantation by 
downregulating integrin β3 [29]. Recent studies have also shown that HoxA10 decreased mRNA 
levels and protein translocation of GABA receptor [30], which plays a role in the generation of 
uterine contractions and labor [31]. Thus, the quiescent uterus is required for adequate implan-
tation and embryo development, along with reduced expression or activity of GABA receptor.

3.3. Hematopoiesis

Hox genes are highly expressed in hematopoietic stem cells (HSC) and immature progenitor 
cells [32]; however, this expression is gradually decreased upon cell differentiation. Moreover, 
overexpression of genes from the HOXA cluster impairs B and T lymphocyte differentiation, 
affects erythropoiesis, and reduces stem cell bone marrow homing, favoring the induction of 
myeloproliferative disorders and leukemias [33]. In fact, overexpression of HOXA1, HOXA4, 
and HOXA6 genes has been shown to favor the generation of permanent cell lines [34]. Studies 
by Wang et al. showed increased proliferation and higher self-growth and self-renewal of 
hematopoietic stem progenitor cells (HSC) (Line 9 and Line H1) when HoxA6 was overex-
pressed compared to normal conditions [34]. The authors observed that overexpression of this 
gene sustained HSC self-renewal and multipotency by promoting mature erythroid lineage 
cells and partial apoptosis of erythroid progenitors.

Another gene involved in this process is HOXA5. Overexpression of HoxA5 in HSC isolated from 
umbilical cord blood, bone marrow [35], or mice [36] promotes a significant shift toward myeloid 
differentiation in relation to erythroid differentiation when compared to respective control cells 
[35, 36]. Then, the authors evaluated genes affected by HoxA5, and they observed downregula-
tion of several genes involved in cell proliferation, differentiation, and metabolism [35, 36].
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HOXA9 has also been associated with the regulation of myeloid cell differentiation. The acti-
vation of HoxA9 complex favors the recruitment of CREB-binding protein (CBP/p300), his-
tone acetylation, and activation of a number of transcription factors and proto-oncogenes, 
including Erg, FLT3, and SOX4 Myb, which regulate hematopoiesis [37].

Another Hox gene family member linked to hematopoiesis is HOXA10. The expression of 
this gene is high in myeloid progenitor cells, and it decreases during cell maturation [38]. Bei 
et al. [39] studied the expression of HoxA10 in bone marrow from patients with human acute 
myeloid leukemia (AML), and they observed increased expression of this gene in patients with 
poor prognosis. Then, they developed a HoxA10-overexpresing mouse model identifying 
CDX4, a caudal gene that contain homeodomain and code for transcription factor that plays 
an important role in hematopoiesis, as a HOXA10 target gene [39]. Overall, their results dem-
onstrated that HOXA10 was contributing to AML pathogenesis via CDX4-positive feedback. 
Other groups demonstrated that HoxA13 was associated with the development of monocytes 
and macrophages, and its expression was observed more often in monocytic leukemia cell lines 
in comparison with other types of leukemia [40]. Moreover, the expression of genes HOXB3 
and HOXB4 has been found to be altered in patients with AML with poor prognosis [41].

4. Hox genes in vascularity and angiogenesis

The development of the vascular system involves two processes called vasculogenesis and 
angiogenesis [42]. During vasculogenesis, angioblasts derived from different sources, including 
mesodermal embryonic layer or bone marrow, differentiate into endothelial cells and subse-
quently form a primitive network of tubular structures called blood vessels [43]. Vasculogenesis 
occurs largely during embryonic development; however, the presence of a population of cir-
culating endothelial progenitor cells (EPCs) derived from the bone marrow in adults strongly 
suggests that this process may occur in the postnatal period [44]. In contrast, angiogenesis refers 
to the formation of new blood vessels from preexisting vessels by cell migration and remod-
eling of the primitive vascular network [45]. Vasculogenesis and angiogenesis are involved in 
the development of the functional vascular system in the embryo and the formation of blood 
vessels in the postnatal period. Both vasculogenesis and angiogenesis are under the regulation 
of several growth factors, which include vascular endothelial growth factor (VEGF), fibroblast 
growth factor 2 (FGF2), platelet-derived growth factor (PDGF), and transforming growth factor 
β1 (TGF-β1), among others [45]. Interestingly, different research groups have found that Hox 
genes regulate the expression of these growth factors and, in turn, endothelial cell differentia-
tion. In the next section, we will describe supporting evidence about the role of Hox genes in 
endothelial differentiation, vasculogenesis, and angiogenesis (Figure 2).

4.1. HOXA3

The HOXA3 gene is required for modeling the anterior body plan during embryogenesis, 
but they can also play a role in promoting angiogenesis [46, 47]. It has been shown that 
activation of HOXA3 favors the migration of endothelial cells and keratinocytes, associ-
ated with increased expression of urokinase-type plasminogen activator receptor (uPAR) in 
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molecular events favoring the implantation of the embryo. In this stage, the role of several inter-
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myeloproliferative disorders and leukemias [33]. In fact, overexpression of HOXA1, HOXA4, 
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pressed compared to normal conditions [34]. The authors observed that overexpression of this 
gene sustained HSC self-renewal and multipotency by promoting mature erythroid lineage 
cells and partial apoptosis of erythroid progenitors.

Another gene involved in this process is HOXA5. Overexpression of HoxA5 in HSC isolated from 
umbilical cord blood, bone marrow [35], or mice [36] promotes a significant shift toward myeloid 
differentiation in relation to erythroid differentiation when compared to respective control cells 
[35, 36]. Then, the authors evaluated genes affected by HoxA5, and they observed downregula-
tion of several genes involved in cell proliferation, differentiation, and metabolism [35, 36].
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angiogenesis [42]. During vasculogenesis, angioblasts derived from different sources, including 
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occurs largely during embryonic development; however, the presence of a population of cir-
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to the formation of new blood vessels from preexisting vessels by cell migration and remod-
eling of the primitive vascular network [45]. Vasculogenesis and angiogenesis are involved in 
the development of the functional vascular system in the embryo and the formation of blood 
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of several growth factors, which include vascular endothelial growth factor (VEGF), fibroblast 
growth factor 2 (FGF2), platelet-derived growth factor (PDGF), and transforming growth factor 
β1 (TGF-β1), among others [45]. Interestingly, different research groups have found that Hox 
genes regulate the expression of these growth factors and, in turn, endothelial cell differentia-
tion. In the next section, we will describe supporting evidence about the role of Hox genes in 
endothelial differentiation, vasculogenesis, and angiogenesis (Figure 2).
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The HOXA3 gene is required for modeling the anterior body plan during embryogenesis, 
but they can also play a role in promoting angiogenesis [46, 47]. It has been shown that 
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both in vitro and in vivo studies using mice [46, 47]. Similar results were demonstrated by 
Hansen et al. who confirmed that HOXA3 is a potent inducer of angiogenesis in vivo and also 
promotes direct keratinocyte migration [48]. These results suggest that HOXA3 potentiates 
two key processes involved in efficient wound repair: angiogenesis and reepithelialization  
[46, 48]. Gene transfer studies of HOXA3 suggest that this gene also functions as a potent 
inducer of wound repair in genetically modified diabetic animals. A single application of pro-
tein HoxA3 resulted in complete healing of wounds after 42 days, while wounds treated with 
the control plasmid without HOXA3 (β gal) required 77 days for complete tissue repair. In 
addition, it was demonstrated that secreted protein HoxA3 or HoxA5, coming from respective 
genes and derived from composite skin constructs, exhibits decreased expression of CCL-2 
and CxCL-12 inflammatory mediators, which play a key role in the attraction of monocytes, 
macrophages, and other wound immune cells [48]. Thus, reduced recruitment of leukocytes 
mediated by HOXA3 may contribute to the prolonged integrity and viability of the composite 
skin constructs expressing HOXA3, by reducing inflammation during wound healing process. 
Taken together, the combined actions of HoxA3 on endothelial cells and keratinocytes lead to 
increased angiogenesis, normal epidermal differentiation, reduced expression of inflamma-
tory mediators, and reduced graft contraction. These effects suggest that HoxA3 may have 
therapeutic benefits in wound repair by improving the integrity of composite skin grafts.

4.2. HOXA9

The HOXA9 gene code for two different proteins, HA-9A and HA-9B isoform A (HA-9A) and 
HoxA9 protein isoform B (HA-9B) [49] that share a common homeodomain [15]. The expression 
of HA-9A has been observed exclusively during fetal development, whereas the HA-9B has been 
found not only in fetal but also in adult organism and specifically in endothelial cells [49, 50].

In 2004, Bruhl et al. showed that HOXA9 was able to regulate angiogenesis [51]. These authors 
using human umbilical vein endothelial cells (HUVECs) with sense/antisense oligonucleotides 
or siRNA for this gene observed that HOXA9 expression was essential for endothelial cell migra-
tion and tube formation. Also, they evaluated the regulation of ephrin type-B (Eph) receptor B4 

Figure 2. HOX genes modulate the expression of crucial target genes to promote the differentiation of mature 
endothelial cells. Hox genes promote the differentiation of endothelial progenitor cells, which exhibit an immature 
phenotype (CD70+CD34+Oct-4+), into mature endothelial cells that express endothelial nitric oxide synthase (eNOS), 
vascular endothelial growth factor receptor 2 (VEGFR2 or KDR), CD31, von Willebrand factor (vWF), and the lectin-type 
oxidized LDL receptor 1 (LOX-1). To promote this phenotype, some Hox genes upregulate crucial genes such as fetal 
liver kinase 1 (Flk1), angiopoietin 2 (ANG2), ephrin type-B receptor 4 (EphB4), and FI3K receptor, whereas other Hox 
genes downregulate other factors such as hypoxia-induced factor type 1α (HIF1α), cyclooxygenase-2 (cox-2), ephrin 
type-a receptor 1 (EphwA1), and VEGFR2.

Endothelial Dysfunction - Old Concepts and New Challenges34

(EphB4) by HOXA9, since previous reports [52, 53] showed that Eph receptors were homeobox 
protein potential targets. Then, they decided to study EphB4 since it was specifically associated 
with angiogenesis and cell migration processes [54, 55]. After elegant experimentation and anal-
ysis, they conclude that HoxA9 regulated endothelial cell migration and tube formation by pro-
moting the expression of EphB4. Later in 2012, Zhang and colleagues established that HoxA9 
was essential for postnatal neovascularization in vivo. In addition, they found that HoxA9 was 
able to regulate the expression of endothelial genes such as endothelial nitric oxide synthase 
(eNOS), vascular endothelial growth factor receptor 2 (VEGFR2), and VE-cadherin in vitro in 
mature endothelial cells exposed to “shear stress” [56]. Furthermore, the HOXA9−/− mouse model 
showed a reduced number of circulating endothelial progenitor cells (EPCs) as well as reduced 
overall postnatal neovascularization after ischemia compared to wild-type mice. Altogether, 
these results demonstrated that HoxA9 is critical for postnatal neovascularization [57].

4.3. HOXA13

The central function of the placenta is to allow the formation of a vascular labyrinth, a juxta-
posed series of finely branched blood vessels and trophoblast that regulate the exchange of 
nutrients and residues while maintaining the separation of maternal and fetal blood supplies. 
The study by Shaut et al. showed a morphological alteration in the labyrinth endothelial cells, 
branching of the vessels, and in the integrity of the vessels when HOXA13 was dysfunctional 
[58, 59]. These findings suggest that HOXA13 regulates a number of genes in the vascular endo-
thelium required for vessel adhesion and branching, providing a functional explanation of the 
mean gestational lethality exhibited by HOXA13 mutant mice. The same authors identified 
that EphA6 and EphA7 were direct transcriptional targets of HOXA13 in the genital tubercle 
vascular endothelia [59]. Altogether, these findings provide a new genetic pathway to consider 
when placental pathologies or placental evolutionary ontogeny are characterized. Evidence 
for this coordination is observed in the labyrinth endothelium, where the genes required for 
cell adhesion and vascular branching are affected concomitantly by the loss of HOXA13 func-
tion, including Neuropilin-1, Enpp2, Lyve1, Caveolin-1, Foxf1, and Tie2, resulting in reduced 
levels of provascular factors required for the vascular development of the labyrinth [58].

Besides HoxA genes, the HoxB and HoxD loci have also been involved in endothelial and angio-
genesis regulation processes [60]. HUVECs, for example, express several genes from these loci [7], 
and it has been shown that some of these genes inhibit in vitro proliferation of HUVECs, whereas 
others have been associated with increased capillary morphogenesis and vasculogenesis [61].

4.4. HOXB1

Previous studies have revealed an overlap between HoxA1 and HoxB1 functions during the 
specification of the rhombomeres, a transiently divided segment of the developing neural 
tube, from which neural crest cells emerge. It has been demonstrated that both HoxA1 and 
HoxB1 functions are required for the heart development [62, 63]. HoxB1−/− embryos were pre-
viously described as embryos with normal pharyngeal arch arteries and cardiac neural crest-
derived tissue remodeling [64]. However, more recently, Roux et al. observed one HoxB1 
mutant embryo with an aortic arch artery defect, which is characteristic of a developmen-
tal failure of the left pharyngeal arch arteries (PAA) [65]. These data suggest that HOXB1 is 
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4.2. HOXA9

The HOXA9 gene code for two different proteins, HA-9A and HA-9B isoform A (HA-9A) and 
HoxA9 protein isoform B (HA-9B) [49] that share a common homeodomain [15]. The expression 
of HA-9A has been observed exclusively during fetal development, whereas the HA-9B has been 
found not only in fetal but also in adult organism and specifically in endothelial cells [49, 50].

In 2004, Bruhl et al. showed that HOXA9 was able to regulate angiogenesis [51]. These authors 
using human umbilical vein endothelial cells (HUVECs) with sense/antisense oligonucleotides 
or siRNA for this gene observed that HOXA9 expression was essential for endothelial cell migra-
tion and tube formation. Also, they evaluated the regulation of ephrin type-B (Eph) receptor B4 

Figure 2. HOX genes modulate the expression of crucial target genes to promote the differentiation of mature 
endothelial cells. Hox genes promote the differentiation of endothelial progenitor cells, which exhibit an immature 
phenotype (CD70+CD34+Oct-4+), into mature endothelial cells that express endothelial nitric oxide synthase (eNOS), 
vascular endothelial growth factor receptor 2 (VEGFR2 or KDR), CD31, von Willebrand factor (vWF), and the lectin-type 
oxidized LDL receptor 1 (LOX-1). To promote this phenotype, some Hox genes upregulate crucial genes such as fetal 
liver kinase 1 (Flk1), angiopoietin 2 (ANG2), ephrin type-B receptor 4 (EphB4), and FI3K receptor, whereas other Hox 
genes downregulate other factors such as hypoxia-induced factor type 1α (HIF1α), cyclooxygenase-2 (cox-2), ephrin 
type-a receptor 1 (EphwA1), and VEGFR2.

Endothelial Dysfunction - Old Concepts and New Challenges34

(EphB4) by HOXA9, since previous reports [52, 53] showed that Eph receptors were homeobox 
protein potential targets. Then, they decided to study EphB4 since it was specifically associated 
with angiogenesis and cell migration processes [54, 55]. After elegant experimentation and anal-
ysis, they conclude that HoxA9 regulated endothelial cell migration and tube formation by pro-
moting the expression of EphB4. Later in 2012, Zhang and colleagues established that HoxA9 
was essential for postnatal neovascularization in vivo. In addition, they found that HoxA9 was 
able to regulate the expression of endothelial genes such as endothelial nitric oxide synthase 
(eNOS), vascular endothelial growth factor receptor 2 (VEGFR2), and VE-cadherin in vitro in 
mature endothelial cells exposed to “shear stress” [56]. Furthermore, the HOXA9−/− mouse model 
showed a reduced number of circulating endothelial progenitor cells (EPCs) as well as reduced 
overall postnatal neovascularization after ischemia compared to wild-type mice. Altogether, 
these results demonstrated that HoxA9 is critical for postnatal neovascularization [57].

4.3. HOXA13

The central function of the placenta is to allow the formation of a vascular labyrinth, a juxta-
posed series of finely branched blood vessels and trophoblast that regulate the exchange of 
nutrients and residues while maintaining the separation of maternal and fetal blood supplies. 
The study by Shaut et al. showed a morphological alteration in the labyrinth endothelial cells, 
branching of the vessels, and in the integrity of the vessels when HOXA13 was dysfunctional 
[58, 59]. These findings suggest that HOXA13 regulates a number of genes in the vascular endo-
thelium required for vessel adhesion and branching, providing a functional explanation of the 
mean gestational lethality exhibited by HOXA13 mutant mice. The same authors identified 
that EphA6 and EphA7 were direct transcriptional targets of HOXA13 in the genital tubercle 
vascular endothelia [59]. Altogether, these findings provide a new genetic pathway to consider 
when placental pathologies or placental evolutionary ontogeny are characterized. Evidence 
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important for PAA formation, and the authors provide a novel model to study the molecular 
origin of great artery defects, which are often observed in human patients.

4.5. HOXB3

The function of the HOXB3 gene was studied after finding the function of its paralogous 
gene, HOXD3. While HOXD3 is required for mediating the invasive and migratory behavior 
of endothelial cells during the early stages of neovascularization, HOXB3 is required for the 
morphogenesis of new capillary tubes, suggesting that these paralogous Hox genes may per-
form complementary functions [53]. The authors also found that the capillary morphogenesis 
induced by HOXB3 was mediated by ephrin A1 ligand (EFNA1) [53].

4.6. HOXB5

The HOXB5 gene, also known as Hox-2.1, codes for a potent transcriptional regulator pres-
ent in several adult tissues. Similar to HOXA9, HOXB5 has been associated with vascular 
alterations. In this regard, studies have shown that HOXB5 homeobox protein regulates the 
expression of VEGFR2, the earliest marker of endothelial precursors, by direct binding to the 
HOXB5-binding element (HBE) in the VEGFR2 gene [66]. They also found that overexpres-
sion of HoxB5 increased the number of angioblasts during embryonic stem cell differentia-
tion and the number of mature endothelial cells, which in turn have been associated with 
high expression of platelet endothelial cell adhesion molecule (PECAM) and the formation 
of primitive blood vessels [66]. Years later, the same research group investigated the in vivo 
role of HoxB5 in angiogenesis using the chick (Gallus gallus) chorioallantoic membrane assay. 
They concluded that HoxB5 exerted an activating effect on angiopoietin 2 (ANG2), which 
was essential for endothelial cell sprouting and vascular growth [60]. More recently, the same 
group investigated the role of HoxB5 overexpression during revascularization in ischemic dis-
ease using femoral artery ligation in C57BL/6 mice. They observed that HoxB5 enhanced per-
fusion restoration and increased capillary density in vivo via monocyte chemotactic protein-1 
(MCP-1) and interleukin-6 (IL-6) upregulation and increased endothelial cell migration [67].

Furthermore, other studies have shown that HoxB5 is a transactivator of the promoter of VEGFR2, 
an early marker of endothelial precursors [66], which might be involved in the differentiation 
of mesoderm-derived precursors toward an endothelial phenotype [66, 68]. In fact, it has been 
described that overexpression of HoxB5 leads to differentiation of mesoderm-derived precursors 
toward the endothelial phenotype, which in turn lead to high expression of angiopoietin 2 (ANG2) 
and therefore enhance vascularization in a model of fertilized white Leghorn chicken eggs [68].

4.7. HOXB7

HOXB7 has been associated with tumor progression and angiogenesis [61]. Care et al. in 2001 pro-
vided evidence that HoxB7 promotes tumor-associated angiogenesis by increasing the expression 
of VEGF, melanoma growth stimulatory activity/growth-related oncogene alpha, interleukin-8, 
and angiopoietin 2 (ANG2) in SkBr3 cells [69]. The authors concluded that HoxB7 acted as a key 
factor in a tumor-associated angiogenic switch [69]. In 2008, Murthi et al. identified differences in 
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the expression of HoxB7 between micro- and macrovascular endothelial cells [70]. They observed 
higher expression of HoxB7 in macrovascular HUVECs and placenta compared to microvascu-
lar endothelial cells such as human placental endothelial cell (HPEC) line, human microvascular 
endothelial cells (HMVEC), and freshly isolated placental microvascular endothelial cells (PLEC). 
Storti et al. found that HoxB7 was expressed in 10 out of 22 multiple myeloma patients analyzed 
at the diagnosis related to high bone marrow angiogenesis [61]. They also found that HoxB7 
was overexpressed in about 40% of myeloma cell lines compared with normal plasma cells [61]. 
Furthermore, they observed that HoxB7 overexpression in multiple myeloma cells significantly 
modified their transcriptional and angiogenic profile by upregulating VEGF, fibroblast growth 
factor 2 (FGF2), metalloproteinase-2 (MMP-2), platelet-derived growth factor A (PDGFA), and 
WNT5a, while HoxB7 also downregulates thrombospondin-2, an inhibitor of angiogenesis [61]. 
Finally, the homeobox gene HoxB7 is overexpressed across a range of cancers and promotes 
tumorigenesis by inducing cell proliferation, survival, invasion, and tumor angiogenesis in pan-
creatic adenocarcinoma [71], cervical cancer [72], glioblastoma tumors [73], and breast cancer [74].

4.8. HOXD1

HOXD1 is specifically expressed in mature endothelial cells compared to early-stage EPC [62, 
75]. However, not only HoxD1 is expressed in these cells, but also microarray studies have 
revealed that several Hox genes from the cluster on chromosome 2 such as HOXD1, HOXD3, 
HOXD4, HOXD8, and HOXD9 were highly expressed in blood-derived endothelial cells [62]. 
In particular, HOXD1 regulates endothelial cell migration and cell adhesion on fibronectin by 
targeting integrin β1 (ITGβ1) in mature endothelial cells [75].

4.9. HOXD3

HOXD3 is a member of the HOXD cluster on chromosome 2, and it can be induced by 
extracellular matrix protein, Del-1, and integrin alphavbeta5 interaction on resting endo-
thelium. Del-1 is a protein that accumulates around angiogenic blood vessels and promotes 
angiogenesis in the absence of exogenous growth factors [76]. Zhong et al. showed that 
Del-1 initiates angiogenesis by binding to integrin alphavbeta5 on the resting endothe-
lium, resulting in expression of HoxD3 [76]. HoxD3 was then promoting angiogenesis by 
inducing the expression of the pro-angiogenic molecule integrin alphavbeta3 (integrin β3) 
[76]. These findings provide evidence for an angiogenic switch that can be initiated in the 
absence of exogenous growth factors indicating that the angiogenic matrix protein Del-1 
may be a useful tool for the therapy of ischemic disease [76]. A year later, Chen and Ruley 
demonstrated the role of HoxD3 expression in human brain vessels [52]. They showed 
that HoxD3 expression significantly induced cerebral angiogenesis, increased focal cere-
bral blood flow, and reduced vascular leakage by inducing integrin β3. These data suggest 
that HoxD3 plays an important role in regulating angiogenesis. Other studies reported that 
HoxD3 mediates the basic fibroblast growth factor (bFGF)-induced expression of integrin 
β3 and urokinase plasminogen activator (uPA) in HUVECs [77] and promotes angiogenesis 
in in vivo models [78, 79]. Furthermore, HOXD3 has been shown to be involved in cerebral 
angiogenesis in mice [52].
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important for PAA formation, and the authors provide a novel model to study the molecular 
origin of great artery defects, which are often observed in human patients.

4.5. HOXB3
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the expression of HoxB7 between micro- and macrovascular endothelial cells [70]. They observed 
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WNT5a, while HoxB7 also downregulates thrombospondin-2, an inhibitor of angiogenesis [61]. 
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tumorigenesis by inducing cell proliferation, survival, invasion, and tumor angiogenesis in pan-
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demonstrated the role of HoxD3 expression in human brain vessels [52]. They showed 
that HoxD3 expression significantly induced cerebral angiogenesis, increased focal cere-
bral blood flow, and reduced vascular leakage by inducing integrin β3. These data suggest 
that HoxD3 plays an important role in regulating angiogenesis. Other studies reported that 
HoxD3 mediates the basic fibroblast growth factor (bFGF)-induced expression of integrin 
β3 and urokinase plasminogen activator (uPA) in HUVECs [77] and promotes angiogenesis 
in in vivo models [78, 79]. Furthermore, HOXD3 has been shown to be involved in cerebral 
angiogenesis in mice [52].
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Figure 3. HOX genes regulate angiogenesis. Differential expression of Hox genes tightly regulates endothelial cell 
proliferation, migration, adhesion, and blood vessel formation (angiogenesis) by activating or silencing relevant target 
genes, such as fibroblast growth factor (FGF), vascular endothelial growth factor (VEGF), platelet factor 4 (PF4) or 
chemokine (C-X-C motif) ligand 4 (CXCL4), interleukin-8 (IL-8), integrin beta 1 (ITGβ1), and both vascular endothelial 
growth factor receptors 1 and 2 (VEGFR1/VEGFR2).

4.10. Hox genes with anti-angiogenic effects

As previously described, several transcription factors encoded by Hox genes contribute to 
anti-angiogenic activity such as HOXA5, HOXC9, and HOXD10 [79].

4.11. HOXA5

It has been shown that the presence of HoxA5 was associated with the upregulation of throm-
bospondin-2 (TSP-2), a naturally occurring inhibitor of angiogenesis. In addition, HoxA5 
expression was also associated with downregulation of pro-angiogenic genes such as Ephrin 
A1 (Efna1), VEGFR2, hypoxia-inducible 1α (HIF1α), and cyclooxygenase-2 (COX-2) [80].

4.12. HOXC9

HOXC9 is a transcription factor expressed in blood vessels in mice [81] and in the cardinal 
vein of zebrafish [82]. Kroll’s group investigated this transcription factor in human vascular 
endothelial cells and zebrafish, and they observed that this protein was a negative regula-
tor of circulating endothelial cells. They found that HoxC9 was highly expressed in resting 
endothelial cells; however, its expression was downregulated under hypoxic conditions, and 
overexpression of this factor inhibited endothelial migration, tube formation, and endothe-
lial cell proliferation by targeting IL-8 transcription [82]. Finally, using a zebrafish model, 
they observed in vivo that HoxC9 overexpression inhibited the development of their vascular 
structure; this defect was rescued with exogenous IL-8. This data suggests that HoxC9 plays a 
negative role in the induction of endothelial cell growth by inhibiting IL-8 production [81, 82].

4.13. HOXD10

HOXD10 is another negative regulator gene for angiogenesis as its overexpression inhibited 
dermal microvascular endothelial cell migration in vitro [53]. In addition, it has been shown 
that HoxD10 reduces the expression of GATA-binding protein transcription factor, a family of 
transcription factors that contain two zinc finger motifs and bind to the DNA sequence (A/T)
GATA(A/G), from where it acquires its name. HoxD10 via those transcription factors is able to 
regulate expression of VEGFR1 and VEGFR2 in differentiated endothelial cells [83]. Therefore, 
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these observations suggest that there is an overlapping and complementary role between Hox 
genes to maintain a balance between pro-angiogenic and anti-angiogenic states (Figure 3).

5. Hox genes and adult stem cells

Hox genes act as transcriptional regulators, which have been involved in the differentiation 
of stem cells into several lineages and different cell types. One of the main steps to initiate 
vasculogenesis and angiogenesis is the differentiation to endothelial lineage from pluripotent 
stem cells. Studies have suggested that Hox genes contribute to the differentiation of EPCs 
into mature endothelial cells (Table 1). In the next section, we will present the evidence for the 
role of Hox genes in the differentiation of adult stem cell.

5.1. Endothelial progenitor cells

Several members of the Hox family play an important role in the embryonic development of 
the cardiovascular system and regulate angiogenesis in adults [84]. In addition, some Hox 
transcription factors such as HoxD3, HoxC6, and HoxC8 modulate the expression of proteins 
in mature endothelial cells, whereas HoxB5 appears to be involved in the in vitro differentia-
tion of embryonic precursor cells toward endothelial lineage [66, 81]. HoxA9 is important for 
myeloid, erythroid, and lymphoid hematopoiesis [88, 89] and stem cell expansion [90]. It is 
also essential for the migration and tube-forming capacity of mature endothelial cells [51] and 
could serve as a switch toward endothelial commitment during progenitor cell maturation. 
The HOXD3 gene is also involved in the differentiation of EPC to endothelial cell. The expres-
sion of HOXD3 retained endothelial cells in an invasive state and prevented vessel maturation 
leading to vascular malformations and vascular tumors. Therefore, HoxD3 regulates endo-
thelial cell gene expression associated with the invasive stage of angiogenesis. The expression 

Cellular type Hox 
genes

Period of 
expression

Target gene Regulation Functions Reference

Pro-angiogenic

Endothelial cells of 
the human dermal 
microvasculature

HoxA3 Late embryogenesis 
and wound healing

uPAR + Endothelial cell 
migration

[47]

MMP-14 +

HUVECs HoxA9 Post birth 
neovasculogenesis

EphrinB4 + Angiogenesis [51]

eNOS + Endothelial cell 
proliferation

[84]

VEGFR2 + Endothelial cell 
activation

Cellular line 
(MDA-MB-231, T47D, 
MTLn3)

HoxB2

Endothelial cells of 
the human dermal 
microvasculature

HoxB3 Neovascularization Ephrin A1 + Endothelial cell 
vessel formation

[53]

Hox Genes in Adult Tissues and Their Role in Endothelial Cell Differentiation and Angiogenesis
http://dx.doi.org/10.5772/intechopen.76745

39



Figure 3. HOX genes regulate angiogenesis. Differential expression of Hox genes tightly regulates endothelial cell 
proliferation, migration, adhesion, and blood vessel formation (angiogenesis) by activating or silencing relevant target 
genes, such as fibroblast growth factor (FGF), vascular endothelial growth factor (VEGF), platelet factor 4 (PF4) or 
chemokine (C-X-C motif) ligand 4 (CXCL4), interleukin-8 (IL-8), integrin beta 1 (ITGβ1), and both vascular endothelial 
growth factor receptors 1 and 2 (VEGFR1/VEGFR2).
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As previously described, several transcription factors encoded by Hox genes contribute to 
anti-angiogenic activity such as HOXA5, HOXC9, and HOXD10 [79].

4.11. HOXA5

It has been shown that the presence of HoxA5 was associated with the upregulation of throm-
bospondin-2 (TSP-2), a naturally occurring inhibitor of angiogenesis. In addition, HoxA5 
expression was also associated with downregulation of pro-angiogenic genes such as Ephrin 
A1 (Efna1), VEGFR2, hypoxia-inducible 1α (HIF1α), and cyclooxygenase-2 (COX-2) [80].

4.12. HOXC9

HOXC9 is a transcription factor expressed in blood vessels in mice [81] and in the cardinal 
vein of zebrafish [82]. Kroll’s group investigated this transcription factor in human vascular 
endothelial cells and zebrafish, and they observed that this protein was a negative regula-
tor of circulating endothelial cells. They found that HoxC9 was highly expressed in resting 
endothelial cells; however, its expression was downregulated under hypoxic conditions, and 
overexpression of this factor inhibited endothelial migration, tube formation, and endothe-
lial cell proliferation by targeting IL-8 transcription [82]. Finally, using a zebrafish model, 
they observed in vivo that HoxC9 overexpression inhibited the development of their vascular 
structure; this defect was rescued with exogenous IL-8. This data suggests that HoxC9 plays a 
negative role in the induction of endothelial cell growth by inhibiting IL-8 production [81, 82].

4.13. HOXD10

HOXD10 is another negative regulator gene for angiogenesis as its overexpression inhibited 
dermal microvascular endothelial cell migration in vitro [53]. In addition, it has been shown 
that HoxD10 reduces the expression of GATA-binding protein transcription factor, a family of 
transcription factors that contain two zinc finger motifs and bind to the DNA sequence (A/T)
GATA(A/G), from where it acquires its name. HoxD10 via those transcription factors is able to 
regulate expression of VEGFR1 and VEGFR2 in differentiated endothelial cells [83]. Therefore, 
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these observations suggest that there is an overlapping and complementary role between Hox 
genes to maintain a balance between pro-angiogenic and anti-angiogenic states (Figure 3).

5. Hox genes and adult stem cells

Hox genes act as transcriptional regulators, which have been involved in the differentiation 
of stem cells into several lineages and different cell types. One of the main steps to initiate 
vasculogenesis and angiogenesis is the differentiation to endothelial lineage from pluripotent 
stem cells. Studies have suggested that Hox genes contribute to the differentiation of EPCs 
into mature endothelial cells (Table 1). In the next section, we will present the evidence for the 
role of Hox genes in the differentiation of adult stem cell.

5.1. Endothelial progenitor cells

Several members of the Hox family play an important role in the embryonic development of 
the cardiovascular system and regulate angiogenesis in adults [84]. In addition, some Hox 
transcription factors such as HoxD3, HoxC6, and HoxC8 modulate the expression of proteins 
in mature endothelial cells, whereas HoxB5 appears to be involved in the in vitro differentia-
tion of embryonic precursor cells toward endothelial lineage [66, 81]. HoxA9 is important for 
myeloid, erythroid, and lymphoid hematopoiesis [88, 89] and stem cell expansion [90]. It is 
also essential for the migration and tube-forming capacity of mature endothelial cells [51] and 
could serve as a switch toward endothelial commitment during progenitor cell maturation. 
The HOXD3 gene is also involved in the differentiation of EPC to endothelial cell. The expres-
sion of HOXD3 retained endothelial cells in an invasive state and prevented vessel maturation 
leading to vascular malformations and vascular tumors. Therefore, HoxD3 regulates endo-
thelial cell gene expression associated with the invasive stage of angiogenesis. The expression 

Cellular type Hox 
genes

Period of 
expression

Target gene Regulation Functions Reference

Pro-angiogenic

Endothelial cells of 
the human dermal 
microvasculature

HoxA3 Late embryogenesis 
and wound healing

uPAR + Endothelial cell 
migration

[47]

MMP-14 +

HUVECs HoxA9 Post birth 
neovasculogenesis

EphrinB4 + Angiogenesis [51]

eNOS + Endothelial cell 
proliferation

[84]

VEGFR2 + Endothelial cell 
activation

Cellular line 
(MDA-MB-231, T47D, 
MTLn3)

HoxB2

Endothelial cells of 
the human dermal 
microvasculature

HoxB3 Neovascularization Ephrin A1 + Endothelial cell 
vessel formation

[53]

Hox Genes in Adult Tissues and Their Role in Endothelial Cell Differentiation and Angiogenesis
http://dx.doi.org/10.5772/intechopen.76745

39



of HoxD genes has been shown to be temporally regulated as the expression of HoxD10 is 
maximal 3 days after stimulation with angiogenic factors, whereas the expression of HoxD3 
increases after 3 days, indicating that the differentiation and maturation of endothelial cells 
work alongside with changes in the expression of Hox genes [90].

6. Conclusions

Hox genes have been traditionally recognized as genes involved in the embryonic devel-
opment; however, further research showed that homeobox genes also play a role as master 
regulators of tissue and organ patterning in adults. These genes can regulate cell differentia-
tion, proliferation, and migration to tissues exposed to constant turnover, such as vasculature, 

Cellular type Hox 
genes

Period of 
expression

Target gene Regulation Functions Reference

Angioblasts (rat) HoxB5 Neovascularization VEGFR2 + Endothelial cell 
activation

[66]

HUVECs HoxD3 Neovascularization Collagen1A1 + Adhesion and 
migration of 
endothelial cells

[77]

Human 
microvasculature 
endothelial cells

Integrin-α + [78]

Murine embryonic 
stem cells

HoxA13 Postnatal 
neovascularization

EphA4 + Organización 
células endote-
liales y formación 
de vasos

[54]

EphA7 +

Vascular smooth 
muscle cells

Prx1 Late embryogenesis TN-C + Proliferation of 
smooth muscle 
cells

[85]

α-Actin + [65]

Vascular smooth 
muscle cells

Prx2 Late embryogenesis TN-C + Proliferation of 
smooth muscle 
cells

[85]

Human pulmonary 
endothelial cells

Hhex Vascular insult Myh10 + Plasticity smooth 
muscle cells

[84]

Human brain 
endothelial cells

Meox2 Postnatally MLL77 — Endothelial cell 
apoptosis

[66]

Anti-angiogenic

HUVECs HoxA5 Postnatally VEGFR2 – Endothelial cell 
activation

[86]

Ephrin A1 – Endothelial cell 
migration

[87]

Human endothelial 
cells

HoxD10 Postnatally Integrin-α — Endothelial cell 
migration

[53]

uPAR, urokinase receptor; MMP-14, matrix metalloproteinase-14; EhB4, ephrin type-B receptor 4; eNOS, endothelial 
nitric oxide synthase; VEGFR2, vascular endothelial growth factor receptor 2; Myh10, myosin heavy chain 10; MLL, 
histone-lysine N-methyltransferase; HUVEC, human umbilical vein endothelial cell.

Table 1. Regulation of the Hox genes in vascular cells.
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endometrium, and bone marrow. Thus, it has been shown that Hox genes can play a role 
in defining an endothelial phenotype and/or promoting neovascularization; however, other 
genes from the Hox family can also play an anti-angiogenic role by preventing angiogenesis. 
These genes regulate different processes by targeting key proteins related to angiogenesis 
such as VEGF, IL-8, Efna1, and TSP-2 among other gene targets.

Since Hox genes play a role in the regulation of stem cell differentiation into endothelium, 
angiogenesis, and vasculogenesis, the manipulation of these genes could lead to a useful gene 
therapy in patients with vascular damage. A better understanding of the cellular and molecular 
mechanisms related to the biological effects of Hox genes is essential for designing new drugs 
and treatment to treat worldwide prevalent diseases such as cancer and cardiovascular disease.
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such as VEGF, IL-8, Efna1, and TSP-2 among other gene targets.

Since Hox genes play a role in the regulation of stem cell differentiation into endothelium, 
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therapy in patients with vascular damage. A better understanding of the cellular and molecular 
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Abstract

Aging is the main risk factor for cardiovascular diseases (CVD), and senescence in 
endothelial cells seems to be an initial step in the cascade of events that will culminate 
with the development of these pathologies. In this chapter, we examine the pathophysi-
ological mechanism(s) involved in endothelial senescence, leading to CVD as well as the 
biochemical and cellular pathways that may explain the activation and development of 
the process of endothelial senescence, and we discuss new hypotheses supported by 
experimental results which suggest that the senescent endothelial cell may induce a gen-
eral process of vascular senescence. This process is probably induced either by soluble 
 molecules secreted by these senescent cells and/or by intercellular signals transported in 
cellular vesicles that may be useful as biomarkers and as potential therapeutic targets in 
endothelial senescence.
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1. Introduction

The term “cardiovascular diseases” (CVD) refers to a group of pathologies that share a com-
mon nexus, as they are preceded by process of damage and endothelial dysfunction. The 
imbalance of oxidative stress within the endothelium promotes the activation of cellular 
senescence processes, altering the biological functions of endothelial cells [1] and favoring 
CVD development. Indeed, chronologic aging or premature senescence (caused by pathologic 
environment) is significantly associated with CVD development [2].
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Cellular senescence is an irreversible biological phenomenon triggered by potentially harmful 
stimuli which can damage the cell genome. During this process, the cell interrupts the division 
process, entering a state of cell cycle arrest and becoming quiescent. Senescence is a protective 
mechanism which affects the major part of the cells within the organism, including the vascular 
cells [3, 4]. It is considered indispensable to prevent tumor development, although turns to be 
pathologic when senescent cells extensively accumulate in tissues as a consequence of aging.

Cell senescence can be triggered prematurely due to aging-associated pathologies such as 
CVD or chronic kidney disease (CKD). In fact, several studies confirm that CKD patients 
manifest premature aging in several tissues, including those in the cardiovascular system 
[5]. This is partly explained because CKD patients show “classic” cardiovascular risk  factors 
(age, lifestyle, left ventricular hypertrophy, dyslipidemia, hypertension and diabetes melli-
tus). Kidney failure leads to the accumulation of circulating uremic toxins in the blood of 
those patients, causing stress and damage to the endothelium and activating endothelial 
cells senescence. Furthermore, CKD patients often show subclinical chronic inflammation 
 associated with an immunosenescence process, which seems to be induced by the uremic 
toxins and other factors [6]. The renal replacement therapies may have a significant role in 
this process, as they induce the activation of immunocompetent cells [7].

Taken together, these concepts show that blood circulating toxins cause endothelial cells to 
become senescent leading to the appearance of several CVD. For example, some studies have 
proved that, at least in atherosclerotic processes, the pathogenic basis by which the CVD is 
developed is endothelial senescence [8, 9]. When endothelial cells become senescent, their 
imbalanced functionality may lead to the loss of the vascular structure. Moreover, the senes-
cent endothelium cannot regulate correctly the repairing and regenerative activity of endo-
thelial progenitor cells (EPCs), which increases the harmful effect in the vascular bed [10]. It is 
easy to understand in this context that endothelial senescence acts as the first element in the 
development of CVD.

Recently, microvesicles (MVs) have been proposed as endothelial response elements that can 
take part both in damaging and repairing processes in the endothelium [10–12]. There is cer-
tain knowledge, yet scarce, about the mechanisms underlying the participation of MVs in 
endothelial homeostasis, although the implication of those MVs in endothelial senescence 
remains an unresolved question.

Therefore, to understand and characterize the mechanisms by which the senescent endothe-
lial cells show an imbalanced functionality, it is necessary to identify early biomarkers and to 
design therapeutic targets for CVD.

2. Endothelial dysfunction as the first step in the development of 
vascular disease

Endothelial dysfunction is an earlier pathophysiologic stage in CVD development. Ross in 
1976 published his theory of response to damage, where he hypothesized that the initial event 
in  atherogenesis is the endothelial injury, followed by the proliferation of smooth muscle 
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cells [13]. Over the past years, this theory has been consolidated as endothelial damage is 
shown to be decisive in the promotion of vascular diseases. Indeed, diverse pharmacologic and 
dietetic interventions are intended to prevent the imbalance of the endothelial function, trying 
to interfere with the development of atherosclerosis and its clinical consequences [14, 15].

The endothelium is a thin monocellular layer that covers the inner surface of blood vessels, 
separating the circulating blood from the interstitial fluid [16]. The endothelium is not an inert 
organ, as it can respond to physical or chemical stimuli by liberating the adequate regulatory 
substance to keep the correct vasomotor equilibrium and homeostasis [17]. The endothelium 
acts as an autocrine, paracrine and endocrine gland. Endothelial cells produce vasodilating, 
antiproliferative, antithrombotic and antiadherent mediators, like nitric oxide (NO), prostacy-
clin, the endothelium-derived hyperpolarizing factor (EDHF) and the natriuretic peptide, type 
C (CNP). The actions of those molecules are compensated by the release of substances with 
the opposing effect, as endothelin 1, thromboxane A2, prostaglandin H2 and the superoxide 
anion. Thus, endothelium regulates the tone of the smooth muscle cells of the vessel wall, 
causing its relaxation or contraction and conditioning the vasodilation or  vasoconstriction 
processes. Also, it regulates hemostasis by controlling the production of prothrombotic or 
antithrombotic molecules, as well as fibrinolytic and antifibrinolytic substances. Endothelium 
takes part in inflammatory and immune processes by regulating proliferation and cell migra-
tion, as well as adherence and leukocytes activation. It is capable of producing cytokines and 
adhesion molecules that regulate the inflammatory process, contributing to the defensive 
function of the organism by the activation of neutrophils and macrophages [18].

Cardiovascular risk factors provoke an oxidative stress which alter the function of the endo-
thelial cells and provoke endothelial dysfunction by reducing the ability of the endothelium 
to maintain the homeostasis and concluding with the development of vascular diseases [19]. 
The term “endothelial dysfunction” has been used to define diverse syndromes which include 
a change of the endothelial phenotype from a “basal” to an active state. It is a complex disor-
der which includes alterations in the vasomotor and antithrombotic responses, in the vascular 
permeability, the leukocytes recruitment and the proliferation of endothelial cells [20, 21]. In 
the progress of endothelial dysfunction, the presence of pathologic conditions can contribute 
accelerating CVD development [22, 23].

Among the cardiovascular risk factors, the age arises as a critical factor. It is associated with 
damage and endothelial dysfunction, as well with atherosclerosis development which will 
lead to vascular pathologies [24]. Epidemiologic studies have demonstrated that aging is the 
most important risk factor for the development of CVD, mainly atherosclerotic [23]. During 
the gradual aging, the incidence and prevalence of atherothrombotic and coronary diseases 
and cerebrovascular accidents increases. For that reason, there must be a causal relationship 
between the age-associated changes and vascular damage. It has been demonstrated that, dur-
ing aging, the vasculature of healthy subjects suffers several changes, as endothelial dysfunc-
tion [21], the arterial wall thickening and remodeling [25], angiogenesis alterations, incorrect 
vascular repair [26] and increased atherosclerosis prevalence [27]. The relationship between 
the development of these disorders and the aging process remain poorly understood, but it is 
possible that throughout the physiologic aging of the organisms some similar changes occur, 
comparable to those in the vascular diseases and sharing common cellular mechanisms.
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Recently, microvesicles (MVs) have been proposed as endothelial response elements that can 
take part both in damaging and repairing processes in the endothelium [10–12]. There is cer-
tain knowledge, yet scarce, about the mechanisms underlying the participation of MVs in 
endothelial homeostasis, although the implication of those MVs in endothelial senescence 
remains an unresolved question.

Therefore, to understand and characterize the mechanisms by which the senescent endothe-
lial cells show an imbalanced functionality, it is necessary to identify early biomarkers and to 
design therapeutic targets for CVD.

2. Endothelial dysfunction as the first step in the development of 
vascular disease

Endothelial dysfunction is an earlier pathophysiologic stage in CVD development. Ross in 
1976 published his theory of response to damage, where he hypothesized that the initial event 
in  atherogenesis is the endothelial injury, followed by the proliferation of smooth muscle 
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cells [13]. Over the past years, this theory has been consolidated as endothelial damage is 
shown to be decisive in the promotion of vascular diseases. Indeed, diverse pharmacologic and 
dietetic interventions are intended to prevent the imbalance of the endothelial function, trying 
to interfere with the development of atherosclerosis and its clinical consequences [14, 15].

The endothelium is a thin monocellular layer that covers the inner surface of blood vessels, 
separating the circulating blood from the interstitial fluid [16]. The endothelium is not an inert 
organ, as it can respond to physical or chemical stimuli by liberating the adequate regulatory 
substance to keep the correct vasomotor equilibrium and homeostasis [17]. The endothelium 
acts as an autocrine, paracrine and endocrine gland. Endothelial cells produce vasodilating, 
antiproliferative, antithrombotic and antiadherent mediators, like nitric oxide (NO), prostacy-
clin, the endothelium-derived hyperpolarizing factor (EDHF) and the natriuretic peptide, type 
C (CNP). The actions of those molecules are compensated by the release of substances with 
the opposing effect, as endothelin 1, thromboxane A2, prostaglandin H2 and the superoxide 
anion. Thus, endothelium regulates the tone of the smooth muscle cells of the vessel wall, 
causing its relaxation or contraction and conditioning the vasodilation or  vasoconstriction 
processes. Also, it regulates hemostasis by controlling the production of prothrombotic or 
antithrombotic molecules, as well as fibrinolytic and antifibrinolytic substances. Endothelium 
takes part in inflammatory and immune processes by regulating proliferation and cell migra-
tion, as well as adherence and leukocytes activation. It is capable of producing cytokines and 
adhesion molecules that regulate the inflammatory process, contributing to the defensive 
function of the organism by the activation of neutrophils and macrophages [18].

Cardiovascular risk factors provoke an oxidative stress which alter the function of the endo-
thelial cells and provoke endothelial dysfunction by reducing the ability of the endothelium 
to maintain the homeostasis and concluding with the development of vascular diseases [19]. 
The term “endothelial dysfunction” has been used to define diverse syndromes which include 
a change of the endothelial phenotype from a “basal” to an active state. It is a complex disor-
der which includes alterations in the vasomotor and antithrombotic responses, in the vascular 
permeability, the leukocytes recruitment and the proliferation of endothelial cells [20, 21]. In 
the progress of endothelial dysfunction, the presence of pathologic conditions can contribute 
accelerating CVD development [22, 23].

Among the cardiovascular risk factors, the age arises as a critical factor. It is associated with 
damage and endothelial dysfunction, as well with atherosclerosis development which will 
lead to vascular pathologies [24]. Epidemiologic studies have demonstrated that aging is the 
most important risk factor for the development of CVD, mainly atherosclerotic [23]. During 
the gradual aging, the incidence and prevalence of atherothrombotic and coronary diseases 
and cerebrovascular accidents increases. For that reason, there must be a causal relationship 
between the age-associated changes and vascular damage. It has been demonstrated that, dur-
ing aging, the vasculature of healthy subjects suffers several changes, as endothelial dysfunc-
tion [21], the arterial wall thickening and remodeling [25], angiogenesis alterations, incorrect 
vascular repair [26] and increased atherosclerosis prevalence [27]. The relationship between 
the development of these disorders and the aging process remain poorly understood, but it is 
possible that throughout the physiologic aging of the organisms some similar changes occur, 
comparable to those in the vascular diseases and sharing common cellular mechanisms.
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3. Endothelial cellular senescence as pathophysiological mechanism 
of vascular pathology

One of the mechanisms that have been postulated as a possible pathophysiological partici-
pant is the cellular senescence of the endothelium. Cellular senescence is an irreversible pro-
cess typical for all cells in which cells leave the cycle division as a consequence of the cellular 
damage associated with diseases [28] and aging [29]. Cell senescence processes appear to be 
involved in physiological processes of control such as cancer protection, biological develop-
mental processes, tissue repair in aging situations and age-related disorders. Although their 
involvement in the aging process was postulated by Shay and Wright (Hayflick limit) [30], 
the absence of specific markers of senescence has hampered efforts to characterize senescent 
cells that accumulate in vivo in tissues and organs. Nowadays, the process of cell senescence is 
becoming better known due to the availability of new techniques to determine and quantify the 
senescent characteristics. In general, the main characteristic of the senescent phenotype is that 
cells decline in DNA replication until they cease to proliferate associated with the molecular 
changes of elements related to the cell cycle [31]. In general, senescent cells exhibit an upreg-
ulation and secretion of growth factors, proinflammatory cytokines, and also they release 
extracellular matrix-degrading proteins, the overall contribution constitutes the senescence-
associated secretory phenotype (SASP) [32] and cells lose the ability to divide at the end of 
replicative lifespan and decrease their ability to migrate [33]. At a phenotypic level, senescent 
cells acquire the typical flattened and enlarged morphology [34] (Figure 1). Aforementioned 

Figure 1. Mechanisms by which endothelial cells become senescent and their characteristics. GF, growth factors; MMPs, 
matrix metalloproteinases; SASP, senescence-associated secretory phenotype; EMVs, endothelial microvesicles; ROS, 
reactive oxidative species.
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cells undergo distinctive phenotypic alterations, including profound chromatin and secre-
tome changes, telomere shortening, genomic and epigenomic damage,  unbalanced mitogenic 
signals and tumor-suppressor activation [28, 29]. Also, in human replicative senescence, telo-
mere lengths decline with each cell cycle [35]. Most of these cells are resistant to some apop-
tosis signals, therefore, they become senescent [31]. Senescence and apoptosis are responses 
to cellular stress, and both are important in the activation of tumor suppressors [36], but 
senescence avoids the damage in the stressed cells. To date, some senescence markers have 
been described (Table 1) that are involved in cellular senescence, most of which participate in 
cell cycle control and DNA repair [31]. Further analysis has highlighted that many common 

Characteristics Markers Regulation Techniques References

DNA replication 
(senescent cells 
decline in DNA 
replication)

BrdU ↓ Fluorescence microscope [31]

3H-dT ↓ Incorporation of radioactivity

PCNA ↓ Immunostaining/Western blot

Ki-67 ↓ Immunostaining/Western blot

SA-β-gal activity 
(the SA-β-gal 
derives from 
the lysosomal 
β-galactosidase 
and reflects the 
increased lysosomal 
biogenesis)

X-gal substrate ↑ Light microscopy (production of 
blue precipitate)

[41, 42]

C12FDG 
(fluorogenic 
substrate)

↑ Fluorescence microscopy 
(production of green fluorogenic 
color)

Cell cycle arrest 
proteins (early 
markers of DNA 
damage-induced 
senescence)

p16 ↑ Western blot/immunostaining [43–45]

p21 [29, 46]

p53

Cyclin D1 [38]

Lamin B1 ↓ [39]

SAHFs 
(reorganization 
of chromatin into 
discrete foci)

DNA dyes: 
DAPI

↑ Presence of certain 
heterochromatin-
associated histone 
modifications

Fluorescence microscopy [31, 47]

SDF (different DNA 
repair proteins)

γ-H2AX: 
marker of 
DNA double 
strand breaks 
and genomic 
instability

↑ Fluorescence microscopy/Western 
blot

[31]

53BP1: protein 
associated with 
DNA damage

↑ Fluorescence microscopy

BrdU, 5-bromodeoxyuridine; 3H-dT, 3H thymidine; PCNA, Proliferating cell nuclear antigen; SA-β-gal, Senescence-associated 
β- galactosidase; X-gal substrate, 5-bromo-4-chloro-3-indolyl-D-galactoside; C12FDG, 5-dodecanoylaminofluorescein di-
β-D-galactopyranoside; SAHFs, senescence-associated heterochromatin foci; DAPI, 4′,6-diamidino-2-phenylindole; SDF, 
senescence-associated DNA damage foci; γ-H2AX; phosphorylated histone H2AX; 53BP1, p53-binding protein-1.

Table 1. Senescence markers.
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cells undergo distinctive phenotypic alterations, including profound chromatin and secre-
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mere lengths decline with each cell cycle [35]. Most of these cells are resistant to some apop-
tosis signals, therefore, they become senescent [31]. Senescence and apoptosis are responses 
to cellular stress, and both are important in the activation of tumor suppressors [36], but 
senescence avoids the damage in the stressed cells. To date, some senescence markers have 
been described (Table 1) that are involved in cellular senescence, most of which participate in 
cell cycle control and DNA repair [31]. Further analysis has highlighted that many common 
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SA-β-gal activity 
(the SA-β-gal 
derives from 
the lysosomal 
β-galactosidase 
and reflects the 
increased lysosomal 
biogenesis)

X-gal substrate ↑ Light microscopy (production of 
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substrate)
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Cell cycle arrest 
proteins (early 
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damage-induced 
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(reorganization 
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associated histone 
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associated with 
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cellular markers of senescence (upregulation of senescence-associated (SA)-β-galactosidase 
(gal) and p16) [29] are not robust and might overestimate the numbers of senescent cells that 
are present at low frequencies [37]. Thus, other cellular markers, such as cyclin D1 and lamin 
B1 [38, 39], are considered more reliable markers of senescence.

The use of all these elements to define senescent cells has provided convincing evidence that 
these senescent cells accumulate in tissues of humans, primates and rodents with advanced 
age, as well as in sites of tissue injury and remodeling. The most prominent feature of the 
senescent cells is a cell cycle arrest, which permanently withholds replication and the resis-
tance to apoptosis. An important fact to note is that the cells with senescent characteristics are 
found in damaged tissues of patients with chronic diseases such as osteoarthritis, pulmonary 
fibrosis, atherosclerosis, Alzheimer’s disease or CKD [40].

4. Chronic kidney disease, a model of chronic pathology that 
accelerates endothelial aging

CKD is known to promote cellular senescence and an accelerated aging. It is caused by the 
accumulation of toxins in the internal medium, and the consequence is the development 
of elderly associated pathologies, mainly CVD [48]. CKD-associated CVD show similar 
 characteristics to the natural CVD in elderly, and for this reason, several authors propose that 
the biggest challenge in the treatment of CVD may be to understand why CKD promote the 
premature aging of the cardiovascular system [49].

Even though the progress in the last few years in the renal replacement therapy is substantial, 
the mortality of terminal CKD patients remains excessively high, with an incidence between 
10 and 20-fold over the general population [50].

Uremic patients have higher rates of cardiovascular morbidity and mortality than would be 
predicted by Framingham risk factors [50–52]. However, the presence of those factors is not 
enough to explain the significant increment of the cardiovascular risk in those patients. CKD 
patients show additional factors associated with uremia that could explain this increased 
CVD risk [53]. The presence of microalbumin and uremic toxins in blood, hyperhomocyste-
inemia, anemia, the abnormal calcium/phosphate metabolism, parathyroid hormone (PTH) 
level alterations, the treatment with vitamin D derived substances, the volume overload, the 
electrolytic imbalance, oxidative stress, inflammation, malnutrition, thrombogenic factors 
and the imbalance of NO/endothelin are risk factors intrinsically associated to CKD [54]. The 
valuation and modulation of those factors are of high importance in CKD patients, as some 
are variable and the correct treatment may prevent the progression of the pathology.

In CKD patients, the endothelium is exposed to an additional stress because of the presence of 
factors related to the uremic state. This state can be modified depending on the conservative treat-
ment or renal transplantation, but it has been demonstrated that it relies on a persistent microin-
flammatory state directly related to endothelial damage, partaking in atherosclerosis processes 
[7, 55, 56]. Under this hostile uremic-associated state, the endothelium loses its integrity. Some 
damage substances and molecules will be released as a reflection of the harmful stimuli [56, 57].
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Among several inflammatory factors, the subpopulation of monocytes habitually augmented 
in elderly, increases in the peripheral blood. The contribution of monocytes in inflammation 
and the CVD development has been widely studied by several groups, including ours [58]. 
Peripheral blood monocytes show a significant heterogeneity, reflected by the  differential 
expression of the lipopolysaccharide binding receptor (CD14) at their surface and the low-
affinity receptor Fc, FcγRIII (CD16). In the last years, monocytes have been divided into 
three populations or subsets based on the intensity of CD14 and CD16 expression (cell sur-
face marker phenotype) being functionally differentiated in: classical monocytes (CD14++/
CD16−), present mainly in healthy patients; intermediate monocytes (CD14++/CD16+) and 
non-classical monocytes (CD14+/CD16++). A possible causal role in the development of 
atherosclerosis in general population and CKD patients has been attributed to intermedi-
ate monocytes (CD14++/CD16+) [59]. CD14+/CD16++ monocytes are inflammatory senescent 
cells characterized by their increased capacity to produce proinflammatory cytokines and 
because of their strong function as dendritic cells [60]. CD14+/CD16++ can be differentiated 
in vitro from CD14++/CD16− monocytes by a cellular senescence process. CD14+/CD16++ 
show senescent cells characteristics, such as an increased content of the enzyme β-gal or a 
shortened telomere length in comparison to monocytes CD14++/CD16−, and they accumu-
late in peripheral blood of elderly or CKD patients as a result of their resistance to apoptosis  
[7, 61]. Intermediate monocytes (CD14++/CD16+) are a developmental step between the 
 classical monocytes (CD14++/CD16−) and non-classical (CD14+/CD16++) and whose activity 
is related to CVD [62, 63]. Moreover, non-classical CD14+/CD16++ monocytes appear to be 
involved in the endothelial damage which is usually by elderly people and CKD or others 
chronic inflamed patients [62, 63] leading to endothelial cells from the neighborhood achieve 
senescence status. Also, high frequency of CD14+/CD16++ (“non-classical”) monocytes is 
associated with increased vascular superoxide production and apoptosis in endothelial cells 
[64, 65]. In normal states, the vascular endothelium does not allow the adhesion of leukocytes 
and prevents their passage. When hemodynamic conditions are altered monocytes, adopt a 
peripheral position along the endothelial surface producing adhesion of monocytes to the 
activated endothelium. The injury of endothelial cells is associated with the senescence of 
endothelial cell [66].

In vitro studies performed with CD14+/CD16++ in mature endothelial cells cultures, we 
found that those monocytes express high levels of vascular adhesion molecules, have a high 
 adhesion capability to endothelial cells, produce chemokines, angiogenic factors and induce 
the  production of vascular damage-associated MVs [7, 56]. MVs may contain molecules such 
as proteins, nucleic acids and lipids, which could contribute to the CVD development and also 
the profile of these molecules, are specific of the cell type of origin [67]. Thus, the accumula-
tion of CD14+/CD16++ monocytes in peripheral blood not only can play a crucial role in the 
induction and can be responsible for prolonging the inflammatory response in elderly and 
CKD patients but can be directly related to CVD development. In CKD patients, we found that 
inflammatory monocytes are increased, mostly in those patients subjected to hemodialysis [68]. 
Proinflammatory or non-classical monocytes have a high binding affinity for endothelial cells 
conferred by their high expression of adhesion molecules. As a consequence, CD16-positive 
monocytes might preferentially adhere to the activated endothelium, enabling the propagation 
of further vascular damage by secretion of proinflammatory mediators [59].
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 characteristics to the natural CVD in elderly, and for this reason, several authors propose that 
the biggest challenge in the treatment of CVD may be to understand why CKD promote the 
premature aging of the cardiovascular system [49].
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the mortality of terminal CKD patients remains excessively high, with an incidence between 
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Uremic patients have higher rates of cardiovascular morbidity and mortality than would be 
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as proteins, nucleic acids and lipids, which could contribute to the CVD development and also 
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In addition to the activity of the immune cells in endothelial damage, some other factors could 
be involved, as some specific molecules are known to be increased in the peripheral blood of 
CKD. In different models, it has been shown that endothelial cells activated pathologically with 
uremic serum or uremic toxins enter into a premature senescent state. Also, they reduce their 
proliferative capability and show shortened telomeres, augmenting the expression of β-gal [69]. 
Another possible factor in the development of the CKD-associated CVD is the incorrect repair of 
the damaged endothelium by EPCs. This failure occurs mainly due to two factors: a decreased 
number of EPCs or their imbalanced function. In our studies, we demonstrated that in CKD 
patients there is a decrease in the number of EPCs and that this number is considerably lower in 
severe patients with, for example, vascular calcifications [10, 70]. Also, it has been demonstrated 
that EPCs lose their angiogenic capability, generally needed in the process of  regeneration of 
harmed vascular structures (vasculogenesis). In this regard, the association between some 
 diseases such as CKD-associated CVD and both number and function of EPCs, accelerate the 
processes of EPCs senescence and therefore damage in endothelial cells harboring.

5. Microvesicles and endothelium

The endothelial MVs (EMVs) are extracellular vesicles produced by endothelial cells whose 
essential role is to act as a signaling system between the elements involved in the function and 
homeostasis of the vessel [71].

In general, the extracellular vesicles can be found in many body fluids, including plasma 
and urine. They have a variable size, between 0.05 and 5 μm [71], and are involved in 
physiological and pathophysiological processes, participating as mediators in  intercellular 
communication. They can act directly on the target cells by binding to ligands, cell 
 surface receptors and/or membrane-associated enzymes, delivering or releasing their 
contents directly into the cytoplasm. Extracellular vesicles are elevated in patients with 
 neurodegenerative, metabolic, pulmonary, autoimmune and vascular diseases, chronic 
inflammation and cancer [72]. The use of extracellular vesicles as markers for the predic-
tion, diagnosis and prognosis of the disease is increasingly interesting, as well as their 
potential as new therapeutic targets [73]. There are several types of extracellular vesicles: 
exosomes, the MVs or microparticles and the apoptotic bodies, which are produced by 
different mechanisms [65]. The MVs are a heterogeneous population of up 2 μm diameter, 
which are formed from the cell membrane in a regulated active process, dependent on 
enzyme activity and calcium.

Recently, it has been demonstrated that MVs may play an essential role in cellular senescence 
processes [74] since they have been proposed as elements of an endothelial response that can 
participate in the damaging and repair processes of the endothelium [10–12]. MVs generated 
from different cell types can induce endothelial dysfunction because they are responsible for 
increasing oxidative stress, reducing the bioavailability of NO and producing cardiovascu-
lar inflammation. The knowledge about their formation and release represent an attractive 
therapeutic goal to limit MVs levels, but the mechanisms underlying the release are not fully 
elucidated. On the other hand, a direct or indirect inhibition of the effect of MVs is a more 
effective proposal [75]. The effect of certain drugs that are used to decrease cardiovascular risk 
have been shown to affect the MVs plasma levels, suggesting that the beneficial effects of these 
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drugs could, at least in part, be mediated through a reduction of the concentration of MVs [76].  
Moreover, different authors have highlighted the importance of diet on MVs release, being 
perhaps one of the mechanisms involved in the role of diet in the development of CVD [14, 77]. 
The process of identification and separation of extracellular vesicles is  complicated due to 
their extensive variability. In fact, currently, the absolute separation of exosomes, apoptotic 
bodies and MVs is not possible because their size ranges may overlap. The most common 
method for the separation and isolation of extracellular vesicles is the serial centrifugation. In 
the majority of the studies, a first centrifugation is performed at 200–1500 × g to remove cells 
and cell debris. Extracellular vesicles more than 100 nm are pelleted at 10,000–20,000 × g and 
small vesicles of 100 nm at 100,000–200,000 × g [78]. Following these protocols, we can obtain 
EMVs from supernatants of mature endothelial cells cultures, cellular debris and exosomes-
free. The EMVs might also be obtained from plasma by similar processes, but would be found 
mixed with other MVs derived from other circulating cells.

The most common methods to study single MVs are flow cytometry (FC), tunable resistive pulse 
sensing (TRPS), dynamic light scattering (DLS) and nanoparticle tracking analysis (NTA) [79]. 
To date, FC is the method most used to establish the cellular origin and the phenotype of the 
MVs and is based on the detection of light scatter and fluorescence intensity of the labeled MVs 
[80–82]. To characterize their cellular origin, different antigens expressed on the membrane of 
the MVs are identified. For this purpose, monoclonal antibodies (mAb) labeled with different 
fluorochromes that define the phenotype are used. To identify EMVs, specific fluorescent anti-
bodies against endothelial cell can be used to characterize the phenotype. Some markers used to 
describe EMVs are CD144, CD105 and CD146. Moreover, the phospholipids are a class of lipids 
that are a major component of all biological membranes and in MVs are externalized. For this 
reason, these phospholipids present in the MVs membrane have also been used for EMVs detec-
tion and characterization [83]. The combination of several mAb simultaneously can facilitate the 
identification of the origin and the state of activation or apoptosis of the cell from which the MVs 
originate [84]. The EMVs determination protocol includes some preliminary steps designed to 
identify sizes, with beads that allow adjustments to the equipment, before the introduction of the 
samples. However, this method has limitations in identifying the smallest MVs that are below the 
detection limit of conventional FC equipment (diameter size lower 300 nm) [79]. Recent studies 
have shown that FC equipment with high sensitivity can amplify the forward scatter  parameter 
capacity, which is used to identify the size of the MVs [85]. On the other hand, it is very helpful 
to provide information regarding functional activity of the extracellular vesicles [86–89].

In this regard, novel instruments including NTA or DLS have shown their advantages in the anal-
ysis of extracellular vesicles. NTA measures the distribution of the absolute size of the vesicles that 
range from 50 nm to 1 μm [90]. The vesicles in suspension are illuminated by a laser that produces 
light scattering or fluorescence. A microscope determines the position of individual vesicles, which 
are continuously moving due to Brownian motion [91]. When a fluorescent marker is used, NTA 
can also be used to determine the size of a subgroup of vesicles [92]. The principal advantage of 
this method is the detection of particles below 100 nm in diameter. In contrast, the limitation of this 
technique, the low resolution, therefore, NTA is incapable of distinguishing MVs from particles in 
suspension (debris) with the same size [79]. DLS, also known as photon correlation spectroscopy, 
measures the size distribution of vesicles between 1 nm and 6 μm. However, the absolute concen-
tration of the vesicles cannot be determined by DLS because the average amplitude of the signal 
depends on the diameter, concentration and the refractive index of the vesicles [93–95].
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In addition to the activity of the immune cells in endothelial damage, some other factors could 
be involved, as some specific molecules are known to be increased in the peripheral blood of 
CKD. In different models, it has been shown that endothelial cells activated pathologically with 
uremic serum or uremic toxins enter into a premature senescent state. Also, they reduce their 
proliferative capability and show shortened telomeres, augmenting the expression of β-gal [69]. 
Another possible factor in the development of the CKD-associated CVD is the incorrect repair of 
the damaged endothelium by EPCs. This failure occurs mainly due to two factors: a decreased 
number of EPCs or their imbalanced function. In our studies, we demonstrated that in CKD 
patients there is a decrease in the number of EPCs and that this number is considerably lower in 
severe patients with, for example, vascular calcifications [10, 70]. Also, it has been demonstrated 
that EPCs lose their angiogenic capability, generally needed in the process of  regeneration of 
harmed vascular structures (vasculogenesis). In this regard, the association between some 
 diseases such as CKD-associated CVD and both number and function of EPCs, accelerate the 
processes of EPCs senescence and therefore damage in endothelial cells harboring.

5. Microvesicles and endothelium

The endothelial MVs (EMVs) are extracellular vesicles produced by endothelial cells whose 
essential role is to act as a signaling system between the elements involved in the function and 
homeostasis of the vessel [71].

In general, the extracellular vesicles can be found in many body fluids, including plasma 
and urine. They have a variable size, between 0.05 and 5 μm [71], and are involved in 
physiological and pathophysiological processes, participating as mediators in  intercellular 
communication. They can act directly on the target cells by binding to ligands, cell 
 surface receptors and/or membrane-associated enzymes, delivering or releasing their 
contents directly into the cytoplasm. Extracellular vesicles are elevated in patients with 
 neurodegenerative, metabolic, pulmonary, autoimmune and vascular diseases, chronic 
inflammation and cancer [72]. The use of extracellular vesicles as markers for the predic-
tion, diagnosis and prognosis of the disease is increasingly interesting, as well as their 
potential as new therapeutic targets [73]. There are several types of extracellular vesicles: 
exosomes, the MVs or microparticles and the apoptotic bodies, which are produced by 
different mechanisms [65]. The MVs are a heterogeneous population of up 2 μm diameter, 
which are formed from the cell membrane in a regulated active process, dependent on 
enzyme activity and calcium.

Recently, it has been demonstrated that MVs may play an essential role in cellular senescence 
processes [74] since they have been proposed as elements of an endothelial response that can 
participate in the damaging and repair processes of the endothelium [10–12]. MVs generated 
from different cell types can induce endothelial dysfunction because they are responsible for 
increasing oxidative stress, reducing the bioavailability of NO and producing cardiovascu-
lar inflammation. The knowledge about their formation and release represent an attractive 
therapeutic goal to limit MVs levels, but the mechanisms underlying the release are not fully 
elucidated. On the other hand, a direct or indirect inhibition of the effect of MVs is a more 
effective proposal [75]. The effect of certain drugs that are used to decrease cardiovascular risk 
have been shown to affect the MVs plasma levels, suggesting that the beneficial effects of these 
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drugs could, at least in part, be mediated through a reduction of the concentration of MVs [76].  
Moreover, different authors have highlighted the importance of diet on MVs release, being 
perhaps one of the mechanisms involved in the role of diet in the development of CVD [14, 77]. 
The process of identification and separation of extracellular vesicles is  complicated due to 
their extensive variability. In fact, currently, the absolute separation of exosomes, apoptotic 
bodies and MVs is not possible because their size ranges may overlap. The most common 
method for the separation and isolation of extracellular vesicles is the serial centrifugation. In 
the majority of the studies, a first centrifugation is performed at 200–1500 × g to remove cells 
and cell debris. Extracellular vesicles more than 100 nm are pelleted at 10,000–20,000 × g and 
small vesicles of 100 nm at 100,000–200,000 × g [78]. Following these protocols, we can obtain 
EMVs from supernatants of mature endothelial cells cultures, cellular debris and exosomes-
free. The EMVs might also be obtained from plasma by similar processes, but would be found 
mixed with other MVs derived from other circulating cells.

The most common methods to study single MVs are flow cytometry (FC), tunable resistive pulse 
sensing (TRPS), dynamic light scattering (DLS) and nanoparticle tracking analysis (NTA) [79]. 
To date, FC is the method most used to establish the cellular origin and the phenotype of the 
MVs and is based on the detection of light scatter and fluorescence intensity of the labeled MVs 
[80–82]. To characterize their cellular origin, different antigens expressed on the membrane of 
the MVs are identified. For this purpose, monoclonal antibodies (mAb) labeled with different 
fluorochromes that define the phenotype are used. To identify EMVs, specific fluorescent anti-
bodies against endothelial cell can be used to characterize the phenotype. Some markers used to 
describe EMVs are CD144, CD105 and CD146. Moreover, the phospholipids are a class of lipids 
that are a major component of all biological membranes and in MVs are externalized. For this 
reason, these phospholipids present in the MVs membrane have also been used for EMVs detec-
tion and characterization [83]. The combination of several mAb simultaneously can facilitate the 
identification of the origin and the state of activation or apoptosis of the cell from which the MVs 
originate [84]. The EMVs determination protocol includes some preliminary steps designed to 
identify sizes, with beads that allow adjustments to the equipment, before the introduction of the 
samples. However, this method has limitations in identifying the smallest MVs that are below the 
detection limit of conventional FC equipment (diameter size lower 300 nm) [79]. Recent studies 
have shown that FC equipment with high sensitivity can amplify the forward scatter  parameter 
capacity, which is used to identify the size of the MVs [85]. On the other hand, it is very helpful 
to provide information regarding functional activity of the extracellular vesicles [86–89].

In this regard, novel instruments including NTA or DLS have shown their advantages in the anal-
ysis of extracellular vesicles. NTA measures the distribution of the absolute size of the vesicles that 
range from 50 nm to 1 μm [90]. The vesicles in suspension are illuminated by a laser that produces 
light scattering or fluorescence. A microscope determines the position of individual vesicles, which 
are continuously moving due to Brownian motion [91]. When a fluorescent marker is used, NTA 
can also be used to determine the size of a subgroup of vesicles [92]. The principal advantage of 
this method is the detection of particles below 100 nm in diameter. In contrast, the limitation of this 
technique, the low resolution, therefore, NTA is incapable of distinguishing MVs from particles in 
suspension (debris) with the same size [79]. DLS, also known as photon correlation spectroscopy, 
measures the size distribution of vesicles between 1 nm and 6 μm. However, the absolute concen-
tration of the vesicles cannot be determined by DLS because the average amplitude of the signal 
depends on the diameter, concentration and the refractive index of the vesicles [93–95].
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The last method TRPS consists in the movement of the MVs through tunable nanopores which 
are capable of registering MVs between 80 and 1000 nm [96]. Particles passing the pore gener-
ate a change in the electric resistance, thus providing information on diameter, surface charge 
and concentration of single particles. The major disadvantage of TRPS is that it cannot dis-
tinguish between MVs and similarly sized particles [79]. Independently of the method used 
to study of the MVs, it has been recommended to confirm the presence of MVs by measuring 
them at least with two different techniques.

In addition, enzyme-linked immunosorbent assay (ELISA), Western blot or quantitative real-
time PCR (qPCR) are useful tools for the detection of proteins or RNA in preparations of 
purified MVs. Electron microscopy can provide information concerning the vesicular mor-
phology, size and the presence of markers. Moreover, proteomic analysis and profiles of 
RNA/microRNA (miRNA) may help to determine the composition of the MVs.

In the absence of pathology, the EMVs are involved in the maintenance of vascular homeo-
stasis, participating in the metabolism of the vascular environment [97]. The EMVs can act on 
the vascular wall, at the endothelial level, and on smooth muscle cells [98], regulating both 
vasomotor reactivity and angiogenesis. In fact, the formation of EMVs and their elimination 
seems to reflect a balance between activation and cell damage, cell survival/apoptosis and 
 angiogenesis. Endothelial responses may be immediate; releasing various factors or can be 
delayed, modulating the expression of genes involved in regulating the structure and func-
tion of the vascular system (Figure 2). In in vitro models, endothelial cell cultures produce 
EMVs in a meager percentage without additional stimulus. However, in response to  activation 

Figure 2. Mechanisms of endothelial microvesicles (MVs) action upon target cells. SMCs, smooth muscle cells; ECs, 
endothelial cells.
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 processes and/or apoptosis, the number of EMVs increases significantly. Physiological blood 
levels of EMVs present in healthy individuals are between 103 and 104 EMVs/mL and path-
ological concentrations (present in individuals with CVD) are 105 EMVs/mL [99]. Several 
authors have found that mature endothelial cells in culture, exposed to activation by cyto-
kines, released more EMVs [100, 101].

MVs concentration in blood from healthy subjects is clinically irrelevant. However, in patients 
with cardiovascular risk factors and after cardiovascular events, EMVs concentrations are 
increased significantly [10, 102]. In fact, in patients with CVD, an association between the 
number of circulating EMVs and the Framingham risk score has been shown [72]. In par-
ticular, high levels of EMVs in diseases associated with vascular injury seem to reflect an 
inflammatory and prothrombotic process. EMVs may participate in the development and 
amplification of CVD through both cardiac and vascular cells. On the other hand, numer-
ous studies have emphasized the effect of cardioprotective drugs on reducing concentrations 
of extracellular vesicles [73] which reinforces the evidence about the possible correlation of 
EMVs and vascular injury.

EMVs, and in general all extracellular vesicles, carry a specific load that is capable of 
 delivering to other cells, even in remote locations. Extracellular vesicles share character-
istics with their parental cells such as cell surface receptors, integral membrane proteins, 
cytosolic molecules, organelles, mRNAs, miRNAs or small amounts of DNA and proteins, 
including transcription factors, cytokines and growth factors [103]. Cell receptors and trans-
membrane proteins can help in the identification of EMVs, and also are indicative of the 
ability of vesicles to interact directly with receptors on the surface of target cells, resulting in 
an intracellular signal transmission. In addition to its effect on specific receptors, it has been 
shown that EMVs may be fused to the target cell and transfer its contents directly inside as 
a vehicle for transfer of genetic information [11, 67, 104, 105]. Extracellular vesicles are con-
sidered as the main source of miRNAs, released into the bloodstream during cell activation 
or apoptosis [106]. In fact, most miRNAs are associated with extracellular vesicles and only 
small amounts of them can be found free in plasma. It is thought that extracellular vesicles 
are necessary to protect circulating miRNAs from degradation by RNases, transferring 
safely functional miRNAs from the parental cells receptor cells. miRNAs act as regulatory 
 molecules in endothelial cells, vascular smooth muscle cells, platelets and inflammatory 
cells that contribute to modulate the initiation and progression of atherosclerosis. It is 
known that the release of miRNAs does not occur randomly but they are produced and 
released by controlled mechanisms [107, 108]. It has been described that there are several 
miRNAs involved in the regulation of vascular function and repair. It is expected that in the 
future, a better understanding of these molecules provides new options both diagnostic and 
therapeutic in the vascular pathology.

The MVs from different sources such as endothelial cells, monocytes and lymphocytes can 
promote oxidative stress in the endothelium through processes that may involve several 
enzymatic systems [109]. The MVs can regulate the production of reactive oxygen species 
(ROS), although there are some discrepancies regarding ROS generation systems affected. 
These contradictory results may be due to the fact that MVs populations studied are from 
 different sources or produced by different stimuli [105, 110]. From the biological point of 
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The last method TRPS consists in the movement of the MVs through tunable nanopores which 
are capable of registering MVs between 80 and 1000 nm [96]. Particles passing the pore gener-
ate a change in the electric resistance, thus providing information on diameter, surface charge 
and concentration of single particles. The major disadvantage of TRPS is that it cannot dis-
tinguish between MVs and similarly sized particles [79]. Independently of the method used 
to study of the MVs, it has been recommended to confirm the presence of MVs by measuring 
them at least with two different techniques.

In addition, enzyme-linked immunosorbent assay (ELISA), Western blot or quantitative real-
time PCR (qPCR) are useful tools for the detection of proteins or RNA in preparations of 
purified MVs. Electron microscopy can provide information concerning the vesicular mor-
phology, size and the presence of markers. Moreover, proteomic analysis and profiles of 
RNA/microRNA (miRNA) may help to determine the composition of the MVs.

In the absence of pathology, the EMVs are involved in the maintenance of vascular homeo-
stasis, participating in the metabolism of the vascular environment [97]. The EMVs can act on 
the vascular wall, at the endothelial level, and on smooth muscle cells [98], regulating both 
vasomotor reactivity and angiogenesis. In fact, the formation of EMVs and their elimination 
seems to reflect a balance between activation and cell damage, cell survival/apoptosis and 
 angiogenesis. Endothelial responses may be immediate; releasing various factors or can be 
delayed, modulating the expression of genes involved in regulating the structure and func-
tion of the vascular system (Figure 2). In in vitro models, endothelial cell cultures produce 
EMVs in a meager percentage without additional stimulus. However, in response to  activation 
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 processes and/or apoptosis, the number of EMVs increases significantly. Physiological blood 
levels of EMVs present in healthy individuals are between 103 and 104 EMVs/mL and path-
ological concentrations (present in individuals with CVD) are 105 EMVs/mL [99]. Several 
authors have found that mature endothelial cells in culture, exposed to activation by cyto-
kines, released more EMVs [100, 101].

MVs concentration in blood from healthy subjects is clinically irrelevant. However, in patients 
with cardiovascular risk factors and after cardiovascular events, EMVs concentrations are 
increased significantly [10, 102]. In fact, in patients with CVD, an association between the 
number of circulating EMVs and the Framingham risk score has been shown [72]. In par-
ticular, high levels of EMVs in diseases associated with vascular injury seem to reflect an 
inflammatory and prothrombotic process. EMVs may participate in the development and 
amplification of CVD through both cardiac and vascular cells. On the other hand, numer-
ous studies have emphasized the effect of cardioprotective drugs on reducing concentrations 
of extracellular vesicles [73] which reinforces the evidence about the possible correlation of 
EMVs and vascular injury.

EMVs, and in general all extracellular vesicles, carry a specific load that is capable of 
 delivering to other cells, even in remote locations. Extracellular vesicles share character-
istics with their parental cells such as cell surface receptors, integral membrane proteins, 
cytosolic molecules, organelles, mRNAs, miRNAs or small amounts of DNA and proteins, 
including transcription factors, cytokines and growth factors [103]. Cell receptors and trans-
membrane proteins can help in the identification of EMVs, and also are indicative of the 
ability of vesicles to interact directly with receptors on the surface of target cells, resulting in 
an intracellular signal transmission. In addition to its effect on specific receptors, it has been 
shown that EMVs may be fused to the target cell and transfer its contents directly inside as 
a vehicle for transfer of genetic information [11, 67, 104, 105]. Extracellular vesicles are con-
sidered as the main source of miRNAs, released into the bloodstream during cell activation 
or apoptosis [106]. In fact, most miRNAs are associated with extracellular vesicles and only 
small amounts of them can be found free in plasma. It is thought that extracellular vesicles 
are necessary to protect circulating miRNAs from degradation by RNases, transferring 
safely functional miRNAs from the parental cells receptor cells. miRNAs act as regulatory 
 molecules in endothelial cells, vascular smooth muscle cells, platelets and inflammatory 
cells that contribute to modulate the initiation and progression of atherosclerosis. It is 
known that the release of miRNAs does not occur randomly but they are produced and 
released by controlled mechanisms [107, 108]. It has been described that there are several 
miRNAs involved in the regulation of vascular function and repair. It is expected that in the 
future, a better understanding of these molecules provides new options both diagnostic and 
therapeutic in the vascular pathology.

The MVs from different sources such as endothelial cells, monocytes and lymphocytes can 
promote oxidative stress in the endothelium through processes that may involve several 
enzymatic systems [109]. The MVs can regulate the production of reactive oxygen species 
(ROS), although there are some discrepancies regarding ROS generation systems affected. 
These contradictory results may be due to the fact that MVs populations studied are from 
 different sources or produced by different stimuli [105, 110]. From the biological point of 
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view, these differences in the production of MVs have a significant for the potential to define 
MVs populations with different biological activities.

One of the best-provided properties of MVs is its ability to promote coagulation [98]. In fact, 
the MVs are elevated in hypercoagulative disorders probably as a result of their active par-
ticipation [98]. It is not clear how far MVs contribute to the in vivo coagulation, but there 
are several in vitro studies that demonstrate their procoagulant role. This capacity has been 
extensively studied in platelet-derived MVs, but the fact is that the MVs have two specific 
and  common physical characteristics that may be responsible for this procoagulant activity: 
firstly, the externalization of phosphatidylserine as coagulation promoter and secondly, the 
expression of tissue factor, which is a critical component of the early stages of coagulation 
[11]. Indeed, tissue factor is not expressed under physiological conditions in circulating and 
endothelial cells, but it is expressed in pathological conditions.

Chronic inflammation is a crucial factor in the development of atherosclerosis, and the effects 
of EMVs in inflammatory processes have been the subject of numerous studies since they may 
 represent both a cause and a consequence of inflammation [12]. The MVs isolated from human 
atherosclerotic plaques can transfer intercellular adhesion molecule-1 (ICAM-1) to  endothelial 
cells and could increase the ability to recruit inflammatory cells in a manner dependent of phos-
phatidylserine, which may increase the progression of the atherosclerotic plaque. The most con-
clusive evidence of a proinflammatory role for EMVs is that the  administration of exogenous 
EMVs to rats is associated with acute lung injury, with increased levels of proinflammatory cyto-
kines (IL-1β and TNF-α) and neutrophil infiltration on  histological lesion perivascular space [111].

Different studies have described a role of MVs in the regulation of angiogenesis [112]. Platelet-
derived MVs were first involved in the angiogenesis process since platelets contain at least 
20 factors that regulate angiogenesis. Platelet-derived MVs stimulate proliferation, survival, 
migration, and formation of capillary-like structures in endothelial cells in vitro. Furthermore, 
injection of platelet-derived MVs increases myocardial post-ischemic capillary density in rats 
[113]. Subsequent studies have shown that MVs isolated from atherosclerotic plaques are 
involved in the formation of new blood vessels and in the progression of the plaques to rup-
ture. Endothelial cells in the culture containing MVs that release matrix metalloproteinases 
(MMP-2 and MMP-9) and promote matrix degradation and the formation of new blood vessels.

In addition to being a potent stimulus for the formation of MVs, apoptosis can also be a conse-
quence of MVs signaling [112]. Monocyte, erythrocytes, platelets and endothelial cells-derived 
MVs contain caspase-3. It is thought that the content of caspases may be a mechanism directed 
to control the apoptosis, suggesting that MVs could release caspase-3 into the target cells, 
 participating in the induction of apoptosis. In addition, caspase-3 is implicated in numerous 
cellular processes, so the release of this protein could have an even more significant impact 
on the target cell.

The MVs contain proteolytic enzymes, and then some of its effects could be attributed to 
alterations in the extracellular matrix or proteolytic cleavage of various signaling molecules. 
For example, the microvasculature-derived EMVs containing MMP-1, MMP-2, MMP-13 
and MMP-7, which degrade fibronectin in vitro [114]. Moreover, MVs isolated from human 
 atherosclerotic plaques contain an active form of ADAM17 (metallopeptidase domain 17), an 
enzyme with a role in the control of inflammation and tissue regeneration. This enzyme could 
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contribute to the release of cytokines and the development of alterations mediated by MVs in 
the extracellular environment [115].

Initially, proliferation and migration of adjacent endothelial cells have been identified as a 
factor of endothelial repair, and subsequent studies have shown that the maintenance of the 
endothelial structure is associated with EPCs and their ability to differentiate and repair dam-
aged endothelial tissue. Due to the importance of this repair mechanism in the maintenance of 
vascular homeostasis, it is logical to think about the existence of close communication between 
damaged endothelial cells and EPCs. Previous studies performed by our group suggest that 
plasma EMVs, both of healthy subjects and patients with CKD; participate in the activity of 
the EPCs [10]. Our hypothesis is that EMVs can be an essential and necessary physiological 
mechanism of signaling to initiate the recruitment of EPCs from bone marrow. In in vitro 
models, we have shown that EMVs may be the key element in the regeneration and mainte-
nance of vascular homeostasis, acting on EPCs [116]. Indeed, in response to  different stimuli, 
the endothelial cells can induce EMV with different membrane characteristics, miRNA and 
other molecules in your content that reduce the ability of EPC to regenerate and participate 
in the signaling pathways involved in apoptosis and oxidative stress [117]. These specific 
mechanisms may constitute therapeutic objectives in future studies.

Vascular calcification is an increasingly constant process in developed countries and can con-
tribute significantly to increased cardiovascular risk. The processes and mechanisms involved 
in the formation of vascular calcifications are poorly understood and are needed to develop new 
therapeutic strategies to prevent or avoid calcification. Patients CKD have a higher incidence 
of vascular calcification, and our group has shown that EMVs are increased in patients with 
an elevated degree of calcification [10]. In in vitro studies, EMVs produced in an inflammatory 
environment or obtained from patients with CKD promoted the calcification of smooth muscle 
cells, as assessed by some calcification markers (bone morphogenetic protein-2 (BMP-2) and 
alkaline phosphatase (ALP)) and the phenolsulfonephthalein method [100]. Other authors have 
also described a role of the MVs in the mineralization of vascular smooth muscle cells [118].

MVs have also been associated with endothelial senescence. As we said before, senescent cells 
release characteristic molecules and substances composing the SASP. However, some of those 
substances which are known to be part of this SASP cannot be released as soluble molecules due 
to their nature, as some transmembrane proteins [119]. It is known that the premature induction 
of cellular senescence in vitro increases the release of extracellular vesicles [120]. Those concepts 
suggest the contribution of MVs as part of the SASP, which have two important consequences: 
(1) SASP MVs can be the mechanism by which those insoluble proteins are released and (2) the 
carrier molecules can activate signaling processes in the target cells. Nevertheless, the specific 
mechanisms underlying MVs releasing from the senescent cells are still unresolved. It has been 
described that p53, a tumor-suppressor protein, remarkably upregulated in senescence, modu-
lates the release of extracellular vesicles [121]. Also, p53 takes part in the transcription of some 
molecules implicated in extracellular vesicles biogenesis, partly explaining how senescence and 
MVs releasing activation can be related [122–124]. Moreover, the content within those MVs may 
be necessary in the induction of senescence in the target cells, as it has been shown that some 
miRNAs can regulate the p53 and pRB pathways [125–127]. Loss of pRB results in deregulated 
cell proliferation and apoptosis, whereas loss of p53 desensitizes cells to checkpoint signals, 
including apoptosis [128]. Thus, the presence of those miRNAs in MVs may be associated with 
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view, these differences in the production of MVs have a significant for the potential to define 
MVs populations with different biological activities.

One of the best-provided properties of MVs is its ability to promote coagulation [98]. In fact, 
the MVs are elevated in hypercoagulative disorders probably as a result of their active par-
ticipation [98]. It is not clear how far MVs contribute to the in vivo coagulation, but there 
are several in vitro studies that demonstrate their procoagulant role. This capacity has been 
extensively studied in platelet-derived MVs, but the fact is that the MVs have two specific 
and  common physical characteristics that may be responsible for this procoagulant activity: 
firstly, the externalization of phosphatidylserine as coagulation promoter and secondly, the 
expression of tissue factor, which is a critical component of the early stages of coagulation 
[11]. Indeed, tissue factor is not expressed under physiological conditions in circulating and 
endothelial cells, but it is expressed in pathological conditions.

Chronic inflammation is a crucial factor in the development of atherosclerosis, and the effects 
of EMVs in inflammatory processes have been the subject of numerous studies since they may 
 represent both a cause and a consequence of inflammation [12]. The MVs isolated from human 
atherosclerotic plaques can transfer intercellular adhesion molecule-1 (ICAM-1) to  endothelial 
cells and could increase the ability to recruit inflammatory cells in a manner dependent of phos-
phatidylserine, which may increase the progression of the atherosclerotic plaque. The most con-
clusive evidence of a proinflammatory role for EMVs is that the  administration of exogenous 
EMVs to rats is associated with acute lung injury, with increased levels of proinflammatory cyto-
kines (IL-1β and TNF-α) and neutrophil infiltration on  histological lesion perivascular space [111].

Different studies have described a role of MVs in the regulation of angiogenesis [112]. Platelet-
derived MVs were first involved in the angiogenesis process since platelets contain at least 
20 factors that regulate angiogenesis. Platelet-derived MVs stimulate proliferation, survival, 
migration, and formation of capillary-like structures in endothelial cells in vitro. Furthermore, 
injection of platelet-derived MVs increases myocardial post-ischemic capillary density in rats 
[113]. Subsequent studies have shown that MVs isolated from atherosclerotic plaques are 
involved in the formation of new blood vessels and in the progression of the plaques to rup-
ture. Endothelial cells in the culture containing MVs that release matrix metalloproteinases 
(MMP-2 and MMP-9) and promote matrix degradation and the formation of new blood vessels.

In addition to being a potent stimulus for the formation of MVs, apoptosis can also be a conse-
quence of MVs signaling [112]. Monocyte, erythrocytes, platelets and endothelial cells-derived 
MVs contain caspase-3. It is thought that the content of caspases may be a mechanism directed 
to control the apoptosis, suggesting that MVs could release caspase-3 into the target cells, 
 participating in the induction of apoptosis. In addition, caspase-3 is implicated in numerous 
cellular processes, so the release of this protein could have an even more significant impact 
on the target cell.

The MVs contain proteolytic enzymes, and then some of its effects could be attributed to 
alterations in the extracellular matrix or proteolytic cleavage of various signaling molecules. 
For example, the microvasculature-derived EMVs containing MMP-1, MMP-2, MMP-13 
and MMP-7, which degrade fibronectin in vitro [114]. Moreover, MVs isolated from human 
 atherosclerotic plaques contain an active form of ADAM17 (metallopeptidase domain 17), an 
enzyme with a role in the control of inflammation and tissue regeneration. This enzyme could 
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contribute to the release of cytokines and the development of alterations mediated by MVs in 
the extracellular environment [115].

Initially, proliferation and migration of adjacent endothelial cells have been identified as a 
factor of endothelial repair, and subsequent studies have shown that the maintenance of the 
endothelial structure is associated with EPCs and their ability to differentiate and repair dam-
aged endothelial tissue. Due to the importance of this repair mechanism in the maintenance of 
vascular homeostasis, it is logical to think about the existence of close communication between 
damaged endothelial cells and EPCs. Previous studies performed by our group suggest that 
plasma EMVs, both of healthy subjects and patients with CKD; participate in the activity of 
the EPCs [10]. Our hypothesis is that EMVs can be an essential and necessary physiological 
mechanism of signaling to initiate the recruitment of EPCs from bone marrow. In in vitro 
models, we have shown that EMVs may be the key element in the regeneration and mainte-
nance of vascular homeostasis, acting on EPCs [116]. Indeed, in response to  different stimuli, 
the endothelial cells can induce EMV with different membrane characteristics, miRNA and 
other molecules in your content that reduce the ability of EPC to regenerate and participate 
in the signaling pathways involved in apoptosis and oxidative stress [117]. These specific 
mechanisms may constitute therapeutic objectives in future studies.

Vascular calcification is an increasingly constant process in developed countries and can con-
tribute significantly to increased cardiovascular risk. The processes and mechanisms involved 
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hormonal changes driving aging (endocrine senescence induction) playing a critical role in the 
aging process and adding a new perspective on the mechanisms involved in aging.

6. Conclusions and perspectives

CVD seem to begin as a consequence of a damaging process and endothelial dysfunction, and there 
are pieces of evidence implying cellular senescence in the functional imbalance of the endothelium. 
Cellular senescence is a physiological mechanism which occurs as a consequence of aging, but 

Figure 3. Different characteristics of young and senescent endothelial cells. Senescent cells undergo distinctive phenotypic, 
morphological alterations and senescence-associated secretory phenotype (SASP). The number of endothelial microvesicles 
(EMVs) of the senescent cells is greater than those derived from young cells. Also, the reactive oxygen species (ROS) 
production is higher in senescent endothelial cells compared with young endothelial cells. Moreover, the secretion of 
growth factors (GF) and proinflammatory cytokines (infl. cytokines) from senescent endothelial cells are reduced.
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under different pathologic conditions, its regulation is modified, as in CVD or CKD. Senescent 
endothelial cells change their morphological and functional characteristics (Figure 3) and cannot 
correctly regulate the repairing and regenerative activity of EPCs. In the endothelial senescence 
context, the role of EMVs appears to be important. EMVs are considered as biomarkers of endo-
thelial injury and are associated with an inflammatory and prothrombotic state. However, the 
perspectives of their study are beyond their role as biomarkers, as they are capable of transmitting 
biologic information in several physiologic and physiopathologic processes. EMVs are increased 
in elderly, but also in patients with CVD and CKD. Many questions remain unresolved to under-
stand the role of EMVs in the endothelial function and damage. To comprehend and characterize 
the mechanisms by which the senescent endothelial cells show an imbalanced functionality is of 
great interest, opening new perspectives to increase our knowledge and to identify useful bio-
markers in the timely diagnostics and to design therapeutic objectives in CVD.
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Abstract

Cardiovascular diseases are the leading cause of morbidity and mortality in the elderly 
population all over the world. Arterial aging is the earliest manifestation and a key risk fac-
tor for age-induced cardiovascular abnormalities. The longevity regulator Sirtuin 1 (SIRT1) 
is abundantly expressed in the endothelium of the arteries and elicits potent protective func-
tions against arterial aging. Targeting endothelial SIRT1 represents a promising approach for 
the prevention and treatment of cardiovascular diseases. This chapter provides an overview 
of SIRT1’s regulation and function in endothelial cells and discusses the potential applica-
tions of targeting endothelial SIRT1 for arterial aging-related cardiovascular diseases.

Keywords: sirtuins, endothelium, cellular senescence, vasodilatation, arterial 
remodeling, hypertension, atherosclerosis

1. Arterial aging

Chronological age is associated with a progressive alteration of arterial structure and func-
tion, herein referred to as arterial aging, which contributes to the development of a wide range 
of cardiovascular diseases including hypertension, atherosclerosis, heart failure, and stroke 
[1–3]. Arterial system is composed of three types of arteries including large elastic or conduit 
arteries, medium-sized muscular arteries, and small arteries referred to resistance arteries. 
Arterial aging is characterized by endothelial dysfunction and arterial remodeling, indicating 
a decline in arterial elasticity/distensibility, decreased arterial compliance, and increased arte-
rial stiffness. Physiological alterations of the vascular wall are dynamic and occur throughout 
life [4]. During aging, gradual thickening of the arterial wall, changes in wall composition 
(i.e., elastin fragmentation and collagen deposition), and an increase of artery diameter 
are observed in conduit arteries [2]. Increased intimal-to-media thickness (IMT) is a valid 
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 indicator of arterial aging supported by the finding that the IMT of the carotid artery increases 
twofold to threefold between 20 and 90 years of age [4]. Pulse wave velocity (PWV) is a nonin-
vasive measure of vascular stiffness. Stiffening of the conduit arteries leads to increased aortic 
pulse pressure and increased PWV, which occurs in both sexes along aging [5].

The endothelium, a monolayer of flattened, polygonal cells lining the inner surface of arter-
ies, plays an important role in regulating arterial structure and function. The endothelium can 
respond to pathophysiological signals by producing various factors that regulate vascular tone, 
cellular adhesion, thromboresistance, smooth muscle cell proliferation, and inflammation. 
During arterial aging, senescence, activation, and dysfunction of endothelial cells (ECs) repre-
sent the earliest abnormalities that lead to an impaired endothelium-dependent vasodilatation 
and adverse arterial wall remodeling [6]. Senescent ECs undergo permanent growth arrest, get 
enlarged and flattened in morphology, and also display positive staining for senescence-associ-
ated β-galactosidase (SA-β-gal) [7]. There are mainly two types of senescence. One is caused by 
successive cell duplication as a kind of natural aging process termed as “replicative senescence” 
and characterized by shortening of telomere [8]. The other is called “premature senescence” 
and induced by several stress conditions such as oxidative stress, radiations, and exposure to 
oncogenes [9]. Endothelial activation is defined as the initial event in atherogenesis. Circulating 
proinflammatory molecules including cytokines (i.e., tumor necrosis factor-α (TNF-α)) or mod-
ified lipoproteins (i.e., oxidized low-density lipoprotein (oxLDL)) activates ECs to express che-
mokines, cytokines, and adhesion molecules, thus attracting and recruiting inflammatory cells 
such as macrophages and T cells. Both endothelial senescence and activation can induce endo-
thelial dysfunction which is reflected by impairment of endothelium-dependent vasorelaxation 
caused by a loss of nitric oxide (NO) bioavailability in the vessel wall and altered anticoagulant 
and anti-inflammatory properties of the endothelium. Impaired endothelium-dependent vaso-
dilation in the coronary circulation of humans has profound prognostic implications in that it 
predicts adverse cardiovascular events and long-term outcomes [1, 2, 10, 11].

Age-related loss of arterial functions has been demonstrated, and underlying mechanisms 
were studied in human studies. Reduced NO bioavailability in older age was reported by 
observing diminished forearm vasoconstrictor response to infusion of NO-synthase inhibi-
tor L-NMMA in resistance arteries [12]. In older adults, supplementation of NO precursor, 
l-arginine, improves coronary artery blood flow response to acetylcholine [13] and skin blood 
flow response to whole body heating [14]. Moreover, age-related decline in synthesis of tet-
rahydrobiopterin, a co-factor in NO production, provides further evidence for impairment 
of vasodilation NO-pathway during aging [15]. In the aspect of vasoconstrictor pathways, a 
greater lower limb vasodilatation response to endothelin (ET)-receptor blockade in old men 
was reported [16]. A small but significant age-related impairment in vascular smooth muscle 
function was also observed in conduit and resistance arteries in a meta-analysis [17].

2. SIRT1 in endothelial cells: expression and regulation

Sirtuin 1 (SIRT1) is the mammalian orthologue of the yeast longevity regulator Sir2 [18]. 
Members of the Sirtuin family share a highly conserved core domain to catalyze deacetylation,  
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ADP-ribosyltransferation, desuccinylation, and demalonylation [19]. Sirtuins regulate energy 
homeostasis, stress resistance, circadian rhythmicity, mitochondrial functions, and embry-
onic development, which in turn contribute to increased lifespan [20].

Human SIRT1 gene is located at chromosome 10q21.3 containing 11 exons with a total length 
of 33,715 base pair [21]. SIRT1 is composed of 747 amino acids including a core catalytic 
domain consisting of 275 amino acids and both N- and C-terminal extensions spanning about 
240 amino acids [22]. There are two nuclear localization signals and two nuclear exportation 
signals located in the extensions whose balanced functionality determines the presence of 
SIRT1 in either the nucleus or cytoplasm and explains the distinct location of SIRT1 among 
different cell lines and tissues [23].

Regulation of SIRT1 enzymatic activity occurs at various levels including post-translational mod-
ification, protein complex formation, transcriptional regulation, and concentrations of enzymatic 
substrates [19, 24]. Phosphorylation of SIRT1 represents the major form of post-translational 
modifications. Independent studies report multiple phosphorylation sites by distinct proteins, 
including c-Jun N-terminal kinase 1 (Ser27/47), cyclin B/cyclin-dependent kinase 1 (Thr530, 
Ser540), casein kinase 2 (Ser659/661), and adenosine 5′-monophosphate-activated protein kinase 
(AMPK) (Thr344) [25–28]. Additional post-translational modifications include methylation by 
SET7/9 [29], nitrosylation by glyceraldehyde-3-phosphate dehydrogenase [30], and sumoylation 
by sentrin-specific protease 1 [31]. In addition, several endogenous protein-binding partners of 
SIRT1 are found to regulate its function via forming protein complex. For example, the active 
regulator of SIRT1 can bind to amino acids 114–217 in the N-terminus of SIRT1 and stimulate 
deacetylation of p53 in vivo [32]. On transcriptional level, SIRT1 was reported that nicotinamide 
phosphoribosyltransferase (NAMPT) upregulated the expression of SIRT1 and SIRT1 antisense 
long noncoding RNA, thus regulating senescence, proliferation, and migration of endothelial 
progenitor cells (EPCs) [33]. SIRT1 activity is also thought to be affected by the levels of intracel-
lular co-substrate nicotinamide adenine dinucleotide (NAD+) and its product nicotinamide [34].

With age, SIRT1 expression in ECs is progressively downregulated. Overexpression of SIRT1 in 
the endothelium prevents cellular senescence, enhances vasodilatory responses, and attenuates 
aging-induced vascular damages [35–37]. The subsequent review will summarize the recent 
progresses related to the molecular regulation of SIRT1 expression in ECs and the anti-vascular 
aging effects of SIRT1 by focusing on endothelial dysfunction and arterial remodeling.

3. SIRT1 in endothelial cells: molecular targets and biological 
functions

Apart from histones, SIRT1 can mediate the deacetylation of various signaling substrates to exert 
vasoprotective functions. SIRT1 is abundant in ECs mediating postnatal blood vessel growth 
via Foxo1 and helps to maintain endothelial function [38]. In vitro experiments showed that 
downregulation of SIRT1 using small interfering RNA (siRNA) uniquely inhibited endothelial 
sprout formation via a three-dimensional assay, while other mammalian sirtuin family mem-
bers (SIRT2–SIRT7) could not [38]. In addition, the reduction of matrix metalloproteinase-14  
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sprout formation via a three-dimensional assay, while other mammalian sirtuin family mem-
bers (SIRT2–SIRT7) could not [38]. In addition, the reduction of matrix metalloproteinase-14  
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(MMP-14), a membrane-anchored MMP essential for tip cell activity during sprouting angio-
genesis, was found in siRNA-SIRT1-treated endothelial sprouts [39]. Decreased expression 
of SIRT1 either by mRNA silencing or pharmacological inhibition could induce premature-
senescence-like phenotypes in ECs [40, 41]. SIRT1 displays anti-senescence activity in ECs by 
inducing the deacetylation of diversified signaling substrates [42]. For example, SIRT1 can 
deacetylate tumor suppressor protein p53 to downregulate its stability and activity as to pro-
mote cell survival in response to cellular stress [43]. SIRT1 also plays an important role in 
enhancing the endothelial NO synthase (eNOS) transcription and translation by deacetylating 
eNOS on lysine 496 and 506 to generate more NO, thus enhancing vessel dilatation, mediating 
vessel tone regulation, and providing athero-protective effects [44, 45]. Recent study demon-
strated that SIRT1 activation could help reduce traction forces and reorganize actin localiza-
tion (increased peripheral actin) in aged ECs, which is also a sign of anti-senescent effect [46]. 
Moreover, while senescent porcine aortic ECs (PAECs) showed decreased expression of SIRT1 
compared to young PAECs, the protein level of liver kinase B1 (LKB1), a serine/threonine 
kinase and tumor suppressor, was dramatically increased as well as the phosphorylation of 
its downstream target AMPK (Thr172). In this case, SIRT1 can antagonize LKB1-dependent 
AMPK activation by promoting the deacetylation, ubiquitination, and proteasome-mediated 
degradation in order to retard PAEC senescence which also correlated with the Akt survival 
signaling pathway [41]. Furthermore, it was reported that SIRT1 can bind to the DOC domain 
of HERC2 [HECT and RLD domain containing E3 ubiquitin protein ligase 2] and then ubiquiti-
nate LKB1 in the nuclear compartment of ECs [37]. SIRT1 can also negatively modulate Notch 
signaling in ECs via deacetylation of the Notch1 intracellular domain (NICD), in which loss of 
endothelial SIRT1 activity leads to impaired growth and sprout elongation [47]. Intracellular 
NAMPT-NAD+-SIRT1 cascade was shown to improve post-ischemic neovascularization 
through modulation of Notch signaling pathway [48]. Adapter protein p66Shc which can 
directly stimulate mitochondrial reactive oxygen species (ROS) generation was discovered 
downregulated by SIRT1 in mice with hyperglycemia-induced endothelial dysfunction [49]. 
Moreover, in vitro experiments using human aortic ECs (HUVECs) demonstrated that SIRT1 
can deacetylate RelA/p65 to diminish tissue factor expression and suppress nuclear factor-κB 
(NF-κB) signaling, thus preventing atherothrombosis [50]. In EPCs, SIRT1 was implicated to 
protect against oxidative stress-induced apoptosis by inhibiting Foxo3a via ubiquitination and 
degradation [36]. microRNA-34a (miR-34a), regulated by p53 and able to control cell cycle 
arrest, has been reported to promote cardiac, endothelial, and EPC senescence via down-
regulation of SIRT1 [51]. Also, visfatin (an adipocytokine closely associated with human cell 
senescence) was reported to attenuate the oxLDL-induced senescence of EPCs by upregulat-
ing SIRT1 expression through the PI3K/Akt/ERK pathway [52].

4. Endothelial SIRT1 prevents arterial aging

Various animal studies demonstrated that SIRT1 plays a vital role in anti-endothelial senes-
cence and anti-atherogenesis. Infiltration of monocyte-derived macrophages into the suben-
dothelial space is a crucial step in atherogenesis [53]. SIRT1 can decrease cholesterol uptake 
especially oxLDL and prevent macrophage foam cell formation via suppressing the expression  
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of scavenger receptor Lox-1 [54] and reducing the expression of various pro-inflammatory 
molecules including TNF-α, monocyte chemotactic protein-1, and interleukins [55]. A recent 
discovery showed that treatment of the SIRT1 activator SRT3025 decreased plasma levels of 
LDL cholesterol and total cholesterol and attenuated atherosclerosis, owing to reduced secre-
tion of hepatic Pcsk9 and enhanced protein expression of LDL receptor in apolipoprotein 
E-deficient (ApoE−/−) mice [56]. In the meantime, SIRT1 was demonstrated to promote reverse 
cholesterol (mainly HDLs) transport into macrophages by directly deacetylating and subse-
quently regulating the transcriptional activity of liver X receptors, which play a significant 
role in lipid homeostasis and inflammation and can help express ATP-binding cassette trans-
porter 1 that transport cholesterol into pre-βHDL particles [57].

Some studies regarding upstream regulators of SIRT1 including cathepsin, caspase-1, and 
cyclin-dependent kinase 5 (CDK5) elucidate beneficial roles of SIRT1 in anti-endothelial 
senescence and anti-atherogenesis [58–60]. The cysteine cathepsins belong to the leaked lyso-
somal contents with the viability in cleavage and degradation of SIRT1, which lead to stress-
induced premature senescence [58]. Studies on ApoE−/−/caspase-1−/− double knockout mice 
have shown promising evidences that early hyperlipidemia promoted endothelial activation 
via a Caspase-1-SIRT1 pathway [59]. In this case, researchers found that inhibition of caspase-1 
resulted in SIRT1 accumulation in the ApoE−/− mouse aorta and ApoE−/−/caspase-1−/− mice had 
attenuated early atherosclerosis, decreased aortic expression of proinflammatory cytokines, 
and reduced aortic monocyte recruitment, as well as decreased endothelial activation [59]. 
Another upstream regulator of SIRT1 is CDK5, which was proved to increase the phosphory-
lation of SIRT1 especially at S47 during cellular senescence [60]. In this study, replacing S47 
with nonphosphorable alanin (S47A) elevated, while mutation of S47 to phospho-mimicking 
aspartic acid (S47D) abolished the beneficial effects of SIRT1 such as anti-senescence, growth 
promotion, and downregulation of LKB1 expression [60]. Interaction between SIRT1 and telo-
meric repeat-binding factor 2-interacting protein 1 was abolished when S47 was phosphory-
lated. NF-κB signaling pathway is activated to induce endothelial inflammation and leads 
to endothelial senescence and atherosclerosis. Downregulation of CDK5 by either knock-
down (by siRNA) or inhibition (by roscovitine) reduced percentage of senescent ECs and 
attenuated inflammatory gene expression. Meanwhile, long-term treatment of ApoE−/− mice 
with the CDK5 inhibitor, roscovitine, resulted in attenuated atherosclerosis in aortae [60]. As 
CDK5R1(p35/p25) is the crucial activator mediating the kinase activity of CDK5 [60, 61], fur-
ther research will be conducted to unveil the underlying mechanism of CDK5-p35/p25-SIRT1 
pathway in ECs.

Limited information is available concerning the role of endothelial SIRT1 in vascular remodel-
ing. In eNOS-deficient mice, overexpression of endothelial SIRT1 prevents hypertension and 
age-related adverse arterial remodeling [37].

Laminar shear stress is an important stimulus for the endothelium-dependent control of vas-
cular tone and of vascular remodeling processes. In cultured ECs, laminar flow increases both 
the expression and activity of SIRT1, whereas oscillating flow decreases SIRT1 expression 
[62]. In mouse arteries, the formation of neointima is accompanied by a progressive down-
regulation of SIRT1 expression [63]. SIRT1 inhibition in ECs increases the expressions of p53 
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senescence) was reported to attenuate the oxLDL-induced senescence of EPCs by upregulat-
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Various animal studies demonstrated that SIRT1 plays a vital role in anti-endothelial senes-
cence and anti-atherogenesis. Infiltration of monocyte-derived macrophages into the suben-
dothelial space is a crucial step in atherogenesis [53]. SIRT1 can decrease cholesterol uptake 
especially oxLDL and prevent macrophage foam cell formation via suppressing the expression  
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of scavenger receptor Lox-1 [54] and reducing the expression of various pro-inflammatory 
molecules including TNF-α, monocyte chemotactic protein-1, and interleukins [55]. A recent 
discovery showed that treatment of the SIRT1 activator SRT3025 decreased plasma levels of 
LDL cholesterol and total cholesterol and attenuated atherosclerosis, owing to reduced secre-
tion of hepatic Pcsk9 and enhanced protein expression of LDL receptor in apolipoprotein 
E-deficient (ApoE−/−) mice [56]. In the meantime, SIRT1 was demonstrated to promote reverse 
cholesterol (mainly HDLs) transport into macrophages by directly deacetylating and subse-
quently regulating the transcriptional activity of liver X receptors, which play a significant 
role in lipid homeostasis and inflammation and can help express ATP-binding cassette trans-
porter 1 that transport cholesterol into pre-βHDL particles [57].

Some studies regarding upstream regulators of SIRT1 including cathepsin, caspase-1, and 
cyclin-dependent kinase 5 (CDK5) elucidate beneficial roles of SIRT1 in anti-endothelial 
senescence and anti-atherogenesis [58–60]. The cysteine cathepsins belong to the leaked lyso-
somal contents with the viability in cleavage and degradation of SIRT1, which lead to stress-
induced premature senescence [58]. Studies on ApoE−/−/caspase-1−/− double knockout mice 
have shown promising evidences that early hyperlipidemia promoted endothelial activation 
via a Caspase-1-SIRT1 pathway [59]. In this case, researchers found that inhibition of caspase-1 
resulted in SIRT1 accumulation in the ApoE−/− mouse aorta and ApoE−/−/caspase-1−/− mice had 
attenuated early atherosclerosis, decreased aortic expression of proinflammatory cytokines, 
and reduced aortic monocyte recruitment, as well as decreased endothelial activation [59]. 
Another upstream regulator of SIRT1 is CDK5, which was proved to increase the phosphory-
lation of SIRT1 especially at S47 during cellular senescence [60]. In this study, replacing S47 
with nonphosphorable alanin (S47A) elevated, while mutation of S47 to phospho-mimicking 
aspartic acid (S47D) abolished the beneficial effects of SIRT1 such as anti-senescence, growth 
promotion, and downregulation of LKB1 expression [60]. Interaction between SIRT1 and telo-
meric repeat-binding factor 2-interacting protein 1 was abolished when S47 was phosphory-
lated. NF-κB signaling pathway is activated to induce endothelial inflammation and leads 
to endothelial senescence and atherosclerosis. Downregulation of CDK5 by either knock-
down (by siRNA) or inhibition (by roscovitine) reduced percentage of senescent ECs and 
attenuated inflammatory gene expression. Meanwhile, long-term treatment of ApoE−/− mice 
with the CDK5 inhibitor, roscovitine, resulted in attenuated atherosclerosis in aortae [60]. As 
CDK5R1(p35/p25) is the crucial activator mediating the kinase activity of CDK5 [60, 61], fur-
ther research will be conducted to unveil the underlying mechanism of CDK5-p35/p25-SIRT1 
pathway in ECs.

Limited information is available concerning the role of endothelial SIRT1 in vascular remodel-
ing. In eNOS-deficient mice, overexpression of endothelial SIRT1 prevents hypertension and 
age-related adverse arterial remodeling [37].

Laminar shear stress is an important stimulus for the endothelium-dependent control of vas-
cular tone and of vascular remodeling processes. In cultured ECs, laminar flow increases both 
the expression and activity of SIRT1, whereas oscillating flow decreases SIRT1 expression 
[62]. In mouse arteries, the formation of neointima is accompanied by a progressive down-
regulation of SIRT1 expression [63]. SIRT1 inhibition in ECs increases the expressions of p53 
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and its downstream target, plasminogen activator inhibitor-1 (PAI-1), which promotes the 
formation of neointima and vascular remodeling in response to vascular injury [40].

Loss of vascular smooth muscle cell (VSMC) function is an alarming sign of vascular dis-
ease. During the aging process, VSMCs undergo increased dysregulation, apoptosis, and 
senescence [64]. In VSMCs, SIRT1 can act as a modulator of neointima formation (associated 
with repression of activator protein-1 (AP-1) activity [63]) and protect against DNA dam-
age. Aging-related loss of SIRT1 expression correlates with lower capacity for vascular repair, 
abolished stress response, and elevated senescence [63].

Decreased expression of SIRT1 in VSMCs exerts its proatherogenic effects by the failure to 
deacetylate histones in DNA repair, response to oxidant stress and LDL, and therefore leads 
to VSMC senescence and apoptosis [63, 65]. As to atherosclerotic plaques, SIRT1 activity has 
been suggested to deacetylate the regulatory factor for X-box (RFX5) and antagonized repres-
sion of collagen type I (COL1A2) transcription in VSMCs, consequently stabilizing the plaque 
and avoiding rupture [66]. Another most recent finding relevant to destabilization of ath-
erosclerotic plaque is that SIRT1 participated in downregulation of platelet-activating factor 
receptor (PAFR) in VSMCs through β-arrestin 2-mediated internalization and degradation, 
resulting in the inhibition of PAF-induced matrix metalloproteinase (MMP-2) generation [67]. 
In addition, inhibition of miR-138 was found to increase SIRT1 expression in VSMCs sepa-
rated from diabetic (db/db) mice and in SMC lines C-12511 in recent study, which indicated 
miR-138 as another potential inhibitory target to attenuate the proliferation and migration of 
VSMCs and cure atherosclerosis [68]. Furthermore, SIRT1 was also found to inhibit angio-
tensin II-induced VSMC hypertrophy in rat embryonic aortic VSMCs [69]. Later on, SIRT1 
demonstrated antihypertensive activity in transgenic mice with selective overexpression of 
SIRT1 in VSMCs (SV-Tg). Alleviated vascular remodeling in mouse thoracic and renal aor-
tae induced by angiotensin II is observed, along with significantly decreased transforming 
growth factor-β1 (TGF-β1) expression, ROS generation, vascular inflammation, and collagen 
formation in the arterial wall of SV-Tg mice [70]. Similar to contribution in ECs, overexpres-
sion of miR-34a can upregulate p21 level and inflammation through SIRT1 downregulation 
and cause senescence-associated secretory phenotype factors induction (including pro-
inflammatory molecules such as cytokines, chemokines, proteases, growth factors, soluble 
receptors, etc.), promoting VSMC senescence and leading to arterial dysfunction [71].

5. Targeting endothelial SIRT1 for the prevention of arterial aging

Slowing down the vascular aging requires early intervention, lifelong treatment, and site-  
specific approaches. To reduce arterial stiffness, pharmacological agents, including  angiotensin- 
converting enzyme inhibitors, angiotensin II type 1 blockers, aldosterone antagonists, and 
statins, are currently available and in clinical use [35]. The evident vasoprotective effects of 
SIRT1 definitely pose great opportunities and challenges for drug discovery targeting endo-
thelial dysfunction. So far, a few natural and synthetic substances have been demonstrated as 
SIRT1 activators to promote vascular health. The first potent activator of SIRT1 is resveratrol, 
a small polyphenol discovered in red wine, which could protect ECs against  inflammation, 
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 apoptosis, and oxidative stress [72]. It was found to dramatically lower the incidence of 
cardiovascular diseases in spite of high saturated fat diet, which was termed as “French 
paradox” [73]. Several natural ingredients extracted from various traditional Chinese herbs 
were also found to activate SIRT1. Tetramethylpyrazine is proved to reverse high-glucose-
induced endothelial dysfunction via SIRT1 [74]. Polydatin can attenuate hemorrhagic shock 
by upregulating SIRT1 [75]. Quercetin is capable of inhibiting oxidized LDL-induced EC dam-
age by SIRT1 activation [76]. Some other natural polyphenols including fisetin and butein 
can also activate SIRT1 [77]. Vitamin D protects ECs from irradiation-induced senescence and 
apoptosis by modulating MAPK/SirT1 axis [78]. On the other hand, a series of SIRT1 activators 
like SRT2183, SRT1460, SRT1720, SRT2379, SRT501, SRT2104, SRT3025, and BMT0-512 have 
been synthesized and developed as potential drugs to protect against vascular aging [77, 79].

Despite the fact that SIRT1 is as an optimal therapeutical target for cardiovascular diseases, 
the dosage of upregulation of SIRT1 should be considered seriously and titrated cautiously 
in clinical practice. It was reported that 2.5- to 7-fold overexpression of SIRT1 prevented heart 
from oxidative stress via SIRT1/FOXO, while 12.5-fold overexpression of SIRT1 increased 
apoptosis and hypertrophy and decreased cardiac function, suggesting that only low to mod-
erate doses of SIRT1 can exert beneficial effects [80]. The aforementioned findings call for 
more careful evaluation of dosage and possible adverse effects in drug development targeting 
endothelial SIRT1.

In light of all the above studies, there have already been several potential drugs to target the 
anti-vascular aging effects of endothelial SIRT1. The entry of SIRT1 activators into human 
trials is exciting but also highlights the necessity to better understand the SIRT1 specificity, 
clinical effects, and side effects of these promising activators in vivo.
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formation of neointima and vascular remodeling in response to vascular injury [40].
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senescence [64]. In VSMCs, SIRT1 can act as a modulator of neointima formation (associated 
with repression of activator protein-1 (AP-1) activity [63]) and protect against DNA dam-
age. Aging-related loss of SIRT1 expression correlates with lower capacity for vascular repair, 
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Abstract

Fluid shear stress (FSS) is able to generate phenotypic changes in the cells in direct contact
with the strain force. In order to detect and transduce FSS into intracellular pathways,
biological systems use a specific set of sensors, called mechanosensors. The process
involves the conversion of the mechanical force into a chemical or electrical signal. Pri-
mary cilium is a non-motile organelle that emanates from the cell surface of most mam-
malian cell types that act as a mechanosensor. Increasing evidence suggests that primary
cilia are key coordinators of signaling pathways in tissue homeostasis and when defective
may cause human diseases and developmental disorders. Here, we will describe the
endothelial primary cilium as a mechanotransductory organelle sensing FSS. To fulfill this
function, primary cilium requires the localization of mechanoproteins, polycystin-1 and -
2, in their membrane and the structural gene product, polaris. Physiologically, deflection
of primary cilium increases the intracellular calcium concentration triggering a signaling
pathway that leads to nitric oxide (NO) formation and vasodilation. Additionally,
ciliopathies, such as polycystic kidney disease and atherosclerosis, will also be discussed.
We also analyze available information regarding a trio of membrane receptors involved in
FSS sensing and transducing such as vascular endothelial growth factor receptors
(VEGFRs) and its coreceptor neuropilin (NRP), as well as purinergic receptors (P2Y2).
Whether or not they modulate, the primary cilium role in sensing FSS is poorly under-
stood. This chapter highlights the main relevance of primary cilium in sensing blood flow,
although exact mechanisms are not fully known yet.

Keywords: shear stress, endothelial dysfunction, primary cilium, nitric oxide, reactive
oxygen species, neuropilin, purinergic receptors
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1. Introduction

Blood, urine and air are primary examples of biological fluids. Biophysically, fluids can be
classified into four basic types: ideal fluid, real fluid, Newtonian fluid and non-Newtonian
fluid. Among them, biological fluids are classified only as Newtonian and non-Newtonian.
Blood and urine belong to non-Newtonian biofluids since their viscosity is not a constant with
respect to the rate of shearing stress; moreover, the removal of the stress causes them to return
to their initial viscosity state [1].

In order to regulate blood flow, vascular smooth muscle cells (VSMC) induce changes in blood
vessel diameter by contraction and relaxation mechanism. Smooth muscle contraction is regu-
lated by central neuronal as well as by local control mechanisms. In particular, the local control,
also termed autoregulation, is an important mechanism of vascular tone regulation, maintaining
the immediate control of the amount of blood flow within a specific region. Vessel diameter
decreases by a sudden increase of transmural pressure and increases by faster flow or high shear
stress [2]. Flow shear stress (FSS) is one of the important blood flow-induced hemodynamic
forces (Table 1) acting on the blood vessel and is determined by the velocity of blood flow, fluid
viscosity and vessel geometry [2–5]. An important determinant of shear stress is the viscosity of
blood; shear stress is the energy transferred to the vessel wall due to interaction with a fluid in
motion [6]. Shear stress forces are imposed directly to the endothelium andmodulate endothelial
structure and function through local mechanotransduction mechanisms [5, 7]. FSS is crucial for
vascular homeostasis [5].

In a normal homeostatic mechanism and steady laminar shear stress, endothelial cells respond
promptly with an increase in the cytosolic calcium (Ca2+), activation of endothelial nitric oxide
synthase (eNOS) and nitric oxide (NO) production [4, 8] and with the ultimate gene modulation
[3, 5, 8]. However, besides laminar flow, oscillatory and turbulent flow patterns are also imposed
to the endothelium, which has then to continuously fine-tune its activities as a response [5].

Several structures and processes have been implicated in FSS mechanotransduction into spe-
cific biochemical signals, intracellular signaling pathways and gene modulation [5]. Among
those structures implicated, the primary cilium emerges as a key sensor of FSS under physio-
logical conditions [9]. Nevertheless, in vascular injury occurring as a result of hypertension for
example, normal homeostatic mechanisms are disturbed and vessel wall becomes dysfunc-
tional associated with impaired formation and/or function of primary cilium [5, 10]. Moreover,

Hemodynamic forces Generated by Force name

Distention force Surrounding muscle Stretch force

Contractile force Differential pressure along the vascular system Compression force

Pulsatile force Turbulent flow of blood Cyclic strain

Systolic force on intima surface (endothelial cells) Blood flow Pressure force

Drag force on intima surface (endothelial cells) Blood flow Shear stress

Table 1. Various types of hemodynamic forces acting on the blood vessel wall.
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ciliopathies or ciliary dysfunctions can lead to a series of disorders such as PKD, hypertension
and atherosclerotic lesions [9].

Physiologically, the primary cilium, a solitary non-motile microtubule-based organelle, pro-
trudes from the surface of mammalian cells [11] into the surrounding tube (vessel/tubule)
lumen. Primary cilia work as a chemo- and mechanosensors responding to diverse stimuli,
including FSS [12, 13].

Since the importance of the primary cilium as a sensor of FSS has been described mainly in the
kidney and in the blood vessels, it is worth to describe in brief some aspects of the renal system.

During the process of urine formation, the flow of the ultrafiltrate through the proximal tubule
(PT) is pulsatile, with variable oscillations due to the heart rate and to tubuloglomerular
feedback mechanism mediated by the macula densa. This ultrafiltration mechanism exposes
kidney epithelial cells to a constant FSS in a similar way that mimics vascular endothelial cells
[14]. Changes in urinary flow through the nephron depend on short-term variations in glomer-
ular filtration rate, tubuloglomerular feedback and fluid absorption along the nephron as well
as on long-term factors such as high salt or high protein diet, hypertension and early stages of
diabetes [15]. Variations in luminal urinary flow alter the mechanical forces (shear stress,
stretch and pressure), which in turn affect epithelial cells in the nephron. Thus, kidney epithe-
lial cells exhibit a highly differentiated brush border composed by microvilli, glycocalyx and
primary cilium in order to sense apical shear stress [14]. Tubular flow acts as potent modulator
of epithelial kidney cell phenotype by affecting the organization of the cytoskeleton and the
brush border, changing cell polarity and modifying various cellular functions such as solute
reabsorption and extracellular matrix remodeling.

Recently, several reports showed that an alteration of primary cilia length and function is
associated with acute and chronic kidney disease [12, 13, 16–21]. However, the underlying
mechanisms behind these associations are still unclear. The main scope of this chapter focuses
on the role of primary cilium as one of the multiple mechanotransduction machineries in
sensing FSS in the endothelial vascular and epithelial renal system.

In the blood vessels, endothelial cells exhibit cilia that have been involved in blood vessel
autoregulation [9], as well as in the pathogenesis of hypertension [9] and atherosclerotic lesions
[22, 23].

In this chapter, we will present the physiological role of the endothelial primary cilium as a
sensor of FSS. We will make a short review about potential implication of reactive oxygen
species (ROS), vascular endothelial growth factor (VEGF) and purinergic signaling as modu-
lators of the function of primary cilium. Finally, implication of the primary cilium dysfunction
in the kidney and atherosclerotic lesions will be overviewed.

2. Structure of the primary cilium

Primary cilia differ from motile cilia in both structure and function and are usually classified
as non-motile organelles, which were first described in 1867 by Alexander Kowalesky in
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vertebrate cells [24]. Motile cilia contain microtubules (MT) arranged in a (9 + 2) manner
consisting of a nine doublets MT ring surrounding a central pair of MT and presenting protein
spokes and dynein inner and outer arms necessary for movement. In contrast the primary
cilium shows (9 + 0) organization with nine pairs of MT at the periphery lacking the central
pair of MTs, as well as the protein spoke and the dynein arms (Figure 1). In both cases, MT
extend from a basal body originating from “mother” centriole of the centrosome [25]. The
structure and maintenance of the primary cilium are regulated by intraflagellar transport (IFT)
particles [26].

In physiological conditions, nearly all quiescent differentiated mammalian cells exhibit a
primary cilium, which emanates from the surface as a single long hair-shaped projection [27].
Therefore, primary cilia are found in a large number of mammalian cells including stem cells,
epithelial and endothelial cells [19]. Their presence was demonstrated in adult vascular system
(reviewed in [2]), developing chicken endocardium [4], embryonic mouse aortic endothelium
[9], cultured human umbilical vein endothelial cells (HUVECs) [28, 29] and epithelial cells
including macula densa [30] or tubular epithelial cells [20]. Nevertheless, alteration in the
number, length and structural features has been implicated in pathological conditions such as
polycystic kidney disease, atherosclerosis and hypertension, among others [18, 23, 31].

Depending on structural and functional features, five distinct domains were described in the
primary cilium [2] (Figure 1):

1. The ciliary membrane housing many sensory receptors and channels supporting sensory
function of cilia.

2. The soluble compartment or cilioplasm constituting the fluid between the ciliary mem-
brane and the axoneme and where IFT machinery is located to assemble and maintain the
cilia.

3. The axoneme composed of tubulin that supports ciliary transport. It is composed of nine
pairs of MTs.

4. The ciliary tip is the distal part of the axoneme where specialized proteins localize whose
function is still unclear.

5. The basal body, the network foundation from which the primary cilium emanates.

3. Primary cilium sensing fluid-shear depends on mechanoproteins
polycystins and structural polaris

3.1. Intraflagellar transport

IFT is required for assembly and maintenance of cilia. Briefly, ciliogenesis is initiated in the apical
cytoplasm at the basal body. Proteins involved in cilium formation concentrate and assemble into
complexes that migrate along the cilia axonemal microtubules through a process called IFT. The
anterograde movement of particles from the cell body to the tip of the flagella/cilia is driven by
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kinesin II [26], whereas the retrograde movement from the tip back to the cell body is driven by
cytoplasmic dynein [32]. The protein polaris is the gene product of the IFT particle 88 (ift88) that
in mammalis is homologous to the gene Tg737. This protein is localized to the basal body [26, 33]
and is required for ciliogenesis.

3.2. Polycystin-1, polycystin-2 and polaris

Among sensory molecules housing into the primary cilium, both polycystin-1 (PKD1) and
polycystin-2 (PKD2) have been described. These are membrane integral proteins. Experimental
data show that they are highly expressed in human endothelial and epithelial cells and are
required for normal physiological cilia function (reviewed in [2]). The importance of these
proteins has been highlighted due to the finding that mutations in pkd1 or pkd2 genes result in
polycystic kidney disease, hence their name [9].

PKD1 is a 3327 amino acids long transmembrane protein with 11 membrane-spanning domains.
Its long extracellular N-terminus has a mechanosensory function, while its short intracellular

Figure 1. Scheme of the primary cilium. Longitudinal section showing the axoneme with the nine doublets of microtu-
bules originating from the basal body. The right part of the figure shows transversal sections of motile and non-motile
primary cilia. Note the absence of the central pair of microtubules and dynein arms in the primary cilium. Figure adapted
with permission of [90].
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C-terminus is involved in intracellular signaling and interaction with PKD2 [34, 35]. PKD1 has
been shown to mediate fluid-shear sensing in epithelial and endothelial cells [9, 36].

PKD2, a 968 amino acids long protein, is a non-selective Ca2+ permeable transient receptor
potential (TRP) channel consisting of six membrane-spanning domains and intracellular C-
and N-terminal domains [37]. The sensory function of PKD2 depends on PKD1 and has to be
localized to endothelial primary cilia [38]. Accordingly, PKD2 functioning as a Ca2+ channel
[29] allows extracellular Ca2+ influx into the cilioplasm in response to FSS [39]. Thus, mecha-
nistically, PKD1 and PKD2 interact through their C-terminus [29, 34, 35] and localized to the
ciliary membrane; they are able to detect extracellular FSS and to increase cytosolic Ca2+. This
turns on a signaling cascade leading to the production of NO [9, 38, 40].

A series of mutation and deletion experiments demonstrated that besides PKD1 and PKD2, the
protein polaris also orchestrates FSS sensing. The physiological Ca2+ and NO increase in
response to FSS is abolished when the pkd1, pkd2 and polaris genes are mutated or knocked
out [29]. Interestingly, mutations or deletion of polaris seem to affect the structural integrity of
cilia through the PKD1 and PKD2 mislocalization, which remain concentrated at the basal
body [9, 29, 32, 41]. Together these findings evidence that polaris mediates the PKD1 and
PKD2 primary cilium localization, implying a polaris cilium sensory function regulation. In
order to achieve a proper fluid-shear sensing by endothelial cells and an adequate response, all
three components, PKD1, PKD2 and polaris, are thus indispensable.

3.3. Molecular cascade involved in shear stress-induced calcium and NO signaling

FSS leads to cilia bending leading to PKD2-mediated increase of intracellular Ca2+ that leads to
activation of ryanodine receptors (RyR) and inositol 1,4,5-triphosphate receptor (InsP3R) pre-
sent in the endoplasmic reticulum, which then releases its stores of Ca2+ enhancing the intra-
cellular levels of Ca2+ [42, 43]. Subsequently, Ca2+ activates several intracellular signaling
pathways, including the activation of the eNOS-bound calmodulin, thus increasing the pro-
duction of NO that diffuses from endothelial cells to neighboring VSMC inducing vasodilata-
tion [2, 29]. This particular pathway is summarized in Figure 2.

The works of AbouAlaiwi et al. [29] have helped to elucidate this last mechanism. In order to
prove that FSS-dependent primary cilia bending induces extracellular Ca2+ influx, they used
Ca2+ chelator EGTA (ethylene glycol-bis (β-aminoethyl ether)-N,N,N0,N0-tetraacetic acid). In
these experiments, EGTA abolished both Ca2+ and NO increases. In addition, the inhibitor of
the eNOS, NG-nitro-L-arginine methyl ester (L-NAME) blocked the FSS-induced NO release
without affecting Ca2+ increase. The same effect was shown after blocking calcium-dependent
mechanisms of NO production using calphostin C as an inhibitor of protein kinase C (PKC) or
W7 as antagonist of calmodulin. Similarly, inhibiting protein kinase B (PKB)/Akt abolished NO
release without altering Ca2+ increase. Inhibiting IP3 kinase using LY-294002 did not alter
neither Ca2+ nor NO increase. These findings indicate that calmodulin, PKC and Akt/PKB are
downstream of the calcium pathway and that they are necessary for NO release during
primary cilium-mediated FSS signaling [29] (Figure 2).
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4. The regulation of ciliary function

Changes in fluid patterns generate differential biomechanical forces, which lead to alteration of
cilia function or structure [2]. Indeed, almost all blood vessels possess cilia [4, 23]. Particularly,
arteries with low FSS or high fluid turbulence have cilia [2]. A prolonged exposure of endo-
thelial cells to high FSS induces the disassembly of cilia [28] and inactivation of PKD1 by
proteolytic cleavage [9], suggesting that primary cilia may not be required only to sense high
shear stress [2].

Figure 2. Mechanotransduction of FSS at the endothelial primary cilium. Extracellular FSS leads to cilia bending and
activation of polycycstin-1/-2 complex, conducing to extracellular calcium influx. Calcium binds to ryanodine receptors
and an efflux of intracellular organelle calcium. This is followed by activation of calmodulin (CaM), protein kinase C
(PKC), protein kinase B (PKB/Akt), eNOs and NO production. Figure reproduced with permission [38].

Sensing Fluid-Shear Stress in the Endothelial System with a Special Emphasis on the Primary Cilium
http://dx.doi.org/10.5772/intechopen.73134

95



C-terminus is involved in intracellular signaling and interaction with PKD2 [34, 35]. PKD1 has
been shown to mediate fluid-shear sensing in epithelial and endothelial cells [9, 36].

PKD2, a 968 amino acids long protein, is a non-selective Ca2+ permeable transient receptor
potential (TRP) channel consisting of six membrane-spanning domains and intracellular C-
and N-terminal domains [37]. The sensory function of PKD2 depends on PKD1 and has to be
localized to endothelial primary cilia [38]. Accordingly, PKD2 functioning as a Ca2+ channel
[29] allows extracellular Ca2+ influx into the cilioplasm in response to FSS [39]. Thus, mecha-
nistically, PKD1 and PKD2 interact through their C-terminus [29, 34, 35] and localized to the
ciliary membrane; they are able to detect extracellular FSS and to increase cytosolic Ca2+. This
turns on a signaling cascade leading to the production of NO [9, 38, 40].

A series of mutation and deletion experiments demonstrated that besides PKD1 and PKD2, the
protein polaris also orchestrates FSS sensing. The physiological Ca2+ and NO increase in
response to FSS is abolished when the pkd1, pkd2 and polaris genes are mutated or knocked
out [29]. Interestingly, mutations or deletion of polaris seem to affect the structural integrity of
cilia through the PKD1 and PKD2 mislocalization, which remain concentrated at the basal
body [9, 29, 32, 41]. Together these findings evidence that polaris mediates the PKD1 and
PKD2 primary cilium localization, implying a polaris cilium sensory function regulation. In
order to achieve a proper fluid-shear sensing by endothelial cells and an adequate response, all
three components, PKD1, PKD2 and polaris, are thus indispensable.

3.3. Molecular cascade involved in shear stress-induced calcium and NO signaling

FSS leads to cilia bending leading to PKD2-mediated increase of intracellular Ca2+ that leads to
activation of ryanodine receptors (RyR) and inositol 1,4,5-triphosphate receptor (InsP3R) pre-
sent in the endoplasmic reticulum, which then releases its stores of Ca2+ enhancing the intra-
cellular levels of Ca2+ [42, 43]. Subsequently, Ca2+ activates several intracellular signaling
pathways, including the activation of the eNOS-bound calmodulin, thus increasing the pro-
duction of NO that diffuses from endothelial cells to neighboring VSMC inducing vasodilata-
tion [2, 29]. This particular pathway is summarized in Figure 2.

The works of AbouAlaiwi et al. [29] have helped to elucidate this last mechanism. In order to
prove that FSS-dependent primary cilia bending induces extracellular Ca2+ influx, they used
Ca2+ chelator EGTA (ethylene glycol-bis (β-aminoethyl ether)-N,N,N0,N0-tetraacetic acid). In
these experiments, EGTA abolished both Ca2+ and NO increases. In addition, the inhibitor of
the eNOS, NG-nitro-L-arginine methyl ester (L-NAME) blocked the FSS-induced NO release
without affecting Ca2+ increase. The same effect was shown after blocking calcium-dependent
mechanisms of NO production using calphostin C as an inhibitor of protein kinase C (PKC) or
W7 as antagonist of calmodulin. Similarly, inhibiting protein kinase B (PKB)/Akt abolished NO
release without altering Ca2+ increase. Inhibiting IP3 kinase using LY-294002 did not alter
neither Ca2+ nor NO increase. These findings indicate that calmodulin, PKC and Akt/PKB are
downstream of the calcium pathway and that they are necessary for NO release during
primary cilium-mediated FSS signaling [29] (Figure 2).

Endothelial Dysfunction - Old Concepts and New Challenges94

4. The regulation of ciliary function

Changes in fluid patterns generate differential biomechanical forces, which lead to alteration of
cilia function or structure [2]. Indeed, almost all blood vessels possess cilia [4, 23]. Particularly,
arteries with low FSS or high fluid turbulence have cilia [2]. A prolonged exposure of endo-
thelial cells to high FSS induces the disassembly of cilia [28] and inactivation of PKD1 by
proteolytic cleavage [9], suggesting that primary cilia may not be required only to sense high
shear stress [2].

Figure 2. Mechanotransduction of FSS at the endothelial primary cilium. Extracellular FSS leads to cilia bending and
activation of polycycstin-1/-2 complex, conducing to extracellular calcium influx. Calcium binds to ryanodine receptors
and an efflux of intracellular organelle calcium. This is followed by activation of calmodulin (CaM), protein kinase C
(PKC), protein kinase B (PKB/Akt), eNOs and NO production. Figure reproduced with permission [38].

Sensing Fluid-Shear Stress in the Endothelial System with a Special Emphasis on the Primary Cilium
http://dx.doi.org/10.5772/intechopen.73134

95



The process of disassembly observed here involves the termination of IFT and the inability of
the oldest centriole to maintain or initiate the assembly of primary cilia under laminar shear
stress [28]. The disassembly of cilia parallels a major rearrangement of the cytoskeleton and an
increase of acetylation of MT [18, 44].

In the renal system, tubular flow and ROS act as potent modulators of epithelial kidney cell
phenotype also by affecting the organization of the cytoskeleton and the brush border, chang-
ing cell polarity and modifying various cellular functions such as solute reabsorption and
extracellular matrix remodeling [17]. Under oxidative stress, ROS directly induce the break-
down of the cell cytoskeleton, activate various cell death-associated signals and regulate
elongation, shortening and release of cilia [45]. The mechanism and implications of this regu-
lation are still unclear.

5. Reactive oxygen species, shear stress and cilia function

ROS and NO have been implicated in sensing FSS in both vascular homeostasis and diseases
[46]. ROS include collective oxygen (O2) radicals such as superoxide, O2

˙� and hydroxyl
radical, OH, and non-radical derivatives of O2, including hydrogen peroxide (H2O2) and ozone
(O3). Several sources of ROS have been extensively described in the literature, in which the
nicotidamine adenine dinucleotide phosphate (NADP) oxidase (Nox) has been described as
one of the main cellular sources of ROS generation in endothelial cells under FSS [47].

Flow patterns and the magnitude of shear determine the amount of ROS produced by
endothelial cells, usually an irregular flow pattern (disturbed or oscillatory) producing
higher levels of ROS than a regular flow pattern (steady laminar or pulsatile) [48]. In
addition to flow pattern, endothelial cells exposed to a prolonged laminar shear stress for
more than 24 h display a reduced O2

˙� formation and ROS levels [49]. ROS production is
closely linked to NO generation: elevated levels of ROS lead to low NO bioavailability, as is
often observed in endothelial cells exposed to irregular flow patterns [48]. The low NO
bioavailability is partially provoked by ROS reaction with NO to form peroxynitrite
(ONOO�), a key molecule that is implicated in oxidative and nitrosative damage [50]. NO
can also take part in redox signaling by modifying proteins and lipids via cysteine S-
nitrosation and fatty acid nitration, respectively [51], in this respect affecting the regulation
of the vascular system [52].

5.1. Free radical signaling and primary cilia

Information related to primary cilium and free radical signaling emerges mainly from kidney
research area. However, how ROS can regulate this mechanosensory organelle is not well
described in the literature [17, 30, 53]. It is known that renal primary cilia protrude from the
epithelial cell surface into the lumen detecting fluid flow and responding to diverse stimuli
[12]. Indeed, several reports show that an alteration of primary cilia length is associated with
acute and chronic kidney disease [16].
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Information about primary cilia acting as an upstream regulator of ROS comes primarily from
in vitro experiments, in which immortalized macula densa cell line (MMDD1) exposed to an
increment in shear stress shows augmented NO production, this effect was blunted by silenc-
ing polaris protein in primary cilia using si-RNA methodology [54]. In addition, in isolated
perfused juxtaglomerular apparatus preparations incubated with the diuretic furosemide (an
inhibitor of Na-K-Cl cotransporter), an increase in tubular flow-induced NO production was
observed. This suggests that the NO stimulatory effect is independent of Na+ concentration in
the tubular fluid, as well as volume changes, suggesting a direct FSS-dependent regulation
[30]. Also, the results elucidate that FSS can stimulate NO production independently of NaCl
delivery to the macula densa. Therefore, these results indicate that the primary cilium acts as a
mechanosensory organelle for FSS inside the nephron tubule via NO.

The opposite mechanism in which free radical species can regulate primary cilia function is
showed mainly in renal ischemia/reperfusion (I/R) experiments. I/R setting is characterized by
an increase in free radical species production [55]. Acute tubular necrosis induced by I/R on mice
model resulted in changes in primary cilium length. Thus, primary cilium was shortened after
4 h and 1 day of ischemia versus non-ischemic control cells, an effect that was blunted after
16 days [16]. The oxidative stress from I/R derived injury is able to break down cell cytoskeleton
and activate various cell death-associated signals, like cell autophagy [45]. As presented by Kim
et al. [53], the treatment with the antioxidant molecule Mn(III) tetrakis (1-methyl-4-pyridyl)
porphyrin (MnTMPyP) during the reperfusion (i.e., recovery) period of damaged kidneys accel-
erated the normalization of cilia length in experiments of I/R. Concomitantly, they also showed
that MnTMPyP decrease oxidative stress and recover nephron tubule morphology, indicating
that the ROS signals are an integral part of cilium length regulation. In addition, cultured kidney
cells treated with H2O2 released a ciliary fragment into the extracellular medium. MnTMPyP
treatment inhibited this deciliation process [17, 53]. Moreover, the extracellular signal-regulated
kinase (ERK) inhibitor U0126 blocked the cilium elongation of normal and H2O2-treated cells
[53]. Taken together, these observations show that primary cilia length can be regulated, at least
in part, by H2O2 through an ERK-dependent pathway. Similar results were found related in
acute kidney injury after hepatic I/R from liver transplantation or resection experiments in the
kidney [56]. In particular, transient hepatic ischemia caused functional and histological kidney
damage, including brush border loss of tubular epithelial cells and tubule atrophy. This cellular
damage also induces a shortening and deciliation of kidney primary cilia via ROS/oxidative
stress, suggesting that the presence of ciliary proteins in the urine could be a potential indication
of kidney injury [17]. Therefore, remote organ injury model can increase the content of O2

�, and
H2O2 subsequently shortening the primary cilium length in several nephron sections [56]. These
data confirm that free radical species can modulate the primary cilium length, at least in the
kidney, but the mechanism and functional implications of such modulation remain unclear.

6. Vascular endothelial growth factor and shear stress

VEGFs are a complex family of glycoproteins that are structurally related to platelet-derived
growth factor (PDGF) [57]. Through alternative RNA splicing, VEGF family is constituted by
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several isoforms, including VEGF165, which has been named VEGF-A or VEGF, the isoform
involved in many of the functions attributed to the VEGF family. All members of the VEGF
family activate tyrosine kinase receptors known as VEGF receptors (VEGFRs), which include
VEGFR-1 (also known as fms-like tyrosine kinase 1 or Flt-1), VEGFR-2 (or kinase insert-
domain containing receptor, KDR) and VEGFR-3 [58, 59]. Activation of VEGFRs has been
implicated in several vascular functions, including angiogenesis, vascular tone regulation and
endothelial cell survival, among others [59–61].

Importantly, VEGF and VEGFRs have also been associated with sensing FSS. High expression
of VEGF [62] and the activation of VEGFR2 [63, 64] have been linked to the FSS sensing.
Moreover, the activation of VEGFRs generally leads to NO synthesis in many kinds of cells,
including endothelial cells [58]. Therefore, it is not surprising that VEGFR2 triggers NO-
dependent flow regulation. Jin et al. [63] showed that FSS leads to VEGFR2 activation in a
ligand-independent manner and leads to eNOS activation in cultured endothelial cells. Intra-
cellular downstream pathway associated with NO synthesis due to FSS-stimulated VEGFR2
activation included phosphoinositide 3-kinase (PI3K) and PKB/Akt. Interestingly, contrary to
PKB/Akt, the PI3K pathway has not been associated to endothelial primary cilium FSS sensory
function [29]. Also, in vivo experiments confirmed that VEGFR2 is a key mechanotransducer
that activates eNOS in response to blood flow [63]. Despite these evidences, as far as we
known there is no information related to VEGFRs present in the primary cilium as potential
regulator of FSS sensing.

7. Neuropilins and the primary cilium

VEGF can also bind to neuropilins (NRP), a family of transmembrane glycoproteins that play key
role in axonal guidance, angiogenesis, tumorigenesis and immunological response [65]. NRPs
have been characterized as co-receptors for VEGFRs and plexins, the receptors of the extracellular
secreted ligands, belonging to class III semaphorins [60]. In turn, semaphorins are a class of
secreted and membrane proteins that were originally identified as axonal growth cone guidance
molecules. At least two neuropilin genes, NRP1 and NRP2, have been identified [66]. Genetic
studies in mice have confirmed that NRPs are key components of vasculogenesis, angiogenesis
and lymphangiogenesis [65, 66]. Nevertheless, NRPs can bind to growth factors such as VEGF,
placental growth factor (PlGF), hepatocyte growth factor (HGF) and fibroblast growth factor
(FGF), among others. And due to VEGF binding, NRPs can also modulate blood flow [65].

In endothelial cells, NRPs are thought to increase signaling through the VEGFRs acting as a co-
receptor of VEGF and by stabilizing the VEGF/VEGFR complexes and therefore enhancing
VEGF activity. Thus, the interaction of VEGF-A165 with NRP1 is required for stable binding of
VEGF-A165 to VEGFR-2, full activation of VEGFR-2 and downstream signaling and biological
responses [65, 67].

Limited information about the localization of NRP in primary cilium is available. Before
presenting those evidences, we should give some information about hedgehog (HH) signaling.
Briefly, HH signaling is essential for tissue patterning and organ formation during embryonic
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and postnatal development, as well as in cancer development and tissue homeostasis renewal
and repair in adult animals [68]. The HH pathway acts via activation of transcriptional effec-
tors, such as the glioblastoma (Gli) proteins, a family of transcription factors whose target
genes remain enigmatic. The Gli protein family includes Gli1, Gli2 and Gli3 [69].

Referring to the primary cilium, studies conducted by Pinskey et al. [68] found that NRP1 and
NRP2 promote the activation of Gli transcription factor. Interestingly, the authors found that a
conserved 12 amino acid region of the NRP1 cytoplasmic domain between amino acids 890 and
902 is responsible for the HH-signal promotion. Considering that an intact primary cilium is a
main component of the HH signaling, they also looked for the localization of NRP1 in this
subcellular compartment and showed the unique evidence until now about the localization of
NRP1, but not NRP2, in the primary cilium [68]. Despite the fact that the localization of NRP1 in
the primary cilium was not required for HH signaling promotion, it is intriguing why NRP1 is
present in primary cilium and what would be its physiological relevance there. This observation
is important considering that NRP1, as indicated previously, may interact with growth factors,
such as VEGF, PlGF, HGF and FGF, among others, regulating their action. Still more questions
than answers emerge and more investigation is required to lighten these intriguing possibilities.

8. Purinergic receptors and the primary cilium

Since early 1970s [70], adenosine triphosphate (ATP) has been recognized as an extracellular
signaling molecule activating a pathway defined as “purinergic signaling” where ATP, ADP
and adenosine are involved. The signaling pathway starts with the activation of a family of
membrane receptors. At this moment, separate families for adenosine purinergic (P1) and ATP
and ADP purinergic (P2) receptors have been characterized. Briefly, adenosine receptor or P1
family includes at least four members of G-protein-coupled receptor subtypes identified as A1,
A2A, A2B and A3. In contrast, the P2 family encompasses seven members of purinergic receptor
type X (P2X), a family of ion channels receptor subtypes (P2X1–7) and at least eight members
of P2Y G-protein-coupled receptor subtypes (P2Y1, P2Y2, P2Y4, P2Y6, P2Y11, P2Y12, P2Y13 and
P2Y14) [71]. P2Y1, P2Y2, P2Y4 and P2Y6 are associated with the intracellular calcium (iCa2+)
signaling pathway, whereas P2Y2, P2Y13 and P2Y14 are associated with cyclic adenosine
monophosphate (cAMP) signaling. In contrast, P2Y11 has been shown to be associated with
both iCa2+ and cAMP signaling [71].

ATP is released by almost all cell types after gentle mechanical stimulation and acts in an
autocrine or paracrine manner [72]. Living cells under stressful conditions (i.e., hypoxia) or
dying cells release ATP [72]. Interestingly, purinergic signaling parallel to flow sensor activity
of the primary cilium [73]. Purinergic signaling associated with flow sensing was detected in
several structures such as kidney tubules [20], intrahepatic bile ducts [74, 75], endothelial cells
[31], among other lining cells. Therefore, deflection of the primary cilium has been related with
ATP release leading to autocrine or paracrine activation of purinergic receptors.

The relationship between ATP, purinergic signaling and primary cilium has been studied in
the kidney tubular system [73]. The main physiological area that established a relationship
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several isoforms, including VEGF165, which has been named VEGF-A or VEGF, the isoform
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(FGF), among others. And due to VEGF binding, NRPs can also modulate blood flow [65].

In endothelial cells, NRPs are thought to increase signaling through the VEGFRs acting as a co-
receptor of VEGF and by stabilizing the VEGF/VEGFR complexes and therefore enhancing
VEGF activity. Thus, the interaction of VEGF-A165 with NRP1 is required for stable binding of
VEGF-A165 to VEGFR-2, full activation of VEGFR-2 and downstream signaling and biological
responses [65, 67].

Limited information about the localization of NRP in primary cilium is available. Before
presenting those evidences, we should give some information about hedgehog (HH) signaling.
Briefly, HH signaling is essential for tissue patterning and organ formation during embryonic
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and postnatal development, as well as in cancer development and tissue homeostasis renewal
and repair in adult animals [68]. The HH pathway acts via activation of transcriptional effec-
tors, such as the glioblastoma (Gli) proteins, a family of transcription factors whose target
genes remain enigmatic. The Gli protein family includes Gli1, Gli2 and Gli3 [69].

Referring to the primary cilium, studies conducted by Pinskey et al. [68] found that NRP1 and
NRP2 promote the activation of Gli transcription factor. Interestingly, the authors found that a
conserved 12 amino acid region of the NRP1 cytoplasmic domain between amino acids 890 and
902 is responsible for the HH-signal promotion. Considering that an intact primary cilium is a
main component of the HH signaling, they also looked for the localization of NRP1 in this
subcellular compartment and showed the unique evidence until now about the localization of
NRP1, but not NRP2, in the primary cilium [68]. Despite the fact that the localization of NRP1 in
the primary cilium was not required for HH signaling promotion, it is intriguing why NRP1 is
present in primary cilium and what would be its physiological relevance there. This observation
is important considering that NRP1, as indicated previously, may interact with growth factors,
such as VEGF, PlGF, HGF and FGF, among others, regulating their action. Still more questions
than answers emerge and more investigation is required to lighten these intriguing possibilities.

8. Purinergic receptors and the primary cilium

Since early 1970s [70], adenosine triphosphate (ATP) has been recognized as an extracellular
signaling molecule activating a pathway defined as “purinergic signaling” where ATP, ADP
and adenosine are involved. The signaling pathway starts with the activation of a family of
membrane receptors. At this moment, separate families for adenosine purinergic (P1) and ATP
and ADP purinergic (P2) receptors have been characterized. Briefly, adenosine receptor or P1
family includes at least four members of G-protein-coupled receptor subtypes identified as A1,
A2A, A2B and A3. In contrast, the P2 family encompasses seven members of purinergic receptor
type X (P2X), a family of ion channels receptor subtypes (P2X1–7) and at least eight members
of P2Y G-protein-coupled receptor subtypes (P2Y1, P2Y2, P2Y4, P2Y6, P2Y11, P2Y12, P2Y13 and
P2Y14) [71]. P2Y1, P2Y2, P2Y4 and P2Y6 are associated with the intracellular calcium (iCa2+)
signaling pathway, whereas P2Y2, P2Y13 and P2Y14 are associated with cyclic adenosine
monophosphate (cAMP) signaling. In contrast, P2Y11 has been shown to be associated with
both iCa2+ and cAMP signaling [71].

ATP is released by almost all cell types after gentle mechanical stimulation and acts in an
autocrine or paracrine manner [72]. Living cells under stressful conditions (i.e., hypoxia) or
dying cells release ATP [72]. Interestingly, purinergic signaling parallel to flow sensor activity
of the primary cilium [73]. Purinergic signaling associated with flow sensing was detected in
several structures such as kidney tubules [20], intrahepatic bile ducts [74, 75], endothelial cells
[31], among other lining cells. Therefore, deflection of the primary cilium has been related with
ATP release leading to autocrine or paracrine activation of purinergic receptors.

The relationship between ATP, purinergic signaling and primary cilium has been studied in
the kidney tubular system [73]. The main physiological area that established a relationship

Sensing Fluid-Shear Stress in the Endothelial System with a Special Emphasis on the Primary Cilium
http://dx.doi.org/10.5772/intechopen.73134

99



between these three elements is related to urinary flow sensor, where a flow-stimulated
increase of iCa2+ has been characterized. Initial investigation suggested that deflecting the
cilium releases a paracrine factor, such as ATP that can activate a G-protein-coupled receptor
and generate inositol triphosphate (IP3) leading to iCa2+ increase throughout the cytosol due to
the release of Ca2+ from the intracellular stores. Also, increasing the tubular flow triggered an
increase in iCa2+. The same experiments were also performed in renal tubules from mice
lacking P2Y2 receptors or cells lacking the primary cilium. In those experiments, the response
to tubular flow was markedly reduced only in those cells lacking the P2Y2 [76]. These results
strongly suggested that tubular flow triggers ATP release, followed by auto- and paracrine
activation of epithelial P2 receptors. However, a direct link to the primary cilium could not be
established in these experiments. Despite that, information regarding how purinergic signal-
ing can be associated or not to function of primary cilia is missing.

9. Ciliopathies: an insight into some clinical consequences of impaired
ciliary function

9.1. Polycystic kidney disease

As indicated above, the relevance of the primary cilium function has been well established in the
kidney, as evidenced in polycystic kidney disease [37, 77, 78]. Also, previous reports suggest that
the outcome of I/R in kidneys is associated with the change of primary cilia length [17]. Physio-
logically, urinary flow through the nephron is a highly variable process. In the short term, flow
changes can be caused by variations in glomerular filtration rate [79], tubuloglomerular feedback
[80] and fluid absorption along the nephron [79]. In the long term, urinary flow fluctuations can
be caused by a high salt [81] or high protein diet [82], as well as due to hypertension [83] or early
stages of diabetes [84]. Variations in luminal urinary flow alter the mechanical forces (shear
stress, stretch and pressure) that affect epithelial cells in the nephron.

Polycystic kidney disease is a genetic disease characterized by bilateral enlarged cystic kidneys. It
is caused bymutations of genes encoding for PKD1 and PKD2 linked to polycystic kidney disease
type 1 (pkd1) and polycystic kidney disease type 2, respectively [37, 77, 78]. The frequencies of
cardiovascular complications are very high in polycystic kidney disease patients. Hypertension
occurs in 50–70% of patients even before any substantial kidney disorder [85]. Polycystic kidney
disease has been associated with abnormalities in FSS sensing due to primary cilia dysfunction
[36]. Mechanistically, polycystic kidney disease patients exhibit impairment of endothelium-
dependent relaxation and a decrease of eNOS activity, impaired release of NO and, therefore,
endothelial dysfunction [86]. Furthermore, polycystic kidney disease has been associated to the
inability of renal epithelia [87] or vascular endothelia [9] to induce Ca2+ influx in response to FSS.
Endothelial cells isolated from mice and humans with polycystic kidney disease lack PKD1 and/
or PKD2 in the primary cilium and fail to produce NO in response to FSS [2, 9, 29].

Abnormal PKD2 function or expression has been associated with hypertension [88]. Mutations
of pkd2 gene abolish Ca2+ and NO increases in endothelial cells showing that PKD2 mediates
FSS sensing in endothelial cells [29]. In addition, PKD2 sensory function as a Ca2+ channel
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depends on its localization at the primary cilium and on PKD1. Thus, impaired function and
expression of PKD2 are associated with endothelial dysfunction. Interestingly, prolonged
exposure of endothelial cells to high FSS induces the disassembly of cilia [28] and inactivation
of PKD1 by proteolytic cleavage [9], reducing the ability of endothelial cells to properly sense
alterations in blood pressure.

9.2. Atherosclerosis

Initial evidence showed that primary cilia were present in the vascular beds where flow is
disturbed, and related to atherosclerosis [89]. Particularly, the primary cilia were found in the
endothelial cells of human aortic fatty dots and streaks, but not in those of the normal intima
[89]. Moreover, recent evidences also found the primary cilium in cells exposed to laminar
blood flow [27]. Regarding atherosclerotic plaque, primary cilia have been shown to be located
at the atherosclerotic predilection sites, where flow is disturbed and around atherosclerotic
lesions in the aortic arch in wild-type mice and apolipoprotein E-deficient mice, respectively
[23]. In addition, experimentally induced pathologic turbulent flow in mice leads to induction
of primary cilia, and subsequently to atherogenesis, suggesting a role of primary cilia in
endothelial activation and dysfunction [23].

Contrary, another evidence found an inverse correlation between the presence of endothelial
primary cilia and vascular calcified areas, although the signaling mechanisms involved remain
unknown [22]. In order to analyze this phenomenon, Sanchez-Duffhues et al. [22] used the
Tg737 cilium-defective mouse model and they found that non-ciliated aortic endothelial cells
acquire the ability to trans-differentiate into mineralizing osteogenic cells. The mechanism for
this trans-differentiation requires the presence of bone morphogenetic proteins (BMP). There-
fore, these data emphasize the role of the endothelial cells in vascular calcification and gener-
ation of atherosclerosis. Whether these findings are associated or not to iCa2+, eNOS activation
and NO synthesis remains unclear.

Apparently, differences in blood flow patterns along the endothelium trigger abnormal vascular
responses that have been associated with pathophysiological consequences, such as atheroscle-
rosis. While endothelial cells exposed to laminar blood flow are protected from atherosclerosis
formation, turbulent blood flow, which occurs at bends and bifurcations of blood vessels, facili-
tates the process of atherosclerosis. Primary cilia presence and function have barely been studied
in both endothelial activation and dysfunction. Hence, more studies are required to better
understand these issues.

10. Concluding remarks

Phenotypic cell alterations resulting from flow-induced mechanical strains and their implica-
tion in diseases are a growing field of research in many cell types such as vascular endothelial,
smooth muscle, kidney epithelial cells and chondrocytes.

In the chapter, we presented the role of the primary cilium as one of the multiple physiological
mechanosensors for FSS in endothelial and renal cells, where it regulates vascular homeostasis
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activation of epithelial P2 receptors. However, a direct link to the primary cilium could not be
established in these experiments. Despite that, information regarding how purinergic signal-
ing can be associated or not to function of primary cilia is missing.
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kidney, as evidenced in polycystic kidney disease [37, 77, 78]. Also, previous reports suggest that
the outcome of I/R in kidneys is associated with the change of primary cilia length [17]. Physio-
logically, urinary flow through the nephron is a highly variable process. In the short term, flow
changes can be caused by variations in glomerular filtration rate [79], tubuloglomerular feedback
[80] and fluid absorption along the nephron [79]. In the long term, urinary flow fluctuations can
be caused by a high salt [81] or high protein diet [82], as well as due to hypertension [83] or early
stages of diabetes [84]. Variations in luminal urinary flow alter the mechanical forces (shear
stress, stretch and pressure) that affect epithelial cells in the nephron.

Polycystic kidney disease is a genetic disease characterized by bilateral enlarged cystic kidneys. It
is caused bymutations of genes encoding for PKD1 and PKD2 linked to polycystic kidney disease
type 1 (pkd1) and polycystic kidney disease type 2, respectively [37, 77, 78]. The frequencies of
cardiovascular complications are very high in polycystic kidney disease patients. Hypertension
occurs in 50–70% of patients even before any substantial kidney disorder [85]. Polycystic kidney
disease has been associated with abnormalities in FSS sensing due to primary cilia dysfunction
[36]. Mechanistically, polycystic kidney disease patients exhibit impairment of endothelium-
dependent relaxation and a decrease of eNOS activity, impaired release of NO and, therefore,
endothelial dysfunction [86]. Furthermore, polycystic kidney disease has been associated to the
inability of renal epithelia [87] or vascular endothelia [9] to induce Ca2+ influx in response to FSS.
Endothelial cells isolated from mice and humans with polycystic kidney disease lack PKD1 and/
or PKD2 in the primary cilium and fail to produce NO in response to FSS [2, 9, 29].

Abnormal PKD2 function or expression has been associated with hypertension [88]. Mutations
of pkd2 gene abolish Ca2+ and NO increases in endothelial cells showing that PKD2 mediates
FSS sensing in endothelial cells [29]. In addition, PKD2 sensory function as a Ca2+ channel
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depends on its localization at the primary cilium and on PKD1. Thus, impaired function and
expression of PKD2 are associated with endothelial dysfunction. Interestingly, prolonged
exposure of endothelial cells to high FSS induces the disassembly of cilia [28] and inactivation
of PKD1 by proteolytic cleavage [9], reducing the ability of endothelial cells to properly sense
alterations in blood pressure.

9.2. Atherosclerosis

Initial evidence showed that primary cilia were present in the vascular beds where flow is
disturbed, and related to atherosclerosis [89]. Particularly, the primary cilia were found in the
endothelial cells of human aortic fatty dots and streaks, but not in those of the normal intima
[89]. Moreover, recent evidences also found the primary cilium in cells exposed to laminar
blood flow [27]. Regarding atherosclerotic plaque, primary cilia have been shown to be located
at the atherosclerotic predilection sites, where flow is disturbed and around atherosclerotic
lesions in the aortic arch in wild-type mice and apolipoprotein E-deficient mice, respectively
[23]. In addition, experimentally induced pathologic turbulent flow in mice leads to induction
of primary cilia, and subsequently to atherogenesis, suggesting a role of primary cilia in
endothelial activation and dysfunction [23].

Contrary, another evidence found an inverse correlation between the presence of endothelial
primary cilia and vascular calcified areas, although the signaling mechanisms involved remain
unknown [22]. In order to analyze this phenomenon, Sanchez-Duffhues et al. [22] used the
Tg737 cilium-defective mouse model and they found that non-ciliated aortic endothelial cells
acquire the ability to trans-differentiate into mineralizing osteogenic cells. The mechanism for
this trans-differentiation requires the presence of bone morphogenetic proteins (BMP). There-
fore, these data emphasize the role of the endothelial cells in vascular calcification and gener-
ation of atherosclerosis. Whether these findings are associated or not to iCa2+, eNOS activation
and NO synthesis remains unclear.

Apparently, differences in blood flow patterns along the endothelium trigger abnormal vascular
responses that have been associated with pathophysiological consequences, such as atheroscle-
rosis. While endothelial cells exposed to laminar blood flow are protected from atherosclerosis
formation, turbulent blood flow, which occurs at bends and bifurcations of blood vessels, facili-
tates the process of atherosclerosis. Primary cilia presence and function have barely been studied
in both endothelial activation and dysfunction. Hence, more studies are required to better
understand these issues.

10. Concluding remarks

Phenotypic cell alterations resulting from flow-induced mechanical strains and their implica-
tion in diseases are a growing field of research in many cell types such as vascular endothelial,
smooth muscle, kidney epithelial cells and chondrocytes.

In the chapter, we presented the role of the primary cilium as one of the multiple physiological
mechanosensors for FSS in endothelial and renal cells, where it regulates vascular homeostasis
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and epithelial function. To respond to FSS, a functional primary cilium requires the constitu-
tive proteins, PKD1, PKD2 and polaris. The primary cilium is functional under normal FSS and
activates the Ca2+ and NO signaling cascade; nevertheless, it becomes dysfunctional after
prolonged exposure to high FSS analogous to a hypertensive situation present in any kind of
biological fluid. Respectively, growing evidence implicates the primary cilium and the disrup-
tion of its function in many diseases such as hypertension, atherosclerotic lesions and acute
and chronic kidney disease.

In this regards, we have summarized evidences implicating that polycystic kidney disease, a
pathology characterized by lack of PKD1 and/or PKD2 expression, leads to impaired vascular
endothelial FSS sensing. Even when the primary organ affected by the disease is the kidney,
the endothelial dysfunction is a common extra renal symptom observed in polycystic kidney
disease. Those patients exhibit an impairment of endothelium-dependent relaxation and a
decrease of primary cilia-dependent NO production leading to hypertension.

Contrary to its physiological role in sensing FSS, it has also been described that primary cilium
is related to plaque formation, since this organelle was present in the endothelial cells of
human aortic fatty dots and streaks. Indeed, primary cilium has been shown to be located at
the atherosclerotic predilection sites, where flow is disturbed and around atherosclerotic
lesions in the aortic arch in wild-type mice and apolipoprotein E-deficient mice, respectively
[31]. In addition, primary cilia have been involved in endothelial activation and dysfunction
present in atherosclerosis. Despite relevance of these evidences, it is highlighted in this review
that more studies are required to better understand the role of endothelial primary cilium in
normal and pathological conditions, such as atherosclerosis.

We also presented examples of regulatory signals that control NO bioavailability or might
participate as modulators of primary cilium. For instance, ROS can modulate cilia length and
deciliation process in tubular kidney cells. Whether these effects could be extrapolated to
endothelial cells is worth of more investigation.

Finally, we presented the interconnected coreceptors VEGF and VEGFRs, neuropilins, ATP,
adenosine and purinergic receptors. All have been suggested to be involved in FSS sensing and/
or colocalization in the primary cilium. To this respect, we can provide more questions than
answers. NRP1, a VEGFR2 receptor, localizes to the primary cilium but its physiological rele-
vance is still unknown. On the other hand, ATP and adenosine are involved in sensing FSS, in a
primary cilium-independent manner. Moreover, information regarding whether or not
purinergic signaling can be associated to the primary cilia function is missing.

In conclusion, these data emphasize the role of the primary cilium present in endothelial cells
as a microsensory organelle transducing FSS. Impairment in the ciliogenesis, cilia length and
intracellular pathways can be involved in cardiovascular diseases. The participation of ROS,
VEGF and purinergic signaling pathways is being described, but more research is required to
elucidate their participation in the primary cilium-mediated sensing of FSS in normal and
pathological conditions, such as hypertension, atherosclerosis or polycystic kidney disease.
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and epithelial function. To respond to FSS, a functional primary cilium requires the constitu-
tive proteins, PKD1, PKD2 and polaris. The primary cilium is functional under normal FSS and
activates the Ca2+ and NO signaling cascade; nevertheless, it becomes dysfunctional after
prolonged exposure to high FSS analogous to a hypertensive situation present in any kind of
biological fluid. Respectively, growing evidence implicates the primary cilium and the disrup-
tion of its function in many diseases such as hypertension, atherosclerotic lesions and acute
and chronic kidney disease.

In this regards, we have summarized evidences implicating that polycystic kidney disease, a
pathology characterized by lack of PKD1 and/or PKD2 expression, leads to impaired vascular
endothelial FSS sensing. Even when the primary organ affected by the disease is the kidney,
the endothelial dysfunction is a common extra renal symptom observed in polycystic kidney
disease. Those patients exhibit an impairment of endothelium-dependent relaxation and a
decrease of primary cilia-dependent NO production leading to hypertension.

Contrary to its physiological role in sensing FSS, it has also been described that primary cilium
is related to plaque formation, since this organelle was present in the endothelial cells of
human aortic fatty dots and streaks. Indeed, primary cilium has been shown to be located at
the atherosclerotic predilection sites, where flow is disturbed and around atherosclerotic
lesions in the aortic arch in wild-type mice and apolipoprotein E-deficient mice, respectively
[31]. In addition, primary cilia have been involved in endothelial activation and dysfunction
present in atherosclerosis. Despite relevance of these evidences, it is highlighted in this review
that more studies are required to better understand the role of endothelial primary cilium in
normal and pathological conditions, such as atherosclerosis.

We also presented examples of regulatory signals that control NO bioavailability or might
participate as modulators of primary cilium. For instance, ROS can modulate cilia length and
deciliation process in tubular kidney cells. Whether these effects could be extrapolated to
endothelial cells is worth of more investigation.

Finally, we presented the interconnected coreceptors VEGF and VEGFRs, neuropilins, ATP,
adenosine and purinergic receptors. All have been suggested to be involved in FSS sensing and/
or colocalization in the primary cilium. To this respect, we can provide more questions than
answers. NRP1, a VEGFR2 receptor, localizes to the primary cilium but its physiological rele-
vance is still unknown. On the other hand, ATP and adenosine are involved in sensing FSS, in a
primary cilium-independent manner. Moreover, information regarding whether or not
purinergic signaling can be associated to the primary cilia function is missing.

In conclusion, these data emphasize the role of the primary cilium present in endothelial cells
as a microsensory organelle transducing FSS. Impairment in the ciliogenesis, cilia length and
intracellular pathways can be involved in cardiovascular diseases. The participation of ROS,
VEGF and purinergic signaling pathways is being described, but more research is required to
elucidate their participation in the primary cilium-mediated sensing of FSS in normal and
pathological conditions, such as hypertension, atherosclerosis or polycystic kidney disease.
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which is caused by disrupted adaptation to pregnancy and manifests with the development 
of complex, multiorganic and polysystemic insufficiency with clinical signs appearing after 
the 20th week of gestation [1, 2]. Despite of vigorous research in this area, pathogenesis of 
PE is still not clear. However, it is well known that the key factors of PE are immune system 
hyperactivation and the following excessive systemic inflammatory response (SIR), which 
initiate endothelium activation and cause endothelial dysfunction in cases of early onset and 
complicated course of the disease [3].

Inflammatory response is accompanied by cell phenotype transformation (formation of activation 
cell status), leading to the generation of “danger” signals (generated from products of trauma, 
ischemia, necrosis or oxidative stress) [4, 5], which are recognizable by the immune system. It was 
found that the composition of endothelial glycocalyx (eGC) changed under excessive inflamma-
tory response. Hypoglycosylated structures which may be perceived by immune system as neo-
antigens, appear оn the membrane of endothelial cells; also, antigens which are normally covert 
become apparent [6]. These events may promote autotolerance disruption and cause production 
of autoreactive antibodies damaging endothelial cells. In this regard, in this chapter a special 
attention is paid to eGC—functional layer of endothelial cells, which mediates all endothelial 
functions. Much evidence that under SIR, the alterations of eGC are associated with changes of 
cardiovascular system hemodynamics, vascular tone regulation, vascular permeability [7]—the 
main vectors of pathophysiological disorders in PE, and that alterations affect endothelial auto-
immune phenotype formation, allow to assume that eGC may be one of the main targets of PE.

2. Endothelium: its role in homeostasis and in pathology

Vascular endothelium is a metabolically active neuroendocrine organ, which is spread in all 
tissues. The main functions of endothelium are: expression of receptor molecules, synthesis 
and secretion of biologically active molecules, vascular tone control, vascular permeability 
and new vessels formation, transportation of blood cells and soluble factors; homeostasis bal-
ance, participation in innate and adaptive immunity [8–10].

Supporting homeostasis, the endothelium is also subject to damage by factors, which cause 
endothelium pathology. Multiorganic dysfunction due to long-lasting activation under the 
effects of damaging factors lead to severe consequences.

Recent studies show that the homeostatic control over the cardiovascular and other systems 
is, among others, exerted by eGC, the outer above-membrane endothelium layer, which is 
formed by the sugar chains of transmembrane glycoconjugates and the associated not-
anchored proteoglycans [7]. However, there is limited data on eGC composition and its alter-
ations under inflammatory and other pathological conditions.

2.1. Endothelial glycocalyx structure and composition

Endothelium surface layer is located on the luminal surface of the endothelium (endothelial 
surface layer—ESL). It is formed by the glycoproteins, proteoglycans and glycosphingolipids 
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that are anchored in the membrane, as well as by secretory proteoglycans and glycosamino-
glycans (GAGs), that are not anchored and are inter-connected by non-covalent interactions 
[11–13]. Their carbohydrate part contains a large amount of sialo and sulpho residues, form-
ing overall negative charge of the endothelial cell surface. The outer segment of this layer 
(spreading out toward the vascular lumen), formed by the carbohydrate part of glycocon-
jugates, is a polysaccharide gel—eGC [14], with thickness ranging 2–4.5 μm [15] in different 
departments of the vascular system.

The base of the eGC is formed by carbohydrate-protein conjugates—transmembrane and secre-
tory proteins; their carbohydrate part is represented by both short (2–15 monosaccharide residues) 
branched oligosaccharides, often decorated with sialic acid and sulfate (in glycoproteins), and 
by high-molecular glycans, often ending with highly sulfated residues (in proteoglycans) [16].  
The glycoproteins can contain N-linked (Asn-linked) and/or O-linked (Ser/Thr-linked) glycans 
of variable length and composition. Complex hybrid and high-mannose glycans are usually 
present in the glycoproteins [17]. The main glycoproteins of endothelial cells are cell adhesion 
molecules (selectins, integrins, immunoglobulin superfamily molecules, endothelial mucins 
and addressins) which provide homing, migration and interaction between cells in different 
processes, and secretory molecules associated with eGC, participating in vascular homeosta-
sis support, fibrinolysis and coagulation (thrombomodulin, von Willebrand factor (vWF)), 
antithrombin III, etc.). These molecules expression depends on factors, altering endothelium 
activation [16]. Under inflammatory response, the glycans modification occurs, leading to alter-
ation of intercellular contacts, hemostasis and blood rheology. Biochemical eGC composition 
(the main structural and associated molecules) is presented in Tables 1 and 2 (parts I and II).

It was found that the carbohydrate part is crucially important for glycoprotein function. N-linked 
glycans, particularly high-mannose chains, determine specific interactions of different mole-
cules from the intercellular adhesion molecule (ICAM) family with the receptors [17]. N-glycans 
of the junctional adhesion molecule-A (JAM-A) regulate leukocyte adhesion and lymphocyte 
function-associated antigen-1 (LFA-1) binding [22]. Platelet/endothelial cell adhesion mole-
cule-1 (PECAM-1 or CD31), a membrane highly glycosylated protein (~30% of molecular mass), 
has N-linked glycans represented by neutral and sialylated glycans [51, 52]. E-selectin is heavily 
glycosylated protein with hybrid/complex type N-linked oligosaccharides [53]. Cadherin of the 
vascular endothelium (VE-cadherin, CD144)—is the main transmembrane protein of adhesion 
contacts; its carbohydrate part is presented mainly by sialylated biantennary N-glycans of a com-
plex type, and sialylated hybride N-chains (~40 and 28% of all identified glycans, respectively).  
Branched tri- and tetraantennary N-glycans, as well as N-glycans of high-mannose type are 
represented in smaller quantity in N-glycans of VE-cadherin [21, 54]. In the presence of anti-
inflammatory factors (such as tumor necrosis factor-α, TNF-α) the quantity of glycans ending 
with α2,6-sialic acid residues and fucose-α1,2-galactose-β1,4-N-acetylglucosamine increases, as 
well as the expression of N-glycans of high-mannose and hybrid type, which mediate intercel-
lular contacts of monocytes with endothelium in the rolling and adhesion, particularly at the 
intercellular connections sites [55].

Hemostasis controlling proteins associated with outer eGC are also highly-glycosylated. VWF 
is a key component for maintenance of normal hemostasis, acting as the carrier protein of 
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the coagulant Factor VIII and mediating platelet adhesion at the sites of vascular injury [31]. 
VWF is heavily glycosylated by N- and O-linked oligosaccharides, and glycosylation affects 
many of its functions [30]. Antithrombin is a major inhibitor of the blood coagulation cascade. 

Group Members Comments References

Adhesion molecules Е-selectin Contains 11 potential N-glycosylation 
site

[13]

Р-selectin Contains 9 potential N-glycosylation 
sites

[13]

Integrins: α1β1, α2β1, α3β1, α5β1, 
α6β1, α8β1, α9β1, αVβ1, αVβ3, α6β4, 
αVβ5

N-linked glycans [14, 15]

VE-cadherin Contains 7 potential N-glycosylation 
sites

[16]

JAM-1 Contains 1 N-glycosylation site [17]

JAM-2 Contains 2 N-glycosylation sites [18]

JAM-3 Contains 2 N-glycosylation sites [19]

ICAM-1 Contains 8 N-glycosylation sites [13]

ICAM-2 Contains 6 N-glycosylation sites [20]

VCAM-1 Contains 6 N-glycosylation sites [13]

PECAM-1 Сontains 9 N-glycosylation sites [13]

ClyCAM-1 Mucin, containing predominantly 
O-linked carbohydrate chains 
(T-antigen and 6′ sulfated 
sialyl-Lewis-X)

[21, 22]

CD34 Mucin, O-glycosylation sites are more 
abundant than N-glycosylation sites

[23]

MadCAM-1 Mucin; contain O-linked glycans 
(SLex)

[24]

Coagulation and 
fibrinolysis regulators

Von Willebrand factor Contains at least 10 potential N- and 
10 O-glycosylation sites

[25, 26]

Thrombomodulin Contains at least 4 N- and 1 
O-glycosylation sites

[27–32]

Antithrombin III Contains 4 potential N-glycosylation 
sites

[33, 34]

Heparin cofactor II Contains 3 potential N-glycosylation 
sites

[35]

MadCAM-1, mucosal addressin cell adhesion molecule-1; JAM-1, junctional adhesion molecule-1; JAM-2, junctional 
adhesion molecule-2; JAM-3, junctional adhesion molecule-3; ICAM-1, inter-cellular adhesion molecule-1; ICAM-2, 
inter-cellular adhesion molecule-2; VCAM-1, vascular cell adhesion molecule-1; PECAM-1, platelet/endothelial cell 
adhesion molecule-1; SLex, sialyl-Lewis-X.

Table 1. Biochemical composition of endothelial glycocalyx—main components (part I: glycoproteins).
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Group Members Number/type 
of GAG-chains 
linked

Comments Ref

Glycosaminoglycans HA — Anionic, nonsulfated glycosaminoglycan; 
structural unit of HA is a repeating 
disaccharide consisting of β-d-glucuronic 
acid and β-N-acetyl-d-glucosamine; 
contains no core protein

[9]

HS — The most common disaccharide unit 
within HS is composed of a mono-
sulfated β-glucuronic acid linked to 
tri-sulfated α-N-acetylglucosamine

[36]

CS — CS is a linear acidic polysaccharide, 
composed of repeating disaccharide units 
of β-glucuronic acid and β-N-acetyl-d-
galactosamine and modified with sulfate 
residues at different positions

[37]

DS — Backbone of DS chains is a linear 
polymer composed of repeating 
disaccharide units of α-iduronic acid and 
β-N-acetyl-d-galactosamine. These sugar 
residues can be modified by ester sulfate 
at various positions

[38]

KS — Basic repeating disaccharide unit within 
keratan sulfate is units of β-d-galactose 
and β-N-acetyl-d-galactosamine

[39]

Proteoglycans (extracellularly 
secreted)

Perlecan 3/HS,CS A large basement membrane heparan 
sulfate proteoglycan; protein core of 
approximately 500 kDa

[40]

Versican 10-30/CS,DS Large aggregating chondroitin sulfate 
proteoglycan, core protein (at >350 kDa)

[41, 42]

Endocan 1/DS Is a DSPG, small proteoglycan molecules 
(20 kDa) with a single DS chain; DS of 
endocan consists of about 32 disaccharide 
units

[43]

Decorin 1/CS,DS A prototype small leucine-rich 
proteoglycan (40 kDa); it has N-terminal 
attachment site for a single GAG chain of 
chondroitin or dermatan sulfate

[44]

Biglycan 2/CS,DS small leucine-rich proteoglycan (42 kDa 
protein core)

[45, 46]

Mimecan 2–3/KS Small leucine-rich proteoglycan; 
(12–34 kDa protein core)

[47, 48]

Proteoglycans (associated with 
the cell surface)

Syndecans 5/HS,CS Transmembrane proteoglycans

Family of HSPGs, the syndecan protein 
family has four members.

Core protein of all glypicans is ranging 
between 198 to 346 kDa

[49]
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polymer composed of repeating 
disaccharide units of α-iduronic acid and 
β-N-acetyl-d-galactosamine. These sugar 
residues can be modified by ester sulfate 
at various positions

[38]

KS — Basic repeating disaccharide unit within 
keratan sulfate is units of β-d-galactose 
and β-N-acetyl-d-galactosamine

[39]

Proteoglycans (extracellularly 
secreted)

Perlecan 3/HS,CS A large basement membrane heparan 
sulfate proteoglycan; protein core of 
approximately 500 kDa

[40]

Versican 10-30/CS,DS Large aggregating chondroitin sulfate 
proteoglycan, core protein (at >350 kDa)

[41, 42]

Endocan 1/DS Is a DSPG, small proteoglycan molecules 
(20 kDa) with a single DS chain; DS of 
endocan consists of about 32 disaccharide 
units

[43]

Decorin 1/CS,DS A prototype small leucine-rich 
proteoglycan (40 kDa); it has N-terminal 
attachment site for a single GAG chain of 
chondroitin or dermatan sulfate

[44]

Biglycan 2/CS,DS small leucine-rich proteoglycan (42 kDa 
protein core)

[45, 46]

Mimecan 2–3/KS Small leucine-rich proteoglycan; 
(12–34 kDa protein core)

[47, 48]

Proteoglycans (associated with 
the cell surface)

Syndecans 5/HS,CS Transmembrane proteoglycans

Family of HSPGs, the syndecan protein 
family has four members.

Core protein of all glypicans is ranging 
between 198 to 346 kDa

[49]
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Two isoforms exist in the circulation, α-antithrombin and β-antithrombin, which differ in 
the glycosylation of the polypeptide chain; β-antithrombin lacks the carbohydrate present 
at Asn135 in α-antithrombin. Of the two forms, β-antithrombin has the higher affinity for 
heparin due to the conformational change that occurs upon heparin binding being sterically 
hindered by the presence of the additional bulky glycan in α-antithrombin [56]. The carbohy-
drate structures of heparin cofactor II (member of serpin superfamily) circulating in blood are 
complex-type biantennary and triantennary chains in a ratio of 6:1 with the galactose being 
>90% sialylated with α2-6-linked N-acetylneuraminic acid. About 50% of the triantennary 
structures contain one sialyl Lex motif (SLex) [40]. Thrombomodulin (TM) is an endothelial cell 
surface glycoprotein (contains N- and O-linked glycans) that directly inhibits the procoagu-
lant activities of thrombin and the TM-thrombin complex accelerates the thrombin catalyzed 
activation of protein C. Moreover, the GAG O-linked chains of TM contained chondroitin-
4-sulfate and dermatan sulfate, which were repeated approximately 30 times. Soluble TM in 
urine has no GAG chain which could promote its anticoagulant activities. Studies of the rabbit 
recombinant ТМ have shown that addition of a GAG chain may increase its anticoagulant 
function [33, 34].

Endothelial mucins (CD34; glycosylation-dependent cell adhesion molecule-1 (GlyCAM-1); 
mucosal addressin cell adhesion molecule-1 (MadCAM-1)) contact leukocytes by their binding 
to L-selectin. This interaction facilitates leukocytes transportations from blood to lymphoid 
organs and inflamed tissues [28]. Major capping group in GlyCAM-1, CD34 and MadCAM-1 
is the sulfated SLex [27, 28, 57]. For example, CD34 functions as a L-selectin ligand mediating 
lymphocyte extravasation only when properly glycosylated to express a sulfated carbohy-
drate epitope. CD34 can exist in 2 glycoforms: the L-selectin-binding (L-B-CD34) and non-
binding (L-NB-CD34) glycoforms. L-B-CD34 is relatively minor compared with L-NB-CD34 
and represents less than 10% of total CD34. It has been shown, that a minor glycoform of 
CD34 carries relatively abundant 6-sulfo SLex epitopes on O-glycans that are important for its 
recognition by L-selectin [28].

The eGC mostly consists of proteoglycans—highly glycosylated proteins (glycans account 
for 90–95% of the molecular mass); GAGs branches form their carbohydrate part. There are 

Group Members Number/type 
of GAG-chains 
linked

Comments Ref

Glypicans 3/HS,CS GPI-anchored proteoglycans

Family of HSPGs

The glypican protein family has six 
members core protein of all glypicans is 
similar in size, approximately ranging 
between 60 and 70 kDa

[50]

GAG, glycosaminoglycan; HA, hyaluronan; HS, heparan sulfate; CS, chondroitin sulfate; DS, dermatan sulfate; KS, 
keratan sulfate; DSPG, dermatan sulfate proteoglycans; HSPGs, heparan sulfate proteoglycans.

Table 2. Biochemical composition of endothelial glycocalyx—main components (part II: glycosaminoglycans and 
proteoglycans).
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five types of GAG chains: heparan sulfate (HS), chondroitin sulfate (CS), dermatan sulfate 
(DS), keratan sulfate (KS), and hyaluronan (hyaluronic acid, HA). They are linear polymers 
of disaccharides with variable lengths that are modified by sulfation and/or (de)acetylation 
to a variable extent [15]. In the human body the GAGs are present in a protein bound form 
(i.e., in proteoglycans composition) and do not exist in a free form, except for HA. Besides 
playing structuring and supporting roles, proteoglycans are involved in cell signaling, regu-
lation of cell proliferation, adhesion, migration, differentiation [55]. Key eGC glycans are 
heparan sulfate proteoglycans (HSPGs), which compose about 50–90% of the total amount 
of proteoglycans present in the eGC, and HA—the main supporting glycan [14, 15]. Main 
proteoglycans of the eGC and their characteristics are given in Table 2 (part II).

Glycosphingolipids (GSLs), a class of ceramide-based glycolipids, are also a significant part 
of eGC. Glycosphingolipids are subclassified as neutral (no charged sugars or ionic groups), 
sialylated (gangliosides), or sulfated [58]. GSLs cluster with cholesterol in cell membranes to 
form GSL-enriched lipid raft [59]. Cultured human umbilical vein endothelial cells (HUVEC) 
appeared to contain complex lacto and globo series compounds (lactosylceramide, Gb3Cer and 
Gb4Cer), but the most abundant neutral GSL is lactosylceramide (LacCer, CDw17) [60]. LacCer 
can bind to various microorganisms, is highly expressed on the plasma membranes of human 
phagocytes, and forms lipid rafts containing the Src family tyrosine kinase Lyn. LacCer-enriched 
lipid rafts mediate immunological and inflammatory reactions, including superoxide genera-
tion, chemotaxis, and non-opsonic phagocytosis [61, 62]. Therefore, LacCer-enriched mem-
brane microdomains are thought to function as pattern recognition receptors (PRRs), which 
recognize pathogen-associated molecular patterns (PAMPs) expressed on microorganisms. 
LacCer also serves as a signal transduction molecule for functions mediated by CD11b/CD18-
integrin as well as being associated with several key cellular processes [63]. Endothelium activa-
tion by pro-inflammatory cytokines, particularly by TNF-α, affect the Gb3Cer and Gb4Cer [64]  
expression; interferon gamma (IFNγ) has a striking effect on the surface expression of GSLs; 
IL-1 increases the cell content of neutral and acidic GSLs but does not alter their surface expres-
sion [55]. Cytokines TNF-α and IL-1 can potentiate the toxic effect of verocytotoxin (Shiga-like 
toxin-produced by Escherichia coli and the main cause of hemolytic uremic syndrome) to human 
endothelial cells by inducting an increase in the Gb3Cer synthesis in these cells [65], because 
Gb3Cer (CD77) binds to the verocytotoxin and injures human endothelial cells [66].

Acidic GSLs of human endothelial cells are: monosialoganglioside or GM3—the major gan-
glioside of endothelial cells, and it constitutes about 90% of the whole ganglioside fraction 
[67], and sulfoglucuronyl paragloboside (SGPG), a minor GSL in endothelial cells, is a ligand 
for L-selectin [55]. Although GIyCAM-1 and CD34 constitute the major L-selectin ligand on 
venous endothelium, endothelial SLex gangliosides may also play a role, since L-selectin can 
also bind SLex GSLs under physiologic flow conditions [68].

2.2. Functions of the endothelial glycocalyx

The eGC is considered as an intravascular compartment which has various functions.

First, eGC mediates the endothelial mechanotransduction of shear stress and performs reg-
ulation of shear stress-induced nitric oxide (NO) production [69]. This is provided by the 
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Two isoforms exist in the circulation, α-antithrombin and β-antithrombin, which differ in 
the glycosylation of the polypeptide chain; β-antithrombin lacks the carbohydrate present 
at Asn135 in α-antithrombin. Of the two forms, β-antithrombin has the higher affinity for 
heparin due to the conformational change that occurs upon heparin binding being sterically 
hindered by the presence of the additional bulky glycan in α-antithrombin [56]. The carbohy-
drate structures of heparin cofactor II (member of serpin superfamily) circulating in blood are 
complex-type biantennary and triantennary chains in a ratio of 6:1 with the galactose being 
>90% sialylated with α2-6-linked N-acetylneuraminic acid. About 50% of the triantennary 
structures contain one sialyl Lex motif (SLex) [40]. Thrombomodulin (TM) is an endothelial cell 
surface glycoprotein (contains N- and O-linked glycans) that directly inhibits the procoagu-
lant activities of thrombin and the TM-thrombin complex accelerates the thrombin catalyzed 
activation of protein C. Moreover, the GAG O-linked chains of TM contained chondroitin-
4-sulfate and dermatan sulfate, which were repeated approximately 30 times. Soluble TM in 
urine has no GAG chain which could promote its anticoagulant activities. Studies of the rabbit 
recombinant ТМ have shown that addition of a GAG chain may increase its anticoagulant 
function [33, 34].

Endothelial mucins (CD34; glycosylation-dependent cell adhesion molecule-1 (GlyCAM-1); 
mucosal addressin cell adhesion molecule-1 (MadCAM-1)) contact leukocytes by their binding 
to L-selectin. This interaction facilitates leukocytes transportations from blood to lymphoid 
organs and inflamed tissues [28]. Major capping group in GlyCAM-1, CD34 and MadCAM-1 
is the sulfated SLex [27, 28, 57]. For example, CD34 functions as a L-selectin ligand mediating 
lymphocyte extravasation only when properly glycosylated to express a sulfated carbohy-
drate epitope. CD34 can exist in 2 glycoforms: the L-selectin-binding (L-B-CD34) and non-
binding (L-NB-CD34) glycoforms. L-B-CD34 is relatively minor compared with L-NB-CD34 
and represents less than 10% of total CD34. It has been shown, that a minor glycoform of 
CD34 carries relatively abundant 6-sulfo SLex epitopes on O-glycans that are important for its 
recognition by L-selectin [28].

The eGC mostly consists of proteoglycans—highly glycosylated proteins (glycans account 
for 90–95% of the molecular mass); GAGs branches form their carbohydrate part. There are 

Group Members Number/type 
of GAG-chains 
linked

Comments Ref

Glypicans 3/HS,CS GPI-anchored proteoglycans

Family of HSPGs

The glypican protein family has six 
members core protein of all glypicans is 
similar in size, approximately ranging 
between 60 and 70 kDa

[50]

GAG, glycosaminoglycan; HA, hyaluronan; HS, heparan sulfate; CS, chondroitin sulfate; DS, dermatan sulfate; KS, 
keratan sulfate; DSPG, dermatan sulfate proteoglycans; HSPGs, heparan sulfate proteoglycans.

Table 2. Biochemical composition of endothelial glycocalyx—main components (part II: glycosaminoglycans and 
proteoglycans).
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five types of GAG chains: heparan sulfate (HS), chondroitin sulfate (CS), dermatan sulfate 
(DS), keratan sulfate (KS), and hyaluronan (hyaluronic acid, HA). They are linear polymers 
of disaccharides with variable lengths that are modified by sulfation and/or (de)acetylation 
to a variable extent [15]. In the human body the GAGs are present in a protein bound form 
(i.e., in proteoglycans composition) and do not exist in a free form, except for HA. Besides 
playing structuring and supporting roles, proteoglycans are involved in cell signaling, regu-
lation of cell proliferation, adhesion, migration, differentiation [55]. Key eGC glycans are 
heparan sulfate proteoglycans (HSPGs), which compose about 50–90% of the total amount 
of proteoglycans present in the eGC, and HA—the main supporting glycan [14, 15]. Main 
proteoglycans of the eGC and their characteristics are given in Table 2 (part II).

Glycosphingolipids (GSLs), a class of ceramide-based glycolipids, are also a significant part 
of eGC. Glycosphingolipids are subclassified as neutral (no charged sugars or ionic groups), 
sialylated (gangliosides), or sulfated [58]. GSLs cluster with cholesterol in cell membranes to 
form GSL-enriched lipid raft [59]. Cultured human umbilical vein endothelial cells (HUVEC) 
appeared to contain complex lacto and globo series compounds (lactosylceramide, Gb3Cer and 
Gb4Cer), but the most abundant neutral GSL is lactosylceramide (LacCer, CDw17) [60]. LacCer 
can bind to various microorganisms, is highly expressed on the plasma membranes of human 
phagocytes, and forms lipid rafts containing the Src family tyrosine kinase Lyn. LacCer-enriched 
lipid rafts mediate immunological and inflammatory reactions, including superoxide genera-
tion, chemotaxis, and non-opsonic phagocytosis [61, 62]. Therefore, LacCer-enriched mem-
brane microdomains are thought to function as pattern recognition receptors (PRRs), which 
recognize pathogen-associated molecular patterns (PAMPs) expressed on microorganisms. 
LacCer also serves as a signal transduction molecule for functions mediated by CD11b/CD18-
integrin as well as being associated with several key cellular processes [63]. Endothelium activa-
tion by pro-inflammatory cytokines, particularly by TNF-α, affect the Gb3Cer and Gb4Cer [64]  
expression; interferon gamma (IFNγ) has a striking effect on the surface expression of GSLs; 
IL-1 increases the cell content of neutral and acidic GSLs but does not alter their surface expres-
sion [55]. Cytokines TNF-α and IL-1 can potentiate the toxic effect of verocytotoxin (Shiga-like 
toxin-produced by Escherichia coli and the main cause of hemolytic uremic syndrome) to human 
endothelial cells by inducting an increase in the Gb3Cer synthesis in these cells [65], because 
Gb3Cer (CD77) binds to the verocytotoxin and injures human endothelial cells [66].

Acidic GSLs of human endothelial cells are: monosialoganglioside or GM3—the major gan-
glioside of endothelial cells, and it constitutes about 90% of the whole ganglioside fraction 
[67], and sulfoglucuronyl paragloboside (SGPG), a minor GSL in endothelial cells, is a ligand 
for L-selectin [55]. Although GIyCAM-1 and CD34 constitute the major L-selectin ligand on 
venous endothelium, endothelial SLex gangliosides may also play a role, since L-selectin can 
also bind SLex GSLs under physiologic flow conditions [68].

2.2. Functions of the endothelial glycocalyx

The eGC is considered as an intravascular compartment which has various functions.

First, eGC mediates the endothelial mechanotransduction of shear stress and performs reg-
ulation of shear stress-induced nitric oxide (NO) production [69]. This is provided by the 
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impact of tangential stress of blood flow shift primarily to eGC; the latter accepts and scat-
ters the load, created by fluid shear stress. Local spin moment, created by fluid shear stress, 
affects the proteoglycans chains, and further—the core proteins (syndecans and glypicans), 
causing actin cytoskeleton reorganization and transmission of the signal into the cell and 
the cell nucleus [70, 71]. The study of Fu and Tarbell (2013) aimed to determine the eGC 
role in mechanosensing and transduction, and measured the flow-induced production of NO 
in vitro [7]. It was found that compared to static conditions, the application of steady flow 
shear stress rapidly increased NO production from the baseline in bovine aortic endothelial 
cells. Enzymatic treatment of the key components of eGC (HS, HA) completely blocked flow-
induced NO production without affecting receptor-mediated NO production, suggesting that 
the eGC has a direct effect on the NO production machinery [7]. Therefore, the eGC under 
physiological conditions (intact eGC) transforms hemodynamic effect into cell biochemical 
signals, which regulate the vascular tone.

Second, the negatively charged eGC forms a polyanionic hydrated mesh on the surface of 
endothelial cells, which acts as a selective permeability electrostatic barrier for plasma cells 
and proteins and serves as a selective permeability [72]. According to Salmon and Satchell, 
in both continuous and fenestrated microvessels, this eGC is acting as an integral component 
of the multilayered barrier provided by the walls of these microvessels (i.e., acting in concert 
with clefts or fenestrae across endothelial cell layers, basement membranes and pericytes) 
[73]. Dysfunction of any of these capillary wall components, including the eGC, can disrupt 
normal microvascular permeability. Disruption of eGC manifests with increased systemic 
microvascular permeability and albuminuria in the glomerulus [73]. Evidence from the exper-
iments on Munich-Wistar-Fromter (MWF) rats, used as a model of spontaneous albuminuric 
chronic kidney disease (CKD), confirm that loss of eGC could contribute to both renal and 
systemic vascular dysfunction in proteinuric CKD [74]. Also, in the 5/6-nephrecomized rats 
model with CKD a significant decrease in eGC thickness and stiffness in the blood explants of 
aorta endothelial cell isolated from CKD rats was demonstrated [75]. An increase of the levels 
of the two major components of the eGC, namely syndecan-1 (Syn-1) and HA, in the blood 
of patients with CKD indicated the disease progression and correlated tightly with plasma 
markers of endothelial dysfunction such as soluble fms-like tyrosine kinase-1 (sFlt-1), soluble 
vascular adhesion molecule-1 (sVCAM-1), vWF and angiopoietin-2 [75]. The study of experi-
mental eGC degradation in mice induced by long-term hyaluronidase infusion, including 
evaluation of the eGC thickness and composition by immunohistochemical methods and by 
transmission electron microscopy for complete and integral assessment of glomerular albu-
min passage, showed that glomerular fenestrae were filled with dense negatively charged 
polysaccharide structures that were largely removed in the presence of circulating hyaluroni-
dase, leaving the polysaccharide surfaces of other glomerular cells intact [76]. Thus, HA is a 
key component of the glomerular endothelial protein permeability barrier; reduction of the 
HA facilitates albumin passage across the endothelial layer and the glomerular basement 
membrane toward the epithelial compartment [76].

Regulation of selective permeability by eGC, and the role of its separate components in this, 
is still subject of discussion. According to Lennon and Singleton, the HA plays key role in 
supporting endothelial barrier function [77]. HA maintains vascular integrity through eGC 
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modulation, caveolin-enriched microdomain regulation and interaction with endothelial HA 
binding proteins. Certain disease states, especially accompanied by SIR, increase hyaluroni-
dase activity and reactive oxygen species (ROS) generation which break down high molecular 
weight HA to low molecular weight fragments causing damage to the eGC. Further, these 
HA fragments can activate specific HA binding proteins upregulated in vascular disease to 
promote actin cytoskeletal reorganization and inhibition of endothelial cell–cell contacts [77]. 
A glycocalyx-junction-break model, described by Curry and Adamson summarizes multiple 
studies and the role of the eGC in vascular permeability regulation [78]. According to this 
model, the layered structure of the endothelial barrier requires continuous activation of sig-
naling pathways regulated by sphingosine-1-phosphate (S1P) and intracellular cAMP. These 
pathways modulate the adherens junction (zonula adherens), continuity of tight junction 
strands, and the balance of synthesis and degradation of eGC components [78].

Third, the eGC forms anti-inflammatory and anti-adhesive barrier at the endothelial cells. 
Vascular protection via inhibition of coagulation and leukocyte adhesion is provided by 
maintenance of the composition permanence and balance of degradation under the impact of 
stress shift and synthesis of eGC components [73, 79]. Total negative charge, formed by carbo-
hydrate residues of the glycoconjugates chains on cell surface, prevents adhesive interactions 
of blood cells with vascular wall, biologically active molecules with anti-thrombotic action, 
while eGC-associated molecules provide hemostasis [80, 81]. Also eGC plays a structural role, 
impeding adhesion by covering adhesion molecules on the surface of the cell and by creat-
ing steric hindrance, making leukocyte binding more challenging [82]. Under the effect of 
damaging factors, the structure and composition of eGC change, its thickness may reduce sig-
nificantly, and carbohydrate residues, normally covert and masked, become apparent. Main 
damaging factors, affecting the eGC in vivo, are: inflammation, hyperglycemia, endotoxemia, 
septic shock, oxidized low-density lipoproteins, cytokines, natriuretic peptides, abnormal 
shift stress and damage due to ischemia-reperfusion [79]. Shedding of eGC components in 
response to cytokines and chemoattractants occurs in all compartments of microvasculature: 
arterioles [83], capillaries [83, 84] and venules [84–86].

According to Lipowsky, the studies of leukocytic-endothelial adhesion in response to che-
moattractants and cytokines, and shedding of constituents of the eGC, suggest that activa-
tion of extracellular proteases (matrix metalloproteases, MMPs) play a role in mediating the 
dynamics of leukocytes adhesion in response to inflammatory and ischemic stimuli [79]. 
Inhibition of MMP activation with sub-antimicrobial doses of doxycycline, or zinc chelators, 
have also inhibited leukocytes adhesion and shedding of glycans from the endothelial cells 
surface in response to the chemoattractant. Experiments by McDonald et al. have confirmed 
that under the enzymatic degradation of eGC with heparinase, endothelial cells developed 
a pro-inflammatory phenotype when exposed to uniform steady shear stress leading to an 
increase in leukocyte adhesion [82]. The results show an up-regulation of ICAM-1 (expression 
increases in 3 times) with degradation compared to non-degraded controls, and attribute this 
effect to a down-regulation in nuclear factor kappa-light-chain-enhancer of activated B cells 
(NF-κB) activity in response to flow; this suggests that eGC is not solely a physical barrier to 
adhesion but rather plays an important role in governing the phenotype of endothelial cells, a 
key determinant in leukocyte adhesion [82]. Other mechanisms also contribute to the initiation 
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impact of tangential stress of blood flow shift primarily to eGC; the latter accepts and scat-
ters the load, created by fluid shear stress. Local spin moment, created by fluid shear stress, 
affects the proteoglycans chains, and further—the core proteins (syndecans and glypicans), 
causing actin cytoskeleton reorganization and transmission of the signal into the cell and 
the cell nucleus [70, 71]. The study of Fu and Tarbell (2013) aimed to determine the eGC 
role in mechanosensing and transduction, and measured the flow-induced production of NO 
in vitro [7]. It was found that compared to static conditions, the application of steady flow 
shear stress rapidly increased NO production from the baseline in bovine aortic endothelial 
cells. Enzymatic treatment of the key components of eGC (HS, HA) completely blocked flow-
induced NO production without affecting receptor-mediated NO production, suggesting that 
the eGC has a direct effect on the NO production machinery [7]. Therefore, the eGC under 
physiological conditions (intact eGC) transforms hemodynamic effect into cell biochemical 
signals, which regulate the vascular tone.

Second, the negatively charged eGC forms a polyanionic hydrated mesh on the surface of 
endothelial cells, which acts as a selective permeability electrostatic barrier for plasma cells 
and proteins and serves as a selective permeability [72]. According to Salmon and Satchell, 
in both continuous and fenestrated microvessels, this eGC is acting as an integral component 
of the multilayered barrier provided by the walls of these microvessels (i.e., acting in concert 
with clefts or fenestrae across endothelial cell layers, basement membranes and pericytes) 
[73]. Dysfunction of any of these capillary wall components, including the eGC, can disrupt 
normal microvascular permeability. Disruption of eGC manifests with increased systemic 
microvascular permeability and albuminuria in the glomerulus [73]. Evidence from the exper-
iments on Munich-Wistar-Fromter (MWF) rats, used as a model of spontaneous albuminuric 
chronic kidney disease (CKD), confirm that loss of eGC could contribute to both renal and 
systemic vascular dysfunction in proteinuric CKD [74]. Also, in the 5/6-nephrecomized rats 
model with CKD a significant decrease in eGC thickness and stiffness in the blood explants of 
aorta endothelial cell isolated from CKD rats was demonstrated [75]. An increase of the levels 
of the two major components of the eGC, namely syndecan-1 (Syn-1) and HA, in the blood 
of patients with CKD indicated the disease progression and correlated tightly with plasma 
markers of endothelial dysfunction such as soluble fms-like tyrosine kinase-1 (sFlt-1), soluble 
vascular adhesion molecule-1 (sVCAM-1), vWF and angiopoietin-2 [75]. The study of experi-
mental eGC degradation in mice induced by long-term hyaluronidase infusion, including 
evaluation of the eGC thickness and composition by immunohistochemical methods and by 
transmission electron microscopy for complete and integral assessment of glomerular albu-
min passage, showed that glomerular fenestrae were filled with dense negatively charged 
polysaccharide structures that were largely removed in the presence of circulating hyaluroni-
dase, leaving the polysaccharide surfaces of other glomerular cells intact [76]. Thus, HA is a 
key component of the glomerular endothelial protein permeability barrier; reduction of the 
HA facilitates albumin passage across the endothelial layer and the glomerular basement 
membrane toward the epithelial compartment [76].

Regulation of selective permeability by eGC, and the role of its separate components in this, 
is still subject of discussion. According to Lennon and Singleton, the HA plays key role in 
supporting endothelial barrier function [77]. HA maintains vascular integrity through eGC 
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modulation, caveolin-enriched microdomain regulation and interaction with endothelial HA 
binding proteins. Certain disease states, especially accompanied by SIR, increase hyaluroni-
dase activity and reactive oxygen species (ROS) generation which break down high molecular 
weight HA to low molecular weight fragments causing damage to the eGC. Further, these 
HA fragments can activate specific HA binding proteins upregulated in vascular disease to 
promote actin cytoskeletal reorganization and inhibition of endothelial cell–cell contacts [77]. 
A glycocalyx-junction-break model, described by Curry and Adamson summarizes multiple 
studies and the role of the eGC in vascular permeability regulation [78]. According to this 
model, the layered structure of the endothelial barrier requires continuous activation of sig-
naling pathways regulated by sphingosine-1-phosphate (S1P) and intracellular cAMP. These 
pathways modulate the adherens junction (zonula adherens), continuity of tight junction 
strands, and the balance of synthesis and degradation of eGC components [78].

Third, the eGC forms anti-inflammatory and anti-adhesive barrier at the endothelial cells. 
Vascular protection via inhibition of coagulation and leukocyte adhesion is provided by 
maintenance of the composition permanence and balance of degradation under the impact of 
stress shift and synthesis of eGC components [73, 79]. Total negative charge, formed by carbo-
hydrate residues of the glycoconjugates chains on cell surface, prevents adhesive interactions 
of blood cells with vascular wall, biologically active molecules with anti-thrombotic action, 
while eGC-associated molecules provide hemostasis [80, 81]. Also eGC plays a structural role, 
impeding adhesion by covering adhesion molecules on the surface of the cell and by creat-
ing steric hindrance, making leukocyte binding more challenging [82]. Under the effect of 
damaging factors, the structure and composition of eGC change, its thickness may reduce sig-
nificantly, and carbohydrate residues, normally covert and masked, become apparent. Main 
damaging factors, affecting the eGC in vivo, are: inflammation, hyperglycemia, endotoxemia, 
septic shock, oxidized low-density lipoproteins, cytokines, natriuretic peptides, abnormal 
shift stress and damage due to ischemia-reperfusion [79]. Shedding of eGC components in 
response to cytokines and chemoattractants occurs in all compartments of microvasculature: 
arterioles [83], capillaries [83, 84] and venules [84–86].

According to Lipowsky, the studies of leukocytic-endothelial adhesion in response to che-
moattractants and cytokines, and shedding of constituents of the eGC, suggest that activa-
tion of extracellular proteases (matrix metalloproteases, MMPs) play a role in mediating the 
dynamics of leukocytes adhesion in response to inflammatory and ischemic stimuli [79]. 
Inhibition of MMP activation with sub-antimicrobial doses of doxycycline, or zinc chelators, 
have also inhibited leukocytes adhesion and shedding of glycans from the endothelial cells 
surface in response to the chemoattractant. Experiments by McDonald et al. have confirmed 
that under the enzymatic degradation of eGC with heparinase, endothelial cells developed 
a pro-inflammatory phenotype when exposed to uniform steady shear stress leading to an 
increase in leukocyte adhesion [82]. The results show an up-regulation of ICAM-1 (expression 
increases in 3 times) with degradation compared to non-degraded controls, and attribute this 
effect to a down-regulation in nuclear factor kappa-light-chain-enhancer of activated B cells 
(NF-κB) activity in response to flow; this suggests that eGC is not solely a physical barrier to 
adhesion but rather plays an important role in governing the phenotype of endothelial cells, a 
key determinant in leukocyte adhesion [82]. Other mechanisms also contribute to the initiation 
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of lymphocytes adhesion to the endothelial cells after reduction of eGC layer: decrease of NO 
production, which is capable to inhibit leukocyte-endothelial cell adhesion [87]; appearance 
of eGC fragments, (such as low-molecular-weight HA), which show their pro-inflammatory 
properties, affecting the maturity of dendritic cells and stimulating them to produce cytokines 
[14, 88]; and exposure and synthesis under inflammatory response of hypoglycosylated struc-
tures, which interact with cell adhesion molecules of leukocytes [18, 89].

Modulation of eGC structure under effects of damaging factors, including inflammation, 
shows a thromboresistance loss [90, 91]. This occurs due to destabilization of heparin sul-
fate chains, the binding sites for coagulation inhibitor factors (antithrombin-III, the protein 
C system, and tissue factor pathway inhibition); this leads to a reduction of their local con-
centration at the vascular wall. In turn, a concentration gradient of protective and regulative 
molecules, associated with eGC (albumin, fibrinogen, orosomucoid, extracellular superoxide 
dismutase, fibronectin, vitronectin, collagens, thrombospondin-1 and other), and of growth 
factors (fibroblast growth factors, vascular endothelial growth factors, transforming growth 
factor-β, platelet-derived growth factors) is also decreased, facilitating pathological processes 
in blood vessels [80].

Therefore, the eGC is a labile structure; its composition changes under effects of damaging 
factors. This determines development of pathophysiological processes of endothelium acti-
vation/dysfunction with loss of vascular tone regulation, hemostasis and barrier function. 
Endothelium activation/dysfunction is induced by inflammation and accompanies it, thus 
forming a vicious cycle, which can be overcome only under normal immune system function-
ing. Inflammatory response of various degree accompanies not only pathologic processes, it is 
also observed under physiological conditions, for example, a pro-inflammatory background 
is shown at certain periods of normal pregnancy.

Understanding the mechanisms of disruption of maternal immunology tolerance to fetus, 
causes of transition of physiologic inflammatory reaction to systemic and excessive inflam-
matory response (as in PE), accompanied by endothelial activation/dysfunction, and revela-
tion of the contribution of eGC damage to preeclampsia development may be subject of new 
discoveries in the disease pathogenesis.

3. The development of systemic inflammatory response in pregnancy

There is much experimental evidence of a so-called “physiological”, controlled SIR dur-
ing pregnancy. Similarly to the classic inflammatory response, physiological inflammatory 
response during pregnancy is a reaction to local damage (matrix remodeling, associated with 
implantation, placentation and angiogenesis in placenta) [92, 93] and foreign invaders (cells, 
microparticles and soluble factors of placental origin) [94, 95]. Humoral factors, cellular debris 
and subcellular particles of trophoblast are considered to be the triggers of SIR, but they can 
also play a role of adjuvants [95, 96]. Cells-effectors of the maternal innate immunity detect 
fetal products as pathogen/danger images, implementing cell and molecular protection mech-
anisms against allogeneic material [97]. The gene products inherited from the father can be 
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regarded as exogenous factors, while endogenous factors are gene products, resulting from 
trauma, ischemia, necrosis or oxidative stress [97]. Also there are some reports on generation 
of various new antigens due to inflammatory response; they are variations of the “modified 
own”; of the neoantigens formed as a result of the post-translational proteins modification 
[98]; and of antigens, mobilized to membrane from cytoplasm and the inner cell compart-
ments interacting with membrane proteins or phospholipids, and acting as images of danger 
[99]. The enhanced pro-inflammatory background in normal pregnancy is evidenced by an 
increase of the level of the soluble cell adhesion molecules (sCAM) in blood, indicating the 
activation of leukocytes (increase of sE-selectin, sVCAM-1, sICAM-1 levels) and endothelial 
cells [100, 101].

3.1. The glycan-mediated processes in inflammation

Central event of the inflammatory response is the contact between leukocytes and endothe-
lium, with subsequent migration of immune cells to the inflammatory lesion. At early stages 
of inflammatory response endothelial selectins (Е-selectin and Р-selectin) and lymphocytic 
L-selectin form reversible bonds with carbohydrate counter-receptors on the partner cell, thus 
providing tethering and the leukocyte rolling along the vascular wall.

The counter-receptors for selectins are typically heavily glycosylated molecules, many of which 
bear terminal SLex motifs (Neu5Acα2-3Galβ1-4(Fucα1-3)GlcNAc) [102]. P- and L-selectin, but 
not E-selectin, bind to some forms of heparin/HS. However, each of the selectins binds with 
higher affinity to its specific macromolecular ligands. Many of the known ligands are mucins 
containing sialylated fucosylated O-glycans. The major ligand for P-selectin, named P-selectin 
glycoprotein ligand-1 (PSGL-1), has sulfated tyrosine residues adjacent to a core-2 based 
O-glycan expressing SLex. Also, PSGL-1 is one of the physiological ligands for E-selectin, 
but E-selectin can also interact with several other glycoproteins that express the SLex motif 
on either N- or O-glycans, including the E-selectin ligand-1, CD44, L-selectin (in humans),  
and possibly long-chain GSLs expressing the SLex [68, 103]. Ligands for L-selectin that occur 
within specialized endothelia termed high endothelial venules (HEV; HEV are specialized 
post-capillary venous swellings characterized by plump endothelial cells as opposed to the 
usual thinner endothelial cells found in regular venules. HEVs enable lymphocytes circu-
lating in the blood to directly enter a lymph node by crossing through the HEV) contain 
6-sulfo-SLex motif on mucin-type O-glycans and on N-glycans [104]. The ligands for E- and 
P-selectin are expressed on circulating leukocytes whereas L-selectin binds to ligands on both 
leukocytes and the endothelium [89].

At the firm adhesion stage, following the leukocyte capture stage and rolling, N-linked gly-
cans on ICAM-1 regulate binding to its integrin ligands—macrophage-1 antigen (Mac-1) and 
LFA-1. Moreover, it was found that Mac-1 binds with higher avidity to molecules of ICAM-1 
with smaller N-linked oligosaccharide chains, since the binding with the ligand increased after 
the use of α-mannosidase inhibitor deoxymannojirimicin (DMJ). In contrast, LFA-1 binds with 
higher affinity to glycoforms of ICAM-1, which has a more complex carbohydrate chain [89].  
Also, there is experimental evidence that high-mannose ICAM-1 can function in leukocyte 
firm-adhesion [105]. It is speculated that some N-glycan-binding sites on ICAM-1 may be 
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of lymphocytes adhesion to the endothelial cells after reduction of eGC layer: decrease of NO 
production, which is capable to inhibit leukocyte-endothelial cell adhesion [87]; appearance 
of eGC fragments, (such as low-molecular-weight HA), which show their pro-inflammatory 
properties, affecting the maturity of dendritic cells and stimulating them to produce cytokines 
[14, 88]; and exposure and synthesis under inflammatory response of hypoglycosylated struc-
tures, which interact with cell adhesion molecules of leukocytes [18, 89].

Modulation of eGC structure under effects of damaging factors, including inflammation, 
shows a thromboresistance loss [90, 91]. This occurs due to destabilization of heparin sul-
fate chains, the binding sites for coagulation inhibitor factors (antithrombin-III, the protein 
C system, and tissue factor pathway inhibition); this leads to a reduction of their local con-
centration at the vascular wall. In turn, a concentration gradient of protective and regulative 
molecules, associated with eGC (albumin, fibrinogen, orosomucoid, extracellular superoxide 
dismutase, fibronectin, vitronectin, collagens, thrombospondin-1 and other), and of growth 
factors (fibroblast growth factors, vascular endothelial growth factors, transforming growth 
factor-β, platelet-derived growth factors) is also decreased, facilitating pathological processes 
in blood vessels [80].

Therefore, the eGC is a labile structure; its composition changes under effects of damaging 
factors. This determines development of pathophysiological processes of endothelium acti-
vation/dysfunction with loss of vascular tone regulation, hemostasis and barrier function. 
Endothelium activation/dysfunction is induced by inflammation and accompanies it, thus 
forming a vicious cycle, which can be overcome only under normal immune system function-
ing. Inflammatory response of various degree accompanies not only pathologic processes, it is 
also observed under physiological conditions, for example, a pro-inflammatory background 
is shown at certain periods of normal pregnancy.

Understanding the mechanisms of disruption of maternal immunology tolerance to fetus, 
causes of transition of physiologic inflammatory reaction to systemic and excessive inflam-
matory response (as in PE), accompanied by endothelial activation/dysfunction, and revela-
tion of the contribution of eGC damage to preeclampsia development may be subject of new 
discoveries in the disease pathogenesis.

3. The development of systemic inflammatory response in pregnancy

There is much experimental evidence of a so-called “physiological”, controlled SIR dur-
ing pregnancy. Similarly to the classic inflammatory response, physiological inflammatory 
response during pregnancy is a reaction to local damage (matrix remodeling, associated with 
implantation, placentation and angiogenesis in placenta) [92, 93] and foreign invaders (cells, 
microparticles and soluble factors of placental origin) [94, 95]. Humoral factors, cellular debris 
and subcellular particles of trophoblast are considered to be the triggers of SIR, but they can 
also play a role of adjuvants [95, 96]. Cells-effectors of the maternal innate immunity detect 
fetal products as pathogen/danger images, implementing cell and molecular protection mech-
anisms against allogeneic material [97]. The gene products inherited from the father can be 
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regarded as exogenous factors, while endogenous factors are gene products, resulting from 
trauma, ischemia, necrosis or oxidative stress [97]. Also there are some reports on generation 
of various new antigens due to inflammatory response; they are variations of the “modified 
own”; of the neoantigens formed as a result of the post-translational proteins modification 
[98]; and of antigens, mobilized to membrane from cytoplasm and the inner cell compart-
ments interacting with membrane proteins or phospholipids, and acting as images of danger 
[99]. The enhanced pro-inflammatory background in normal pregnancy is evidenced by an 
increase of the level of the soluble cell adhesion molecules (sCAM) in blood, indicating the 
activation of leukocytes (increase of sE-selectin, sVCAM-1, sICAM-1 levels) and endothelial 
cells [100, 101].

3.1. The glycan-mediated processes in inflammation

Central event of the inflammatory response is the contact between leukocytes and endothe-
lium, with subsequent migration of immune cells to the inflammatory lesion. At early stages 
of inflammatory response endothelial selectins (Е-selectin and Р-selectin) and lymphocytic 
L-selectin form reversible bonds with carbohydrate counter-receptors on the partner cell, thus 
providing tethering and the leukocyte rolling along the vascular wall.

The counter-receptors for selectins are typically heavily glycosylated molecules, many of which 
bear terminal SLex motifs (Neu5Acα2-3Galβ1-4(Fucα1-3)GlcNAc) [102]. P- and L-selectin, but 
not E-selectin, bind to some forms of heparin/HS. However, each of the selectins binds with 
higher affinity to its specific macromolecular ligands. Many of the known ligands are mucins 
containing sialylated fucosylated O-glycans. The major ligand for P-selectin, named P-selectin 
glycoprotein ligand-1 (PSGL-1), has sulfated tyrosine residues adjacent to a core-2 based 
O-glycan expressing SLex. Also, PSGL-1 is one of the physiological ligands for E-selectin, 
but E-selectin can also interact with several other glycoproteins that express the SLex motif 
on either N- or O-glycans, including the E-selectin ligand-1, CD44, L-selectin (in humans),  
and possibly long-chain GSLs expressing the SLex [68, 103]. Ligands for L-selectin that occur 
within specialized endothelia termed high endothelial venules (HEV; HEV are specialized 
post-capillary venous swellings characterized by plump endothelial cells as opposed to the 
usual thinner endothelial cells found in regular venules. HEVs enable lymphocytes circu-
lating in the blood to directly enter a lymph node by crossing through the HEV) contain 
6-sulfo-SLex motif on mucin-type O-glycans and on N-glycans [104]. The ligands for E- and 
P-selectin are expressed on circulating leukocytes whereas L-selectin binds to ligands on both 
leukocytes and the endothelium [89].

At the firm adhesion stage, following the leukocyte capture stage and rolling, N-linked gly-
cans on ICAM-1 regulate binding to its integrin ligands—macrophage-1 antigen (Mac-1) and 
LFA-1. Moreover, it was found that Mac-1 binds with higher avidity to molecules of ICAM-1 
with smaller N-linked oligosaccharide chains, since the binding with the ligand increased after 
the use of α-mannosidase inhibitor deoxymannojirimicin (DMJ). In contrast, LFA-1 binds with 
higher affinity to glycoforms of ICAM-1, which has a more complex carbohydrate chain [89].  
Also, there is experimental evidence that high-mannose ICAM-1 can function in leukocyte 
firm-adhesion [105]. It is speculated that some N-glycan-binding sites on ICAM-1 may be 
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pro-adhesive, whereas the neighboring sites may be anti-adhesive, underscoring the potential 
breadth of how ICAM-1 function may be regulated by N-glycosylation [106]. On the stage of 
firm adhesion an important aspect of inflammatory response is exposure of the active epit-
ope of integrins, provided by chemokines, which are present on the endothelial cell surface, 
and are bound to HS. Glycosylation of chemokine receptors also contributes to the adequate 
dynamics of the inflammatory reaction, thus increasing the binding affinity of the chemokine 
to the receptor and protecting the latter from proteolytic cleavage (reviewed in [18, 89]).

Key molecules mediating leukocyte transmigration: PECAM-1, JAM-1, ICAM-2 and VE-cadherin, 
are highly-glycosylated. However, carbohydrates part in leukocyte transmigration is still not 
clear. The recent studies show that N-glycosylation of JAM-A is required for the protein’s ability 
to reinforce barrier function [22]; sialic acid-containing glycan of PECAM-1 reinforces dynamic 
endothelial cell-cell interactions by stabilizing the PECAM-1 homophilic binding interface [52]; 
glycosylation status of ICAM-2 (hypo- or non-glycosylated variants) significantly affects the 
function of this protein in cell motility assays [107]; in pro-inflammatory conditions, modifi-
cation of VE-cadherin glycans is observed [55]. This obviously requires further investigations. 
Molecules that mediate intercellular interactions during inflammation are presented in Table 3.

Many studies demonstrate modification of endothelial glycome (glycome is the entire com-
plement of sugars, whether free or present in more complex molecules, of an organism) under 
inflammatory response. Modeling of inflammatory response in vitro on endothelial cell lines 
showed that an enhanced α2,6-sialylation was observed after TNF stimulation [108]. Pro-
inflammatory stimuli increase hypoglycosylated (namely, high-mannose/hybrid) N-glycans 
on the cell surface as determined by lectin histochemistry, and cause an increase in genes 
encoding for fucosylation and sialylation (confirmed at specific staining with relevant lectins 
[18]; this correlates with increased monocyte adhesion [18]. Glycosylation of the endothelium 
has been proposed to act as a “zip code” for directing leukocyte subtype-specific recruitment 
in different vascular beds in response to specific stimuli [89].

3.2. The glycobiology of immunoregulation

The carbohydrate-protein interactions not only mediate the initial stages of inflammation, but 
also promote many cellular contacts, which regulate innate and adaptive immune response. 
The main carbohydrate binding proteins are endogenous lectins [109], widely present on the 
immune system cells and expressed both in membrane-linked and in soluble forms. Three 
main classes of endogenous lectins include:

А. C-type lectins, which, depending of specificity, are:

• Specific to mannose (Man-) and/or fucose (Fuc-) terminated glycans;

• Specific to galactose (Gal-) or N-acetylgalactosamine (GalNAc-)/N-acetylglucosamine 
(GlcNAc-)

Lectins of С-type are present on macrophages, dendritic cells, natural killer cells, leukocytes. 
They act as pattern-recognition receptors and fulfill signaling and adhesion functions [110]. 
Glycoconjugates: bacterial lipooligosaccharides, peptidoglycans, and molecules emerged 
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as a result of tissue damage: HA fragments or glycosaminoglycans of the extracellular cell 
matrix (ECM) and eGC [111], may act as pathogen/danger images for these lectins. The 
best known molecules related to С-type lectins are: selectins and myeloid range receptors 
 (mannose-binding receptors DEC-205 and mannose receptor CD206); dectin-1 and dectin-2, 
DC-SIGN (CD209), and langerin (CD207) [112].

B. Galectins are a family of 15 evolutionary conserved carbohydrate-binding proteins [89, 113],  
belonging to the glycoproteins and glycolipids of cell surface and ECM [114] and specifically 

Cell adhesion 
molecules 
(proteins)

Counter-receptors (carbohydrates) Comments

L-selectin 1. MadCAM-1

2. CD34

3. Sgp200

4. GlyCAM-1

5. Endoglycan

6. Endomucin

7. PCLP

8. PSGL-1

9. 6-sulfo-SLex determinant is associated with 
the MECA-79 epitope

Binding L-selectin with:

• peripheral node addressins (no. 1, 2, 3, 4, 5, 6, 7) 
mediates lymphocyte recirculation (homing);

• SLex-containing (no. 8) and sulfated glycans (no. 
9) mediates leukocyte capture and rolling

P-selectin 1. PSGL-1 (major counter-receptor)

2. heparin/heparin sulfate (binds weakly)

3. some glycoproteins (mucins containing 
highly clustered glycans) that bear the SLex 
determinant

Mediates:

• leukocyte recruitment in both acute and chronic 
inflammation;

• leukocyte capture and rolling

E-selectin 1. PSGL-1

2. ESL-1

3. CD44

4. L-selectin (in humans)

glycoproteins that express the SLex antigen on 
either N- or O-glycans and possibly long-chain 
glycosphingolipids expressing the SLex antigen;

Mediate:

• recruit leukocytes recruitment to sites of 
inflammation;

• leukocyte capture and rolling

ICAM-1 1. LFA-1 (αLβ2-integrin)

2. Mac-1 (αMβ2-integrin)

Mediates the stage of firm adhesion of leukocytes to 
endothelium

VCAM-1 • VLA-4 (α4β1-integrin) Mediates the stage of firm leucocytes adhesion of 
leukocytes to endothelium

MadCAM-1, mucosal addressin cell adhesion molecule-1; GlyCAM-1, glycosylation-dependent cell adhesion molecule-1; 
PCLP, podocalyxin-like protein; SLex, sialyl-Lewis X; PSGL-1, P-selectin glycoprotein ligand 1; ESL-1, E-selectin ligand-1; 
LFA-1, lymphocyte function-associated antigen-1; Mac-1, macrophage-1 antigen; VLA-4, very late antigen-4.

Table 3. Molecules, mediating carbohydrate-protein interactions in inflammation site [80, 91, 92].
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pro-adhesive, whereas the neighboring sites may be anti-adhesive, underscoring the potential 
breadth of how ICAM-1 function may be regulated by N-glycosylation [106]. On the stage of 
firm adhesion an important aspect of inflammatory response is exposure of the active epit-
ope of integrins, provided by chemokines, which are present on the endothelial cell surface, 
and are bound to HS. Glycosylation of chemokine receptors also contributes to the adequate 
dynamics of the inflammatory reaction, thus increasing the binding affinity of the chemokine 
to the receptor and protecting the latter from proteolytic cleavage (reviewed in [18, 89]).

Key molecules mediating leukocyte transmigration: PECAM-1, JAM-1, ICAM-2 and VE-cadherin, 
are highly-glycosylated. However, carbohydrates part in leukocyte transmigration is still not 
clear. The recent studies show that N-glycosylation of JAM-A is required for the protein’s ability 
to reinforce barrier function [22]; sialic acid-containing glycan of PECAM-1 reinforces dynamic 
endothelial cell-cell interactions by stabilizing the PECAM-1 homophilic binding interface [52]; 
glycosylation status of ICAM-2 (hypo- or non-glycosylated variants) significantly affects the 
function of this protein in cell motility assays [107]; in pro-inflammatory conditions, modifi-
cation of VE-cadherin glycans is observed [55]. This obviously requires further investigations. 
Molecules that mediate intercellular interactions during inflammation are presented in Table 3.

Many studies demonstrate modification of endothelial glycome (glycome is the entire com-
plement of sugars, whether free or present in more complex molecules, of an organism) under 
inflammatory response. Modeling of inflammatory response in vitro on endothelial cell lines 
showed that an enhanced α2,6-sialylation was observed after TNF stimulation [108]. Pro-
inflammatory stimuli increase hypoglycosylated (namely, high-mannose/hybrid) N-glycans 
on the cell surface as determined by lectin histochemistry, and cause an increase in genes 
encoding for fucosylation and sialylation (confirmed at specific staining with relevant lectins 
[18]; this correlates with increased monocyte adhesion [18]. Glycosylation of the endothelium 
has been proposed to act as a “zip code” for directing leukocyte subtype-specific recruitment 
in different vascular beds in response to specific stimuli [89].

3.2. The glycobiology of immunoregulation

The carbohydrate-protein interactions not only mediate the initial stages of inflammation, but 
also promote many cellular contacts, which regulate innate and adaptive immune response. 
The main carbohydrate binding proteins are endogenous lectins [109], widely present on the 
immune system cells and expressed both in membrane-linked and in soluble forms. Three 
main classes of endogenous lectins include:

А. C-type lectins, which, depending of specificity, are:

• Specific to mannose (Man-) and/or fucose (Fuc-) terminated glycans;

• Specific to galactose (Gal-) or N-acetylgalactosamine (GalNAc-)/N-acetylglucosamine 
(GlcNAc-)

Lectins of С-type are present on macrophages, dendritic cells, natural killer cells, leukocytes. 
They act as pattern-recognition receptors and fulfill signaling and adhesion functions [110]. 
Glycoconjugates: bacterial lipooligosaccharides, peptidoglycans, and molecules emerged 
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as a result of tissue damage: HA fragments or glycosaminoglycans of the extracellular cell 
matrix (ECM) and eGC [111], may act as pathogen/danger images for these lectins. The 
best known molecules related to С-type lectins are: selectins and myeloid range receptors 
 (mannose-binding receptors DEC-205 and mannose receptor CD206); dectin-1 and dectin-2, 
DC-SIGN (CD209), and langerin (CD207) [112].

B. Galectins are a family of 15 evolutionary conserved carbohydrate-binding proteins [89, 113],  
belonging to the glycoproteins and glycolipids of cell surface and ECM [114] and specifically 

Cell adhesion 
molecules 
(proteins)

Counter-receptors (carbohydrates) Comments

L-selectin 1. MadCAM-1

2. CD34

3. Sgp200

4. GlyCAM-1

5. Endoglycan

6. Endomucin

7. PCLP

8. PSGL-1

9. 6-sulfo-SLex determinant is associated with 
the MECA-79 epitope

Binding L-selectin with:

• peripheral node addressins (no. 1, 2, 3, 4, 5, 6, 7) 
mediates lymphocyte recirculation (homing);

• SLex-containing (no. 8) and sulfated glycans (no. 
9) mediates leukocyte capture and rolling

P-selectin 1. PSGL-1 (major counter-receptor)

2. heparin/heparin sulfate (binds weakly)

3. some glycoproteins (mucins containing 
highly clustered glycans) that bear the SLex 
determinant

Mediates:

• leukocyte recruitment in both acute and chronic 
inflammation;

• leukocyte capture and rolling

E-selectin 1. PSGL-1

2. ESL-1

3. CD44

4. L-selectin (in humans)

glycoproteins that express the SLex antigen on 
either N- or O-glycans and possibly long-chain 
glycosphingolipids expressing the SLex antigen;

Mediate:

• recruit leukocytes recruitment to sites of 
inflammation;

• leukocyte capture and rolling

ICAM-1 1. LFA-1 (αLβ2-integrin)

2. Mac-1 (αMβ2-integrin)

Mediates the stage of firm adhesion of leukocytes to 
endothelium

VCAM-1 • VLA-4 (α4β1-integrin) Mediates the stage of firm leucocytes adhesion of 
leukocytes to endothelium

MadCAM-1, mucosal addressin cell adhesion molecule-1; GlyCAM-1, glycosylation-dependent cell adhesion molecule-1; 
PCLP, podocalyxin-like protein; SLex, sialyl-Lewis X; PSGL-1, P-selectin glycoprotein ligand 1; ESL-1, E-selectin ligand-1; 
LFA-1, lymphocyte function-associated antigen-1; Mac-1, macrophage-1 antigen; VLA-4, very late antigen-4.

Table 3. Molecules, mediating carbohydrate-protein interactions in inflammation site [80, 91, 92].
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binding mainly to N-acetyllactosamine. The main ligands are Galβ1-3GlcNAc- or Galβ1-
4GlcNAc- [115]. Galectins are involved in many cell activities: cell cycle regulation, migration, 
cell signals transmission, effectory functions, apoptosis, immunoregulation [116]. Galectins 
may regulate inflammatory reaction both positively (Gal-3, Gal-8, Gal-9) and negatively  (Gal-1). 
The endothelium may be a source of Gal-1, which then targets the neutrophils to inhibit cell 
recruitment, аnd Gal-3, Gal-8, Gal-9 promote neutrophil and eosinophil adhesion [89].

C. Siglecs are a family of 17 known lectins, which specifically bind the glycans structures 
with terminal sialic acid [117]. Sialyl Tn (Neu5Acα2,6GalNAcα-) is a common ligand for all 
members of this family. Glycan 6′ sulfated SLex is a ligand for Siglec-8, and is important for 
selectin-dependent cell adhesion [118]. The majority of this family members are inhibitory 
receptors as they bear an immunoreceptor tyrosine-based inhibition motif (ITIM) in their 
structure, and they are mainly expressed on immune cells [119]. Siglecs participate in regu-
lation/restriction of an excessive activation response to inflammatory reaction, initiated via 
recognition of pathogen associated molecular patterns, and damage-associated molecular 
patterns, with following phagocytosis of cells, bearing these patterns [120, 121]. Siglecs regu-
late cell proliferation, differentiation, apoptosis, adhesion, cytokines synthesis and negative 
regulation of В-lymphocyte signaling [122].

Some endogenous lectins are capable, like autoantibodies, to interact with the body’s 
unchanged antigens (glycans), so-called own self-images (SAMPs-self-associated molecular 
patterns) [111]. Molecular patterns, containing sialic acid and heparin/HS are supposed to act 
as self-images [111]. Also it is thought that interaction of lectins, recognizing SAMPs, (mainly 
siglecs), with ligands, inhibits the immune response to foreign/damaging effects [111, 120].

It is known that presence of terminal sialic acid is very important: this substance provides the 
overall negative charge of cell surface, glycoconjugates conformation stabilization, produc-
tion of glycoconjugates, and cells protection from recognition and degradation. Sialylation 
protective properties manifest not only with sialylated structures interaction with inhib-
ited receptors, but also with masking of sugar residues which are the antigen determi-
nants [123, 124]. For example, at desialylation, the unmasked residues of Galβ-, GalNAc-, 
and mannose, interacting with lectins from galectins family and С-type lectins [120];  
these interactions are important for metastasis and SIR development.

Therefore, inflammatory response regulation is implemented under direct involvement of the 
glycan binding proteins (endogenous lectins) and glycans; composition and structure of these 
vary significantly under physiological and pathophysiological conditions, providing evidence 
of the eGC modification at inflammation, and of formation of the carbohydrate “zip code”,  
which acts as navigator for immune cells. Inflammatory reactions in pregnancy are initiated 
by pathogenic and danger images, which are formed at the fetal-mother cell contact; this acti-
vates innate and adaptive immunity. SIR may be enhanced or restricted through mechanisms 
based on carbohydrate-protein interaction [125–127]. Excessive SIR developing in pathologic 
pregnancy is characterized by compensatory reactions and development of various dysfunc-
tions, resulting in organic or multi-organic failure [128].
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4. Endothelial activation and endothelial dysfunction

As a rule, in the studies dedicated to determination of endothelium role in different pathol-
ogies, the authors use terms “endothelial activation” and “endothelial dysfunction” [129]. 
Activation should be distinguished from activity because in its resting state, endothelium is 
a metabolically active organ, which produces vasodilatory substances and bears anticoagula-
tive and antiadhesive phenotype. Activation of endothelium under various pathophysiologic 
processes leads to alterations of its phenotype and function. These events may be reversible, 
but also may cause multiorgan failure.

There are two stages in endothelial activation: endothelial stimulation (early events) and endo-
thelial activation (later events). The latter can be subdivided in endothelial activation of types 
I and II, respectively [130, 131]. Endothelial activation of type I follows the stimulation stage 
and manifests with shedding of the adhesion molecules and molecules with antithrombotic 
properties, such as Р-selectin, thrombin, heparin, antithrombin ІII and thrombomodulin, from 
the surface of the endothelial cells. In the same time, the endothelial cells of the venules and 
small veins decrease in volume, and the contacts between the cells become distorted, resulting 
in hemorrhages, edema, and increase of vessels permeability [131]. Endothelial activation of 
type II is a slightly delayed process, which depends on gene transcription activation and pro-
tein synthesis de novo. As a result, the genes coding for the adhesion molecules, chemokines 
and procoagulative factors: Е-selectin, vWF, IL-8, thrombocytes activating factor [132], are 
activated. Also, the secretion of NO and prostacyclin increases. Morphologic changes show 
protrusion of the endothelial cells into the vessel lumen, cell hypertrophy and an increase 
of cell permeability. The result of this stage is leukocyte contact with activated endothelium 
through lectin-carbohydrate interactions, extravasation, transendothelial migration, and, pos-
sibly, leucocyte binding with Fc-receptors (FcR) of endothelial cells with immune complexes 
disposition [131]. Alterations of phenotype, accompanying endothelial cells activation, mani-
fest also with the change of the carbohydrate composition of the molecules forming the eGC.

Therefore, endothelial activation implies an alteration of the endothelial cells phenotype under the 
activation factors (cytokines, endotoxins, etc.) impact, inducing shedding and modification of the 
vasculoprotective surface layer associated with the membrane, and expression of the activation 
antigens. This correlates with pro-adhesive, antigen-presenting and procoagulative properties 
of the endothelial cells. Activation reflects an ability of endothelial cells to perform new func-
tions, but this status does not presume a cell damage or their uncontrolled division. Endothelium 
activation is a reverse process with a possibility to return to a state of active reposing cells [131].

Endothelium dysfunction, on the other hand, is a stage following the endothelium activation 
and manifesting with cell functional activity change; it leads to loss of the ability of endothelium  
to perform its function, and to a disbalance of factors, which provide homeostasis and a nor-
mal course of all processes, mediated by endothelium [8, 129, 131]. Endothelial dysfunction 
is a consequence of chronic, permanent endothelial activation and may lead to non-reversible 
damage of the endothelial cells, their apoptosis and necrosis.
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4. Endothelial activation and endothelial dysfunction
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5. Preeclampsia as a manifestation of excessive systemic 
inflammatory response, accompanied by endothelial activation/
dysfunction

PE is a multisystemic pathologic condition, manifesting after the 20th week of pregnancy. 
PE clinical signs are: an increase of systolic blood pressure (SBP) above 140 mm Hg, diastolic 
blood pressure (DBP) above 90 mm Hg for the first time noted during pregnancy; proteinuria 
(≥0.3 g/L) in daily urine, edema, manifestation of multiorganic/polysystemic dysfunction/
insufficiency [133]. Severe PE is accompanied by acute renal failure, eclampsia, pulmonary 
edema, HELLP (hemolysis, elеvated liver enzymes, and lоw plаtelet соunt)-syndrome [3].

Etiology of PE is not clear; genetic, immunological and microenvironment may play a role 
[134–138]. Currently two phenotypic variations of PE are distinguished: early manifestation 
of the symptoms (before the 34th week of gestation) and later manifestation (after the 34th 
week of gestation) [139]. Pathophysiological mechanisms of PE development are distin-
guished accordingly [140]. The first—“fetal” pathway—is characterized by inadequate or 
microcellular invasion of trophoblast cells into the uterine spiral arteries and lack or incom-
pleteness of the phase of substitution of placental smooth muscle elastic fibers with fibri-
noid [140, 141]. In this mechanism, physiological remodeling and transformation of spiral 
arteries is lacking, and this affects the uterine-placentary blood flow quality [142–144]. Fetal 
mechanism of PE development presents with severe disease course and frequent complica-
tions in the neonate. The second pathway is “maternal”, where the deficiency of uterine-
placental blood flow appears as a result of spiral arteries damage due to certain maternal 
diseases, especially thrombophilias (genetic or acquired). In this case, the study of placental 
morphology testifies adequate gestational reorganization of spiral arteries. Maternal path-
way usually implies later manifestation and a milder course. Some also distinguish the 
third (or “mixed”) pathway, where the arteries are both affected and poorly reorganized 
[145, 146].

Disrupted trophoblast invasion initiates ischemic and hypoxic damage of placental cells and 
tissues, leading to increase of cell debris and microparticles of fetal origin contents in the moth-
er’s blood. These processes result in the mother’s immune cells activation and inflammatory 
cytokines synthesis induction [147], leading to the development of generalized endothelial 
activation/dysfunction with development of multiorganic insufficiency [148] (Figure 1).  
Trophoblast debris was also found in the mother’s is blood in a normal pregnancy and 
it was primarily apoptotic. Particles of trophoblast debris range from polynuclear aggre-
gates of the syncytium cells to subcellular micro and nanoparticles. In vitro co-culturing of 
trophoblast debris, obtained from women with normal pregnancy, with macrophages and 
endothelial cells leads to tolerogenic М2-phenotype of macrophages [149, 150]. Trophoblast 
debris becomes more necrotic when in vitro system is supplemented with antiphospholipid 
antibodies or IL-6. Phagocytosis of the necrotic debris by the endothelial cells is accompa-
nied by their activation [151]. Activation of endothelial cells is also caused by the addition 
of the trophoblast debris isolated from patients with preeclampsia to the culture of the 
endothelial cells [152].
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5.1. Endothelium activation markers in preeclampsia

Numerous studies have shown that in PE, manifestations of excessive SIR are observed due 
to the loss of control over the balance of production of pro/anti-inflammatory cytokines. This 
leads to an increase in the synthesis and expression of key molecules that mediate intercel-
lular contacts between leukocytes and endothelium [147, 153, 154]. In this context, it has been 
shown that in PE, the plasma levels of sE-selectin, sVCAM-1 and sICAM-1 were significantly 
elevated [100, 155–157], and that cultivation of endothelial cells with the blood serum of PE 
women significantly increased the expression of ICAM-1 by the endothelial cells [158].

It was found that the expression of E-selectin and P-selectin in the endothelial cell culture was 
significantly higher after administration of trophoblast cells from the PE patients, than after 
cultivation of endothelial cells with trophoblast cells isolated from placental tissue of healthy 
women [159]. We have shown in a prospective longitudinal study that in patients with severe 
PE, the levels of sE-selectin, sVCAM-1 and sICAM-1 were increased from the 8th week of 
pregnancy until the appearance of clinical symptoms of the disease [160]. In a similar design 
study, it was shown that joint determination of sICAM-1 and sVCAM-1 levels measured in 
peripheral blood within 22–29 weeks of gestation, was of high predictive value and capable 
to detect up to 55% of women with a pathologic pregnancy [161]. The increased levels of 
sICAM-1 and sVCAM-1 in blood during PE significantly correlated with the signs of the acute 
phase of inflammation and PE: hypertension, proteinuria, increase of hepatic enzymes levels 

Figure 1. Modern concept of the pathogenesis of preeclampsia (PE). Two phenotypic PE variations (early onset-PE and 
late onset-PE) exhibit different pathophysiology and clinical outcome. Clinical manifestations of endothelial activation/
dysfunction are expressed in various degree and in both forms. SIR, systemic inflammatory response; BP, blood pressure; 
HELLP, hemolysis, elеvated liver enzymes, and lоw plаtelet соunt.
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[162]. Also it was noted that high levels of sVCAM-1 and sE-selectin in women with PE could 
result in adverse perinatal outcome and endothelial dysfunction in fetus, as confirmed by 
negative correlation between sVCAM-1 and endogenous NO synthesis by HUVECs, isolated 
from the umbilical cord after birth [163].

5.2. Alteration of endothelial glycocalyx in preeclampsia

The signs of endothelial activation are the expression of activation markers by endothelial 
cells and increased plasma concentrations of the soluble forms of CAMs and of the fac-
tors, regulating angiogenesis and blood clotting. However, the main feature of the evolving 
endothelial activation is alteration, damage and shedding of the eGC and an increase of its 
components concentration in blood. Currently, there are limited studies of this phenomena 
in PE, but available reports show significant alteration of eGC composition in the placental 
structures in PE [164]. The most prominent alteration of the eGC composition was found in 
the placentas of women with severe PE. Alterations take place also in the eGC capillaries of 
terminal placental villi: the content of glycans with terminal β-galactosyl and α-mannosyl 
residues increase, while the content of α2,3-linked sialic acids decrease in the glycome in 
severe PE [165]. These alterations are supposed to point to the exposure of glycans bear-
ing the “danger signals” and being the counter-receptors for endogenous lectins; interaction 
with these activate maternal immune system [166, 167] (REF). Such studies, performed by 
immunohistochemistry of placenta after childbirth and using the lectins panel or monoclonal 
antibodies to carbohydrates antigens, give an idea of alterations of the placental glycome and 
its separate structures, including capillary endothelium, and provide evidence obtained by 
direct eGC visualization [165, 168]. Since direct visualization of the eGC is impossible in clini-
cal trials where no surgical tissue sampling is implied, in these cases, an indirect assessment 
of the content of the degradation products of eGC is used.

Indirect methods have significant limitations, but they are the only possibility to evaluate the 
eGC in vivo. Indirect assessment of the eGC by ELISA show that in PE, the plasma content of 
the structural proteoglycans (endocan-1, syndecan-1, decorin and HA) and the GAGs of eGC 
increase [169–171]. Serum endocan concentrations were significantly elevated in women with 
PE versus normotensive controls, and concentrations seem to be associated with the sever-
ity of the disease [172]. Median maternal plasma endocan concentrations were higher in PE 
patients and lower in acute pyelonephritis with bacteremia than in uncomplicated pregnancy. 
No significant difference was observed in the median plasma endocan concentration between 
other obstetrical syndromes and uncomplicated pregnancies [173]. It is suggested that in PE, 
the maternal endothelium is a source of GAGs in blood, and intensive eGC shedding thus 
indicates a manifestation of endothelial dysfunction [169–174]. Also, patients with PE show 
GAGs excretion in urine; this is thought to be linked with the eGC proteoglycans alterations 
and with the glomerular basement membrane changes, and associated with proteinuria [175]. 
In vitro and in vivo experimental studies, using cell and animal models is another opportunity 
of indirect eGC evaluation. This approach was used to study CKD [74, 75], cardio-vascular 
and inflammatory diseases [13, 176], cancer [13, 176, 177]—the conditions manifestating with 
hypertension, proteinuria, edema, SIR, thrombosis. The results of such studies provide some 
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keys to PE, which is less studied, but exhibits similar clinical signs. Experimental models 
allow to evaluate not only the degree of the eGC damage by various factors (SIR being the 
most significant), but also the molecular changes of the eGC composition. This moment is a 
crucial point because SIR is not a specific process; it accompanies almost any pathology and 
promotes the generation of neoantigens, acting as an adaptive response trigger and provok-
ing autoimmune reactions.

6. Conclusion

Endothelial dysfunction represents the central link in the pathogenesis of various diseases 
and complications, and is a subject of intensive research. On the background of the progress 
in understanding the mechanisms of development, diagnosis and treatment of endothelial 
dysfunction, many studies in the recent years have been focused on the eGC as an early indi-
cator of endothelial injury and a potential marker of vascular injury.

Alterations of the phenotype of endothelial cells, secretion and release of various activation 
markers into the bloodstream and dysfunction of the endothelium are directly related to the 
damage of eGC. This damage is the initiating factor and the initial stage in the development 
of endothelial activation/dysfunction, but this stage has for a long time been obscure due to 
the difficulties of eGC visualization and diagnosis.

By now, the main criteria for eGC damage assessment have been defined. In addition to the 
appearance of eGC components in the blood, the degree of manifestation of the SIR is also 
an important criterium of the damage, since endothelial inflammation and dysfunction are 
inseparably related processes. In this regard, the molecular mechanism of the inflammatory 
reaction is based on the ligand-receptor, carbohydrate-protein interaction of the immune cells 
and endothelium, and alteration of glycome/glycocalyx is a crucial factor in the development 
of inflammation and endothelial dysfunction. Therefore, the pathogenesis of endothelial acti-
vation/dysfunction should be envisioned from the point of damage of the intravascular com-
partment—the eGC, which regulates the functions of the endothelium.

Expanding research of the eGC role in the development of endothelial dysfunction may be a 
subject of new discoveries in the pathogenesis of a large group of diseases, including preg-
nancy pathology and PE, especially since PE is a classic example of the immune system hyper-
activation, manifestation of SIR and development of endothelial dysfunction. Undoubtedly, 
future studies of the eGC will evoke an absolutely new insight in the development and pro-
gression of endothelial dysfunction.
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Abstract

The main function of von Willebrand factor (vWF) is to initiate platelet adhesion upon
vascular injury. The hallmark of acute and chronical inflammation is the widespread
activation of endothelial cells which provokes excessive vWF secretion from the endothe-
lial cell storage pool. The level of vWF in blood not only reflects the state of endothelial
activation early on in the pathogenesis, but also predicts disease outcome. Elevation in the
blood level of vWF occurs either by pathologic increase in the rate of basal vWF secretion
or by increased evoked vWF release from dysfunctional/activated endothelial cells (ECs).
The increase in plasma vWF is predictive of prothrombotic complications and multi-organ
system failure associated with reduced survival in the context of severe inflammatory
response syndrome, type II diabetes mellitus, stroke and other inflammatory cardiovas-
cular disease states. This chapter focuses on the role of high circulating vWF levels in
thrombotic and inflammatory disease while paying attention to the emerging vWF-
related drug development strategies.

Keywords: cardiovascular disease, endothelial activation, von Willebrand factor,
hemostasis, thrombosis, inflammation, ADAMTS-13, vWF-related therapeutical strategies

1. Introduction

Endothelial dysfunction, often as a result of chronic activation, is a primary determinant of the
severity of disease states. Apart from other cell-specific defects, activation of endothelial cells
(ECs) increases platelet binding to von Willebrand factor (vWF), a multimeric blood protein
primarily synthesized, stored and secreted by ECs [1–6]. Under physiological conditions, vWF
is secreted from ECs via two pathways that enable hemostasis; a continuous or basal secretory
pathway that maintains a baseline blood vWF level, [7] and the other, a regulated secretory
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pathway induced by agonists such as thrombin [8, 9]. Basal vWF secretion involves elements of
regulated secretion, with vWF targeted toWeibel-Palade bodies (WPBs) after Golgi processing,
but continuously secreted from the storage pool [7]. Release of WPB contents into the extracel-
lular space upon thrombin stimulation of ECs, thought to be pathophysiologically relevant in
inflammatory cardiovascular disease, occurs via several processes: (1) signaling via [Ca2+]/Gαq
and Gα12/α-soluble NSF attachment protein (α-SNAP) [10] that (2) promotes engagement and
activation of vesicle (v) and target (t) membrane-associated v-SNARE and t-SNARE proteins
(vesicle- and target-soluble NSF attachment protein receptors) [11, 12] and (3) energy-
dependent fusion of WPB with plasma membrane that promotes the formation of a secretion
pore through which the exocytosis of WPB contents occurs [13–15].

Once secreted fromWPBs, vWF circulates in a globular conformation under resting conditions
[16] and is a carrier for circulating coagulation factor VIII, thereby protecting it from degrada-
tion [17–19]. The blood vWF level in health and inflammatory disease is predominantly EC
derived, while the contribution of platelets is rather minimal [20]. In response to high shear
stress and inflammatory mediators [21], normally quiescent ECs secrete long vWF multimers
in large quantities from the storage pool into systemic circulation. vWF multimers are then
extracellularly cleaved by a metalloprotease ADAMTS-13 (A Disintegrin and Metallo-
proteinase with a thrombospondin type 1 motif, member 13), unfold in the circulation and
self-associate into particularly linked concatemers to form ultra-large vWF strings [22]. Plate-
lets spontaneously bind to activated vWF via glycoprotein Ibα (GpIbα) interaction with the
exposed A1 domain, initiating the thrombogenic process [23–26]. In addition to its classical
role in platelet binding, the vWFA1 domain also plays a role in vWF-dependent inflammatory
responses [27–29]. In this chapter, we will discuss the most recent findings related to vWF
secretion from ECs, the finely tuned balance of vWF level and activity in hemostasis and
thrombosis, and the mechanisms by which vWF/ADAMTS-13 axis links inflammation and
thrombosis. The potential of vWF as a target in antithrombotic therapies is also discussed.

2. Molecular mechanisms of vWF secretion

2.1. von Willebrand factor and Weibel-Palade bodies at a glance

WPBs are unique secretory granules in ECs, which were first discovered in the 1960s by trans-
mission electron microscopy [30]. Later on, vWF was identified inside WPBs of cultured human
ECs [4, 5, 31]. vWF synthesis and maturation trigger WPB biogenesis [32, 33]. vWF is the best
example of a protein that drives its own organelle formation [5, 34, 35]. To date, the structure of
vWF consists in domains arranged as follows: D1D2D’D3A1A2A3D4C1C2C3C4C5C6CK. Of
these, D1D2 is the pro-peptide and, the rest, from D’-CK is the fully functional, mature vWF
[36]. The high density of vWF in the secretory granules enables a bolus of fully functional vWF to
be released at the site of vascular injury or inflammation, which will promote efficient platelet
binding and hemostasis or lead to thrombosis [37]. The physiological importance of proper
WPBs formation can be appreciated in the context of various disease states associated with the
release of immature, defective or low levels of VWF due to altered Golgi multimerization or
defective tubular packing in WPBs (i.e. type 2B von Willebrand disease (vWD)) [38, 39].
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WPBs originate from clathrin and clathrin adaptor-protein1-coated vesicles, [35, 40] which,
when loaded with vWF cargo, bud from the trans-Golgi network, continue to mature and vWF
contained in them becomes densely pack and highly multimeric vWF [35]. Once the vesicles
had formed, they lose the clathrin coat, and the interactions between WPBs and the actin
cytoskeleton are thought to either tether WPBs to the perinuclear cytosolic compartment or to
relocate WPBs in the proximity of the plasma membrane in preparation for fusion and exocy-
tosis [41]. Upon secretion of its contents, WPBs dissociate from the membrane and are recycled
and refilled [35].

Interestingly, vWF secretion is influenced by plasma sodium level [42]. In mice subjected to
mild water restriction, elevated endothelial vWF protein levels correlated with increased
number of micro thrombi in capillaries [42]. Hypernatremia causes up-regulation of vWF gene
expression via nuclear factor of activated T-cells 5 (NFAT5) binding to the vWF promoter [42].
Another regulator of vWF was found to be autophagy [43]. Endothelial cell-specific ATG7
(critical factor in autophagy) deficient mice have prolonged bleeding times as compared to
control, and decreased vWF secretion of immature vWF [43].

At least two different secretion mechanisms of WPB cargo have been reported so far: selective,
time-dependent ‘kiss-and-run’ release [13] and differential release of the distinct components
of these storage granules [8]. Apart from vWF, WPBs also contain other inflammatory and
vasoactive mediators: P-selectin, Rab-27, coagulation factor XIIIa, tissue plasminogen activa-
tor, interleukin-8 (IL-8), eotaxin, endothelin-1, endothelin-converting enzyme, calcitonin-gene-
related peptide, α1,3-fucosyltransferase VI and angiopoietin 2 [44]. vWF and the other compo-
nents—stockpiled in and liberated as needed from WPBs—provide the ECs with the ability to
react acutely to restore homeostasis; vWF plays a role in hemostasis and thrombosis, and also,
in the regulation of inflammation [45], vascular permeability [27] and angiogenesis [46].

vWF is synthesized exclusively by ECs, megakaryocytes and platelets and stored in special-
ized secretory granules. EC WPBs and platelet α-granules share several characteristics, as both
organelles contain vWF, P-selectin and CD63 [47, 48]. But, in platelets, vWF detection by
immune-gold labeling is restricted to a subset of spherical α-granules [48]. In this vane,
spherical secretory α-granules are quite distinct fromWPBs. First, the vWF content of platelets
is relatively low: 0.05–0.1 U per 3 � 108 platelets [49]. For comparison, plasma vWF concentra-
tion is 1–1.8 U/mL (10 μg/mL blood), of which only 15% of plasma vWF comes from platelets,
while the majority 85% of the total vWF comes from ECs [4, 20, 34, 50]. Second, ECs combine
basal and regulated vWF release, while platelets do not have a mechanism of basal secretion
and, thus, substantial platelet activation would be needed for platelet vWF secretion to signif-
icantly contribute to the elevated blood vWF observed in different disease states. Finally,
excessive secretion of EC-derived vWF in inflammation is attributed to the large capacity of
ECs to make and store vWF in EC-specific storage pool, that is, in WPBs.

Thus, EC secretory granules supply the vasculature with circulating vWF to control hemosta-
sis and thrombosis, while platelets play only a secondary role in this process [20, 49]. A
balanced level of EC-derived vWF is critical to overcome the thrombotic complications in
pathological settings, therefore it is important to understand the underlying endothelial con-
stitutive and evoked exocytosis mechanisms which provide the bloodstream vWF in health
and disease.
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thrombosis, and the mechanisms by which vWF/ADAMTS-13 axis links inflammation and
thrombosis. The potential of vWF as a target in antithrombotic therapies is also discussed.

2. Molecular mechanisms of vWF secretion

2.1. von Willebrand factor and Weibel-Palade bodies at a glance

WPBs are unique secretory granules in ECs, which were first discovered in the 1960s by trans-
mission electron microscopy [30]. Later on, vWF was identified inside WPBs of cultured human
ECs [4, 5, 31]. vWF synthesis and maturation trigger WPB biogenesis [32, 33]. vWF is the best
example of a protein that drives its own organelle formation [5, 34, 35]. To date, the structure of
vWF consists in domains arranged as follows: D1D2D’D3A1A2A3D4C1C2C3C4C5C6CK. Of
these, D1D2 is the pro-peptide and, the rest, from D’-CK is the fully functional, mature vWF
[36]. The high density of vWF in the secretory granules enables a bolus of fully functional vWF to
be released at the site of vascular injury or inflammation, which will promote efficient platelet
binding and hemostasis or lead to thrombosis [37]. The physiological importance of proper
WPBs formation can be appreciated in the context of various disease states associated with the
release of immature, defective or low levels of VWF due to altered Golgi multimerization or
defective tubular packing in WPBs (i.e. type 2B von Willebrand disease (vWD)) [38, 39].
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WPBs originate from clathrin and clathrin adaptor-protein1-coated vesicles, [35, 40] which,
when loaded with vWF cargo, bud from the trans-Golgi network, continue to mature and vWF
contained in them becomes densely pack and highly multimeric vWF [35]. Once the vesicles
had formed, they lose the clathrin coat, and the interactions between WPBs and the actin
cytoskeleton are thought to either tether WPBs to the perinuclear cytosolic compartment or to
relocate WPBs in the proximity of the plasma membrane in preparation for fusion and exocy-
tosis [41]. Upon secretion of its contents, WPBs dissociate from the membrane and are recycled
and refilled [35].

Interestingly, vWF secretion is influenced by plasma sodium level [42]. In mice subjected to
mild water restriction, elevated endothelial vWF protein levels correlated with increased
number of micro thrombi in capillaries [42]. Hypernatremia causes up-regulation of vWF gene
expression via nuclear factor of activated T-cells 5 (NFAT5) binding to the vWF promoter [42].
Another regulator of vWF was found to be autophagy [43]. Endothelial cell-specific ATG7
(critical factor in autophagy) deficient mice have prolonged bleeding times as compared to
control, and decreased vWF secretion of immature vWF [43].

At least two different secretion mechanisms of WPB cargo have been reported so far: selective,
time-dependent ‘kiss-and-run’ release [13] and differential release of the distinct components
of these storage granules [8]. Apart from vWF, WPBs also contain other inflammatory and
vasoactive mediators: P-selectin, Rab-27, coagulation factor XIIIa, tissue plasminogen activa-
tor, interleukin-8 (IL-8), eotaxin, endothelin-1, endothelin-converting enzyme, calcitonin-gene-
related peptide, α1,3-fucosyltransferase VI and angiopoietin 2 [44]. vWF and the other compo-
nents—stockpiled in and liberated as needed from WPBs—provide the ECs with the ability to
react acutely to restore homeostasis; vWF plays a role in hemostasis and thrombosis, and also,
in the regulation of inflammation [45], vascular permeability [27] and angiogenesis [46].

vWF is synthesized exclusively by ECs, megakaryocytes and platelets and stored in special-
ized secretory granules. EC WPBs and platelet α-granules share several characteristics, as both
organelles contain vWF, P-selectin and CD63 [47, 48]. But, in platelets, vWF detection by
immune-gold labeling is restricted to a subset of spherical α-granules [48]. In this vane,
spherical secretory α-granules are quite distinct fromWPBs. First, the vWF content of platelets
is relatively low: 0.05–0.1 U per 3 � 108 platelets [49]. For comparison, plasma vWF concentra-
tion is 1–1.8 U/mL (10 μg/mL blood), of which only 15% of plasma vWF comes from platelets,
while the majority 85% of the total vWF comes from ECs [4, 20, 34, 50]. Second, ECs combine
basal and regulated vWF release, while platelets do not have a mechanism of basal secretion
and, thus, substantial platelet activation would be needed for platelet vWF secretion to signif-
icantly contribute to the elevated blood vWF observed in different disease states. Finally,
excessive secretion of EC-derived vWF in inflammation is attributed to the large capacity of
ECs to make and store vWF in EC-specific storage pool, that is, in WPBs.

Thus, EC secretory granules supply the vasculature with circulating vWF to control hemosta-
sis and thrombosis, while platelets play only a secondary role in this process [20, 49]. A
balanced level of EC-derived vWF is critical to overcome the thrombotic complications in
pathological settings, therefore it is important to understand the underlying endothelial con-
stitutive and evoked exocytosis mechanisms which provide the bloodstream vWF in health
and disease.
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2.2. Basal versus regulated vWF secretion

Secretion of vWF occurs by one of the following three modes:

1 regulated secretion from WPBs, in response to a specific agonist (secretagogue) on-demand
upon vascular injury [51, 52];

2 basal (constitutive-like or continuous) secretagogue-independent secretion of vWF from
WPBs [7];

3 constitutive, secretagogue-independent release of vWF from non-WPB compartments [34, 40].

Over the years, there have been in the field opposite views about how much vWF is released
through each of these three pathways and what determines the balance between basal
(constitutive-like) and regulated vWF secretion is still under debate [34, 53, 54].

2.2.1. Basal vWF secretion

In resting ECs, secretion of vWF was thought to take place predominantly via conventional
constitutive vWF secretion which is susceptible to protein synthesis inhibitor cycloheximide
[34]. However, the importance of this pathway was exaggerated initially, as it could be drawn
from the more recently published studies listed below. A vWF multimeric analysis in ECs
challenged this view, indicating that highly multimeric vWF might be released solely from
WPB storage pool [53]. Most recently, the issue was revisited when a study using metabolic
labeling of vWF in human umbilical vein ECs (HUVECs) showed that most of the vWF
secreted from unstimulated cells is not mediated by conventional constitutive secretion, but
rather by basal release from the WPBs [7, 55]. Giblin and colleagues [7] recently brought more
evidence to dismiss the belief that multimeric vWF passes uninterrupted from the Golgi to
plasma membrane. They showed that freshly synthetized vWF is held for at least 24 h in WPBs
before unstimulated release occurred, escaping cycloheximide-induced inhibition of protein
synthesis, and, thus, consistent with release from the storage pool [7]. Similarly, Romani de Wit
and coworkers [56] studied the dynamics of GFP-vWF-positive WPBs in resting HUVECs over
time, and they were able to capture multiple image frames of WPBs traveling long distances
toward the cell periphery. Intriguingly, resting ECs displayed membrane-apposed accumula-
tion of GFP-vWF-containing vesicles [33, 56, 57]. It is worth mentioning here that only when-
ever a component of the cytoplasmic machinery is ablated the constitutive vWF secretion
becomes predominant [40]. Taken together, these studies of WPBs behavior suggest that only
the multimeric form of vWF is stored and that ECs secrete multimeric vWF via a continuous
secretory pathway, which is a source of vWF in the bloodstream. If the WPB storage compart-
ment is the source of the continuously secreted form of vWF that travels in the bloodstream,
then the ability to regulate this constitutive vWF secretory route has significant clinical impli-
cations. Disruption of continuous vWF secretion may be implicated in the pathophysiology of
type 2 vWD, which is due to both reduced vWF-dependent platelet function and reduced
highly multimeric vWF in plasma.
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2.2.2. Regulated vWF secretion

The release of vWF from the regulated pathway occurs only following stimulation of ECs with
an appropriate agonist, providing the endothelium with the means to react to its microenvi-
ronment by finely tuning the rate of release.

The notion that blood collected under stress clots faster was known for a while. In the 1970s, it
was found that desmopressin (a synthetic analog of vassopresin) can elevate vWF level twofolds
in healthy individuals [58] The follow-up studies showed that desmopressin activates vasopres-
sin receptor 2 (V2R) on ECs and triggers cyclic adenosine monophosphate (cAMP)-mediated
release of vWF from EC WPBs [58]. A multitude of agonists have been reported to induce vWF
release via regulated secretion. These include thrombin [51], calcium ionophores [34], hypoxia
[59], vasopressin [58], histamine [14], complement [60], platelet-activating factor [61] and inter-
leukins [62]. Importantly, high shear stress is modulating regulated vWF release [63].

2.3. G protein signaling in hemostasis and thrombosis

In order to understand how to control WPB secretion for therapeutic purposes, the signaling
mechanisms of vWF secretion need to be elucidated.

The exocyst is a cytoplasmic protein complex which targets secretory granules from the trans-
Golgi network to the plasma membrane; it facilitates docking and priming of the secretory
granule to the plasma membrane, prior to SNARE-mediated fusion [64]. When WPBs are
trafficked to the plasma membrane, the vesicles are aligned such that v-SNAREs from the
vesicles and t-SNAREs from target membrane can assemble as α-helix zippers which pull the
membranes together. This SNARE zipper model was studied in detail in synapses [65]. Inter-
estingly, all major players of these complexes identified in neurons are also present in the
endothelium, including SNAP23, syntaxin 2, 3 and 4, and vesicle-associated membrane protein
3 (VAMP3) complex which are thought to regulate vWF exocytosis [11].

Release of WPBs contents into the extracellular space is thought to occur via GTPase-
dependent processes [10]. It has been postulated that G proteins mediate cell type and signal-
ing microdomain-specific functions. According to the classic G protein signaling model,
heterotrimeric G proteins are located in the proximity of the plasma membrane where they
can be activated by seven transmembrane spanning receptors, the canonical G protein-coupled
receptors (GPCRs), to provoke downstream signaling events. G proteins are GTPases that
typically function through GTP hydrolysis and cycling between nucleotide free GDP-bound
and GTP-bound forms. GTPases also control the timing and specificity of vesicle trafficking
and the exocyst partners recognition events, without GTP hydrolysis [66, 67]; the distinction
between cycling and non-cycling GTPases might be more obvious when examining the effect
of GTP hydrolysis-deficient mutant proteins that would be expected to cause gain-of-function
on non-cycling GTPases and loss-of-function on cycling GTPases [66]. Furthermore, several
studies indicate heterotrimeric G proteins can rapidly shuttle between the plasma membrane
and intracellular membranes to exercise their function upon cell-specific organelles, along the
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2.2. Basal versus regulated vWF secretion

Secretion of vWF occurs by one of the following three modes:

1 regulated secretion from WPBs, in response to a specific agonist (secretagogue) on-demand
upon vascular injury [51, 52];

2 basal (constitutive-like or continuous) secretagogue-independent secretion of vWF from
WPBs [7];

3 constitutive, secretagogue-independent release of vWF from non-WPB compartments [34, 40].

Over the years, there have been in the field opposite views about how much vWF is released
through each of these three pathways and what determines the balance between basal
(constitutive-like) and regulated vWF secretion is still under debate [34, 53, 54].

2.2.1. Basal vWF secretion

In resting ECs, secretion of vWF was thought to take place predominantly via conventional
constitutive vWF secretion which is susceptible to protein synthesis inhibitor cycloheximide
[34]. However, the importance of this pathway was exaggerated initially, as it could be drawn
from the more recently published studies listed below. A vWF multimeric analysis in ECs
challenged this view, indicating that highly multimeric vWF might be released solely from
WPB storage pool [53]. Most recently, the issue was revisited when a study using metabolic
labeling of vWF in human umbilical vein ECs (HUVECs) showed that most of the vWF
secreted from unstimulated cells is not mediated by conventional constitutive secretion, but
rather by basal release from the WPBs [7, 55]. Giblin and colleagues [7] recently brought more
evidence to dismiss the belief that multimeric vWF passes uninterrupted from the Golgi to
plasma membrane. They showed that freshly synthetized vWF is held for at least 24 h in WPBs
before unstimulated release occurred, escaping cycloheximide-induced inhibition of protein
synthesis, and, thus, consistent with release from the storage pool [7]. Similarly, Romani de Wit
and coworkers [56] studied the dynamics of GFP-vWF-positive WPBs in resting HUVECs over
time, and they were able to capture multiple image frames of WPBs traveling long distances
toward the cell periphery. Intriguingly, resting ECs displayed membrane-apposed accumula-
tion of GFP-vWF-containing vesicles [33, 56, 57]. It is worth mentioning here that only when-
ever a component of the cytoplasmic machinery is ablated the constitutive vWF secretion
becomes predominant [40]. Taken together, these studies of WPBs behavior suggest that only
the multimeric form of vWF is stored and that ECs secrete multimeric vWF via a continuous
secretory pathway, which is a source of vWF in the bloodstream. If the WPB storage compart-
ment is the source of the continuously secreted form of vWF that travels in the bloodstream,
then the ability to regulate this constitutive vWF secretory route has significant clinical impli-
cations. Disruption of continuous vWF secretion may be implicated in the pathophysiology of
type 2 vWD, which is due to both reduced vWF-dependent platelet function and reduced
highly multimeric vWF in plasma.
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2.2.2. Regulated vWF secretion

The release of vWF from the regulated pathway occurs only following stimulation of ECs with
an appropriate agonist, providing the endothelium with the means to react to its microenvi-
ronment by finely tuning the rate of release.

The notion that blood collected under stress clots faster was known for a while. In the 1970s, it
was found that desmopressin (a synthetic analog of vassopresin) can elevate vWF level twofolds
in healthy individuals [58] The follow-up studies showed that desmopressin activates vasopres-
sin receptor 2 (V2R) on ECs and triggers cyclic adenosine monophosphate (cAMP)-mediated
release of vWF from EC WPBs [58]. A multitude of agonists have been reported to induce vWF
release via regulated secretion. These include thrombin [51], calcium ionophores [34], hypoxia
[59], vasopressin [58], histamine [14], complement [60], platelet-activating factor [61] and inter-
leukins [62]. Importantly, high shear stress is modulating regulated vWF release [63].

2.3. G protein signaling in hemostasis and thrombosis

In order to understand how to control WPB secretion for therapeutic purposes, the signaling
mechanisms of vWF secretion need to be elucidated.

The exocyst is a cytoplasmic protein complex which targets secretory granules from the trans-
Golgi network to the plasma membrane; it facilitates docking and priming of the secretory
granule to the plasma membrane, prior to SNARE-mediated fusion [64]. When WPBs are
trafficked to the plasma membrane, the vesicles are aligned such that v-SNAREs from the
vesicles and t-SNAREs from target membrane can assemble as α-helix zippers which pull the
membranes together. This SNARE zipper model was studied in detail in synapses [65]. Inter-
estingly, all major players of these complexes identified in neurons are also present in the
endothelium, including SNAP23, syntaxin 2, 3 and 4, and vesicle-associated membrane protein
3 (VAMP3) complex which are thought to regulate vWF exocytosis [11].

Release of WPBs contents into the extracellular space is thought to occur via GTPase-
dependent processes [10]. It has been postulated that G proteins mediate cell type and signal-
ing microdomain-specific functions. According to the classic G protein signaling model,
heterotrimeric G proteins are located in the proximity of the plasma membrane where they
can be activated by seven transmembrane spanning receptors, the canonical G protein-coupled
receptors (GPCRs), to provoke downstream signaling events. G proteins are GTPases that
typically function through GTP hydrolysis and cycling between nucleotide free GDP-bound
and GTP-bound forms. GTPases also control the timing and specificity of vesicle trafficking
and the exocyst partners recognition events, without GTP hydrolysis [66, 67]; the distinction
between cycling and non-cycling GTPases might be more obvious when examining the effect
of GTP hydrolysis-deficient mutant proteins that would be expected to cause gain-of-function
on non-cycling GTPases and loss-of-function on cycling GTPases [66]. Furthermore, several
studies indicate heterotrimeric G proteins can rapidly shuttle between the plasma membrane
and intracellular membranes to exercise their function upon cell-specific organelles, along the
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secretory routes. Activation of GPCRs and G protein α and βγ subunits of Gs, Gi, Gq/11 and
G12/13 can stimulate secretory granule release [10, 68]. It has been shown, for example, by
fluorescence polarization, that G protein i/o βγ subunit competes with synaptotagmin for
specific interaction sites on t-SNAREs, namely syntaxin 1 and SNAP25B (Synaptosomal-asso-
ciated protein 25) [69]. G protein i/o binds to the SNARE at the plasma membrane, but in the
presence of synaptotagmin and calcium, inhibits vesicle fusion with the plasma membrane,
suggesting the G βγ-SNARE axis has an inhibitory role during synaptic exocytosis [69]. In the
exocrine pancreas, G proteins have been shown to play a role in early transport events [68].

A role for G proteins Gαq/11 and Gα12/13 in hemostasis has been previously reported [70,
71]. Platelets from Gαq-deficient mice fail to respond to low doses of platelet-activating
agonists and these mice have prolonged bleeding times and reduced thrombus formation
after intravenous administration of adrenaline/collagen [71, 72]. Studies in megakaryocyte-
restricted Gα12/13 double knockout mice reveal that these mice have prolonged bleeding
time and reduced thrombus formation, suggesting that Gα13-dependent signaling in plate-
lets is also relevant for hemostasis and thrombosis [70]. Interestingly, we found that, in
addition to Gαs stimulatory-G protein [58, 73], Gα12 and Gαq/11 facilitate exocytosis of
vWF from ECs [10]. Importantly, in Gα12 overexpression studies, Gα12 is able to localize to
the plasma membrane because of its palmitoylation at cysteine 11 [74]. Palmitoylation
targets Gα12 to lipid rafts fractions [75]. Both wild-type Gα12wt and Gα12QL (constitutive
active) were observed in lipid rafts fractions, and therefore, the localization of Gα12 to
discreet endothelial microdomains may be independent of Gα12 activation [76]. Other stud-
ies reported direct G protein-dependent regulation of the SNARE protein fusion machinery
is required for secretory granule exocytosis [77], and Gα12 was shown by the yeast two-
hybrid method to interact with a member of the exocytotic assembly, α-SNAP [66]. Using
cultured human ECs and knockout mouse models, we showed that depletion of Gα12 or α-
SNAP inhibited both basal and thrombin-induced vWF secretion and that Gα12�/� mice
exhibit mildly reduced blood levels of vWF, but intact vWF multimeric pattern, and
impaired thrombus formation [10]. Our studies suggest that Gα12 may interact directly with
α-SNAP to promote the docking and fusion of WPBs [10]. Furthermore, Gα12 and Gαq
subunits, which are known to regulate actin cytoskeleton rearrangements in ECs via activa-
tion of RhoA GTPase, promote WPB docking on the plasma membrane, providing both
direct and indirect mechanisms linking GPCR activation and SNARE complex fusion [10].

2.4. Kinetics of WPB secretion

Secretion of vWF from ECs is mediated by fusion of WPBs with the plasma membrane in a
manner dependent on the ATPase N-ethylmaleimide-sensitive-factor (NSF), soluble-NSF-
attachment protein alpha (α-SNAP) and SNAREs [78]. NSF binds to SNARE complexes to
facilitate the disassembly of the zippered bundles [79]. Because NSF lacks a direct binding
domain for members of the SNARE family, it connects via an adaptor, α-SNAP [80]. Six NSF
proteins assemble together at the plasma membrane, and each NSF hexamer requires three α-
SNAPs to mediate binding to the SNAREs [78]. Once the NSF/α-SNAP/SNARE complex is
formed, NSF hydrolyses ATP, providing the energy necessary for the disassembly of the

Endothelial Dysfunction - Old Concepts and New Challenges152

SNARE complex [81]. Therefore, the rate of exocytosis depends on α-SNAP and NSF activity
[78]. Using PC12 cells as an α-SNAP-regulated exocytosis model, it was shown that α-SNAP,
in absence of NSF activity, can actually block exocytosis and that this α-SNAP-dependent
event occurs by direct binding of α-SNAP to free syntaxin, thus preventing SNARE complex
assembly [82]. It is documented that α-SNAP is activated in the exocyst complex by phosphor-
ylation [83], that α-SNAP binds and stimulates NSF ATPase activity, [84] that Gα12 interacts
with α-SNAP, [66] and that S-nitrosylation of NSF inhibits WPB exocytosis [85]. α-SNAP
regulates exocytosis of granules from different types of cells [86]. α-SNAP binding to the
SNARE complex in the fused membrane mediates recruitment and activation of NSF resulting
of exocytosis from ECs [10, 87]. The Gα12 binding site for α-SNAP was recently identified by
using a library of substitution mutants within myc-tagged Gα12QL in which regions of the
cDNA encoding consecutive six aminoacids were replaced with a sequence encoding the
following six aminoacids: asparagine-alanine-alanine-isoleucine-arginine-serine (NAAIRS) by
oligonucleotide-directed mutagenesis and expressed in a cell line as described previously [88],
followed by evaluation of direct binding between Gα12 NAAIRS mutants and α-SNAP by
glutathione S-transferase (GST) pulldown [10]. Based on the evidence generated by the GST
pulldown assay, we constructed an α-SNAP Binding Domain peptide to which we added a
myristoyl group and micellar nanoformulation for cellular entry, to further assess the role of
Gα12 interaction with α-SNAP in vWF secretion [89, 90].

2.5. Spatial and temporal regulators of the exocyst complex

Secretion of vWF from ECs is mediated by small GTPases via both second messengers Ca2+

and cAMP-dependent signaling pathways [91–93]. Small GTPases are the effectors of the
exocyst complex, involved in temporal coordination, spatial segregation and proof-reading of
membrane trafficking events [94]. Rab and Ral GTPases are thought to be involved in vesicle
tethering, whereas RhoGTPases are spatial regulators of the exocyst complex [95].

RalA was the first GTPase found to co-sediment with WPBs in density gradients [96]. Ral A is
activated by its exchange factor, Ral guanine-nucleotide dissociation stimulator (RalGDS) [97],
which is kept inactive by β-arrestin under static conditions [98]. Upon GPCR activation, Ral
GDS uncouples from β-arrestin and functions in its GTP-bound state. RalGDS downregulation
with siRNA in thrombin-stimulated HUVECs leads to accumulation of WPBs in the proximity
of the plasma membrane, but exocytosis is incomplete, suggesting RalGDS/ β-arrestin complex
is necessary to link thrombin receptors to WPBs exocytosis [98]. Ral A facilitates WPBs traf-
ficking and delivery to the plasma membrane [91]. Ral A has been implicated in actin cytoskel-
eton dynamic rearrangements through its direct interactions with effectors filamin A and
RalBP1/RLIP76 (a RAC/CDC42 guanine-nucleotide activating protein (GAP) [99]. RalBP1 links
RhoGTPases and RalGTPases, and, of note, RalBP1 GAP has an ATP binding domain,
although it is not clear whether this domain is a motor required for assembly of the exocyst
[99]. Studies conducted in our laboratory suggest that human pulmonary artery ECs treated
with filamin A siRNA attenuates constitutive and thrombin-induced vWF secretion [100]. It
has been proposed that Ral A/Ca2+-dependent signaling might be a prerequisite for the exocy-
totic machinery [101].
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secretory routes. Activation of GPCRs and G protein α and βγ subunits of Gs, Gi, Gq/11 and
G12/13 can stimulate secretory granule release [10, 68]. It has been shown, for example, by
fluorescence polarization, that G protein i/o βγ subunit competes with synaptotagmin for
specific interaction sites on t-SNAREs, namely syntaxin 1 and SNAP25B (Synaptosomal-asso-
ciated protein 25) [69]. G protein i/o binds to the SNARE at the plasma membrane, but in the
presence of synaptotagmin and calcium, inhibits vesicle fusion with the plasma membrane,
suggesting the G βγ-SNARE axis has an inhibitory role during synaptic exocytosis [69]. In the
exocrine pancreas, G proteins have been shown to play a role in early transport events [68].

A role for G proteins Gαq/11 and Gα12/13 in hemostasis has been previously reported [70,
71]. Platelets from Gαq-deficient mice fail to respond to low doses of platelet-activating
agonists and these mice have prolonged bleeding times and reduced thrombus formation
after intravenous administration of adrenaline/collagen [71, 72]. Studies in megakaryocyte-
restricted Gα12/13 double knockout mice reveal that these mice have prolonged bleeding
time and reduced thrombus formation, suggesting that Gα13-dependent signaling in plate-
lets is also relevant for hemostasis and thrombosis [70]. Interestingly, we found that, in
addition to Gαs stimulatory-G protein [58, 73], Gα12 and Gαq/11 facilitate exocytosis of
vWF from ECs [10]. Importantly, in Gα12 overexpression studies, Gα12 is able to localize to
the plasma membrane because of its palmitoylation at cysteine 11 [74]. Palmitoylation
targets Gα12 to lipid rafts fractions [75]. Both wild-type Gα12wt and Gα12QL (constitutive
active) were observed in lipid rafts fractions, and therefore, the localization of Gα12 to
discreet endothelial microdomains may be independent of Gα12 activation [76]. Other stud-
ies reported direct G protein-dependent regulation of the SNARE protein fusion machinery
is required for secretory granule exocytosis [77], and Gα12 was shown by the yeast two-
hybrid method to interact with a member of the exocytotic assembly, α-SNAP [66]. Using
cultured human ECs and knockout mouse models, we showed that depletion of Gα12 or α-
SNAP inhibited both basal and thrombin-induced vWF secretion and that Gα12�/� mice
exhibit mildly reduced blood levels of vWF, but intact vWF multimeric pattern, and
impaired thrombus formation [10]. Our studies suggest that Gα12 may interact directly with
α-SNAP to promote the docking and fusion of WPBs [10]. Furthermore, Gα12 and Gαq
subunits, which are known to regulate actin cytoskeleton rearrangements in ECs via activa-
tion of RhoA GTPase, promote WPB docking on the plasma membrane, providing both
direct and indirect mechanisms linking GPCR activation and SNARE complex fusion [10].

2.4. Kinetics of WPB secretion

Secretion of vWF from ECs is mediated by fusion of WPBs with the plasma membrane in a
manner dependent on the ATPase N-ethylmaleimide-sensitive-factor (NSF), soluble-NSF-
attachment protein alpha (α-SNAP) and SNAREs [78]. NSF binds to SNARE complexes to
facilitate the disassembly of the zippered bundles [79]. Because NSF lacks a direct binding
domain for members of the SNARE family, it connects via an adaptor, α-SNAP [80]. Six NSF
proteins assemble together at the plasma membrane, and each NSF hexamer requires three α-
SNAPs to mediate binding to the SNAREs [78]. Once the NSF/α-SNAP/SNARE complex is
formed, NSF hydrolyses ATP, providing the energy necessary for the disassembly of the
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SNARE complex [81]. Therefore, the rate of exocytosis depends on α-SNAP and NSF activity
[78]. Using PC12 cells as an α-SNAP-regulated exocytosis model, it was shown that α-SNAP,
in absence of NSF activity, can actually block exocytosis and that this α-SNAP-dependent
event occurs by direct binding of α-SNAP to free syntaxin, thus preventing SNARE complex
assembly [82]. It is documented that α-SNAP is activated in the exocyst complex by phosphor-
ylation [83], that α-SNAP binds and stimulates NSF ATPase activity, [84] that Gα12 interacts
with α-SNAP, [66] and that S-nitrosylation of NSF inhibits WPB exocytosis [85]. α-SNAP
regulates exocytosis of granules from different types of cells [86]. α-SNAP binding to the
SNARE complex in the fused membrane mediates recruitment and activation of NSF resulting
of exocytosis from ECs [10, 87]. The Gα12 binding site for α-SNAP was recently identified by
using a library of substitution mutants within myc-tagged Gα12QL in which regions of the
cDNA encoding consecutive six aminoacids were replaced with a sequence encoding the
following six aminoacids: asparagine-alanine-alanine-isoleucine-arginine-serine (NAAIRS) by
oligonucleotide-directed mutagenesis and expressed in a cell line as described previously [88],
followed by evaluation of direct binding between Gα12 NAAIRS mutants and α-SNAP by
glutathione S-transferase (GST) pulldown [10]. Based on the evidence generated by the GST
pulldown assay, we constructed an α-SNAP Binding Domain peptide to which we added a
myristoyl group and micellar nanoformulation for cellular entry, to further assess the role of
Gα12 interaction with α-SNAP in vWF secretion [89, 90].

2.5. Spatial and temporal regulators of the exocyst complex

Secretion of vWF from ECs is mediated by small GTPases via both second messengers Ca2+

and cAMP-dependent signaling pathways [91–93]. Small GTPases are the effectors of the
exocyst complex, involved in temporal coordination, spatial segregation and proof-reading of
membrane trafficking events [94]. Rab and Ral GTPases are thought to be involved in vesicle
tethering, whereas RhoGTPases are spatial regulators of the exocyst complex [95].

RalA was the first GTPase found to co-sediment with WPBs in density gradients [96]. Ral A is
activated by its exchange factor, Ral guanine-nucleotide dissociation stimulator (RalGDS) [97],
which is kept inactive by β-arrestin under static conditions [98]. Upon GPCR activation, Ral
GDS uncouples from β-arrestin and functions in its GTP-bound state. RalGDS downregulation
with siRNA in thrombin-stimulated HUVECs leads to accumulation of WPBs in the proximity
of the plasma membrane, but exocytosis is incomplete, suggesting RalGDS/ β-arrestin complex
is necessary to link thrombin receptors to WPBs exocytosis [98]. Ral A facilitates WPBs traf-
ficking and delivery to the plasma membrane [91]. Ral A has been implicated in actin cytoskel-
eton dynamic rearrangements through its direct interactions with effectors filamin A and
RalBP1/RLIP76 (a RAC/CDC42 guanine-nucleotide activating protein (GAP) [99]. RalBP1 links
RhoGTPases and RalGTPases, and, of note, RalBP1 GAP has an ATP binding domain,
although it is not clear whether this domain is a motor required for assembly of the exocyst
[99]. Studies conducted in our laboratory suggest that human pulmonary artery ECs treated
with filamin A siRNA attenuates constitutive and thrombin-induced vWF secretion [100]. It
has been proposed that Ral A/Ca2+-dependent signaling might be a prerequisite for the exocy-
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The second point of intervention for the Rab and Ral GTPases is anchoring and fusion of WPBs
with the plasma membrane [8]. Ral A also promotes exocytosis by increasing phospholipase
D1 (PLD1) activity and subsequent phosphatidic acid (PA) production, thereby facilitating
plasma membrane fusion as described in more detail in Section 2.6 of this chapter. The Rabs
are a family of over 60 members of small GTPases that control membrane identity and the
actions of the intracellular vesicles; each type of secretory vesicle in the cells has a unique set of
Rab family members, as reviewed in [102]; of these, six Rab proteins were found in association
with WPBs:Rab3 isoform b [103], Rab3 isoform d [104], Rab27a [105], Rab3 isoform a, Rab15,
Rab33a, Rab37 [106] and Rab35 [107]. Rab 27a is located on the cytosolic face of WPBs, is used
as a marker of organelle identity, and has multifunctional capacities: it could either mildly
inhibit the secretion of WPBs by associating with its effector MyRIP (myosin VIIa and Rab-
interacting protein), thus anchoring WPBs to actin filaments and keeping them from attaching
to the plasma membrane until the right timing, [57] or it could strongly activate the secretion of
WPBs by associating with an alternate effector, synaptotagmin-like protein 4 (or granuphilin)
(Slp4-a), [108] which links the secretory granules to the plasma membrane via syntaxin-
binding protein 1 and syntaxin 2 and 3 [108, 109]. The ratio of Rab27a occupancy by Slp4-a or
MyRIP dictates whether Rab27a is stimulatory or inhibitory with regards to WPB exocytosis
[103]. Furthermore, Rab27 was shown to work synergistically with Rab15 to control exocyto-
sis; Zografou et al. recently showed that simultaneous knockdown of the two Rabs using
siRNA in HUVEC leads to a greater reduction in vWF secretion compared with knockdown
of either Rab alone [106]. Their experiments further showed that Munc13-4, a known effector
of Rab27a, co-localized with Rab15 on WPBs. The three proteins, Rab27a, Rab15 and Munc13-
4, thus form a complex and work in tandem to help regulate exocytosis of vWF [106]. Rab 33b
has an inhibitory effect on vWF secretion [106].

A recent genome-wide screen identified a completely new signaling pathway associated with
WPB exocytosis. Rab 35, which is controlled by Rab GAP TBC1D10A, promotes ACAP2
(ArfGAP with coiled-coil, Ank repeat and pleckstrin homology domain-containing protein)
activation, which inhibits histamine-induced Ca2+-dependent vWF and P-selectin expression
in human ECs. This study used constitutively active mutants of Rab35, downregulation with
siRNA and a fluorescence activated cell sorting (FACS)-based vWF secretory assay to prove
that Rab35 promotes histamine-induced vWF secretion in a TBC1D10A- and ACAP2-depen-
dent manner [107]. Of note, ACAP2 GAP targets Arf 6 which is a positive regulator of vWF
secretion from human ECs, as shown by total internal reflection fluorescence (TIRF) micros-
copy and FACS-based vWF secretory essay [107]. Arf 6 GTPase activity at the plasma mem-
brane elevates phosphatidylinositol 4,5-bisphosphate (PI (4,5) P2) levels via PI (4)P5-kinase
activation, acting antagonistically to Rab35 through TBC1D10A Rab GAP [107]. Finally, among
the Rabs found to be in association with WPBs, only Rab27 is known to be involved in basal
secretion [57, 108].

2.6. Endothelial cell secretory microdomains

GTPase-mediated exocyst activity of the SNARE assembly occurs in specific regions of the
plasma membrane with distinct lipid profiles [110]. Namely, we know there is an increase in
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PA production in HUVECs upon stimulation with histamine, which is a known agonist to
induce exocytosis of WPB contents [111]. The increase in PA production is mediated by
recruitment and activation of PLD1, an enzyme that hydrolyses phosphatidylcholine to pro-
duce PA [111]. PLD1 downregulation using shRNA resulted in a reduced secretion of vWF
upon histamine stimulation [111]. PLD1 is commonly thought of as a general promoter of
membrane fusion because of its role in producing fusogenic conical lipids such as PA [112].
PLD1 requires activation by one or more factors specific to the cell type and activation path-
way, including small GTPases such as those of the ADP-ribosylation factor/Rho families as
well as RalA, RalGDS or protein kinase C [113]. Thus, RalA and RalGDS not only play a role in
the exocytosis process itself, as discussed in Section 2.5, but are also directly associated with
the cytosolic face of WPBs. Therefore, it has been suggested that RalA could serve as an
upstream activator of PLD1, promoting PLD1 movement to the membrane and subsequent
generation of PA-enriched membrane microdomains important for membrane fusion [97].

2.7. Zyxin and other proteins that regulate vWF release from endothelial cells

Data published by Han et al. show that zyxin, a focal adhesion LIM domain-containing
protein, is involved in thrombin-mediated remodeling of the actin cytoskeleton [114]. The
molecular structure of zyxin predicts its function in cytoskeletal dynamics [115]. Zyxin has
proline-rich repeats at the N terminus followed by a leucine-rich nuclear export signal (NES)
and three copies of a cysteine- and histidine-rich motif called the LIM domain at the C
terminus [115]. Regulators of cytoskeletal dynamics, such as Enap/vasodilator-stimulated
phosphoprotein (VASP) family members and α-actinin interact with the proline-rich region of
zyxin. Zyxin can generate new actin structures in a VASP-dependent manner, independently
of the Arp2/3 complex that cooperates with members of the Wiskott-Aldrich syndrome family
of proteins (WASP) to nucleate actin filaments [114, 116]. Zyxin is a VASP-dependent actin
polymerization machine in cells [117], and Han et al. showed zyxin binds to the C-terminal
domain of protease-activated receptor 1 (PAR-1) [114]. Upon disruption of PAR-1-zyxin inter-
action, thrombin-induced formation of actin stress fibers was inhibited further supporting the
hypothesis that zyxin functions as a signal transducer in PAR-1 signaling. In contrast,
downregulation of zyxin did not affect thrombin-induced activation of RhoA or Gi, Gq and
G12/13 heterotrimeric G proteins, implicating a novel signaling pathway regulated by PAR-1
that is not mediated by G proteins. Depletion of zyxin using siRNA inhibited thrombin-
induced actin stress fiber formation and serum response element (SRE)-dependent gene tran-
scription. In addition, depletion of zyxin resulted in delay of endothelial barrier restoration
after thrombin treatment. In 2017, Han et al. reported that downregulation of zyxin in
HUVECs with shRNA inhibits cAMP-dependent secretion of vWF [116]. In zyxin shRNA-
expressing cells, formation of the actin framework around exocytic WPBs was scarce. More-
over, phosphorylation of zyxin at serines 142 and 143 (S142/S143) is critical for vWF secretion
since the zyxin mutant could not rescue the defect in zyxin shRNA-treated cells [116]. They
showed that a protein kinase A (PKA)-specific inhibitor blocked zyxin phosphorylation at
S142/S143 and concluded that zyxin acts downstream of PKA [116]. Han et al. thus proposed
a novel model for cytoskeleton reorganization around WPBs undergoing exocytosis. Upon
epinephrine stimulation, pre-existing filaments are reorganized to form actin frameworks
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duce PA [111]. PLD1 downregulation using shRNA resulted in a reduced secretion of vWF
upon histamine stimulation [111]. PLD1 is commonly thought of as a general promoter of
membrane fusion because of its role in producing fusogenic conical lipids such as PA [112].
PLD1 requires activation by one or more factors specific to the cell type and activation path-
way, including small GTPases such as those of the ADP-ribosylation factor/Rho families as
well as RalA, RalGDS or protein kinase C [113]. Thus, RalA and RalGDS not only play a role in
the exocytosis process itself, as discussed in Section 2.5, but are also directly associated with
the cytosolic face of WPBs. Therefore, it has been suggested that RalA could serve as an
upstream activator of PLD1, promoting PLD1 movement to the membrane and subsequent
generation of PA-enriched membrane microdomains important for membrane fusion [97].

2.7. Zyxin and other proteins that regulate vWF release from endothelial cells

Data published by Han et al. show that zyxin, a focal adhesion LIM domain-containing
protein, is involved in thrombin-mediated remodeling of the actin cytoskeleton [114]. The
molecular structure of zyxin predicts its function in cytoskeletal dynamics [115]. Zyxin has
proline-rich repeats at the N terminus followed by a leucine-rich nuclear export signal (NES)
and three copies of a cysteine- and histidine-rich motif called the LIM domain at the C
terminus [115]. Regulators of cytoskeletal dynamics, such as Enap/vasodilator-stimulated
phosphoprotein (VASP) family members and α-actinin interact with the proline-rich region of
zyxin. Zyxin can generate new actin structures in a VASP-dependent manner, independently
of the Arp2/3 complex that cooperates with members of the Wiskott-Aldrich syndrome family
of proteins (WASP) to nucleate actin filaments [114, 116]. Zyxin is a VASP-dependent actin
polymerization machine in cells [117], and Han et al. showed zyxin binds to the C-terminal
domain of protease-activated receptor 1 (PAR-1) [114]. Upon disruption of PAR-1-zyxin inter-
action, thrombin-induced formation of actin stress fibers was inhibited further supporting the
hypothesis that zyxin functions as a signal transducer in PAR-1 signaling. In contrast,
downregulation of zyxin did not affect thrombin-induced activation of RhoA or Gi, Gq and
G12/13 heterotrimeric G proteins, implicating a novel signaling pathway regulated by PAR-1
that is not mediated by G proteins. Depletion of zyxin using siRNA inhibited thrombin-
induced actin stress fiber formation and serum response element (SRE)-dependent gene tran-
scription. In addition, depletion of zyxin resulted in delay of endothelial barrier restoration
after thrombin treatment. In 2017, Han et al. reported that downregulation of zyxin in
HUVECs with shRNA inhibits cAMP-dependent secretion of vWF [116]. In zyxin shRNA-
expressing cells, formation of the actin framework around exocytic WPBs was scarce. More-
over, phosphorylation of zyxin at serines 142 and 143 (S142/S143) is critical for vWF secretion
since the zyxin mutant could not rescue the defect in zyxin shRNA-treated cells [116]. They
showed that a protein kinase A (PKA)-specific inhibitor blocked zyxin phosphorylation at
S142/S143 and concluded that zyxin acts downstream of PKA [116]. Han et al. thus proposed
a novel model for cytoskeleton reorganization around WPBs undergoing exocytosis. Upon
epinephrine stimulation, pre-existing filaments are reorganized to form actin frameworks
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around exocytotic granules, limiting granule movement and promoting their localization in
close proximity to the plasma membrane [116]. Then, actin monomers are recruited from the
cytosol to form coat structures around granules within actin frameworks that promote
fusion [116]. It was postulated that ECs use this synergistic strategy for effective and precise
exocytosis. Under their experimental conditions, zyxin downregulation with shRNA had no
effect on vWF release upon thrombin or histamine stimulation, whereas these mice exhibited
impaired epinephrine-stimulated vWF release, prolonged bleeding time and thrombosis.
Live cell super-resolution microscopy allowed visualization of zyxin-dependent reorganiza-
tion of pre-existing actin filaments around WPBs before fusion. Using the total internal
reflection fluorescence structured illumination microscopy (TIRF-SIM) technique, it was
possible to achieve simultaneous visualization of the dynamics of fine cortical actin filaments
and the behavior of the exocytotic granule in close proximity of the plasma membrane. Zyxin
promotes the recruitment of the actin regulatory protein α-actinin; α-actinin is an actin
crosslinking protein [114]. To prove the co-localization of zyxin with its interacting partners,
they co-expressed zyxin construct tagged with mCherry for fluorescence microscopy detec-
tion (zyxin-mCherry) and Lifeact tagged with green fluorescence protein (GFP-Lifeact) (Life
act is an actin binding peptide used in microscopy to monitor the behavior of actin fila-
ments). Interestingly, the assembly of the pre-existing filaments started when WPBs were
still tubular, so the formation of the actin framework appeared as a pre-fusion event by TIRF-
SIM. Alexa Fluor 647-G actin incorporation assay indicated that pre-existing actin filaments
reorganize to form the actin framework around the tubular WPBs, and G-actin was also
recruited to form the actin coat structure in proximity to WPBs fused to the membrane and
connected with the actin frameworks. Once WPBs became spherical and fluorescently-
labeled, vWF was expulsed and fluorescence intensity declined in the expulsed area. The
authors explain that the exocytotic events shown by variable-angle TIRF are mediated by the
contraction of the actin coat which squeezes out WPB contents, followed by retraction of the
depleted WPBs in the cytoplasm [116].

3. Dynamics of vWF reactivity in acute diseases

3.1. vWF as a surrogate marker of endothelial dysfunction

Association between vascular dysfunction and increased vWF levels is well established. The
first study found a correlation between factor VIII antigen (another name for vWF) and kidney
vascular damage in the context of glomerulonephritis in the 1970s [118]. Since this time, there
have been many reports of inflammatory diseases associated with elevated vWF, that is, in
acute systemic inflammation disorders such as sepsis, acute respiratory distress syndrome or
systemic inflammatory response syndrome [73], T2DM [119] and TTP [120].

Upon activation of ECs, vWF acts as an acute phase reactant and correlates with serum
C-reactive protein (CRP) level, another acute phase reactant [121, 122]. Other hemostatic pro-
teins also behave in this way (i.e. factor VIII, fibrinogen and plasminogen inhibitor 1). Active
vWF corresponds to the form of vWF required for platelet receptor GpIb binding [123–125].
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Detection of active vWF is now possible using an assay based on a nanobody AU/vWF a11
which allows investigators to distinguish between the active and latent conformations of the
vWFA1 domain [123]. Several pathological conditions are associated with a disturbed balance
in vWF activation and inactivation kinetics and thereby increased levels of active vWF and
thrombotic complications [126]. The same active vWF assay revealed that levels of circulating
active vWF increased approximately twofold in patients with acquired and congenital TTP
[123, 126]. More and more evidence indicates that vWF is a biomarker of EC activation, but
there are numerous discrepancies among the various clinical studies [127, 128]. In a more
recent effort to advance the use of plasma vWF as a clinical marker of vascular inflammation,
Hyseni et al. measured plasma concentrations of active vWF in a cohort of 275 patients with
systemic inflammatory response syndrome [45]. They reported that patients with an elevated
level of active vWF on admission had a twofold higher mortality rate [45]. In contrast, despite
strongly elevated vWF levels, no predictions of mortality could be obtained based on total
vWF [45]. Elevated active vWF is thus now regarded as an independent biomarker of poor
outcome in patients with acute lung injury [129]. Mechanical ventilation is necessary to sup-
port the critical ill, but it also exacerbates injury through mechanical stress-activated signaling
pathways, therefore it is expected to affect the disease outcome [130]. Consistent with these
findings, an earlier 28-day study of 50 patients van der Heijden et al. reported that high vWF
levels correlated with pulmonary compliance [Vt/(Pplat –PEEP)], where Vt = tidal volume,
Pplat = plateau pressure, PEEP = positive end-expiratory pressure throughout the course of
septic shock while patients were mechanically ventilated [131].

3.2. vWF/ADAMTS13 axis in vascular health and disease

In order to fulfill its functions, vWF remodels in a few distinct ways [16, 132–136]. In ECs, vWF
forms tubular structures inside acidic WPBs secretory granules [137]. The switch that converts
highly packed vWF tubules into ultra-large vWF strings in the blood stream is critically
important but poorly understood. Recently, more insight has been gained into the mechanism
of rapid transition from tightly packed vWF tubules into intraendothelial granules to vWF
strings that function at physiological pH. It is likely that distal to the fused end of the WPB,
alkalinisation induces a rapid conformational change in the structure of vWF, which propa-
gates causing vWF to unfurl in a concerted manner at the site of secretion, resulting in the loss
of the storage conformation [132].

The highly multimeric, elongated form of vWF is not present in healthy plasma, but it is found
in various pathological settings. This observation can be explained by the fact that vWF senses
shear forces and remodels accordingly [134]. Atomic force micrographs have demonstrated at
the single molecule level that under static conditions, vWF assumes a globular conformation,
whereas, under high shear flow, vWF turns into an extended chain format [16] that forms
ultra-large strings to which platelets bind to initiate clot formation at sites of vascular damage
[25] and, when shear stress is above 30.000 s�1, factor VIII is released from its carrier protein to
provide factor VIII to the coagulation cascade [138]. We now realize that, while ultra-large MW
(molecular weight) vWF is essential for the normal hemostasis, this multimeric array should
not become too large because it alters the thrombotic propensity [15, 16, 133, 134, 138–147].
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acute systemic inflammation disorders such as sepsis, acute respiratory distress syndrome or
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The last biosynthetic step required for the formation of normal vWF is the limited proteolysis
of the multimeric array by the circulating metalloprotease ADAMTS13 [126, 135]. ADAMTS-13
is produced mainly by the hepatic stellate cells [148]. Secondarily, the enzyme is synthesize in
other cell type (ECs, podocytes, platelets and glial cells), but the physiological importance of
these other sources was not yet established [149]. ADAMTS-13 plasma concentration is in the
range of 0.7–1.4 μg/mL [150]. Interestingly, ADAMTS-13 is secreted into the circulation as an
active enzyme and has a plasma half-life of approximately 2–4 days [151]. The mechanism of
ADAMTS-13 clearance is not completely elucidated. It has been suggested that the hepatic
asialoglycoprotein receptor could be involved in ADAMTS-13 clearance [152]. It is believed
that newly released multimeric forms of vWF become tethered to the EC surface through the
interaction with P-selectin [153, 154] and become partially unfolded [16], allowing for
ADAMTS13 cleavage of the multimeric arrays [136]. The physiological proteolytic processing
of vWF by ADAMTS13 occurs between Tyr1605-Met1606 in the central A2 domain of vWF,
and is facilitated by partially unfolding vWF by flow conditions in the microcirculation [124,
126, 155–162].

Too little cleavage of the newly released vWF produces a tendency for microvascular throm-
botic occlusion, as in TTP [120], and too much cleavage by ADAMTS13 results in type 2 like
vWD and a bleeding phenotype [38]. Cleavage is dramatically increased during systemic
inflammation [45] and other prothrombotic conditions, and there is an inverse relationship
between plasma levels of vWF and ADAMTS-13; under high shear stress/inflammatory condi-
tions, the circulating vWF can acquire autoimmune resistance to proteolysis by ADAMTS-13
or ADAMTS-13 is quickly exhausted as there is more vWF to cleave than available cleaving
enzyme for consumption [45]. Additionally, a decrease in the vWF-inactivating protease
ADAMTS13 is dependent on the severity of the disease and organ dysfunction [163].

In mice models, vWF-deficiency abrogates the ADAMTS13-deficient prothrombotic state [164]
and endotoxemia-induced thrombosis in mice [165], consistent with the observation that vWF-
deficient mice subjected to the polymicrobial model of sepsis exhibit increased survival [29]. It
has been recently reported that neutrophil-derived small peptides or human neutrophil pep-
tides (HNPs) also known as α-defensins can inhibit cleavage of vWF by ADAMTS13 [166];
these peptides [167] have sequence similarities with the ADAMTS-13 spacer domain RRY
motif and can bind to the cleavage site for ADAMTS-13 on the vWFA2 domain. It was shown
that HNPs levels are high in TTP patients [166]. Pro-inflammatory cytokine IL-6 limits
ADAMTS-13 function [168, 169], while IL-8 and TNF-α stimulate further the release of vWF
from WPBs [168].

In conclusion, excessive levels of the highly prothrombotic and multimeric form of vWF and/or
ADAMTS13 deficiency constitute a unifying pathologic mechanism linking inflammation to
thrombosis [170].

3.3. vWF role in ischemic stroke

Stroke remains a major health concern and a leading cause of death in the adult population. As
a result of intracerebral thrombosis, cerebral ischemia/reperfusion injury causes brain tissue
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damage [171]. vWF promotes intracerebral thrombo-inflammatory response in the context of
acute stroke [167, 172–175] and the vWF/ADAMTS13 axis was found to be involved in acute
and chronic ischemic cerebrovascular events in patients [175]. vWF-deficient mice are
protected from ischemic stroke [174]. It is well known that circulating vWF originates prima-
rily from the endothelium, with a minor contribution from platelets [20]. Our current under-
standing of the role of different pools of vWF in the pathophysiology of acute stroke is based
on mouse models [176]. EC-vWF mice are chimeric mice that express vWF only in ECs.
Irradiated mice transplanted with bone marrow from vWF�/� mice to repopulate myeloid
cells lack vWF in platelets but express vWF in ECs. Plt-mice are chimeric vWF�/� mice
transplanted with normal bone marrow, and therefore have vWF in platelets [176]. The wild-
type (WT), vWF�/�, Plt-vWF and EC-vWF mice were subjected to 1 h ischemia followed by
23 h reperfusion and the outcome was compared [176]. The infarct volume and neurological
outcome were comparable in WTand EC-vWFmice and decreased in vWF�/� mice. The stroke
outcome in EC-vWF mice was documented using triphenyl-tetrazolium chloride-stained serial
brain sections after 1 h transient middle cerebral artery occlusion. Also, it was observed in EC-
VWF mice that there was a reduced local cerebral blood flow as assessed by Doppler flowme-
ter and a higher rate of thrombus formation in comparison to vWF�/� mice assessed by
intravital microscopy. Stroke, infarction, vascular spasm and iatrogenic thrombotic events
cause ischemia, which has a dramatic impact on vital organs. Post-ischemic reperfusion
changes the pH, and extracellular alkalinization stimulates the physiological mechanisms that
directly promote EC activation and can double vWF release in a [Ca2+]-dependent manner
[171]. Delaying the pH recovery with a Na+/H+ exchange subtype I pump inhibitor (applied in
the perfusion media) [171] might prove to be a promising new way of inhibiting EC activation
upon reperfusion injury. Taken together, EC-vWF seems to be the primary determinant of
vWF-dependent ischemic stroke [171, 176], while platelet vWF plays a minor role [20, 176].
The ability to control vWF secretion from dysfunctional endothelium might be a valuable
therapeutic target in stroke prone patients.

3.4. vWF role in sepsis

Apart from its primary role in hemostasis, vWF has a dual role in the pathophysiology of
severe sepsis. On the one hand, vWF is involved in host-defense with a possible initial protec-
tive role in preventing complement activation [121]. In addition to its classical role in platelet
binding, the vWF A1 domain also plays a role in vWF-dependent inflammatory responses.
vWF and platelets promote leukocyte diapedesis, downstream of leukocyte tethering, rolling
and adhesion in a mouse model of thioglycollate-induced peritonitis [177]. Polymorphonu-
clear leukocytes seem to directly interact with vWF via P-selectin glycoprotein ligand-1 and
β2-integrins [178] As shown in mice in which inflammation was provoked by two different
methods, [27] vWF-regulated leukocyte recruitment can be blocked by administration of a
blocking anti-vWF llama nanobody, KB-VWF-006, which has picomolar affinity for the vWF
A1 domain [27].

On the other hand, sepsis is not only a systemic inflammatory condition, it is also a state of
dysfunctional endothelium and coagulation. One of the early on signs of systemic endothelial
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activation is sepsis-induced elevation of plasma vWF levels [121, 129, 163, 179]. Sepsis can
promote DIC, which is common in critically ill patients. When unfolded, highly multimeric
sepsis-induced vWF interacts with platelets [26] and generates small clots in the microvascu-
lature [45, 124]. Microvascular thrombosis appears to be a major pathological mechanism in
sepsis pathology resulting in multi-organ dysfunction syndrome (MODS) [124]. Hence, sepsis-
induced vWF secretion in excess in DIC and MODS are inevitably linked. In addition, sepsis-
induced ultra-large high molecular weight multimeric vWF permits complement activation,
[121] leading to a positive feedback cycle of inflammation and thrombosis.

In murine model of sepsis, mice subjected to cecal ligation and puncture (CLP) have increased
circulating levels of vWF that promote a procoagulant phenotype and poor outcome [29].
vWF-deficient mice subjected to the CLP model of sepsis exhibit increased survival [180]. For
the purpose of testing whether Gα12 modulates vWF secretion in sepsis pathological setting,
we subjected Gα12�/� mice andWTcontrol mice to the CLP model of polymicrobial sepsis and
monitored survival [181]. Our preliminary results indicate that 80% of the Gα12�/� mice
survived, while all WT mice succumbed in the first 96 h [182]. To further determine whether
decreased vWF was responsible for the protective effect of G12 deficiency, we restored circu-
lating vWF level in Gα12�/� mice, by intravenous administration of purified vWF [10], to the
level observed in WT mice. This procedure resulted in the loss of the protective effect of G12
deletion [182]. Furthermore, we employed a pharmacological G12 inhibition approach to
prove G12 involvement in sepsis-induced vWF secretion [183]. We hypothesized that a syn-
thetic peptide derived from Gα12 would inhibit α-SNAP-dependent WPB priming and fusion
with the plasma membrane [89, 182], thereby inhibiting vWF secretion from activated ECs,
and reducing the risk of thrombotic microangiopathy during sepsis [182].

3.5. vWF role in other inflammatory diseases

Transient elevations of plasma vWF level were also observed after epinephrine infusion [184],
and chronic elevation of circulating vWF (2–3-fold) was reported in hyperthyroidism, which is
thought to be due to β-adrenergic receptor stimulation. In contrast, hypothyroidism is associated
with a 15% decrease in vWF level, although this is reversible with appropriate treatment [185].

vWF secretion from ECs might play a role in sickle cell disease pathogenesis [186, 187]. Erythro-
cytes bind specifically to vWF [186] and stasis, or the reduction of blood flow and shear, pro-
motes binding of erythrocytes to vWF which form fibrin-rich regions in venous thrombi [186].

4. vWF-related antithrombotic treatment strategies

Despite recent major advances in the vascular biology of thrombosis, we face unmet treatment
needs which warrant search for novel antithrombotic medication. Inhibition of vWF secretion
constitutes an attractive therapeutic strategy to counteract thrombus initiation and propaga-
tion as the plasma concentration of vWF increases in high risk populations and predicts
cardiovascular disease outcome. In this section, we review the drugs with the potential of
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vWF antagonism, illustrating how they might become an option to overcome current limita-
tions of antithrombotic therapy.

Most of the studies involving anti-vWF antibodies were conducted in animal models. Mono-
clonal antibodies have been widely tested in murine, monkey and rabbit models of cardiovas-
cular disease, including coronary thrombosis, stroke and in-stent stenosis: GPG-290, 6B4-Fab,
AJW200, 82D6A6 and SZ-123 [188, 189]. These are all agents with antithrombotic and anti-
inflammatory effects which do not prolong bleeding time and do not provoke thrombocytope-
nia. However, to date, none of these have made it into clinical trials. Hillgruber and colleagues
recently published a study that found a massive accumulation of vWF in skin biopsies of
patients suffering from leukocytoclastic vasculitis, an immune complex (IC)-mediated vasculi-
tis (ICV) frequently encountered in dermatology that is caused by IC precipitation in the vessel
wall followed by recruitment of neutrophils [28]. These results were confirmed in a murine
model of vasculitis [28], and importantly, they identified ICs as possible vWF secretagogues.
Of note, polyclonal anti-vWF blocking antibodies had an anti-inflammatory effect, reducing
leukocyte recruitment and edema formation in a murine model of vascular inflammation [28].
Although the physiological implications of elevated vWF levels (increasing up to 400% of the
normal level in various conditions [190, 191]) require additional investigation, it is currently
believed that plasma vWF level is a surrogate marker of increased risk of vascular complica-
tions in septic patients and in those with vascular disease, which makes vWF antagonism a
promising therapeutic target in thrombosis and inflammation.

Aptamers and nanobodies have been demonstrated to directly interfere with the vWF path-
way, suggesting their powerful antithrombotic properties and acceptable level of safety may
prove to be useful strategies. Aptamers are oligonucleotides that have similar characteristics
with monoclonal antibodies and with small molecules. ARC1779 is an aptamer that binds to
the A1 domain of vWF, blocking its interaction with GpIb and thereby inhibiting vWF-
dependent platelet function. Clinical trials with ARC1779 were conducted and completed, but
until truly meaningful clinical endpoints can be obtained that indicate effective inhibition of
thrombosis without increasing bleeding, the utility of aptamers will remain unclear. Before the
clinical trial was prematurely closed by the sponsor, the clinical and laboratory data after
14 days of dosing in nine patients with TTP aged 18–75 were very promising, and the authors
optimistically proposed the study continuation (www.clinicaltrials.com; [192]) suggesting fur-
ther development may be in order.

Nanobodies have the advantage of being highly specific therapeutic agents. Caplacizumab
(ALX-0081) is an anti-vWF humanized nanobody that selectively targets vWF A1 domain,
locking platelets launching on VWF A1 domain via interaction with their receptor GPIb.
TITAN phase II trial concluded that caplacizumab administration in 75 patients with acquired
TTP lead to a rapid resolution of the acute TTP episode, but it was adversely seconded by mild
bleeding when compared to placebo group [193–195].

Unlike the vWF aptamer or antibodies, a pharmacological inhibitor of vWF secretion would
have the advantage of acting from the inside of ECs, thereby limiting the amount of vWF
available to support binding of platelets and thrombus formation. Studies thus far from our
group suggest inhibition of Gα12-dependent activation of vWF secretion from WPBs may in
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fact be one such option [89, 90, 181, 182, 196]. Ongoing studies are demonstrating that inhibition
of vWF secretion from ECs, using a novel peptide inhibitor to block Gα12/α-SNAP-dependent
WPB exocytosis [89], reduces DIC and mortality in septic mice [89, 90, 182, 183, 196].

5. Conclusions

The development of antithrombotic drugs continues to be an active area of research. As there is
not a straightforward relationship between therapeutic intervention and improvement of
endothelial function, but rather a complicated interrelation between multiple subcellular “tar-
gets”, research has focused on understanding the underlying mechanisms leading to vWF
elevation in the circulation. Development of novel non-invasive diagnostic methods that facil-
itate early detection of endothelial damage and dysfunction and expand our knowledge of the
etiology of cardiovascular disease are aggressively being pursued. In this overview, we present
currently available literature concerning the contribution of endothelial cell activation/dys-
function to the increase in the level of plasma vWF in the context of inflammatory cardiovas-
cular disease. While differential diagnosis of infectious and non-infectious organ damage
associated with high vWF levels is not possible using vWF as a marker, elevated levels of
vWF correlate very well with organ failure and poor survival and thus encourage further
pursuit of this line of research toward novel drug therapy.
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Abstract

Glucose-induced endothelial dysfunction plays a fundamental role in the development 
of diabetic vascular complications and glycemic control (the foundation of diabetes care) 
provides limited protection against the cardiovascular complications. Therefore, iden-
tification of novel drug targets and treatment approaches for diabetes complications 
represent a key direction of current pharmaceutical research. The “unifying theory” of 
hyperglycemia-induced endothelial cell injury organizes the events of cellular dysfunc-
tion in a linear cascade and identifies mitochondrial superoxide generation as the trig-
gering event of the injury. Exposure to high glucose concentration for long periods or 
repeated glycemic swings may induce changes in metabolic substrate availability and 
lead to mitochondrial hyperpolarization. Changes in the mitochondrial membrane poten-
tial induce superoxide production by the electron transport chain and result in oxidative 
stress. Mitochondrial superoxide is also responsible for the induction of other sources of 
reactive oxygen species (ROS) within the cells, including advanced glycation end prod-
ucts (AGEs) and the NADPH oxidase. Mitochondria also show morphological changes 
and impaired assembly of the respiratory complexes occurs, which results in cellular 
energy failure, cell senescence and vascular dysfunction. Current intervention strategies 
aim to inhibit the mitochondrial ROS production and novel therapeutic approaches are 
expected to provide valuable tools in diabetes therapy in the upcoming years.

Keywords: hyperglycemia, diabetes, endothelial cells, oxidative stress, mitochondria, 
electron transport chain, superoxide, bioenergetics

1. Introduction

The significance of hyperglycemia-induced endothelial damage is underlined by its patho-
genic role in diabetes complications and the associated costs of diabetes management. The 
global prevalence of diabetes among adults over 18 years of age has risen from 4.7% in 1980 
to 8.5% in 2014 with a steep increase over the age of 50, reaching the peak prevalence of 
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25% above 80 years of age [1, 2]. The (direct and indirect) medical costs for patients with 
diabetes are double the amount compared to expenses for nondiabetic individuals and three 
times higher in case of cardiovascular diseases such as myocardial infarction or stroke [3]. 
Currently, diabetes-related healthcare expenditure accounts for 10% of the total healthcare 
costs and it is estimated to increase by 70% over the next 25 years leading to a serious soci-
etal and economic burden [4]. Diabetes complications are responsible for the majority of the 
associated costs and excess costs gradually increase with the duration of the disease leading 
to substantially higher expenses after 8–10 years [3, 5]. Hyperglycemia-induced endothelial 
dysfunction is the major contributor to the development of vascular disease in diabetes melli-
tus [6]. While insulin resistance may be present in patients with no increase in plasma glucose 
level and it may contribute to endothelial dysfunction, the major pathway that is responsible 
for endothelial damage is glucose-induced oxidative stress in diabetes [6, 7].

2. Characteristics of the damage

2.1. Glucose and oxidative stress in diabetic vascular damage

Endothelial dysfunction is a pathological state of the endothelium and can be defined as 
an aberration of the normal endothelial function of vascular relaxation, blood clotting and 
immune function. In general, it means impaired endothelium-dependent vasodilation as a 
result of imbalance between vasodilating and vasoconstricting substances produced by (or 
acting on) the endothelium. Endothelial dysfunction can be a significant predictor of coronary 
artery disease and atherosclerosis and it increases the risk of stroke and heart attack [8]. In 
basic science and in clinical research, endothelial function is commonly assessed by the use 
of the acetylcholine-mediated vasodilatation test or by flow-mediated vasodilation, and this 
methodology is considered the ‘gold standard’ at this moment [8, 9]. Endothelial dysfunction 
is primarily responsible for the impaired vasorelaxation in diabetes but it is closely followed 
by the development of vascular smooth muscle cell dysfunction [10, 11]. Impaired relaxation 
may be caused by diminished production or increased destruction of vasodilating factors 
or impaired response to them in diabetes. Oxidative stress is considered as one of the major 
underlying mechanisms, which leads to endothelial dysfunction in hyperglycemia, since the 
therapeutic supplementation of antioxidants or antioxidant enzymes can restore the endothe-
lium-dependent vasodilation in experimental models of diabetes [10].

Glucose-induced damage is apparently controversial: glucose is a major source of energy 
and a small increase in blood glucose, which has no obvious ill effect on the short term, can 
cause serious long-term complications in diabetes. Glucose uptake is noninsulin dependent 
in endothelial cells and it occurs via GLUT1 (glucose transporter 1), thus high blood glu-
cose level results in similarly high intracellular glucose concentration in endothelial cells 
[12, 13]. Endothelial cells have few mitochondria and primarily use glycolysis to produce 
ATP molecules, which suggests low oxygen consumption and relatively low level of oxidant 
production [14]. Furthermore, higher glucose concentration would allow even higher rate of 
anaerobic metabolism to produce the necessary amount of ATP and limit aerobic metabolism, 
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oxygen consumption and reactive oxygen species (ROS) production in the cells. Still, hyper-
glycemia is associated with the activation of various ROS-producing pathways and increased 
oxidant production in endothelial cells [15, 16]. Oxidants play a significant role in the destruc-
tion of nitric oxide and other signaling molecules and result in impaired vasoreactivity [10, 17, 
18]. Inflammatory pathways may be implicated in the early stages of the injury and they are 
typically involved in the later stages of the disease and contribute to oxidant production and 
inflammatory cytokine secretion, which can also change the vascular function [19]. Oxidative 
stress also induces DNA damage that triggers endothelial cell senescence that might have 
an impact on vascular function in the later stages of the injury [20]. There are approximately 
2–10 trillion (2–10 × 1012) endothelial cells in the human body and they form the endothelial 
surface of 500 m2 of blood vessels and require constant renewal [21–23]. Mostly, the resident 
stem cells (located in the vessel wall) take part in the repair processes but also circulating 
progenitor cells that arise from the bone marrow are involved in the process [22]. In diabetes, 
endothelial cell turnover is impaired and it might be a consequence of accelerated aging or 
reduced renewal of cells [24, 25]. While ROS-mediated injury dominates in the earlier stages 
of hyperglycemia-induced damage, cell senescence and impairment of endothelial cell turn-
over may play the leading part in the later stages.

2.2. Target cells of hyperglycemia

Hyperglycemia induces damage in a select cell population in the body, including mainly the 
mesangial cells in the kidney, neurons and Schwann cells in peripheral nerves and a subset 
of endothelial cells: only the microvascular and the arterial endothelial cells show impair-
ment [26]. Interestingly, this dichotomy in the vulnerability is often preserved in in vitro 
experiments: microvascular endothelial cells are more susceptible to glucose-induced injury, 
whereas venous endothelial cells show reduced oxidant production and damage. This sug-
gests that differences in the pressure, blood flow or vessel function in various parts of the 
circulation may not be accounted for the susceptibility. It is rather an inherent difference 
between the cells that explain the vulnerability of the microvasculature [27]. There are differ-
ences in the protein and RNA expression patterns, including the miRNA expression profiles, 
and the different responses of microvascular and macrovascular endothelial cells to various 
metabolic stimuli may be attributed to this difference [28].

Differences in glucose uptake may be partially responsible for the susceptibility: most cells 
tightly regulate the glucose transport rate and prevent the unrestricted uptake, but endothe-
lial and mesangial cells are unable to decrease the transport rate [29, 30]. Glucose overload 
induces a gradual increase in the mitochondrial membrane potential and the elevated pro-
tonic potential increases the superoxide generation by the respiratory chain [31]. The mito-
chondrial membrane potential is regulated by uncoupling proteins in the cells: these channels 
release excess protons from the intermembrane space to the matrix and protect against mito-
chondrial hyperpolarization. Endothelial cells express uncoupling protein 2 (UCP2) and its 
transport capacity is controlled by oxidative stress: high levels of oxidants open the channel, 
whereas the absence of oxidants closes the channel [32, 33]. In venous endothelial cells, hyper-
glycemia upregulates the expression of UCP2 and it effectively protects against mitochondrial 
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oxygen consumption and reactive oxygen species (ROS) production in the cells. Still, hyper-
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oxidant production in endothelial cells [15, 16]. Oxidants play a significant role in the destruc-
tion of nitric oxide and other signaling molecules and result in impaired vasoreactivity [10, 17, 
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hyperpolarization and ROS production [34, 35]. This process does not work in microvascu-
lar endothelial cells: there is no change in UCP2 expression in response to elevated glucose 
concentration resulting in mitochondrial hyperpolarization with a simultaneous rise in mito-
chondrial superoxide generation [35]. In many cases, endothelial cells were found to produce 
excess levels of mitochondrial oxidants in response to hyperglycemia only in the presence of 
pro-inflammatory cytokines, suggesting further mechanisms to be involved in the hypergly-
cemia-induced cell-damaging processes but the potential implication of inflammatory path-
ways has not been clarified [36].

2.3. Time course of hyperglycemic injury

At cellular level, hyperglycemic damage occurs within a few days and induces compensatory 
and repair mechanisms that may have consequences in the cell population. Vascular endothe-
lium covers a huge surface in the body and possesses a huge capacity to compensate for any 
damage that occurs over longer periods, thus changes in vascular function may occur with a 
delay.

In experimental models, glucose levels are often above 20–30 mmol/L and vascular dysfunc-
tion develops over weeks or within a few months [37]. The development of hyperglycemia-
induced endothelial cell damage is neither instantaneous in vitro, it usually takes a few days 
of exposure to high glucose levels to induce a significant increase in the mitochondrial mem-
brane potential and oxidant production [35, 38]. Hyperglycemia-induced ROS production 
induces RNA and DNA damage that may be responsible for the reduced proliferation rate 
observed in endothelial cells [39]. Reduced proliferation and senescence occur after more than 
10 doublings of endothelial cells exposed to 25 mmol/L glucose in vitro [25].

On the other hand, diabetic vascular complications occur after years of hyperglycemic expo-
sure and poor glycemic control accelerates the development of the disease [40, 41]. Although 
complications usually first appear some years after clinical diagnosis, retinopathy and 
nephropathy were often present (in 10–37% of patients) at the time of clinical diagnosis 
or within the first year after diagnosis [42]. Glucose levels that induce endothelial damage 
are moderately elevated in most patients due to improved diabetes care and diabetes self-
management education and support (DSME/S) [43, 44].

Endothelial cell senescence and reduced proliferation are the dominant features in diabetes, 
still pathological proliferation of blood vessels occurs in diabetic retinopathy [45]. This con-
troversy is explained by the fact that progressive retinal angiogenesis is preceded by a series 
of events that is characterized by reduced cell proliferation and stimulates neovascularization 
in the retina [45]. Proliferative diabetic retinopathy is not the primary pathogenic response to 
hyperglycemia but a compensatory response to retinal hypoxia. Diabetic retinopathy starts 
with the loss of two cell types of the retinal capillaries: the endothelial cells and the vessel 
supporting pericytes and the earliest pathologic signs are acellular, nonperfused capillary 
segments in the retina [45]. Pericyte loss may precede the endothelial damage in the retina 
and it is caused by angiotensin II overexpression induced by oxidative stress in diabetes. 
However, the increased number of migrating pericytes and loss of pericytes from the straight 
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parts of capillaries may also occur as a result of hypoxia, and thus might be a consequence of 
prior endothelial damage. On the other hand, the loss of pericytes results in reduced prolif-
eration of stalk endothelial cells leading to fewer phalanx cells and promotes hypoxia in the 
retina. Hypoxia is the main stimulus of uncontrolled proliferation in diabetic vessels and both 
angiotensin II and vascular endothelial growth factor (VEGF) are involved in the neovascu-
larization. In the pathological angiogenesis, not only the retinal endothelial cells take part but 
also the bone marrow-derived progenitor cells that may explain how enhanced proliferation 
capacity replaces the cell loss at the later stage.

3. Triggers of endothelial dysfunction and damage

3.1. Hyperglycemia and ‘glucose memory’

Glucose-induced endothelial damage is not only caused by constantly high glucose con-
centration but also by transiently elevated glucose levels. In experimental models, damage 
induced by intermittent high glucose is comparable or more severe than the injury induced by 
constantly high glucose concentration. Glucose levels studied in most experimental models 
are often much higher than the values that cause irreversible damage in humans on the long 
term and result in accelerated progression of diabetic complications.

Diagnostic criteria for diabetes are based on the relationship between plasma glucose values 
and the risk of diabetes-specific microvascular complications: blood glucose concentration 
that causes diabetic vascular damage has been empirically determined and diagnostic cri-
teria were established. The World Health Organization (WHO) introduced new diagnostic 
criteria in 1980, which were globally accepted, but had to lower the cut-off values for dia-
betes in 1999 since growing body of evidence supported the development of complications 
at lower blood glucose levels [46, 47]. The updated threshold values has raised considerable 
dispute and are often criticized for not preventing complications but further lowering has 
not been achieved because of the risk of hypoglycemia. The definition of hyperglycemia is 
challenging, since blood glucose values show a physiological increase after a meal and this 
calls for separate normal values for fasting, postprandial and random blood glucose levels. 
Still, it is evident that “high” glucose levels that induce damage in endothelial cells in the 
long term are very close to the normal blood glucose values, less than a twofold increase 
in the blood glucose level triggers injury in the cells. In the past, osmotic damage was pre-
sumed to play a pathogenic role in glucose-induced cellular injury but the minor changes 
in osmolality rule out this possibility. In healthy human subjects, the rise in blood glucose 
levels after a meal typically reaches or goes beyond these values, making the definition of 
hyperglycemia rather confusing [48]. From the pathogenic viewpoint of hyperglycemia, 
absolute cut-off values cannot be established to separate normoglycemic and hyperglycemic 
concentration ranges.

While earlier studies confirmed that the risk of cardiovascular complications corresponds 
to the average increase in glucose level (measured as glycated hemoglobin, HbA1c), more 
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hyperpolarization and ROS production [34, 35]. This process does not work in microvascu-
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recent studies also found independent associations with the postprandial peaks [49]. These 
results highly suggest the action of secondary mediators that are rather induced by the fluc-
tuations in blood glucose (glycemic variability) than by an absolute increase. Experimental 
models confirmed that glycemic swings caused at least as severe tissue damage as constant 
hyperglycemia, and persistence of high-glucose memory was postulated in cells and animals 
that were exposed to normoglycemic conditions following a hyperglycemic exposure [50–
52]. Endothelial cells when returned to normal glucose concentration after exposure to high 
glucose showed increased ROS production and activation of poly(ADP-ribose) polymerase 
(PARP) even a week following the normalization of the glucose level and in this respect they 
showed similar characteristics to cells maintained at high glucose [52]. The persistence of oxi-
dative stress in endothelial cells in vitro confirms that ‘glucose memory’ is an inherent feature 
of these cells. It also means that once hyperglycemia activates the various ROS-producing 
pathways they continue to produce oxidants for multiple days or weeks in endothelial cells 
even if the glucose level is fully normalized. Oxidative stress is the key feature of the changes 
induced by hyperglycemia, and ‘metabolic memory’ is another term used that refers to the 
characteristic metabolic changes [51]. The length of high glucose memory is unknown in 
humans but it is suspected to last longer than in vitro because (1) inflammatory pathways are 
also involved and (2) the response is not limited by the life cycle of single cells but it is pos-
sibly carried over to multiple cell generations.

Blockade of the early changes has been confirmed to prevent or slow down the progression 
of complications but the reversal at a later phase may not be achieved by glycemic control 
[53]. Benefits of intensive glucose control can be detected after 3 years of treatment if no reti-
nopathy or mild disease is present at the start of the treatment strategy in type 1 diabetes [54]. 
The importance of blocking the glucose-induced damage early on in type 2 diabetes has been 
confirmed by the results of the United Kingdom Prospective Diabetes Study (UKPDS) [41]. 
On the other hand, there is little benefit of strict glucose control if established cardiovascular 
disease is already present at the start of the treatment regimen [53]. Similarly, in diabetic rats, 
a 6-month long period of good glycemic control following 2 months of poor glycemic control 
results in significantly reduced progression, whereas no benefit is observed on retinopathy if 
good glycemic control was started after 6 months of poor glycemic control: both nitrosative 
stress and tissue damage were similarly advanced as with 12 months of poor glycemic control 
[55, 56]. These suggest that the processes started by hyperglycemia may be partially reversed 
if normoglycemia follows a shorter period of high glucose exposure. It is still unclear whether 
the detrimental effects of transient hyperglycemia is buffered within the individual cells or it 
is the entire population of endothelial cells that compensate for the changes and the reason 
why progressive damage occurs following an extended hyperglycemic period is the loss of 
the renewal capacity of the cells.

3.2. Downstream molecules responsible for the damage

The mechanism of high glucose memory is still obscure and little is known about the path-
ways involved. Hyperglycemia modifies the metabolism of the cells and is suspected to 
induce various downstream pathways or molecules that are responsible for maintaining the 
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tissue damaging actions. Oxidative stress pathways act as executors of tissue damage but 
the linkage between hyperglycemia and the sustained activation of oxidative pathways still 
remains rather elusive.

Alterations in the metabolome in diabetes are suspected to maintain the metabolic changes for 
extended periods even if there is little change in the expression profile of proteins [57]. Excess 
glucose load induces changes in a series of metabolite levels and the normalization of these 
levels may not occur as rapidly as glucose lowering. Apart from glucose, the concentrations 
of glucose-1-phosphate, lactate, glucosamine, mannose, mannosamine, hydroxybutyrate and 
glyoxalate also elevate in the plasma in diabetes [58]. All of the above intermediates and the 
increased fatty acids increase the tricarboxylic acid (TCA) cycle flux in the cells. Perturbation 
of the TCA cycle flux is also supported by other metabolomics studies in diabetes [59]. 
Associations between diabetes risk and the plasma levels of branched chain (BCAA, isoleu-
cine, leucine and valine) and aromatic (phenylalanine, tyrosine) amino acids have been found 
suggesting that the changes not only involve the carbohydrate and lipid metabolism but also 
the catabolism of proteins and amino acids [60]. Catabolism of BCAAs provides intermedi-
ates for the TCA cycle and potentially drives the TCA flux. Apart from the systemic changes 
that affect the milieu of the cells, specific changes of amino acid levels have been observed in 
endothelial cells: hyperglycemia increases the concentration of alanine, proline, glycine, ser-
ine and glutamine within the cells and induces elevation of the aminoadipate, cystathionine 
and hypotaurine levels [61]. Whether these changes are only markers of hyperglycemia or 
they play a pathogenic role in oxidative stress induction is still undetermined.

4. Mechanisms of ROS production in hyperglycemia

4.1. Glucose-induced oxidative stress pathways

Changes in glucose metabolism are presumed to be directly responsible for provoking oxidant 
production in endothelial cells. Endothelial cells predominantly use glucose as energy source 
and rely on glycolysis to generate ATP molecules [14]. Glycolytic flux exceeds the rate of oxida-
tive phosphorylation (OXPHOS) by two orders of magnitude in endothelial cells in vitro and 
similar ratio is suspected in vivo [62, 63]. The contribution of fatty acid oxidation to energy pro-
duction is thought to be negligible in capillary endothelial cells, though endothelial cells take 
up fatty acids and transport them to the neighboring cells, thus play important role in transend-
othelial fatty acid delivery [64]. Since the function of capillary endothelial cells is to deliver oxy-
gen and fuel sources to other cells in tissues, they do not consume much oxygen or store energy 
but preserve them to other perivascular cells. Thus, excess glucose is not converted to glycogen 
for storage in endothelial cells, but is pushed toward glycolysis [65]. Glutamine is a further 
energy source in endothelial cells via glutaminolysis that directly produces one GTP molecule 
(that can be converted to ATP) and further five ATP molecules from NADH+ and FADH2 via 
OXPHOS. Glutamine is the most abundant amino acid in the plasma, and glutaminolysis is a 
valuable energy source if glycolytic output is low since it feeds alpha-ketoglutarate to the TCA 
cycle and similarly produces lactate (or pyruvate). However, all the energy producing steps in 
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tissue damaging actions. Oxidative stress pathways act as executors of tissue damage but 
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of the TCA cycle flux is also supported by other metabolomics studies in diabetes [59]. 
Associations between diabetes risk and the plasma levels of branched chain (BCAA, isoleu-
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suggesting that the changes not only involve the carbohydrate and lipid metabolism but also 
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ates for the TCA cycle and potentially drives the TCA flux. Apart from the systemic changes 
that affect the milieu of the cells, specific changes of amino acid levels have been observed in 
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and hypotaurine levels [61]. Whether these changes are only markers of hyperglycemia or 
they play a pathogenic role in oxidative stress induction is still undetermined.
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Changes in glucose metabolism are presumed to be directly responsible for provoking oxidant 
production in endothelial cells. Endothelial cells predominantly use glucose as energy source 
and rely on glycolysis to generate ATP molecules [14]. Glycolytic flux exceeds the rate of oxida-
tive phosphorylation (OXPHOS) by two orders of magnitude in endothelial cells in vitro and 
similar ratio is suspected in vivo [62, 63]. The contribution of fatty acid oxidation to energy pro-
duction is thought to be negligible in capillary endothelial cells, though endothelial cells take 
up fatty acids and transport them to the neighboring cells, thus play important role in transend-
othelial fatty acid delivery [64]. Since the function of capillary endothelial cells is to deliver oxy-
gen and fuel sources to other cells in tissues, they do not consume much oxygen or store energy 
but preserve them to other perivascular cells. Thus, excess glucose is not converted to glycogen 
for storage in endothelial cells, but is pushed toward glycolysis [65]. Glutamine is a further 
energy source in endothelial cells via glutaminolysis that directly produces one GTP molecule 
(that can be converted to ATP) and further five ATP molecules from NADH+ and FADH2 via 
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glutaminolysis occur in the mitochondria via the TCA cycle and OXPHOS and mitochondrial 
impairment may affect the energy efficacy of glutaminolysis [66].

The metabolic balance between glycolysis and OXPHOS is controlled by nutrients (the ATP 
and NADH output) via Sirtuin 1 (SIRT1) and AMP-activated protein kinase (AMPK) in the 
cells. SIRT1 is a NAD+-dependent histone deacetylase enzyme that regulates energy homeo-
stasis via gene expression changes induced by deacetylating a variety of histone proteins, 
transcription factors and coregulators [67]. The activity of SIRT1 is primarily controlled by 
NAD+ abundance and NAD+/NADH ratio. AMPK is a master sensor of the energy level in the 
cells: it detects the cellular ATP concentration and is activated by a decrease in the ATP level. 
There is a complex interplay between AMPK and SIRT1: the two enzymes indirectly acti-
vate each other. Activated SIRT1 deacetylates LKB1 (tumor suppressor liver kinase B1) that 
phosphorylates and activates AMPK [68, 69], whereas AMPK activates SIRT1 by increasing 
the NAD+/NADH ratio either by inducing the NAD+ biosynthesis enzyme NamPRT (nico-
tinamide phosphoribosyltransferase) or by a NamPRT-independent mechanism [70]. Thus, 
caloric restriction activates both AMPK and SIRT1, whereas both enzymes are suppressed 
if energy sources are abundant like in hyperglycemia [71, 72]. In caloric restriction, SIRT1 
deacetylates and activates peroxisome proliferation activating receptor-γ (PPAR-γ) coacti-
vator 1-α (PGC-1) and forkhead box O1 protein 1 (FOXO1) and leads to glucose sparing: 
suppressed glycolysis and increased mitochondrial activity and they also activate gluconeo-
genesis [73, 74]. On the other hand, in hyperglycemia, the activity of AMPK and SIRT1 is 
suppressed and it results in enhanced glycolysis, inhibition of gluconeogenesis and decreased 
mitochondrial biogenesis and OXPHOS [73].

Overload of glycolysis and the pentose phosphate pathway are the initial steps that trigger 
alternate pathways of glucose metabolism (Figure 1). Prior perturbation of mitochondrial 
metabolism (TCA cycle overload and impaired OXPHOS) is highly possible since inhibition 
of mitochondrial superoxide generation prevents the activation of the above pathways but the 
exact mechanism that initiates these events is unknown [26]. The high glycolytic input and 
low OXPHOS capacity may gradually block the main metabolic steps and shunt the metabo-
lism to alternative pathways. These include the methylglyoxal, hexosamine and polyol path-
ways: dihydroxyacetone phosphate (DHAP) is diverted to the methylglyoxal pathway and 
leads to protein kinase C (PKC) activation, and fructose-6-phosphate (F6P) increases the flux 
through the hexosamine pathway and excess glucose enters the polyol pathway when con-
verted to sorbitol [66, 75]. Suppressed expression of the gluconeogenetic enzyme glucose-
6-phosphate dehydrogenase (G6PDH) prevents shunting of glucose to the pentose phosphate 
pathway that further increases the glycolytic load [76, 77]. All these processes lead to ROS 
production and the generation of advanced glycation end products (AGEs), the products of 
nonenzymatic glycation and oxidation of proteins and lipids that accumulate in diabetes. 
AGEs signal through the receptor of AGE (RAGE), a cell surface receptor that is also activated 
by the damage-associated molecular patterns (DAMP) HMGB1 (high-mobility group box 1) 
and S100 proteins [78]. RAGE activates nuclear factor kappa B (NF-κB) and controls several 
inflammatory genes, thus links hyperglycemia to inflammation. Since RAGE itself is upregu-
lated by NF-κB, inflammation is maintained by positive feedback in hyperglycemia as AGEs, 
the ligands are continuously produced.
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Interestingly, hyperglycemia induces a long-lasting suppression in SIRT1 and AMPK activity 
in endothelial cells: the activity of both enzymes remains low weeks after the normalization 
of glucose level following a week long hyperglycemia [68]. Thus, SIRT1 and AMPK have been 
implicated in glucose memory since restoration of their activity reduces the ROS production 
and PARP activity in the cells.

One further molecule that possibly takes part in the maintenance of oxidative stress in 
hyperglycemic endothelial cells is p66SHC (66-kDa Src homology 2 domain-containing pro-
tein) [79]. p66SHC is induced by hyperglycemia and it contributes to oxidative stress and 
endothelial damage. Genetic ablation of p66SHC reduces the oxidative stress in diabetic 
animals, protects against vascular dysfunction and blocks the progression of nephropathy 
[79, 80]. p66SHC is a redox enzyme that associates with 70 kDa heat shock protein (Hsp70) 
and localizes within the intermembrane space in the mitochondria. Upon oxidative stress, 
p66SHC is released from the complex and transfers electrons from the electron transfer chain 
(from cytochrome c specifically) to oxygen and produces hydrogen peroxide (H2O2) [81]. 
Under basal conditions, p66SHC is also present as an inactive enzyme in the  cytoplasm 

Figure 1. Hyperglycemia-induced ROS-producing pathways in the cytoplasm. AGEs: advanced glycation end-products; 
G6PDH: glucose-6-phosphate dehydrogenase; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; GSH/GSSG: 
reduced/oxidized glutathione; NAD+/NADH: nicotinamide adenine dinucleotide; NADP+/NADPH: nicotinamide 
adenine dinucleotide phosphate and ROS: reactive oxygen species.
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where it becomes activated via phosphorylation in response to cellular stress and translo-
cates to the mitochondria. The active p66SHC diverts a fraction of the mitochondrial electron 
flow between complexes III and IV to produce ROS instead of water and is involved in the 
opening of the permeability transition pore during apoptosis. In hyperglycemia, p66SHC 
may function as a shunt pathway if complex IV activity is impaired. The activity of p66SHC 
is also regulated by acetylation: it is a direct target of SIRT1 and diminished SIRT1 activ-
ity increases the acetylation and activity of p66SHC in hyperglycemia [82]. Furthermore, 
acetylation of p66SHC promotes the phosphorylation-mediated activation of the protein, 
and since the acetylation-resistant p66SHC isoform partially protects against the vascular 
impairment, it may play a pathogenic role in diabetic vascular dysfunction. The linkage to 
SIRT1 and the protection associated with the loss of p66SHC suggest that p66SHC make a 
substantial contribution to oxidative stress in diabetes and it may represent the key target 
of SIRT1.

4.2. Unifying hypothesis: the role of mitochondrial oxidants

With the growth of our knowledge about glucose-induced cellular damage and the various 
molecules and pathways involved in the process, the pathomechanism of glucose-induced 
damage has become inexplicable. In an effort to explain the puzzling complexity of the cellu-
lar events, Michael Brownlee introduced a unifying hypothesis in which he placed the events 
in an integrating linear model [26]. In the unifying mechanism, mitochondrial superoxide 
generation is placed in center stage followed by all other ROS-producing pathways as second-
ary events. As the contribution of mitochondrial energy production seems negligible in endo-
thelial cells, this proposition was a striking novelty at first, but it renders the series of events 
logically based on a wealth of scientific results. First of all, the unifying framework assumes 
that the main ROS-producing mechanisms implicated in hyperglycemic cellular damage are 
interrelated and a common pathway is responsible for their activation [75]. Secondly, the 
overload of glycolysis rather occurs as a single downstream perturbation of metabolism that 
leaves behind glycolytic intermediates than by multiple blockades of glycolytic enzymes in 
response to excess glucose input. Thus, inhibition of a downstream step of glucose catabo-
lism in the mitochondria might be responsible for the activation of the ROS-producing shunt 
pathways in the cytoplasm. The observation that prevention of mitochondrial superoxide 
generation inhibits the cytoplasmic ROS production pathways (PKC activation, sorbitol accu-
mulation and AGE production) also supported the assumption that mitochondrial damage 
precedes the glycolytic impairment [83].

The exact nature of hyperglycemic perturbation of mitochondrial metabolism remains enig-
matic, and it is still debatable whether superoxide itself or the steps leading to its increased 
production is the triggering event of glucose-induced damage. High TCA flux and elevated 
glycolytic pyruvate input were detected in hyperglycemia and these may serve as inducers of 
mitochondrial ROS production but might also be the consequences of dysfunctional OXPHOS 
[83]. Various pharmacological interventions that reduce the mitochondrial ROS production 
effectively inhibit the hyperglycemic damage [26, 38, 75]. Higher flux through the electron 
transport chain is expected to reduce the accumulation of glycolytic intermediates and  prevent 
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the activation of oxidative stress pathways but only some of the  interventions increased the 
electron transport (e.g. uncoupling agents and proteins), whereas others (e.g. antioxidants) 
did not change it or severely reduced it (complex II inhibition). Also, the increased electron 
flow may induce a proportional rise in superoxide generation by the electron transport chain 
if electron leakage is unaffected. Furthermore, endothelial cells, in which the mitochondrial 
DNA is selectively depleted (rho zero cells) and lacks a functional electron transport chain, fail 
to activate PKC, the polyol and hexosamine pathways and they do not produce AGEs, though 
their mitochondrial metabolism is impaired and they are expected to accumulate glycolytic 
intermediates [26]. These observations led to the proposition that mitochondrial superoxide 
generated by the electron transport chain is responsible for the initiation of hyperglycemic 
endothelial damage [26, 83, 84].

4.3. The mechanism of glucose-induced mitochondrial superoxide generation

Mitochondria produce superoxide nonenzymatically via multiple respiratory complexes in 
the electron transport chain and enzymatically via the mitochondrial xanthine oxidase [85–
87]. The nonenzymatic production of superoxide occurs when a single electron is directly 
transferred to oxygen by prosthetic groups of the respiratory complexes or by reduced coen-
zymes that act as soluble electron carriers. The electron transport chain may leak electrons to 
oxygen and it is the main source of superoxide in hyperglycemia. Mitochondrial monoamine 
oxidase (MAO) and p66SHC also produce H2O2 within the mitochondria that may contribute 
to oxidative stress in hyperglycemia [88].

Molecular oxygen is biradical; it has two unpaired electrons in the outer orbitals, which 
makes it chemically reactive. In the ground state, the unpaired electrons are arranged in 
the triplet state, and as a result of spin restrictions, molecular oxygen is not highly reac-
tive: it can only react with one electron at a time. If one of the unpaired electrons is excited 
and changes its spin (oxygen goes from the triplet state to the short-lived singlet state), it 
will become a powerful oxidant that is highly reactive [86]. The reduction of oxygen by one 
electron at a time produces superoxide (O2

•−) anion that might be converted to hydrogen 
peroxide (either spontaneously or through a reaction catalyzed by superoxide dismutase), 
which may be fully reduced to water or partially reduced to hydroxyl radical (OH•). In 
addition, superoxide may react with other radicals including nitric oxide (NO•) and form 
peroxynitrite (ONOO•−), another very powerful oxidant. The respiratory components are 
thermodynamically capable of transferring one electron to oxygen and form superoxide in 
the highly reducing environment of the mitochondria, since the standard reduction potential 
of oxygen to superoxide is −0.160 V and the respiratory chain incorporates components with 
standard reduction potentials between −0.32 V (NAD(P)H) and +0.39 V (cytochrome a3 in 
Complex IV) [86].

In the respiratory chain, electrons move along the electron transport chain going from donor 
to acceptor molecules until they are transferred to molecular oxygen (the standard reduction 
potential of oxygen/H2O couple is +0.82 V), while the generated free energy is used to syn-
thesize ATP from ADP and inorganic phosphate. Respiratory Complex I transfers electrons 
from NADH and Complex II from FADH2 to coenzyme Q (CoQ, ubiquinone), which is the 
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where it becomes activated via phosphorylation in response to cellular stress and translo-
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in an integrating linear model [26]. In the unifying mechanism, mitochondrial superoxide 
generation is placed in center stage followed by all other ROS-producing pathways as second-
ary events. As the contribution of mitochondrial energy production seems negligible in endo-
thelial cells, this proposition was a striking novelty at first, but it renders the series of events 
logically based on a wealth of scientific results. First of all, the unifying framework assumes 
that the main ROS-producing mechanisms implicated in hyperglycemic cellular damage are 
interrelated and a common pathway is responsible for their activation [75]. Secondly, the 
overload of glycolysis rather occurs as a single downstream perturbation of metabolism that 
leaves behind glycolytic intermediates than by multiple blockades of glycolytic enzymes in 
response to excess glucose input. Thus, inhibition of a downstream step of glucose catabo-
lism in the mitochondria might be responsible for the activation of the ROS-producing shunt 
pathways in the cytoplasm. The observation that prevention of mitochondrial superoxide 
generation inhibits the cytoplasmic ROS production pathways (PKC activation, sorbitol accu-
mulation and AGE production) also supported the assumption that mitochondrial damage 
precedes the glycolytic impairment [83].

The exact nature of hyperglycemic perturbation of mitochondrial metabolism remains enig-
matic, and it is still debatable whether superoxide itself or the steps leading to its increased 
production is the triggering event of glucose-induced damage. High TCA flux and elevated 
glycolytic pyruvate input were detected in hyperglycemia and these may serve as inducers of 
mitochondrial ROS production but might also be the consequences of dysfunctional OXPHOS 
[83]. Various pharmacological interventions that reduce the mitochondrial ROS production 
effectively inhibit the hyperglycemic damage [26, 38, 75]. Higher flux through the electron 
transport chain is expected to reduce the accumulation of glycolytic intermediates and  prevent 
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the activation of oxidative stress pathways but only some of the  interventions increased the 
electron transport (e.g. uncoupling agents and proteins), whereas others (e.g. antioxidants) 
did not change it or severely reduced it (complex II inhibition). Also, the increased electron 
flow may induce a proportional rise in superoxide generation by the electron transport chain 
if electron leakage is unaffected. Furthermore, endothelial cells, in which the mitochondrial 
DNA is selectively depleted (rho zero cells) and lacks a functional electron transport chain, fail 
to activate PKC, the polyol and hexosamine pathways and they do not produce AGEs, though 
their mitochondrial metabolism is impaired and they are expected to accumulate glycolytic 
intermediates [26]. These observations led to the proposition that mitochondrial superoxide 
generated by the electron transport chain is responsible for the initiation of hyperglycemic 
endothelial damage [26, 83, 84].

4.3. The mechanism of glucose-induced mitochondrial superoxide generation

Mitochondria produce superoxide nonenzymatically via multiple respiratory complexes in 
the electron transport chain and enzymatically via the mitochondrial xanthine oxidase [85–
87]. The nonenzymatic production of superoxide occurs when a single electron is directly 
transferred to oxygen by prosthetic groups of the respiratory complexes or by reduced coen-
zymes that act as soluble electron carriers. The electron transport chain may leak electrons to 
oxygen and it is the main source of superoxide in hyperglycemia. Mitochondrial monoamine 
oxidase (MAO) and p66SHC also produce H2O2 within the mitochondria that may contribute 
to oxidative stress in hyperglycemia [88].

Molecular oxygen is biradical; it has two unpaired electrons in the outer orbitals, which 
makes it chemically reactive. In the ground state, the unpaired electrons are arranged in 
the triplet state, and as a result of spin restrictions, molecular oxygen is not highly reac-
tive: it can only react with one electron at a time. If one of the unpaired electrons is excited 
and changes its spin (oxygen goes from the triplet state to the short-lived singlet state), it 
will become a powerful oxidant that is highly reactive [86]. The reduction of oxygen by one 
electron at a time produces superoxide (O2

•−) anion that might be converted to hydrogen 
peroxide (either spontaneously or through a reaction catalyzed by superoxide dismutase), 
which may be fully reduced to water or partially reduced to hydroxyl radical (OH•). In 
addition, superoxide may react with other radicals including nitric oxide (NO•) and form 
peroxynitrite (ONOO•−), another very powerful oxidant. The respiratory components are 
thermodynamically capable of transferring one electron to oxygen and form superoxide in 
the highly reducing environment of the mitochondria, since the standard reduction potential 
of oxygen to superoxide is −0.160 V and the respiratory chain incorporates components with 
standard reduction potentials between −0.32 V (NAD(P)H) and +0.39 V (cytochrome a3 in 
Complex IV) [86].

In the respiratory chain, electrons move along the electron transport chain going from donor 
to acceptor molecules until they are transferred to molecular oxygen (the standard reduction 
potential of oxygen/H2O couple is +0.82 V), while the generated free energy is used to syn-
thesize ATP from ADP and inorganic phosphate. Respiratory Complex I transfers electrons 
from NADH and Complex II from FADH2 to coenzyme Q (CoQ, ubiquinone), which is the 
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substrate of Complex III. Complex III transfers electrons from reduced CoQ to cytochrome 
C, which is used by Complex IV to reduce oxygen into water. The step-by-step transfer of 
electrons allows the free energy to be released in small increments. The energy released as 
electrons flow through the respiratory chain is converted into a H+ gradient through the inner 
mitochondrial membrane: protons are transported from the mitochondrial matrix to the inter-
membrane space (by Complexes I, III and IV) and a proton concentration gradient forms 
across the inner mitochondrial membrane [89]. Since the mitochondrial outer membrane is 
freely permeable to protons, the pH of the mitochondrial matrix is higher (the proton concen-
tration is lower) than that of the intermembrane space and the cytosol. An electric potential 
(mitochondrial membrane potential) of 140–160 mV is formed across the inner membrane by 
pumping of positively charged protons outward from the matrix, which becomes negatively 
charged [90]. Thus, free energy released during the oxidation of NADH or FADH2 is con-
verted to an electric potential and a proton concentration gradient—collectively, the proton-
motive force—and this energy is used by ATP synthase (Complex V) for ATP generation via 
the chemiosmotic coupling [91]. While the majority of oxygen molecules are used for water 
formation during the above processes, superoxide is generated at an estimated rate of 0.1–2% 
of oxygen consumption under normal respiration (State 3) and physiological operation of the 
respiratory chain [85, 88].

The electron transport chain may produce superoxide by multiple mechanisms but elec-
tron leakage before Complex III is suspected to represent the main source of superoxide 
in hyperglycemic endothelial cells [26, 83]. Complexes I and III are the respiratory com-
plexes that are capable to produce large amounts of superoxide under certain conditions 
(Figure 2). Complex I may produce superoxide by two mechanisms: (1) the reduced flavin 
mononucleotide (FMN) center can transfer electrons to oxygen instead of CoQ when the 
NADH/NAD+ ratio is high (and the CoQ binding site is blocked or the CoQ pool is mostly 
reduced) and (2) by reverse electron transfer (RET) from the CoQ binding site if there is high 
electron supply from Complex II and the electrons are forced back to Complex I instead 
of proceeding to Complex III (by a reduced CoQ pool and high proton-motive force) [85, 
92]. In Complex III, superoxide is produced from the semiquinone anionic state of CoQ 
(semiubiquinone) by directly reacting with oxygen instead of completing the Q-cycle 
[85, 93]. Reduced CoQ diffuses through the bilipid layer of the membrane to its binding 
site in Complex III and transfers the electrons to the iron-sulfur protein (Rieske protein) 
in two steps that produce a semiquinone intermediate state of CoQ after the first elec-
tron transfer, which is the source of superoxide. In the presence of respiratory inhibitors, 
Complex I may produce the highest amount of superoxide, especially through RET, but 
the contribution of Complexes I and III to superoxide production is unknown in healthy 
mitochondria [86]. Superoxide is also produced in the matrix by other enzymes that inter-
act with the NADH pool and by enzymes connected to the inner membrane CoQ pool. 
These include α-ketoglutarate dehydrogenase that may produce superoxide if its substrate 
(α-ketoglutarate) concentration and the NADH/NAD+ ratio increase in the matrix. In the 
membrane, α-glycerophosphate dehydrogenase may produce superoxide partly via RET 
and Complex II, which transfer electrons from succinate to CoQ, is also suspected to gener-
ate some superoxide [85].
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In hyperglycemic endothelial cells, the increased production of superoxide originates from 
the reduced CoQ pool before Complex III [75, 83]. The high electron donor input from glycol-
ysis and the TCA cycle may increase the membrane potential and inhibit the electron transfer 
at Complex III, thus increase the concentration of reduced and free radical intermediates of 
CoQ. Superoxide generation may occur as direct ‘leakage’ of electrons to oxygen, as a result of 
the longer half-life of CoQ intermediates in the lipid bilayer and bound to Complex III or via 
RET through Complex I. Superoxide generation is also promoted by the increased membrane 
potential and proton concentration gradient through the inner membrane [31, 35, 83, 94]. 
Superoxide production was found to increase exponentially above 140 mV with the increase 
of the mitochondrial membrane potential [95]. Since with the generation of each superoxide 
molecule one electron is lost compared to the number of protons, superoxide production per 
se may increase the membrane potential and the proton gradient or might be responsible for 
the maintenance of the elevated membrane potential. Furthermore, the proton and charge 
transfer of Complexes III and IV are disproportional since Complex III picks up two protons 
from the matrix side of the inner membrane (the negatively charged N-face) and releases four 

Figure 2. Oxidant production by the mitochondrial electron transport chain. CoQ: coenzyme Q, ubiquinone; Cyt C: 
cytochrome C; FAD+/FADH2: flavin adenine dinucleotide; H2O2: hydrogen peroxide; MnSOD: manganese-dependent 
superoxide dismutase; NO•: nitric oxide; O2

•−: superoxide, ONOO•−: peroxynitrite; PARP: poly(ADP-ribose) polymerase; 
p66SHC: 66-kDa Src homology 2 domain-containing protein; SQR: sulfide:quinone oxidoreductase and UCP: uncoupling 
protein.
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substrate of Complex III. Complex III transfers electrons from reduced CoQ to cytochrome 
C, which is used by Complex IV to reduce oxygen into water. The step-by-step transfer of 
electrons allows the free energy to be released in small increments. The energy released as 
electrons flow through the respiratory chain is converted into a H+ gradient through the inner 
mitochondrial membrane: protons are transported from the mitochondrial matrix to the inter-
membrane space (by Complexes I, III and IV) and a proton concentration gradient forms 
across the inner mitochondrial membrane [89]. Since the mitochondrial outer membrane is 
freely permeable to protons, the pH of the mitochondrial matrix is higher (the proton concen-
tration is lower) than that of the intermembrane space and the cytosol. An electric potential 
(mitochondrial membrane potential) of 140–160 mV is formed across the inner membrane by 
pumping of positively charged protons outward from the matrix, which becomes negatively 
charged [90]. Thus, free energy released during the oxidation of NADH or FADH2 is con-
verted to an electric potential and a proton concentration gradient—collectively, the proton-
motive force—and this energy is used by ATP synthase (Complex V) for ATP generation via 
the chemiosmotic coupling [91]. While the majority of oxygen molecules are used for water 
formation during the above processes, superoxide is generated at an estimated rate of 0.1–2% 
of oxygen consumption under normal respiration (State 3) and physiological operation of the 
respiratory chain [85, 88].

The electron transport chain may produce superoxide by multiple mechanisms but elec-
tron leakage before Complex III is suspected to represent the main source of superoxide 
in hyperglycemic endothelial cells [26, 83]. Complexes I and III are the respiratory com-
plexes that are capable to produce large amounts of superoxide under certain conditions 
(Figure 2). Complex I may produce superoxide by two mechanisms: (1) the reduced flavin 
mononucleotide (FMN) center can transfer electrons to oxygen instead of CoQ when the 
NADH/NAD+ ratio is high (and the CoQ binding site is blocked or the CoQ pool is mostly 
reduced) and (2) by reverse electron transfer (RET) from the CoQ binding site if there is high 
electron supply from Complex II and the electrons are forced back to Complex I instead 
of proceeding to Complex III (by a reduced CoQ pool and high proton-motive force) [85, 
92]. In Complex III, superoxide is produced from the semiquinone anionic state of CoQ 
(semiubiquinone) by directly reacting with oxygen instead of completing the Q-cycle 
[85, 93]. Reduced CoQ diffuses through the bilipid layer of the membrane to its binding 
site in Complex III and transfers the electrons to the iron-sulfur protein (Rieske protein) 
in two steps that produce a semiquinone intermediate state of CoQ after the first elec-
tron transfer, which is the source of superoxide. In the presence of respiratory inhibitors, 
Complex I may produce the highest amount of superoxide, especially through RET, but 
the contribution of Complexes I and III to superoxide production is unknown in healthy 
mitochondria [86]. Superoxide is also produced in the matrix by other enzymes that inter-
act with the NADH pool and by enzymes connected to the inner membrane CoQ pool. 
These include α-ketoglutarate dehydrogenase that may produce superoxide if its substrate 
(α-ketoglutarate) concentration and the NADH/NAD+ ratio increase in the matrix. In the 
membrane, α-glycerophosphate dehydrogenase may produce superoxide partly via RET 
and Complex II, which transfer electrons from succinate to CoQ, is also suspected to gener-
ate some superoxide [85].
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In hyperglycemic endothelial cells, the increased production of superoxide originates from 
the reduced CoQ pool before Complex III [75, 83]. The high electron donor input from glycol-
ysis and the TCA cycle may increase the membrane potential and inhibit the electron transfer 
at Complex III, thus increase the concentration of reduced and free radical intermediates of 
CoQ. Superoxide generation may occur as direct ‘leakage’ of electrons to oxygen, as a result of 
the longer half-life of CoQ intermediates in the lipid bilayer and bound to Complex III or via 
RET through Complex I. Superoxide generation is also promoted by the increased membrane 
potential and proton concentration gradient through the inner membrane [31, 35, 83, 94]. 
Superoxide production was found to increase exponentially above 140 mV with the increase 
of the mitochondrial membrane potential [95]. Since with the generation of each superoxide 
molecule one electron is lost compared to the number of protons, superoxide production per 
se may increase the membrane potential and the proton gradient or might be responsible for 
the maintenance of the elevated membrane potential. Furthermore, the proton and charge 
transfer of Complexes III and IV are disproportional since Complex III picks up two protons 
from the matrix side of the inner membrane (the negatively charged N-face) and releases four 

Figure 2. Oxidant production by the mitochondrial electron transport chain. CoQ: coenzyme Q, ubiquinone; Cyt C: 
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superoxide dismutase; NO•: nitric oxide; O2

•−: superoxide, ONOO•−: peroxynitrite; PARP: poly(ADP-ribose) polymerase; 
p66SHC: 66-kDa Src homology 2 domain-containing protein; SQR: sulfide:quinone oxidoreductase and UCP: uncoupling 
protein.

Hyperglycemia-Induced Endothelial Dysfunction
http://dx.doi.org/10.5772/intechopen.71433

191



protons to the intermembrane space side (positively charged P-face), whereas Complex IV 
abstracts four protons from the matrix and releases two protons to the intermembrane space 
per transfer of two electrons. Thus, Complex III transfers four protons but only two positive 
charges, whereas Complex IV transfers two protons and four positive charges [89, 96], which 
may lead to an increase in the membrane potential if there is a mismatch between the activity 
of the two complexes. Also, while it is possible to generate considerably higher membrane 
potential than the physiological value, since the proton-motive force is sufficient to gener-
ate about 240 mV, the proton permeability of biological membranes increases above 130 mV; 
thus, the higher values are associated with energy loss [95]. To optimize the energy efficiency, 
OXPHOS is tightly regulated by the ATP concentration (or ATP/ADP ratio) in the matrix: high 
ATP concentration in the matrix allosterically inhibits Complex IV of the respiratory chain 
and decreases the mitochondrial membrane potential [97]. Complex IV has a low reserve 
capacity and it may represent the major controlling site of respiration and mitochondrial ATP 
synthesis [95]. This immediate regulation is supplemented by the phosphorylation-mediated 
regulation of respiratory complexes, which transmit the extramitochondrial and extracellular 
stimuli to adapt OXPHOS to stress conditions [95]. Phosphorylation sites were detected in all 
respiratory complexes and there is a growing list of stress factors that may induce phosphory-
lation of the complexes or mitochondrial hyperpolarization that might be associated with the 
adaptive process. This is how inflammatory cytokines may affect superoxide generation in 
diabetes.

Hyperglycemia-induced mitochondrial superoxide production is a functional change of the 
respiratory chain; no difference is detectable in the assembly or the relative amounts of the 
respiratory complexes in the early phases of the injury [26, 35]. At later stages, changes in 
the expression or assembly of some components of the respiratory chain may occur and these 
are typically associated with impaired functionality [98, 99]. The glucose-induced changes 
in the mitochondrial superoxide production are reversible: normalization of the membrane 
potential suppresses the ROS production in endothelial cells [26, 35, 83, 94, 100]. While ele-
vated mitochondrial membrane potential is detectable in endothelial cells exposed to high 
glucose concentration, the overexpression of either uncoupling protein 1 (UCP1) or uncou-
pling protein 2 (UCP2) normalizes the membrane potential and reduces the ROS produc-
tion [26, 35, 83]. The function of UCP2 is regulated by ROS itself: the proton conductance of 
the protein is controlled by glutathionylation, and if ROS is present, it increases the proton 
leakage, whereas in the absence of ROS, the channel closes, thus this feedback may control 
the mitochondrial potential and the ROS production simultaneously [32, 33]. Furthermore, 
hydrogen sulfide donors that normalize the mitochondrial potential by electron supple-
mentation via sulfide:quinone oxidoreductase (SQR) also inhibit the superoxide generation 
induced by hyperglycemia [94, 100].

The mitochondrial matrix possesses antioxidant enzymes to defend against oxidative dam-
age. Manganese-dependent superoxide dismutase (MnSOD, also known as superoxide 
dismutase 2 (SOD2)) is the mitochondrial enzyme that neutralizes superoxide produced 
by the respiratory chain and converts it to H2O2. Since functional mitochondria constantly 
produce ROS, it is necessary to scavenge oxygen radicals. The importance of MnSOD is 
underlined by the fact that MnSOD-deficient mice exhibit extensive mitochondrial injury 
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and only survive for less than 3 weeks [101]. Mutations associated with reduced activity 
of MnSOD accelerate diabetic nephropathy and neuropathy [102–104]. On the other hand, 
overexpression of MnSOD prevents hyperglycemic injury in endothelial cells, suggesting 
that the respiratory chain is the source of oxidants in hyperglycemia [26, 83]. The amount of 
superoxide produced by the respiratory chain may not be excessively higher in hypergly-
cemia, since the overexpression of the MnSOD can efficiently scavenge the oxidants or low 
amounts of mitochondria-targeted antioxidants are able to neutralize ROS in hyperglycemia 
[26, 38, 83].

5. Mechanism of damage: cell damaging responses to ROS 
production in hyperglycemia

In cells exposed to hyperglycemia, mitochondrial ROS production activates various mecha-
nisms to reduce the oxidant production. This includes immediate responses that may control 
the mitochondrial potential in the short term and also longer term responses that may protect 
against the increase of the mitochondrial potential, but these mostly reduce the energy effi-
ciency of OXPHOS. Hyperglycemia and ROS production activate the uncoupling proteins in 
the mitochondrial inner membrane that allow higher proton transfer from the intermembrane 
space to the matrix without coupled ATP production [32, 33]. This activity not only reduces 
the mitochondrial membrane potential but also decreases the amount of ATP generated in the 
mitochondria.

Hyperglycemia also increases the consumption of hydrogen sulfide, an inorganic substrate of 
the mitochondria that can act as an endogenous electron donor [105–107]. Since H2S oxidation 
may provide electrons to CoQ without the additional protons, it can reduce the mitochondrial 
potential and promote ATP synthesis; thus, H2S may represent an alternative energy source 
that is used in small quantities or function as a buffer to control the mitochondrial potential. 
Hyperglycemia reduces the mitochondrial H2S pool and the plasma concentration of H2S, and 
it may deplete the buffering capacity of H2S in the mitochondria [94, 108, 109].

These immediate reactions are supplemented with the morphological changes of mitochon-
dria. Mitochondria are dynamically changing organelles in the cells: they may form long 
tubes that cross the whole length of the cell or short rods that are as long as wide or any 
length in between. Mitochondria continuously change their shape by fusion (elongation) 
and fission (fragmentation) and they move along microtubular tracks within the cells. This 
process is believed to help maintain functional mitochondria; it allows rapid redistribution 
of mitochondrial proteins and may help the elimination of dysfunctional parts or proteins. 
Hyperglycemia stimulates the fission of mitochondria that can reduce the mitochondrial 
membrane potential but also helps dissociate the respiratory complexes and decrease the 
chance of assembly of various proteins within a complex [110–114]. Altogether, it results in 
partly assembled respiratory complexes and higher superoxide production that will reduce 
the energy efficiency of mitochondria [98, 99]. Mitochondrial fission is a later process induced 
by high glucose exposure, and it occurs only after the superoxide production is induced. 
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protons to the intermembrane space side (positively charged P-face), whereas Complex IV 
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may lead to an increase in the membrane potential if there is a mismatch between the activity 
of the two complexes. Also, while it is possible to generate considerably higher membrane 
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ate about 240 mV, the proton permeability of biological membranes increases above 130 mV; 
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and decreases the mitochondrial membrane potential [97]. Complex IV has a low reserve 
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adaptive process. This is how inflammatory cytokines may affect superoxide generation in 
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respiratory chain; no difference is detectable in the assembly or the relative amounts of the 
respiratory complexes in the early phases of the injury [26, 35]. At later stages, changes in 
the expression or assembly of some components of the respiratory chain may occur and these 
are typically associated with impaired functionality [98, 99]. The glucose-induced changes 
in the mitochondrial superoxide production are reversible: normalization of the membrane 
potential suppresses the ROS production in endothelial cells [26, 35, 83, 94, 100]. While ele-
vated mitochondrial membrane potential is detectable in endothelial cells exposed to high 
glucose concentration, the overexpression of either uncoupling protein 1 (UCP1) or uncou-
pling protein 2 (UCP2) normalizes the membrane potential and reduces the ROS produc-
tion [26, 35, 83]. The function of UCP2 is regulated by ROS itself: the proton conductance of 
the protein is controlled by glutathionylation, and if ROS is present, it increases the proton 
leakage, whereas in the absence of ROS, the channel closes, thus this feedback may control 
the mitochondrial potential and the ROS production simultaneously [32, 33]. Furthermore, 
hydrogen sulfide donors that normalize the mitochondrial potential by electron supple-
mentation via sulfide:quinone oxidoreductase (SQR) also inhibit the superoxide generation 
induced by hyperglycemia [94, 100].

The mitochondrial matrix possesses antioxidant enzymes to defend against oxidative dam-
age. Manganese-dependent superoxide dismutase (MnSOD, also known as superoxide 
dismutase 2 (SOD2)) is the mitochondrial enzyme that neutralizes superoxide produced 
by the respiratory chain and converts it to H2O2. Since functional mitochondria constantly 
produce ROS, it is necessary to scavenge oxygen radicals. The importance of MnSOD is 
underlined by the fact that MnSOD-deficient mice exhibit extensive mitochondrial injury 
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and only survive for less than 3 weeks [101]. Mutations associated with reduced activity 
of MnSOD accelerate diabetic nephropathy and neuropathy [102–104]. On the other hand, 
overexpression of MnSOD prevents hyperglycemic injury in endothelial cells, suggesting 
that the respiratory chain is the source of oxidants in hyperglycemia [26, 83]. The amount of 
superoxide produced by the respiratory chain may not be excessively higher in hypergly-
cemia, since the overexpression of the MnSOD can efficiently scavenge the oxidants or low 
amounts of mitochondria-targeted antioxidants are able to neutralize ROS in hyperglycemia 
[26, 38, 83].

5. Mechanism of damage: cell damaging responses to ROS 
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In cells exposed to hyperglycemia, mitochondrial ROS production activates various mecha-
nisms to reduce the oxidant production. This includes immediate responses that may control 
the mitochondrial potential in the short term and also longer term responses that may protect 
against the increase of the mitochondrial potential, but these mostly reduce the energy effi-
ciency of OXPHOS. Hyperglycemia and ROS production activate the uncoupling proteins in 
the mitochondrial inner membrane that allow higher proton transfer from the intermembrane 
space to the matrix without coupled ATP production [32, 33]. This activity not only reduces 
the mitochondrial membrane potential but also decreases the amount of ATP generated in the 
mitochondria.

Hyperglycemia also increases the consumption of hydrogen sulfide, an inorganic substrate of 
the mitochondria that can act as an endogenous electron donor [105–107]. Since H2S oxidation 
may provide electrons to CoQ without the additional protons, it can reduce the mitochondrial 
potential and promote ATP synthesis; thus, H2S may represent an alternative energy source 
that is used in small quantities or function as a buffer to control the mitochondrial potential. 
Hyperglycemia reduces the mitochondrial H2S pool and the plasma concentration of H2S, and 
it may deplete the buffering capacity of H2S in the mitochondria [94, 108, 109].

These immediate reactions are supplemented with the morphological changes of mitochon-
dria. Mitochondria are dynamically changing organelles in the cells: they may form long 
tubes that cross the whole length of the cell or short rods that are as long as wide or any 
length in between. Mitochondria continuously change their shape by fusion (elongation) 
and fission (fragmentation) and they move along microtubular tracks within the cells. This 
process is believed to help maintain functional mitochondria; it allows rapid redistribution 
of mitochondrial proteins and may help the elimination of dysfunctional parts or proteins. 
Hyperglycemia stimulates the fission of mitochondria that can reduce the mitochondrial 
membrane potential but also helps dissociate the respiratory complexes and decrease the 
chance of assembly of various proteins within a complex [110–114]. Altogether, it results in 
partly assembled respiratory complexes and higher superoxide production that will reduce 
the energy efficiency of mitochondria [98, 99]. Mitochondrial fission is a later process induced 
by high glucose exposure, and it occurs only after the superoxide production is induced. 
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Mitochondrial ROS production plays an active role in the initiation of fragmentation, since 
administration of a mitochondrial scavenger prevents the hyperglycemia-induced fission 
of mitochondria [113]. Blocking of mitochondrial fission will also restore the acetylcholine-
mediated eNOS (endothelial nitric oxide synthase) phosphorylation and cGMP response in 
hyperglycemic endothelial cells, suggesting that the vascular impairment is partly caused by 
mitochondrial fission itself [114].

Mitochondrial ROS production results in DNA damage in the mitochondria that activates 
the mitochondrial DNA repair enzymes [115]. Oxidative DNA damage activates poly(ADP-
ribose) polymerase 1 (PARP1) in the mitochondria similar to the situation in the nucleus [116]. 
PARP1 adds ADP-ribose polymers (PARs) to the mitochondrial base excision repair (BER) 
enzymes, exo/endonuclease G (EXOG) and DNA polymerase gamma (Polγ) and affects the 
mitochondrial DNA repair [116]. Activation of mitochondrial PARP1, as opposed to nuclear 
PARP1, may decrease the DNA repair and slow down the mitochondrial biogenesis. Integrity 
of the mitochondrial DNA (mtDNA) also relies on mitochondrial transcription factor A 
(TFAM), a protein that may act as a physical shield of the mitochondrial DNA, since it forms 
histone-like structures with mtDNA and is present in large amounts in mitochondria (~900 
molecules for each mtDNA). Apart from protecting the DNA from damaging agents, it tightly 
binds to heavily damaged DNA parts, blocks the transcription and may promote the repair 
of affected sites [115]. TFAM is also implicated in mitochondrial biogenesis and the mainte-
nance of stable mtDNA copy number. In diabetic retinas, the level of TFAM is reduced, and it 
decreases the mitochondrial biogenesis that can lead to fewer mitochondria and less efficient 
OXPHOS [117].

Oxidant production will also induce several changes in the function of proteins that may be 
associated with cellular injury and result in altered cell metabolism, senescence and vascular 
dysfunction. Oxidative stress leads to oxidative DNA damage and DNA strand breaks that 
activates the predominantly nuclear PARP1 and may lead to ATP depletion and necrosis or 
apoptosis [118]. However, the level of PARP activation is mostly lower than to induce cell 
death; it results in higher NAD+ consumption and changes in the PARylation pattern of pro-
teins [50]. The higher NAD+ utilization and decreased mitochondrial output may decrease 
the nuclear and cytoplasmic NAD+ concentrations and by reducing the amount of substrate 
for SIRT1 (another NAD+-dependent enzyme), it will block the deacetylation of proteins 
[67, 68, 82]. A third posttranslational modification that changes in hyperglycemia is protein 
S-sulfhydration (or persulfidation), a reaction between H2S and reactive cysteine residues 
[119]. Protein S-sulfhydration is a highly prevalent modification that typically increases the 
activity of target proteins. The antioxidant master regulator Nrf2 (nuclear factor E2-related 
factor 2) transcription factor is also activated by H2S via sulfhydration of its key control-
ler, Kelch-like erythroid cell-derived protein with Cap ‘n’ collar (CNC) homology (ECH)-
associated protein 1 (Keap1) [120, 121]. A further target is ATP synthase in the respiratory 
chain: H2S increases cellular bioenergetics via S-sulfhydration of Complex V [122]. Since 
hyperglycemia reduces the H2S level in the cells and plasma, it will also decrease the pro-
tein S-sulfhydration and results in lower Nrf2 activity and OXPHOS efficiency [108, 109]. 
All these changes contribute to the dysfunction of proteins in hyperglycemia and promote 
cellular dysfunction.
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There are further changes in the cellular metabolism that reduce the ATP output, which 
include diminished glucose uptake, blockage of anaerobic metabolism and inappropriate 
assembly of mitochondrial respiratory complexes. High extracellular glucose immediately 
stimulates glucose uptake, but decreases the glucose transport over longer term in endothelial 
cells [123, 124]. Downregulation of GLUT1 glucose transporter is responsible for the dimin-
ished glucose uptake, and it may contribute to the low ATP output. Hyperglycemia reduces 
the activity of the glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
via PARylation and reduces the anaerobic glucose metabolism [125]. Aerobic metabolism is 
also decreased by mitochondrial fragmentation and disassembly of mitochondrial respiratory 
complexes that develop over longer exposure to hyperglycemia [93, 99, 113]. Altogether these 
changes reduce the ATP generation in the cells and block the anaerobic compensation for the 
diminished mitochondrial activity.

Oxidative stress will induce DNA strand breaks in the mitochondria and promote mutations 
and senescence of endothelial cells. Accelerated aging of endothelial cells and the lack of endo-
thelial progenitor cells decrease the functional endothelial cell pool in hyperglycemia [126]. 
The number of bone marrow-derived progenitor cells is lower in the circulation in diabetes 
and the progenitor cells possess diminished proliferation capacity [24, 127]. It will reduce the 
resupply of endothelial cells and may place extra workload on the pre-existing vascular endo-
thelium extending the exposure to glucose, inflammatory mediators and oxidants.

Vascular dysfunction is characterized by inappropriate relaxation in response to acetylcholine, 
which is mediated by endothelial nitric oxide (NO) [128–131]. NO is synthesized from the 
guanidinium group of L-arginine by eNOS via a NADPH-dependent reaction. Mitochondrial 
superoxide may interact with NO, which leads to a loss of bioavailable NO, and form per-
oxynitrite (ONOO−), a very reactive radical that activates PARP1 [132–134]. Furthermore, tetra-
hydrobiopterin (the pteridine cofactor of eNOS) is an essential regulator of the enzyme: when 
tetrahydrobiopterin availability is inadequate, it becomes ‘uncoupled’ and produces superox-
ide, using molecular oxygen as substrate, instead of NO [135]. Tetrahydrobiopterin levels are 
lower in animal models of diabetes and tetrahydrobiopterin supplementation restores the vas-
cular relaxation in these models suggesting a pathogenic role in diabetes [136, 137]. Another 
key element of vascular dysfunction is the reduced H2S bioavailability in diabetes. H2S and NO 
interact at multiple levels: H2S stimulates eNOS expression and activity, promotes the action of 
NO by maintaining a reduced soluble guanylate cyclase (sGC) and by inhibition of the vascu-
lar cGMP phosphodiesterase (PDE5) and prolongs the half-life of cGMP [138–140]. Increased 
mitochondrial H2S consumption and its diminished concentration in hyperglycemic endothe-
lial cells inhibit the NO-dependent vasodilation and contribute to vascular damage in diabetes.

6. Potential therapeutic approaches

6.1. Therapeutic approaches targeting the mitochondria

Glycemic control has been the main therapeutic modality for prevention and treatment of 
hyperglycemic injury and diabetes complications. However, recent studies confirmed that 
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for SIRT1 (another NAD+-dependent enzyme), it will block the deacetylation of proteins 
[67, 68, 82]. A third posttranslational modification that changes in hyperglycemia is protein 
S-sulfhydration (or persulfidation), a reaction between H2S and reactive cysteine residues 
[119]. Protein S-sulfhydration is a highly prevalent modification that typically increases the 
activity of target proteins. The antioxidant master regulator Nrf2 (nuclear factor E2-related 
factor 2) transcription factor is also activated by H2S via sulfhydration of its key control-
ler, Kelch-like erythroid cell-derived protein with Cap ‘n’ collar (CNC) homology (ECH)-
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tein S-sulfhydration and results in lower Nrf2 activity and OXPHOS efficiency [108, 109]. 
All these changes contribute to the dysfunction of proteins in hyperglycemia and promote 
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tetrahydrobiopterin availability is inadequate, it becomes ‘uncoupled’ and produces superox-
ide, using molecular oxygen as substrate, instead of NO [135]. Tetrahydrobiopterin levels are 
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key element of vascular dysfunction is the reduced H2S bioavailability in diabetes. H2S and NO 
interact at multiple levels: H2S stimulates eNOS expression and activity, promotes the action of 
NO by maintaining a reduced soluble guanylate cyclase (sGC) and by inhibition of the vascu-
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lial cells inhibit the NO-dependent vasodilation and contribute to vascular damage in diabetes.

6. Potential therapeutic approaches

6.1. Therapeutic approaches targeting the mitochondria

Glycemic control has been the main therapeutic modality for prevention and treatment of 
hyperglycemic injury and diabetes complications. However, recent studies confirmed that 
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glycemic control provides limited protection against the cardiovascular events, and adjunct 
therapy is necessary to reduce the risk of complications. Previous efforts found aldose reduc-
tase (a key enzyme of the polyol pathway) to serve as potential drug target and found that 
inhibition of aldose reductase may prevent the pathological changes that occur in response to 
high sorbitol levels [141]. The results of the clinical trials were less impressive than expected 
from preclinical studies, still the first aldose reductase inhibitor has been marketed in Asia for 
the treatment of diabetes complications [142].

Following the discovery that mitochondrial superoxide is responsible for the induction of 
all ROS-producing pathways in hyperglycemic endothelial cells, an intense search began 
for mitochondrial drug targets and inhibitors of mitochondrial superoxide generation [26, 
83, 84]. Mitochondria-specific targeting moieties have been developed and linked to antioxi-
dants or superoxide dismutase (SOD) mimetics [143, 144]. The majority of these molecules 
use the triphenylphosphonium (TPP) targeting group and attain 100- to 500-fold accumula-
tion in the mitochondria [145, 146]. Both the mitochondria-targeted ubiquinol (MitoQ) and 
piperidine nitroxide TEMPO (mitoTEMPO) proved beneficial in diabetes models [147–149]. 
Overexpression of MnSOD was found to protect against diabetic retinopathy in a transgenic 
model, but long-term delivery of MnSOD is unresolved in humans [150].

While no protein target has been identified, various phenotypic screens were performed, 
which allowed the target-agnostic discovery of potential drug candidates [38, 151]. In cell-
based models, paroxetine emerged as a mitochondrial free radical scavenger and glucocorti-
coid steroids as UCP2 inducers in hyperglycemic endothelial cells [35, 38]. In another screen, 
which also used multiple assay variables as output and examined the OXPHOS-associated 
gene expression, the antihelmintic drug mebendazole and the Chinese herbal medicine 
deoxysappanone B emerged as inhibitors of mitochondrial ROS production [151]. The pro-
tective effect of all of these drugs might be a direct consequence of the normalization of the 
mitochondrial membrane potential or free radical scavenging.

The mitochondrial antioxidant effect of select microtubular drugs, which was indepen-
dently confirmed by the previous two studies, might be related to their mitochondrial 
fusion promoting effect, since excessive mitochondrial fission and fragmentation occur 
in hyperglycemia [38, 151]. To identify compounds that promote mitochondrial fusion, a 
separate phenotypic screening program was conducted [152]. This study identified hydra-
zone M1, a small molecule that restore the mitochondrial network in cells but its efficacy 
has not been tested in diabetes [152, 153]. Also, compounds that block the mitochondrial 
fission are expected to improve the mitochondrial function and reduce the mitochondrial 
ROS production in hyperglycemia, but these inhibitors (mitochondrial division inhibitor-1 
(mdivi-1), dynasore, P110 and 15-oxospiramilactone) have not been tested in  diabetes 
[154, 155].

In another effort to identify compounds that reduce the mitochondrial ROS production but do 
not interfere with energy production, isolated mitochondria were used for high throughput 
screening and hit compounds were selected based on a dual output of ROS production and 
respiration rate [156, 157]. CN-POBS (N-cyclohexyl-4-(4-nitrophenoxy) benzenesulfonamide) 
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was identified as a selective inhibitor of ROS production by the ubiquinone-binding site 
of complex I, and S3QELs (“sequels,” selective suppressors of site IIIOQ electron leak) were 
found to act as inhibitors of the outer ubiquinone-binding site similar to terpestacin [156–
158]. Unfortunately, there are no data about their action against hyperglycemia-induced ROS 
production. Statins also block the mitochondrial ROS production but they simultaneously 
reduce the mitochondrial respiration and may cause toxicity [38, 151]. A further inhibitor of 
mitochondrial respiration is H2S, a known inhibitor of complex IV, that turns out to act as 
stimulator of mitochondrial metabolism at low concentrations via electron donation [106]. 
H2S supplementation either using sodium sulfide or mitochondria-targeted donor molecules 
inhibits the hyperglycemia-induced ROS production and endothelial dysfunction at low con-
centrations [35, 94]. Long-term administration of H2S is effective against diabetic nephropathy 
and retinopathy in animal models [159, 160].

Finally, many of the currently used anti-diabetic medications also possess mitochondrial 
targets and they might be partly responsible for their beneficial effects on endothelial cells 
and the vasculature. The biguanide metformin apart from activating AMPK also acts as a 
mild and transient inhibitor of respiratory complex I [161]. The sulfonylurea glibenclamide 
inhibits the mitochondrial ATP-sensitive potassium channel (mitoKATP), decreases the mito-
chondrial membrane potential and ROS production and increases the respiration rate [162, 
163]. Thiazolidinediones (TZDs) also possess a specific mitochondrial target (mTOT, mito-
chondrial target of TZDs), which comprise a recently identified protein complex. TZDs bind 
to a pyruvate carrier complex in the mitochondria and modulate the pyruvate entry into the 
mitochondria that may explain their antioxidant effect [164]. The discovery of these novel 
mitochondrial targets is expected to promote target-based drug discovery efforts and may 
provide new compounds in the upcoming years.

6.2. Therapeutic approaches to replace the injured endothelial cells

Endothelial cells exposed to oxidative stress and the proinflammatory environment undergo 
accelerated aging in hyperglycemia, thus stimulation of cell replacement with fresh endo-
thelial cells may help restore the vascular function [126]. While it is difficult to estimate the 
exact number of endothelial cells, a reduction of progenitor cell count and functionality was 
detected in diabetes, and it is expected to result in a decreased number of functional endo-
thelial cells in the vasculature [24, 127]. Even in the retina, where neovascularization (prolif-
erative diabetic retinopathy) is the characteristic event, progenitor cell therapy is expected 
to cause improvement and treat the ischemic vascular abnormalities [165]. Currently, it 
is difficult to predict which treatment strategy will prove effective in diabetes, but prob-
ably the drug-induced enhancement of progenitor cell potency has the highest translational 
potential in diabetes [166, 167]. Drugs that were suggested for progenitor cell enhancement 
include statins, losartan (angiotensin II receptor antagonist), aliskiren (direct renin inhibi-
tor), hydrogen sulfide, thymosin β4 and the CXCR4 (C-X-C chemokine receptor type 4) 
antagonist plerixafor (AMD3100, 1,1-[1,4-Phenylenebis(methylene)]bis-1,4,8,11-tetraazacy-
clotetradecane) [167]. As some of these drugs are in use in diabetic patients, an evaluation 
of the effect of these compounds on diabetic progenitor cells might be available in the near 
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future [168]. If mobilization and enhancement of endothelial progenitor cells are achieved, 
it could help the endothelial recovery in the vasculature in diabetic patients, which may 
lead to an extension of indication of these drugs.

7. Conclusion

Reversible changes occur in the early phase of hyperglycemic injury that might be pharmaco-
logically targetable. Blocking the high glucose-induced mitochondrial superoxide production 
represents the major goal in endothelial cells, but it does not provide a drug target that can be 
directly assessed [169, 170]. The involvement of mitochondria in the pathogenesis of various 
diseases intensified the interest in druggable targets and promoted selective delivery of com-
pounds to the mitochondria [146]. Normalization of the mitochondrial membrane potential 
or administration of mitochondria-specific free radical scavengers reverses the adverse effects 
of hyperglycemia and may present experimental therapeutic approaches in diabetes [16, 38, 
100]. Early administration of mitochondrial antioxidants or drugs that restore the mitochon-
drial metabolism is expected to prevent the later changes that occur in diabetes.

The later stages of hyperglycemic injury also include morphological changes and impaired 
assembly of the respiratory complexes that necessitate different treatment strategies. 
Mitochondrial fusion promoting drugs might represent promising approaches in this 
phase of diabetes complications but their efficacy has not been tested in diabetes [152, 153]. 
Alternatively, stimulation of the endothelial progenitor cells to help replace the senescent 
endothelial cells may prove beneficial in diabetes [126].

Altogether, advancement in our understanding of glucose-induced cellular and mitochon-
drial damage and identification of new drug targets are expected to provide novel strategies 
in diabetes treatment.

Acknowledgements

D.G. received funding from the People Programme (Marie Curie Actions) of the European 
Union’s Seventh Framework Programme under the grant agreement number 628100.

Author details

Domokos Gero1,2*

*Address all correspondence to: gerodomokos@yahoo.com

1 Institute of Pathophysiology, Semmelweis University Medical School, Budapest, Hungary

2 University of Exeter Medical School, Exeter, UK

Endothelial Dysfunction - Old Concepts and New Challenges198

References

[1] Roglic G, World Health Organization, Global report on diabetes. Geneva, Switzerland: 
World Health Organization; 2016. 86 p

[2] Tamayo T et al. The prevalence and incidence of diabetes in Germany. Deutsches 
Ärzteblatt International. 2016;113(11):177-182

[3] Ulrich S et al. Cost burden of type 2 diabetes in Germany: Results from the population-
based KORA studies. BMJ Open. 2016;6(11):e012527

[4] Hex N et al. Estimating the current and future costs of Type 1 and Type 2 diabetes in the 
UK, including direct health costs and indirect societal and productivity costs. Diabetic 
Medicine. 2012;29(7):855-862

[5] Brown JB et al. Type 2 diabetes: Incremental medical care costs during the first 8 years 
after diagnosis. Diabetes Care. 1999;22(7):1116-1124

[6] Hadi HA, Suwaidi JA. Endothelial dysfunction in diabetes mellitus. Vascular Health and 
Risk Management. 2007;3(6):853-876

[7] Georgescu A. Vascular dysfunction in diabetes: The endothelial progenitor cells as new 
therapeutic strategy. World Journal of Diabetes. 2011;2(6):92-97

[8] Esper RJ et al. Endothelial dysfunction: A comprehensive appraisal. Cardiovascular 
Diabetology. 2006;5:4

[9] Raitakari OT, Celermajer DS. Flow-mediated dilatation. British Journal of Clinical 
Pharmacology. 2000;50(5):397-404

[10] De Vriese AS et al. Endothelial dysfunction in diabetes. British Journal of Pharmacology. 
2000;130(5):963-974

[11] Montero D et al. Vascular smooth muscle function in type 2 diabetes mellitus: A system-
atic review and meta-analysis. Diabetologia. 2013;56(10):2122-2133

[12] Bakker W et al. Endothelial dysfunction and diabetes: Roles of hyperglycemia, impaired 
insulin signaling and obesity. Cell and Tissue Research. 2009;335(1):165-189

[13] Artwohl M et al. Insulin does not regulate glucose transport and metabolism in human 
endothelium. European Journal of Clinical Investigation. 2007;37(8):643-650

[14] Eelen G et al. Endothelial cell metabolism in normal and diseased vasculature. Circulation 
Research. 2015;116(7):1231-1244

[15] Giacco F, Brownlee M. Oxidative stress and diabetic complications. Circulation Research. 
2010;107(9):1058-1070

[16] Quijano C et al. Enhanced mitochondrial superoxide in hyperglycemic endothelial cells: 
Direct measurements and formation of hydrogen peroxide and peroxynitrite. American 
Journal of Physiology. Heart and Circulatory Physiology. 2007;293(6):H3404-H3414

Hyperglycemia-Induced Endothelial Dysfunction
http://dx.doi.org/10.5772/intechopen.71433

199



future [168]. If mobilization and enhancement of endothelial progenitor cells are achieved, 
it could help the endothelial recovery in the vasculature in diabetic patients, which may 
lead to an extension of indication of these drugs.

7. Conclusion

Reversible changes occur in the early phase of hyperglycemic injury that might be pharmaco-
logically targetable. Blocking the high glucose-induced mitochondrial superoxide production 
represents the major goal in endothelial cells, but it does not provide a drug target that can be 
directly assessed [169, 170]. The involvement of mitochondria in the pathogenesis of various 
diseases intensified the interest in druggable targets and promoted selective delivery of com-
pounds to the mitochondria [146]. Normalization of the mitochondrial membrane potential 
or administration of mitochondria-specific free radical scavengers reverses the adverse effects 
of hyperglycemia and may present experimental therapeutic approaches in diabetes [16, 38, 
100]. Early administration of mitochondrial antioxidants or drugs that restore the mitochon-
drial metabolism is expected to prevent the later changes that occur in diabetes.

The later stages of hyperglycemic injury also include morphological changes and impaired 
assembly of the respiratory complexes that necessitate different treatment strategies. 
Mitochondrial fusion promoting drugs might represent promising approaches in this 
phase of diabetes complications but their efficacy has not been tested in diabetes [152, 153]. 
Alternatively, stimulation of the endothelial progenitor cells to help replace the senescent 
endothelial cells may prove beneficial in diabetes [126].

Altogether, advancement in our understanding of glucose-induced cellular and mitochon-
drial damage and identification of new drug targets are expected to provide novel strategies 
in diabetes treatment.
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The role of advanced glycation end products (AGEs) in cardiovascular diseases is a matter 
of interest in the last years and the strong association between the action of AGEs on 
their receptor (RAGE) and atherosclerosis has attracted increased attention. The aim 
of this chapter is to review the results of our laboratory and others on the molecular 
mechanisms triggered by AGEs in the endothelium that could participate in the ath-
erosclerotic process. These mechanisms and molecular pathways could be the source 
of new therapeutic targets against atherosclerosis or vascular disease. Oxidative stress 
in endothelium induced by AGEs triggers molecular signaling pathways that produce 
an inflammatory response or even endothelial dysfunction. Adhesion molecules expression 
at the membranes of endothelial cells as a consequence of this response or induced by 
other mechanisms involving AGEs mediates the adhesion of leukocytes to endothelium. 
This adhesion is a key step in the atherogenesis process and the possible involvement 
of AGE-RAGE axis in this process should be considered as a potential therapeutic tar-
get. Finally, potential pharmacological modulation of AGE-RAGE axis activity at the 
endothelium is suggested, but the specific pharmacological tools available nowadays are 
missing; respectively, drugs used for the treatment of cardiovascular and metabolic dis-
eases could be helpful for AGE-RAGE axis modulation, thus also affecting endothelial 
(dys)function.
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1. Introduction

Cardiovascular diseases resulting from atherosclerosis have become the most important cause 
of mortality and morbidity in the general population [1]. Although atherosclerosis develops 
as a consequence of multiple risk factors such as hypertension, dyslipidemia, diabetes, aging 
and smoking, the common pathway for its development is endothelial dysfunction and vas-
cular inflammation [2]. In the last two decades, the role of advanced glycation end products 
(AGEs) in the development of endothelial dysfunction has gained increasing interest [3–5], 
initially as a possible molecular mechanism of diabetic cardiovascular complications [3], and, 
in the last years, as an independent risk factor of vascular injury [6].

AGEs are products of non-enzymatic molecular modifications of proteins and lipids that 
affect the structure and function of the target molecule. They are produced endogenously by 
spontaneous reactions, but pathophysiological conditions may accelerate their formation and 
they also contribute to disease by different mechanisms.

AGEs comprise a heterogeneous group: the most studied are pentosidine and Nε-carboxymethyl-
lysine (CML) and quantitatively, the most important in the tissues are the hydroimidazolones 
like CML [7]. AGEs are formed by a combination of glycation, oxidation, and/or carbonylation 
reactions both in the extra- and in the intracellular space. Other processes involving lipid per-
oxidations in the cell membranes lead to the formation of advanced lipid end products, as for 
example, malondialdehyde [8]. The classical mechanism of AGE formation is the slow Maillard 
reaction between glucose or reducing sugars and proteins [9]. The interaction between the car-
bonyl groups of reducing sugars and amino groups of proteins results in the formation of a 
Schiff base within a few hours. Intramolecular rearrangement of the Schiff base results in more 
stable Amadori products [9]. An example of these types of products is glycated hemoglobin or 
glycated albumin, the former is widely used in clinical practice for diagnosis and follow-up of 
diabetes mellitus and the last could be regarded as a smart alternative to modified hemoglo-
bin for the same purposes, with less dependence on hematological diseases and intracellular 
conditions. Finally, the process of oxidation of the Amadori products leads to reactive carbonyl 
compounds and subsequently to the formation of AGEs within weeks to months. AGEs can 
also be formed intracellularly. Glucose is altered into reactive carbonyl compounds during 
glycolysis pathway, of which the best-known is methylglyoxal. The chemical reaction between 
these carbonyl compounds and proteins can result in AGEs [10].

Absorption of exogenous AGEs also contributes to their accumulation in tissues. Tobacco 
smoke contains highly reactive glycation products which rapidly form AGEs in vitro and in vivo 
and therefore, increase the serum AGEs levels in smokers compared to non-smokers [11]. The 
content of AGEs in food depends on the temperature at which food products are prepared, with 
oven frying being the most severe inducer [12]. Approximately 10% of the ingested AGEs are 
absorbed from the gastrointestinal tract into the blood [13]. The final level of AGEs accumula-
tion depends on their clearance and the metabolic mechanisms by the kidney and liver, respec-
tively. Increased level of AGEs can be found in patients with either renal [13] or liver failure [14].

The role of AGEs in cardiovascular diseases is a matter of interest in the last years [15], and 
the strong association between the axis of action of AGEs and their receptor (RAGE) and 
atherosclerosis or cardiovascular ischemic disease [3, 16, 17] has attracted increased attention. 
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The aim of this chapter is to review the results of our laboratory and others on the molecular 
mechanisms triggered by AGEs in the endothelium that could participate in the atheroscle-
rotic process. These mechanisms and molecular pathways could help in the development of 
new therapeutic targets against atherosclerosis or vascular disease.

2. Molecular mechanisms triggered by AGEs in the endothelium

It is generally accepted that AGEs target cells by three main mechanisms. First, proteins modi-
fied by AGEs have altered biological function, either enzymatic activity, binding properties or 
structural conformation. Second, extracellular matrix components modified by AGEs interact 
abnormally with other matrix components and with matrix receptors, such as integrins. This 
includes also the formation of new links or the alteration of those previously existing, between 
proteins, which may alter the physical properties of extracellular matrix and cell environ-
ment. Third, plasma proteins modified by AGEs bind to cell surface receptors, of which the 
receptor for AGEs (RAGE) is acknowledged to be the most important, activating intracellular 
signaling pathways and various cellular responses.

Binding of AGEs to RAGE is responsible for the generation of reactive oxygen species (ROS) 
and the activation of transcription factors such as nuclear factor-κB (NF-κB), with subsequent 
changes in the expression of many genes involved in vascular inflammation and endothe-
lial dysfunction [18–20]. Besides from the involvement of AGEs-RAGE axis, the precursors of 
AGEs, like Amadori products or early glycated products also have a role in the global response 
of non-enzymatic glycation of proteins, so we will also discuss their effects on endothelial cells.

2.1. AGEs-induced ROS production in the endothelium

One of the first and best studied actions of AGEs on endothelial cells is the induction of ROS. The 
suggested mechanisms for this action are several and range from the activation of ROS-producing 
enzymes to the reduction of ROS-neutralizing enzymes. In the first group of enzymes or enzyme 
complexes are nicotinamide adenine dinucleotide phosphate (NADPH) oxidase [21] and mito-
chondria [22], whereas in the second, there are endothelial nitric oxide (NO) synthase (eNOS) 
[23], superoxide dismutase (SOD) and glutathione peroxidase [24, 25]. The molecular mecha-
nisms of these actions have been related to the activation of NF-κB via RAGE [26, 27].

ROS production in endothelial cells has important consequences on endothelial activation. In 
brain microvascular endothelial cells, AGEs-induced ROS production enhances vascular endo-
thelial growth factor (VEGF) expression, which mediates an increase in cell permeability [28], 
and platelet tissue factor up-regulation [29]. Other mechanisms of AGEs on endothelial cells 
promoting endothelial activation or dysfunction are the generation of asymmetric dimethylargi-
nine (ADMA, a metabolic by-product of natural protein modification processes in the cytoplasm 
of cells, that acts as a competitive inhibitor of NOS) [30], or impaired calcium signaling [31].

It is important to note that the effects of AGEs’ precursors (i.e. Amadori products or glycated 
proteins) on endothelial cells, differ from the effects of AGEs themselves. Several works 
have focused on this issue (see, for a review, [32]). Amadori products modify eNOS activ-
ity and gene expression, promoting apoptosis of endothelial cells [33, 34]. A recent study 
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performed by our group has highlighted the important molecular and functional differ-
ences between early glycated human serum albumin (gHSA) and advanced glycated albu-
min (AGE-HSA), obtained commercially or by glucose incubation during 4 weeks at 37°C 
in aseptic conditions, respectively [35]. The respective control molecules of these treatments 
were unmodified commercial HSA and HSA incubated for the same time than AGE-HSA, 
but without glucose (Ct-HSA). Molecular characterization of the early and advanced glyca-
tion products formed on each modified albumin (gHSA and AGE-HSA) were studied by 
matrix assisted laser desorption/ionization—time of flight (MALDI-TOF)-mass spectrom-
etry. Once characterized, the effects on ROS production of human umbilical vein endothelial 
cells (HUVECs) under the stimuli of gHSA or AGE-HSA were compared [35]. Low concen-
trations of gHSA enhanced long-lasting ROS production in HUVECs, whereas AGE-HSA 
induced extracellular ROS production after short time of incubation and at lower concentra-
tions than gHSA. Extracellular ROS production of HUVEC was measured by the cytochrome 
C reduction method, whereas intracellular ROS production of HUVEC was measured by 
5(6)-carboxy-2′,7′-dichlorofluorescein diacetate (cDCF-DA; Sigma-Aldrich), an intracellular 
dye for that purpose [36].

Treatment of HUVECs with gHSA (25–100 μg/mL) for different times (4–12 h) induced sig-
nificant increments of extracellular ROS production with respect to treatment with the same 
concentration of un-modified albumin (HSA, used as control) [36]. The maximal response  
(i.e. the quantity of ROS) was obtained with 25 μg/mL gHSA after 4 h of treatment (Figure 1a).  
The effects of AGE-HSA were studied under the same conditions. AGE-HSA increased the 
extracellular ROS production at lower concentrations (12 μg/mL) and after shorter time of 
exposure than gHSA (2 h). Another important difference is that, at long incubation periods, 
the ROS-inducing effects of gHSA were maintained, whereas no significant increases on ROS 
production were observed with AGE-HSA at 4–8 h (Figure 1b).

Similar experiments were designed to measure the intracellular ROS production by using 
cDCF-DA after 4 h of treatment the HUVECs with gHSA or AGE-HSA (12–50 μg/mL). 

Figure 1. Extracellular ROS production in HUVECs after treatment with different concentrations of (a) gHSA (12–50 mg/
mL) or (b) AGE-HSA (12–50 mg/mL), for periods of time indicated on each graph. Columns represent the ratio of ROS 
produced by treatment/HSA and are expressed as mean ± S.E.M. (vertical bars) of at least three independent experiments. 
*p < 0.05 with respect to the control values (Student’s t test).
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Interestingly, at 25 μg/mL, gHSA significantly enhanced the intracellular ROS production, 
whereas AGE-HSA only showed a trend to slightly increase it (Figure 2).

Therefore, differences in the induction of ROS production were observed between gHSA (a low 
glycated product) and AGE-HSA (a high glycated product). Although the effects of AGE-HSA 
are accepted to be mediated by RAGE, the receptor that mediates the effects of gHSA has not 
been revealed yet [37], since, the effects of gHSA are not mediated by RAGE [38].

2.2. Expression of adhesion molecules mediating leukocyte adhesion to 
endothelium

RAGE-ligands interaction induces a series of signal transduction cascades and lead to the acti-
vation of transcription factor NF-κB as well as increased expression of cytokines, chemokines, 
and adhesion molecules [39]. Expression of inducible adhesion molecules is a final common 
pathway in the development of vascular inflammation and pathology, rendering the vascula-
ture a selective target for circulating peripheral blood cells [27, 40].

A number of studies have demonstrated induction of vascular cell adhesion molecule-1 (VCAM-1)  
expression in a RAGE-dependent manner when endothelial cells are exposed to AGEs [18]. 
Moreover, engagement of RAGE by AGEs results in enhanced expression of other adhesion mole-
cules, such as E-selectin and intercellular cell adhesion molecule-1 (ICAM-1) [40–42]. High expres-
sion of adhesion molecules in endothelial cells may promote adhesive interactions of circulating 
monocytes with the endothelial surface, resulting, eventually, in transendothelial migration [43].

We confirmed that AGE-HSA up-regulated ICAM-1 and VCAM-1 expression more than 
gHSA, in terms of mRNA quantitative changes, measured by total messenger RNA retro-
transcription and quantitative real-time polymerase chain reaction (qPCR) [35]. Even while 

Figure 2. Intracellular ROS production in HUVECs after 4 h of treatment with different concentrations of gHSA (white 
columns) and AGE-HSA (black columns), as indicated in the x-axis. Results are shown as the ratio modified HSA/control 
HSA, expressed as mean, in columns, ± S.E.M. (vertical bars) of at least four independent experiments. Comparisons 
were made between each ratio level and the unit (*p < 0.05; Student’s t test).
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performed by our group has highlighted the important molecular and functional differ-
ences between early glycated human serum albumin (gHSA) and advanced glycated albu-
min (AGE-HSA), obtained commercially or by glucose incubation during 4 weeks at 37°C 
in aseptic conditions, respectively [35]. The respective control molecules of these treatments 
were unmodified commercial HSA and HSA incubated for the same time than AGE-HSA, 
but without glucose (Ct-HSA). Molecular characterization of the early and advanced glyca-
tion products formed on each modified albumin (gHSA and AGE-HSA) were studied by 
matrix assisted laser desorption/ionization—time of flight (MALDI-TOF)-mass spectrom-
etry. Once characterized, the effects on ROS production of human umbilical vein endothelial 
cells (HUVECs) under the stimuli of gHSA or AGE-HSA were compared [35]. Low concen-
trations of gHSA enhanced long-lasting ROS production in HUVECs, whereas AGE-HSA 
induced extracellular ROS production after short time of incubation and at lower concentra-
tions than gHSA. Extracellular ROS production of HUVEC was measured by the cytochrome 
C reduction method, whereas intracellular ROS production of HUVEC was measured by 
5(6)-carboxy-2′,7′-dichlorofluorescein diacetate (cDCF-DA; Sigma-Aldrich), an intracellular 
dye for that purpose [36].

Treatment of HUVECs with gHSA (25–100 μg/mL) for different times (4–12 h) induced sig-
nificant increments of extracellular ROS production with respect to treatment with the same 
concentration of un-modified albumin (HSA, used as control) [36]. The maximal response  
(i.e. the quantity of ROS) was obtained with 25 μg/mL gHSA after 4 h of treatment (Figure 1a).  
The effects of AGE-HSA were studied under the same conditions. AGE-HSA increased the 
extracellular ROS production at lower concentrations (12 μg/mL) and after shorter time of 
exposure than gHSA (2 h). Another important difference is that, at long incubation periods, 
the ROS-inducing effects of gHSA were maintained, whereas no significant increases on ROS 
production were observed with AGE-HSA at 4–8 h (Figure 1b).

Similar experiments were designed to measure the intracellular ROS production by using 
cDCF-DA after 4 h of treatment the HUVECs with gHSA or AGE-HSA (12–50 μg/mL). 

Figure 1. Extracellular ROS production in HUVECs after treatment with different concentrations of (a) gHSA (12–50 mg/
mL) or (b) AGE-HSA (12–50 mg/mL), for periods of time indicated on each graph. Columns represent the ratio of ROS 
produced by treatment/HSA and are expressed as mean ± S.E.M. (vertical bars) of at least three independent experiments. 
*p < 0.05 with respect to the control values (Student’s t test).
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the effects of gHSA seemed to be limited to 4 h- treatment, AGE-HSA up-regulated VCAM-1 
and ICAM-1 expression for longer periods of time (from 2 to 6 h). Differences on the active 
concentrations of both glycation products were also observed: whereas gHSA was only active 
at 25 μg/mL, AGE-HSA was also effective at 12 and 100 μg/mL (Figure 3).

To further confirm the increase in the expression of these adhesion molecules, protein levels of 
VCAM-1 and ICAM-1 were analyzed by western blot analysis after the treatment of HUVECs 
with two relevant concentrations of gHSA and AGE-HSA: 25 and 100 μg/mL, in comparison 
with the same concentrations of unmodified HSA and Ct-HSA, respectively. There was a 
significant elevation of VCAM-1 and ICAM-1 levels caused by the effect of both AGE-HSA 
concentrations tested. On the other hand, only the concentration of 25 μg/mL gHSA (but not 
100 μg/mL) enhanced the ICAM-1 protein levels (Figure 4).

The functional translation of VCAM-1 and ICAM-1 up-regulation was analyzed by the adhesion 
of peripheral blood mononuclear cells (PBMCs) to HUVEC monolayers after treatment with both 
types of modified albumins for 4 h (Figure 5). After these treatments, the adhesion of calcein-
AM-stained PBMCs to HUVEC monolayers after 1 h of incubation and washing of non-adhered 

Figure 3. The expression levels of mRNA of VCAM-1 (a and c) and ICAM-1 (b and d) after treatment with gHSA or AGE-
HSA at the concentrations and times indicated on HUVEC cultures. Results are shown as the ratio treatment/respective 
control, expressed as mean (columns) ± S.E.M. (vertical bars) of at least four independent experiments. Comparisons 
were made between each ratio level and the unit (*p < 0.05; Student’s t test) and between AGE-HSA and gHSA treated 
experiments ate the same time of incubation (a and b) or concentration (c and d; #p < 0.05; Student’s t test).
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PBMCs was quantified by fluorescence. In these conditions, gHSA (25 μg/mL) induced no signifi-
cant effect in PBMCs adhesion in comparison with the control HSA. However, AGE-HSA (25 μg/
mL) induced a significant increase in the adhesion of PBMC to HUVEC monolayers.

The effects of gHSA and AGE-HSA on PBMCs transmigration through HUVEC monolayers 
were studied in comparison to the ICAM-1 and VCAM-1 changes of expression. For these 
experiments HUVEC with transfected green fluorescent protein were grown until confluence 
onto transwells with 5 μm of pore size (Millipore). After treatment with AGE-HSA (25 and 
100 μg/mL) for 4 h PBMCs were layered over the HUVECs and incubated at 37°C. TNF-α 
(10 ng/mL) was used as a positive control because it induces endothelial cell activation and 
promotes PBMCs transmigration through the endothelial monolayer. The number of trans-
migrated PBMCs were estimated by quantification of nuclei acids content with CyQUANT® 
GR dye (Molecular probes, Invitrogen) at the end of the experiment. Unless for the case of 
TNF-α, no changes were observed for any of the stimuli after 3 h of treatment. However, after 
24 h of HUVEC incubation with 25 μg/mL AGE-HSA, a significant increase in the migration 
of PBMCs was observed as compared to control (Figure 6). On the contrary, higher concentra-
tion of AGE-HSA (100 μg/mL), showed no effect in the transmigration of PBMCs. The positive 
control with TNF-α increased the migration of PBMCs even more than after 3 h (Figure 6).

Figure 4. The expression levels of VCAM-1 and ICAM-1 measured by western blot in HUVEC protein extracts obtained 
after 4 h of treatment with gHSA or AGE-HSA (25 or 100 μg/mL, as indicated). TNF-α (10 ng/mL) was used as a positive 
inducer control. (a) Representative blots for VCAM-1, ICAM-1 and β-actin. Columns represent the fold change of protein 
expression for (b) VCAM-1 and (c) ICAM-1 calculated by optical densitometry with respect to β-actin and expressed 
as mean values (columns) ± S.E.M. (vertical bars) of at least three independent experiments. *p < 0.05 with respect to 
unmodified HSA or Ct-HSA for gHSA and AGE-HSA, respectively (Student’s t test).
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Given the results obtained in the adhesion molecules expression in HUVECs, another approach 
was performed repeating the study with in vivo glycated albumin obtained from healthy volun-
teers and from cardiovascular patients, which donated their blood after signing informed consent.  

Figure 5. Quantification of the adhesion of PBMCs to a HUVEC monolayer, after treatment of HUVECs during 4 h 
with gHSA (25 μg/mL) or AGE-HSA (25 μg/mL), compared with HSA (25 μg/mL) or ct-HSA (25 μg/mL), respectively. 
The graph represents the mean percentage of adhesion (columns) ± S.E.M. (vertical bars) of at least three independent 
experiments. *p < 0.05 between the columns indicated (ANOVA followed by Tukey’s test).

Figure 6. Transmigration of PBMCs through HUVEC monolayers after 3 h (white columns) or 24 h (black columns). 
Columns represent the mean (columns) ± S.E.M. (in vertical bars) of the increase of PBMCs transmigration after treatment 
compared to untreated control. *p < 0.05 with respect to untreated control (Student’s t test).
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The whole study and protocols were approved by the Ethics Committee for Human Studies at 
Galicia (Spanish region) in accordance to the 1975 Declaration of Helsinki. Particularly, we ana-
lyzed the effect of HSAs categorized in healthy or nonglycated (from healthy volunteers), low-
AGE or high-AGE (from cardiovascular patients), according to their content in AGE adducts. 
Glycation level was estimated by the molecular weight increment of isolated HSAs, due to the 
incorporation of different glycation products to the molecule. This was measured by mass spec-
trometry with a 4800 MALDI-TOF/TOF analyzer (Applied Biosystems). On this basis, attending 
to the increase of HSA molecular weight with respect to non-modified HSA, three stocks of HSA 
were prepared and categorized as healthy-nonglycated HSA, low-, and high-AGE HSA (molecu-
lar weights of 66,481, 66,665 and 66,778 Da for healthy, low-, and high-AGE HSA, respectively). 
HUVECs were incubated with a range of concentrations of these types of HSAs (12–200 μg/mL) 
for 4 h. In these conditions, the treatment with high-AGE HSA significantly increased the mRNA 
expression of ICAM-1 at concentrations of 12.5 and 25 μg/mL with respect to healthy-nongly-
cated HSA (Figure 7a; p < 0.001). An increase was also observed at 100 μg/mL concentration with 
respect to healthy HSA (p = 0.046). Moreover, high-AGE HSA was able to induce a significant 
increase with respect to low-AGE HSA at 12.5 and 25 μg/mL (Figure 7a; p < 0.05).

In the case of VCAM-1 expression, high-AGE HSA only induced an increase in the mRNA 
expression at 12.5 μg/mL with respect to healthy HSA and low-AGE HSA (Figure 7b; p < 0.05). 
At this concentration, low-AGE HSA also induced an increase in the expression of VCAM-1 
with respect to healthy HSA (Figure 7b; p < 0.05). Finally, at a concentration of 50 μg/mL, 
high-AGE HAS induced a reduction in the expression of VCAM-1 with respect to healthy 
HSA (p < 0.05). This reduction in the expression of VCAM-1 was only transient as the mRNA 
levels recovered again at higher concentrations. Altogether, these results suggest that in vivo 
glycation of albumin could have a pro-inflammatory effect in endothelial cells, which would 
trigger chronic endothelial dysfunction.

PBMCs adhesion to HUVECs was also studied with in vivo glycated albumins at 12.5, 25 and 
100 μg/mL. HUVECs were treated with these concentrations for 24 h. After that, HUVECs 

Figure 7. The expression of mRNA for ICAM-1 (a) and VCAM-1 (b) after the treatment of HUVECs with HSA isolated 
from healthy volunteers (healthy HSA) or with low-AGE HSA and high-AGE HSA from cardiovascular patients 
for 4 h. Columns represent the fold increase of mRNA expression for each gene and are expressed as mean values 
(columns) ± S.E.M. (vertical bars) of at least three independent experiments. *p < 0.05 with respect to healthy HSA. 
#p < 0.05 with respect to low-AGE HSA (Student’s t test).
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Figure 7. The expression of mRNA for ICAM-1 (a) and VCAM-1 (b) after the treatment of HUVECs with HSA isolated 
from healthy volunteers (healthy HSA) or with low-AGE HSA and high-AGE HSA from cardiovascular patients 
for 4 h. Columns represent the fold increase of mRNA expression for each gene and are expressed as mean values 
(columns) ± S.E.M. (vertical bars) of at least three independent experiments. *p < 0.05 with respect to healthy HSA. 
#p < 0.05 with respect to low-AGE HSA (Student’s t test).
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were incubated with PBMCs for 1 h. A slight but significant increase in PBMCs adhesion (mea-
sured as explained above) was observed with high-AGE HSA with respect to low-AGE HSA at 
12.5 μg/mL (p < 0.05), but not with respect to healthy HSA (Figure 8; p < 0.05). A trend toward 
an increase in PBMCs adhesion was also observed after treatment with high-AGE HSA with 
respect to low-AGE HSA at 25 μg/mL (p = 0.06). This suggests that in vivo glycated albumin 
needs more time to induce PBMCs adhesion than highly in vitro glycated albumin (AGE-HSA).

3. Potential implications for pharmacological modulation of AGE-
RAGE axis activity

In an attempt to counteract the inflammatory effects of AGE-HSA, we selected three RAGE 
inhibitors: a soluble form of RAGE (sRAGE; R&D systems), used at 0.25, 0.5 and 1 ng/mL; 
a monoclonal antibody against RAGE (anti-RAGE; R&D systems), used at 5, 10 and 20 μg/
mL; and the RAGE antagonist FPS-ZM1 (Calbiochem, Merck Millipore), used at 125, 250, 500 
and 1000 nM. HUVECs were pre-treated with different concentrations of these inhibitors and 
50 min later treated with 25 μg/mL AGE-HSA. The inhibitory effect of these agents on the 
expression of VCAM-1 and ICAM-1 in HUVECs was studied.

However, contrary to what we expected, blockade of RAGE by using sRAGE, anti-RAGE anti-
body and FPS-ZM1 was not sufficient to counteract the AGE-induced VCAM-1 and ICAM-1 
up-regulation at any of the concentrations tested under our experimental conditions. Our 
results may suggest that on endothelium, other RAGE-independent mechanisms may also 

Figure 8. PBMCs adhesion to HUVEC monolayers treated with albumin from healthy volunteers (healthy HSA) or low-
AGE HSA and high-AGE HSA from cardiovascular patients for 24 h. Columns represent the fold change of percentage 
of PBMCs adhered with respect to commercial HSA, expressed as mean values (columns) ± S.E.M. (vertical bars) of at 
least three independent experiments. #p < 0.05 with respect to low-AGE HSA (Student’s t test).
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be acting to increase adhesion molecule expression and induce inflammation. Other possi-
ble explanation for these results is that the pharmacological tools actually available to block 
RAGE activity are not able to block the effects of AGEs at the endothelial level. However, the 
results obtained on in vivo models of disease are promising, as we comment below.

To investigate the effects of RAGE blockade in pathological conditions, many studies have used 
soluble forms of RAGE or anti-RAGE antibodies, which can antagonize RAGE-ligand interaction 
to competitively inhibit the activation of RAGE signaling [39, 44, 45]. Evidence from these stud-
ies has shown that RAGE blockade protected against various disease challenges. Soluble RAGE, 
which competes with cellular RAGE for ligand binding, has been able to reduce inflamma-
tory responses in several models tested. Streptozotocin-induced diabetic apoE−/− mice treated 
with once daily injections of murine sRAGE showed suppressed acceleration of atherosclerotic 
lesions in a dose-dependent manner [46]. In parallel with decreased atherosclerotic lesion area 
and the complexity of the atheroma plaque composition, the levels of tissue factor, VCAM-1, 
AGEs, and nuclear translocation of NF-kB were decreased in the aortas of sRAGE-treated mice 
[42, 46]. In other work, sRAGE-treated mice displayed significant stabilization of the lesion area 
at the aortic root. Compared with diabetic mice receiving albumin (placebo), those receiving 
sRAGE had significantly diminished activity of monocyte chemoattractant protein-1 (MCP-1), 
cyclooxygenase-2 (COX-2), VCAM-1 and matrix metalloprotease 9 (MMP-9) within aortic tis-
sue [47]. Similarly, administration of sRAGE resulted in a highly significant decrease in athero-
sclerotic lesion area in parallel with decreased vascular expression of pro-inflammatory RAGE 
ligand S100/calgranulins and VCAM-1 and MMPs [48]. Moreover, sRAGE-treated non-diabetic 
mice displayed significantly decreased atherosclerosis and vascular inflammation [47, 48].

Further studies using anti-RAGE IgG fragments to block ligand binding to RAGE have con-
firmed these results, especially at the highest dose (up to 10 μg/mL) tested [49]. Exposure 
of HUVECs to AGE-bovine serum albumin induced expression of VCAM-1 and increased 
adhesiveness of the monolayer for T lymphoblast of the Molt-4 cell line, which was inhibited 
by addition of anti-RAGE IgG or sRAGE [40]. Activation of signaling pathway on endothelial 
cells by advanced oxidation products resulted in overexpression of VCAM-1 and ICAM-1 at 
both, gene and protein levels, something that was prevented by blocking RAGE with either 
anti-RAGE IgG or excess sRAGE [27]. Administration of anti-RAGE IgG or sRAGE strongly 
blocked the increase in vascular permeability in diabetic rats injected with human diabetic 
red blood cells [50]. Mice treated with sRAGE or anti-RAGE F(ab’)2 fragments displayed sig-
nificantly lower intima/media ratio (a marker of negative vascular remodeling after injury) 
compared to vehicle-treated animal models of femoral artery injury [51]. However, despite the 
fact that both, sRAGE and anti-RAGE IgG were able to reduce inflammatory responses in all 
models tested so far [42, 46, 50, 52], no significant decrease in ICAM-1 and VCAM-1 expres-
sion was observed after pre-treatment with soluble RAGE or anti-RAGE antibody, under our 
experimental conditions.

A recently developed high-affinity RAGE-specific inhibitor: FPS-ZM1 (N-benzyl-4-chloro-
N-cyclohexylbenzamide; Calbiochem, Merck Millipore) [53] was also studied. This inhibitor 
was developed to interact with the ligand-binding domain of the receptor and block RAGE 
signaling. In our in vitro experimental conditions this approach was also unable to inhibit 
AGE-induced VCAM-1 and ICAM-1 up-regulation.
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nificantly lower intima/media ratio (a marker of negative vascular remodeling after injury) 
compared to vehicle-treated animal models of femoral artery injury [51]. However, despite the 
fact that both, sRAGE and anti-RAGE IgG were able to reduce inflammatory responses in all 
models tested so far [42, 46, 50, 52], no significant decrease in ICAM-1 and VCAM-1 expres-
sion was observed after pre-treatment with soluble RAGE or anti-RAGE antibody, under our 
experimental conditions.

A recently developed high-affinity RAGE-specific inhibitor: FPS-ZM1 (N-benzyl-4-chloro-
N-cyclohexylbenzamide; Calbiochem, Merck Millipore) [53] was also studied. This inhibitor 
was developed to interact with the ligand-binding domain of the receptor and block RAGE 
signaling. In our in vitro experimental conditions this approach was also unable to inhibit 
AGE-induced VCAM-1 and ICAM-1 up-regulation.
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It is worth mentioning that, most of the above-mentioned works did not elucidate the precise 
AGE(s) that trigger signal transduction mechanisms upon interacting with RAGE. Kislinger 
et al. [54] studied the effect of CML-adducts and showed that CML-mediated VCAM-1 
expression on HUVECs was also suppressed in the presence of excess sRAGE or anti-RAGE 
IgG. Nevertheless, they suggest that the findings presented in their work do not rule out other 
specific AGE products of glycation or oxidation, such as pentosidine, pyralline, methylgly-
oxal, and imidazolone [55–57], which are present in our modified albumins. Additionally, 
they also specified that their findings do not rule out either the presence of other receptors or 
cellular interaction sites for CML adducts, being possible that other receptors for AGE [58–60] 
may also engage CML- and AGE-modified adducts. These situations might explain why no 
reduction in the up-regulation of adhesion molecules is observed after pre-treatment with 
sRAGE and anti-RAGE antibody under our experimental conditions.

Additionally, Amadori-modified albumin stimulates adhesion of monocytes to endothelial cells 
through enhanced transcription of the cell surface adhesion molecules E-selectin, VCAM-1 and 
ICAM-1 [61], implicating an initial endothelial cell activation occurring at atherosclerosis-prone 
vascular sites [62, 63]. However, Amadori products do not compete with AGE-albumin for 
binding to AGE receptors such as RAGE [64]. Aortic endothelial cells express specific receptors 
for Amadori-modified albumin [37, 65]. Although less information is available for the recep-
tor for Amadori products and signaling through Amadori-modified albumin receptors remains 
obscure, calnexin [66] and nucleophosmin [67, 68] have been reported to be the fructosyl-lysine 
specific binding proteins [66–68]. Binding of Amadori-modified albumin to calnexin-like recep-
tors may participate in degradation and/or activation of signal transduction processes involved 
in mediating the biologic activities of Amadori-modified albumin [66]. The E-selectin expression 
induced by Amadori-modified albumin was 10 or 20 times higher than that induced with three 
types of AGEs-HSAs and was not suppressed by anti-RAGE antibody [69]. This would explain 
why RAGE antagonism would not counteract the increase in adhesion molecules expression.

In agreement with this hypothesis, Esposito et al. [70] found that anti-RAGE antibody com-
pletely prevented leukocyte adhesion to endothelial cells grown for 8 weeks in high-glucose-
containing media, but it did not reduce the adhesion at 24 h. These results demonstrate that 
AGEs are important mediators of high-glucose-induced endothelial dysfunction after long-
term exposure, whereas the same changes in acute exposure occur with the action of media-
tors other than AGEs. As the formation of Amadori products is highly probable after 24 h 
incubation in high glucose medium, but not the formation of AGEs, the effects on the inflam-
mation parameters observed by Esposito et al. [70], and not prevented by anti-RAGE antibod-
ies, might be due to the effect of the early glycated products, and not AGEs.

Besides from directly blocking RAGE, alternative pharmacological approaches might turn 
out to be more promising. Namely, it has been shown that both RAGE and sRAGE can be 
regulated by currently available pharmacological agents [71]. Other drugs currently in use 
for diabetic complications have been shown to have an effect on AGE accumulation. These 
include the antihypertensive angiotensin-converting enzyme inhibitor (ACEI) ramipril [72] 
and the glucose-lowering drug metformin [73], which both reduce AGE. Forbes et al. [74] dem-
onstrated that compared with placebo, the ACEI perindopril increased human plasma sRAGE 
levels and reduced plasma AGE concentrations, suggesting an additional mechanistic effect of 
ACE inhibition in the treatment and prevention of vascular disease. The inhibition of ACE in 
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rats increased the renal expression of sRAGE and decreased the expression of renal full-length 
RAGE protein [74]. These investigators also showed that plasma sRAGE levels were signifi-
cantly increased by inhibition of ACE in both diabetic rats and human subjects with type 1 
diabetes [74]. Olmesartan, an angiotensin II type 1 receptor blocker, inhibited the AGE-evoked 
ROS generation and reduced the expression levels of monocyte chemoattractant protein 1 and 
ICAM-1 in endothelial cells, subsequently blocking T-cell adhesion to endothelial cells [75].

Other potential agents that may affect circulating sRAGE include the thiazolidinediones  
[76, 77] and statins [78–80], both of which are known to modulate AGE-RAGE axis. Marx et al. [76]  
investigated the effects of the two thiazolidinediones available, rosiglitazone and pioglitazone, 
on RAGE expression in HUVECs. Exposure of HUVECs to thiazolidinedione resulted in a simi-
lar reduction in RAGE mRNA expression, via inhibition of NF-κB activation, and in RAGE cell 
surface expression, demonstrating how these drugs may influence RAGE expression and its del-
eterious inflammatory activity in subjects with DM [76]. Blockade of the interaction of S100A12 
(an endogenous ligand of RAGE) with RAGE by statins at an early stage may prevent inflam-
mation in atherosclerosis and counteract the harmful effects mediated by C reactive protein [81].

Finally, recent results testing new potential drugs have been reported. Curcumin, a poly-
phenolic natural compound is able to trap methylglyoxal, an important precursor of AGEs 
[82]. Added on endothelial cell cultures curcumin reduced the intracellular ROS levels and 
improved cell viability compared with the treatment of methylglyoxal alone. There was also 
a significant reduction in the expression levels of ICAM-1 [82]. Liquiritin, the 4’-O-glucoside 
of the flavanone liquiritigenin, reduced AGEs-induced apoptosis and ROS generation in 
HUVECs and also significantly increased AGEs-reduced SOD activity [83]. It even down-
regulated the RAGE protein expression and significantly blocked NF-κB activation [83].

4. Conclusions

Oxidative stress induction by AGEs at endothelium triggers molecular signaling pathways 
that produce an inflammatory response or even endothelial dysfunction. Adhesion molecules 
expression at the membrane surface of endothelial cells as a consequence of this response or 
induced by AGEs by other mechanisms mediates the adhesion of leukocytes to endothelium. 
This adhesion is a key step in the atherogenesis process and the possible involvement of 
AGE-RAGE axis in it should be considered as potential therapeutic target. Finally, possible 
pharmacological modulation of AGE-RAGE axis activity at the endothelium is suggested, 
but specific pharmacological tools available nowadays are not efficient enough; momentarily, 
drugs used for cardiovascular and metabolic problems could be helpful in modulating the 
AGE-RAGE axis.
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reduction in the up-regulation of adhesion molecules is observed after pre-treatment with 
sRAGE and anti-RAGE antibody under our experimental conditions.
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through enhanced transcription of the cell surface adhesion molecules E-selectin, VCAM-1 and 
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(an endogenous ligand of RAGE) with RAGE by statins at an early stage may prevent inflam-
mation in atherosclerosis and counteract the harmful effects mediated by C reactive protein [81].

Finally, recent results testing new potential drugs have been reported. Curcumin, a poly-
phenolic natural compound is able to trap methylglyoxal, an important precursor of AGEs 
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improved cell viability compared with the treatment of methylglyoxal alone. There was also 
a significant reduction in the expression levels of ICAM-1 [82]. Liquiritin, the 4’-O-glucoside 
of the flavanone liquiritigenin, reduced AGEs-induced apoptosis and ROS generation in 
HUVECs and also significantly increased AGEs-reduced SOD activity [83]. It even down-
regulated the RAGE protein expression and significantly blocked NF-κB activation [83].
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Oxidative stress induction by AGEs at endothelium triggers molecular signaling pathways 
that produce an inflammatory response or even endothelial dysfunction. Adhesion molecules 
expression at the membrane surface of endothelial cells as a consequence of this response or 
induced by AGEs by other mechanisms mediates the adhesion of leukocytes to endothelium. 
This adhesion is a key step in the atherogenesis process and the possible involvement of 
AGE-RAGE axis in it should be considered as potential therapeutic target. Finally, possible 
pharmacological modulation of AGE-RAGE axis activity at the endothelium is suggested, 
but specific pharmacological tools available nowadays are not efficient enough; momentarily, 
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Abstract

Several experimental and clinical studies have indicated a prominent role of vascular 
inflammation in the development of endothelial dysfunction. In endothelial dysfunction, 
the endothelium loses its physiological features, decrements nitric oxide bioavailability, 
and shifts towards a vasoconstrictor, pro-thrombotic and pro-inflammatory state. Within 
arterial wall, the interplay between the pro-inflammatory and pro-oxidant milieus pro-
motes vascular dysfunction, and perivascular adipose tissue seems to play an important 
role. Inflammation is now considered a key event in vascular dysfunction and the devel-
opment of vascular disease associated with obesity and type 2 diabetes. This concept 
is supported by the fact that anti-inflammatory adipokines such as adiponectin protect 
endothelial function, and interventions resulting in reduced inflammation such as the 
administration of salicylates prevent vascular dysfunction and cardiovascular events. 
Thus, the aim of this review is to address the role of inflammation and its mechanisms in 
endothelial dysfunction associated with diabetes, describing the impact of these condi-
tions on vascular function.

Keywords: type 2 diabetes, endothelial dysfunction, oxidative stress, inflammation, 
adipokines

1. Introduction

Endothelial dysfunction is one of the major causes for vascular complications, accompanied by 
oxidative stress and inflammation. In diabetic and obesity/insulin resistance states, the endothelial 
dysfunction is incremented promoting the development and progression of vascular diseases [1].
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Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Abstract

Several experimental and clinical studies have indicated a prominent role of vascular 
inflammation in the development of endothelial dysfunction. In endothelial dysfunction, 
the endothelium loses its physiological features, decrements nitric oxide bioavailability, 
and shifts towards a vasoconstrictor, pro-thrombotic and pro-inflammatory state. Within 
arterial wall, the interplay between the pro-inflammatory and pro-oxidant milieus pro-
motes vascular dysfunction, and perivascular adipose tissue seems to play an important 
role. Inflammation is now considered a key event in vascular dysfunction and the devel-
opment of vascular disease associated with obesity and type 2 diabetes. This concept 
is supported by the fact that anti-inflammatory adipokines such as adiponectin protect 
endothelial function, and interventions resulting in reduced inflammation such as the 
administration of salicylates prevent vascular dysfunction and cardiovascular events. 
Thus, the aim of this review is to address the role of inflammation and its mechanisms in 
endothelial dysfunction associated with diabetes, describing the impact of these condi-
tions on vascular function.

Keywords: type 2 diabetes, endothelial dysfunction, oxidative stress, inflammation, 
adipokines

1. Introduction

Endothelial dysfunction is one of the major causes for vascular complications, accompanied by 
oxidative stress and inflammation. In diabetic and obesity/insulin resistance states, the endothelial 
dysfunction is incremented promoting the development and progression of vascular diseases [1].
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Endothelial dysfunction involves reduced endothelium-dependent vasodilatation and a pro-
thrombotic, pro-inflammatory and oxidant milieu [2]. The endothelial nitric oxide (NO) syn-
thase (eNOS), renin-angiotensin-aldosterone and kallikrein-kinin response systems all fail to 
maintain normal vascular homeostasis in conditions of hyperglycemia, reactive oxidative spe-
cies (ROS), free fatty acid (FFA) stress, and pro-inflammatory signaling [3, 4].

The aim of this review is to address the role of inflammation and its mechanisms in endothelial 
dysfunction associated with diabetes, describing the impact of these conditions on vascular 
function. We searched PubMed and Google Scholar primarily for original research articles pub-
lished up to 2017 that were focused on the pathophysiology of endothelial dysfunction associ-
ated with type 2 diabetes. The main search terms used were “type 2 diabetes,” “inflammation 
and endothelial dysfunction,” “insulin resistance,” and “therapies”. We identified primarily 
full-text manuscripts written in English. We also searched Clinicaltrials.gov for information on 
ongoing clinical trials in endothelial dysfunction associated with type 2 diabetes.

2. Endothelial cell function

Vascular endothelium is crucial for the regulation of vascular homeostasis. It is metaboli-
cally active through the secretion of vasodilators and vasoconstrictors and acts as an active 
signal transducer for circulating factors that modify the vessel wall phenotype. The normal 
paracrine and autocrine functions of endothelial cells include the synthesis of a series of 
substances that moderate vascular tone, decrease leucocyte migration, control permeability, 
regulate proliferation and migration of smooth muscle cells, and regulate platelet adhesion 
and aggregation (Figure 1). Endothelium also regulates cellular adhesion, vessel wall inflam-
mation, and angiogenesis.

The mechanisms implicated in the genesis of endothelial dysfunction are of extreme impor-
tance in developing adequate strategies to prevent or retard the clinical manifestations of 
cardiovascular diseases.

2.1. Endothelial dysfunction in diabetes

Dysfunction of vascular endothelium is considered not only as an important factor in the initia-
tion of vascular complications, but also in its progression and clinical sequelae [5]. Endothelial 
dysfunction is the loss of endothelium physiological properties with a shift toward a vasocon-
strictor, prothrombotic, and pro-inflammatory state [2].

The mechanisms underlying the development of endothelial dysfunction in type 2 diabe-
tes are complex and include oxidative stress, inflammation, and chronic alterations in the 
hemodynamic balance. Several contributors to endothelial activation and dysregulation have 
been described: decreased tetrahydrobiopterin (BH4) bioavailability and eNOS uncoupling, 
increased arginase, increased ROS production, decreased NO bioavailability, increased asym-
metric dimethyl arginine, increased glycation and expression of receptor for advanced glyca-
tion end products (RAGE), nuclear factor κB (NFκB) activation, suppression of Kruppel-like 
Factor 2 [6], and phenotypic changes in perivascular adipose tissue leading to low grade 
inflammation and reduced adiponectin secretion [7, 8].
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2.2. Inflammation

A state of subclinical systemic inflammation is characteristically present in obesity/insulin 
resistance and type 2 diabetes. The inflammation can be monitored by inflammatory markers 
such as high sensitivity C-reactive protein (hsCRP) and the inflammatory score derived from 
the pro-inflammatory plasma cytokines, interleukin (IL)-6, tumor necrosis factor α (TNFα), 
osteopontin, fractalkine, chemokine (C-C motif) ligand 2 (CCL2) and anti-inflammatory adi-
ponectin, that inversely relate to insulin sensitivity (Table 1). The inflammatory score inde-
pendently predicted fasting plasma glucose and insulin resistance in type 2 diabetic patients 
with high sensibility and specificity [9–12]. Moreover, other inflammatory biomarkers [i.e., 
growth differentiation factor-15 (GDF15), myeloid-related protein 8/14, pentraxin 3, lectin-
like oxidized low-density lipoprotein receptor-1 (LOX-1)] have been considered surrogate 
markers of cardiovascular disease and atherosclerosis in type 2 diabetes patients [13–16].

GDF15 is a member of the transforming growth factor beta family, secreted from cells such as 
adipocytes and myocytes in response to cellular ischemia and oxidative stress both present in 
diabetes. GDF15 is a marker of oxidative stress and inflammation and provides independent 
prognostic information on cardiovascular events [17].

Figure 1. Major functions of endothelial cells: regulation of vascular tone, control of VSMC proliferation, inflammation, 
permeability, angiogenesis, metabolism and hemostasis. Ang II, angiotensin II; CAMs, cell adhesion molecules; 
CCL; chemokine (C-C motif) ligand; EC, endothelial cell; EDHF, endothelium derived hyperbolizing factor; EGF, 
epidermal growth factor; ET1, endothelin-1; FGF, fibroblast growth factor; H2S; hydrogen sulfide; HSPG, heparan 
sulfate proteoglycans; ICAM, intercellular adhesion molecule; NO, nitric oxide; PAF, platelet-activating factor; PAI-1, 
Plasminogen activator inhibitor-1; PDGF, platelet-derived growth factor; PGH2, prostaglandin H2; PGI2, prostacyclin; 
ROS, reactive oxygen species; TF, tissue factor; TFPI, tissue factor pathway inhibitor; TGF-β, transforming growth 
factor-β; t-PA, tissue plasminogen activator; TXA2; thromboxane A2; VCAM, vascular cell adhesion molecule; VEGF, 
vascular endothelial growth factor; VSMC, vascular smooth muscle cells; vWF, von Willebrand factor.
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Myeloid-related protein 8/14 is a heterodimer consisting of two proteins that bind calcium 
and calgranulin A and B, which play an important role in the signaling pathways of cal-
cium and in the interaction between the cytoskeleton and the membrane [18]. Myeloid-related 
protein 8/14 is synthesized by activated monocytes and neutrophils and is a pro-inflamma-
tory protein expressed in atherosclerotic plaques associated with atherosclerosis in diabetic 
patients [19].

Pentraxin 3 is an acute-phase reactant produced by the peripheral tissues at sites of local 
inflammation and reflects impaired vascular endothelial function [20].

LOX-1 is a lectin-like receptor for oxidized low-density lipoproteins (ox-LDL), mainly expressed 
in endothelial cells, macrophages, smooth muscle cells, and monocytes. This receptor is 
upregulated by ox-LDL itself and by angiotensin II, endothelin, cytokines, and shear stress. 
The LOX-1 expressed on the cell surface can be proteolytically cleaved and released in a sol-
uble form (sLOX-1) in the circulation under pathological conditions such as hyperlipidemia 
and type 2 diabetes [21, 22].

Additionally, galectin-3 might also be an independent marker of vascular remodeling and 
endothelial dysfunction accompanied by inflammation, proliferation, and atherosclerosis in 
both normal and diabetic individuals [23, 24]. Galectin-3 is a multifunctional protein that 
belongs to a family of β-galactoside binding proteins and widely distributes in the heart, 
brain, visceral adipose tissue, and blood vessels. Galectin-3 is able to bind the advanced 
glycation end products (AGEs) and advanced lipoxidation end products that accumulate in 
target organs and exert their toxic effects by triggering pro-inflammatory and pro-oxidant 
pathways [25]. Galectin-3 levels are increased in subjects with obesity and type 2 diabetes 
[26], and animal studies have suggested that galectin-3 may be involved in the onset and 
progression of these metabolic disorders by acting primarily at the adipose tissue level. A 
recent study by Olefsky and co-workers has shown that galectin-3 provides a crucial mecha-
nistic link between inflammation and insulin resistance and that pharmacological inhibition 
of galectin-3 can increase insulin sensitivity [27].

Inflammation plays a crucial role in the etiology of vascular disease in diabetic states (Figure 2).  
The causes that trigger inflammation are pleiotropic and include most of the features that 
characterize type 2 diabetes. Arterial hypertension is also a low-grade inflammatory disease 
[28, 29] often present in diabetes along with hyperinsulinemia, insulin resistance, dyslipid-
emia, and obesity (Figure 2). Chronic exposure to glucotoxicity and lipotoxicity in diabetes 
induces a pro-inflammatory phenotype in macrophages residing or invading the adipose 
tissue and the vasculature [30, 31]. The dysfunctional endothelium may enhance leukocyte 
adhesion and the recruitment of inflammatory cells to the arterial wall, primarily through 
CCL2, a chemokine that promotes the attraction of immune cells to the sites of inflamma-
tion, thereby promoting lipid deposition and facilitating the atherosclerotic plaque formation 
[28, 32]. In addition, it is well known that the pro-inflammatory transcription factors NFκB 
and activator protein-1 and kinases such as c-Jun N-terminal kinase, p38 mitogen-activated 
protein kinase (MAPK) and extracellular signal-regulated kinase (ERK) are regulated by the 
cellular redox state [33, 34]. Proatherogenic factors in obesity and diabetes such as oxidized 
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lipids,  angiotensin II, and hyperglycemia increase the activity of NF-κB and MAPKs in endo-
thelial cells and promote the activation of pro-inflammatory cytokines (e.g., IL-6), chemo-
kines (e.g., CCL2, IL-8) [35], the expression of adhesion molecules [intercellular adhesion 
molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1)] [36] and activation of 
inducible nitric oxide synthase (iNOS) [37], growth factors, and enzymes [38–40]. The subse-
quent increment in intracellular ROS production and the activation of the pro-inflammatory 
signaling complexes—the inflammasomes (including nucleotide binding and oligomerization 
domain-like receptor family pyrin domain containing 3 (NLRP3) inflammasome) is respon-
sible for the activation of interleukins such as IL-1β and IL-18, triggering inflammation [41]. 
The NLRP3 inflammasomes of the innate immune system induce a microinflammatory state 
stimulating various pro-inflammatory cytokines involved in the pathogenesis of diabetes and 
its complications.

Pro-inflammatory cytokines

TNF-α; Interleukins IL-1, IL-6, IL-8, IL-22

Local inflammation

iNOS

Cyclooxygenases—COX

Transcription factors as NFκB

Adhesion molecules

Intercellular adhesion molecule-1—ICAM-1

Vascular cellular adhesion molecule-1—VCAM-1

E-selectin

Chemokines

CCL2 (MCP-1)

CX3CL1 (fractalkine)

CCL5 (RANTES)

Toll-like receptors

Toll like receptor—TLR2

Toll like receptor—TLR4

Pro-fibrotic factors

Transforming growth factor—TGFβ

Connective tissue growth factor—CTGF

CCL2, chemokine (C-C motif) ligand 2; CCL5, chemokine (C-C motif) ligand 5; COX, cyclooxygenases; CTGF, connective 
tissue growth factor; CX3CL1, fractalkine; IL- Interleukin; iNOS, inducible nitric oxide synthase; ICAM-1, intercellular 
adhesion molecule-1; NFκB, nuclear factor κB; TGFβ, transforming growth factor β; TLR, toll like receptor; TNF-α; tumor 
necrosis factor α; VCAM-1, vascular cellular adhesion molecule-1.

Table 1. Inflammatory components of diabetic complications.
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2.2.1. Hyperglycemia-induced inflammation

In diabetes, hyperglycemia can induce inflammation via different mechanisms [42]. The meta-
bolic defects underlying diabetes cause mitochondrial superoxide overproduction in endo-
thelial cells of blood vessels. This increased superoxide production leads to the activation 
of five major pathways involved in the pathogenesis of complications: polyol pathway flux, 
increased formation of advanced glycation end products (AGEs), increased expression of the 
receptor for AGEs and its activating ligands, activation of protein kinase C (PKC) isoforms 
and overactivity of the hexosamine pathway [43].

Hyperglycemia leads to increased reduction of glucose to sorbitol by aldose reductase with 
nicotinamide adenine dinucleotide phosphate (NADPH) consumption [44]. The cellular anti-
oxidant capacity relies on the energy provided by NADPH to the glutathione and thioredoxin 
antioxidant systems. Thus, NADPH decrement will result in reduced antioxidant capacity 
and increased oxidative stress [44].

Figure 2. Risk factors for endothelial dysfunction associated with type 2 diabetes. Major role for oxidative stress and 
inflammation. AGEs, advanced glycation end products; FFAs, free fatty acids.
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In endothelial cells, vascular smooth muscle cells, monocytes and macrophages, the intracel-
lular synthesis of diacylglycerol is increased in hyperglycemia, leading to the activation of 
the PKC pathway [45, 46]. In monocytes, there is a subsequent release of the integrins CD11b, 
CD11c, and CD14 [47, 48]. CD11b or CD11c receptor occupation on the surface of human 
monocytes stimulates cell-specific pro-inflammatory pathways such as secretion of IL-8, mac-
rophage inflammatory protein (MIP)1α and MIP1β [49]. CD14 + CD16+ monocytes are also 
linked with pro-inflammatory conditions [50].

Hyperglycemia also upregulates toll-like receptor (TLR) activity through an increment in ROS 
augmenting inflammation. In human monocytes, Dasu and colleagues [51] reported that high 
glucose induces TLR2 and TLR4 expression through PKC activation, by stimulating NADPH 
oxidase (NOX). Several other studies have demonstrated that under hyperglycemic conditions, 
reducing ROS and specifically NOX activity reduced TLR expression and activity [52, 53].

AGEs are generated in vivo as a normal consequence of metabolism, but their formation is 
accelerated under conditions of hyperglycemia, hyperlipidemia, and increased oxidative 
stress [54–57]. AGEs are highly reactive and can trigger inflammation by generating particu-
larly TNF-α and IL-6 [58]. In addition, AGEs activate their receptors/binding sites (RAGE 
and lactoferrin-like polypeptide complex) in endothelial cells, monocytes, and macrophages 
leading to the activation of MAPK and NF-κB. AGEs also enhance the formation of oxidized 
low-density lipoprotein (oxLDL) and during hyperglycemia the expression of LOX-1 on 
monocytes and macrophages increases. These processes further facilitate the uptake of oxLDL 
by macrophages, thus increasing inflammation [59, 60].

Another important mechanism to cause hyperglycemia-induced endothelial dysfunction is the 
redox-dependent activation of endothelial NLRP3 inflammasomes [61]. Endothelial tight junc-
tion disruption in diabetes requires NLRP3 inflammasomes. High glucose activates NLRP3 
inflammasome in endothelial cells via ROS production. Reducing ROS production abolished 
high glucose-induced inflammasome activation, tight junction disruption, and endothelial 
hyperpermeability in endothelial cells. The clinical potential of targeting inflammasome sig-
naling axis for prevention of the early onset of diabetic vasculopathy is evident [61].

2.2.2. Lipids-induced inflammation

Lipids also induce a state of inflammation. In diabetes, lipids increment the inflammatory 
process by promoting oxidative stress and leukocyte activation and ultimately foster endo-
thelial dysfunction and atherosclerosis progression. The ingestion of high fat diets results 
in increased leukocyte activation, which is reflected by an increase of surface expression of 
CD11b, CD11c and CD14 on monocytes and CD11b, CD66b and CD62L on neutrophils [47, 
62, 63]. These results suggest a pro-inflammatory effect of dietary lipids on circulating inflam-
matory cells with detrimental effects on the vessel wall. After a meal, the remnants of tri-
glyceride-rich lipoproteins and oxLDL are taken up by circulating leukocytes, macrophages, 
endothelial cells, and smooth muscle cells, activating the PKC pathway and resulting in NF-κB 
activation [64–66]. NF-κB promotes the transcription of various inflammatory genes, includ-
ing genes encoding for cytokines, chemokines, and adhesion molecules [59]. In addition, 
FFA and cholesterol induce inflammation by activating TLR pathways and, subsequently,  
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CD11c, and CD14 [47, 48]. CD11b or CD11c receptor occupation on the surface of human 
monocytes stimulates cell-specific pro-inflammatory pathways such as secretion of IL-8, mac-
rophage inflammatory protein (MIP)1α and MIP1β [49]. CD14 + CD16+ monocytes are also 
linked with pro-inflammatory conditions [50].
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leading to the activation of MAPK and NF-κB. AGEs also enhance the formation of oxidized 
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inflammasome in endothelial cells via ROS production. Reducing ROS production abolished 
high glucose-induced inflammasome activation, tight junction disruption, and endothelial 
hyperpermeability in endothelial cells. The clinical potential of targeting inflammasome sig-
naling axis for prevention of the early onset of diabetic vasculopathy is evident [61].

2.2.2. Lipids-induced inflammation

Lipids also induce a state of inflammation. In diabetes, lipids increment the inflammatory 
process by promoting oxidative stress and leukocyte activation and ultimately foster endo-
thelial dysfunction and atherosclerosis progression. The ingestion of high fat diets results 
in increased leukocyte activation, which is reflected by an increase of surface expression of 
CD11b, CD11c and CD14 on monocytes and CD11b, CD66b and CD62L on neutrophils [47, 
62, 63]. These results suggest a pro-inflammatory effect of dietary lipids on circulating inflam-
matory cells with detrimental effects on the vessel wall. After a meal, the remnants of tri-
glyceride-rich lipoproteins and oxLDL are taken up by circulating leukocytes, macrophages, 
endothelial cells, and smooth muscle cells, activating the PKC pathway and resulting in NF-κB 
activation [64–66]. NF-κB promotes the transcription of various inflammatory genes, includ-
ing genes encoding for cytokines, chemokines, and adhesion molecules [59]. In addition, 
FFA and cholesterol induce inflammation by activating TLR pathways and, subsequently,  
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NF-κB-mediated release of a broad range of cytokines and chemokines in different tissues  
[30, 31]. Cytokines released are involved in initiating and promoting a pro-inflammatory sta-
tus, contributing to insulin resistance [67].

However, the use of anti-inflammatory therapies to treat these conditions is still controversial 
and often the results are inferior to the expected. On the other hand, indirect approaches regu-
lating adipokines secretion or signaling seem to be promising [68].

2.2.3. Macrophage polarization

Macrophages are essential factors that contribute to the expression of inflammatory mediators 
and altered metabolism playing a critical role during the pathogenesis of atherosclerosis [69].  
Polarized macrophages toward M1 phenotype aggravate atherosclerosis. The polarized mac-
rophages not only exhibit increased inflammatory profile as observed in the expression of 
CCL2 and CCL5 but also change cholesterol homeostasis. The scavenger receptor class B type 
I (SR-B1) plays an important role in mediating the uptake of high-density lipoproteins (HDL)-
derived cholesterol and cholesteryl ester in the liver and steroidogenic tissues, and its expres-
sion is reduced by M1 macrophages [70]. In addition, HDL prevents the induction of human 
macrophages into an M1 phenotype by preventing the accumulation of caveolin-1 to the cell 
membrane [71].

Adipokines play an important role particularly in the context of obesity and diabetes. Some 
have a direct vascular effect such as leptin and adiponectin [8, 72]. Increasing attention has 
been paid to the direct vascular effects of adipokines, especially adiponectin. Adiponectin is 
the most abundant adipokine secreted by adipose cells, which may couple the regulation of 
insulin sensitivity with energy metabolism as well as regulation of vascular function [8]. We 
have recently shown that adiponectin normalized endothelial cell function by a mechanism 
that involved increased eNOS phosphorylation and decreased perivascular adipose tissue 
inflammation [8]. In addition, hypoadiponectinemia-induced NLRP3 inflammasome was 
recently suggested as a novel mechanism of diabetic vascular endothelial dysfunction [73].

Some adipokines mediate the polarization of pro-inflammatory M1 and anti-inflammatory 
M2 macrophages and the influence of inflammation in the diabetic milieu. For instance, adi-
ponectin and secreted frizzled-related protein 5 are both adipokines that have anti-inflamma-
tory properties and that can stimulate M2 polarization [74, 75]. Both M1 and M2 macrophage 
phenotypes interchange dynamically depending on the environment. Depending on the 
 stimulus, macrophages become polarized, which allows macrophages to critically contribute 
to tissue homeostasis, as they promote initiation and resolution of inflammatory responses. 
As a consequence, deregulation of the tissue macrophage polarization balance is an etiologi-
cal agent of chronic inflammation present in obesity and insulin resistance [76].

In addition, it was previously reported that vitamin D promotes an antiatherogenic mono-
cyte/macrophage phenotype in patients with diabetes [77]. Higher serum 25(OH)D levels cor-
related positively with a beneficial M2/M1 ratio, suggesting antiatherogenic properties [78]. 
Moreover, reversibility of the proatherogenic macrophage phenotype by vitamin D supple-
mentation highlights vitamin D sufficiency as a potential therapeutic target to reduce inflam-
mation and diabetic complications [77].
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2.3. Therapeutic approaches

Human and animal studies have shown a correlation between inflammatory conditions and 
endothelial dysfunction [79, 80]. In clinical situations, none of the approaches to specifically 
and directly treat inflammation to prevent cardiovascular events or reduce atherosclerosis in 
human individuals were successful, although high-sensitivity C-reactive protein is shown to 
have a strong relationship with recurrent events of cardiovascular diseases in several clinical 
trials. Randomized placebo-controlled clinical trials evaluating anti-inflammatory agents are 
being conducted to clarify whether targeting the inflammation itself will reduce cardiovascu-
lar events and risks [81].

Diet-induced weight loss reduced the levels of biomarkers of endothelial dysfunction and 
inflammation in overweight and obese patients with type 2 diabetes independent of medica-
tion use and duration [82]. In addition, anti-inflammatory drugs, such as salicylates, have been 
shown to reverse insulin resistance and other related conditions that result from circulating cyto-
kines which cause and maintain insulin resistance [83–87]. Fibrates seem to inhibit NFκB [88].  
In two randomized, placebo-controlled trials, fenofibrate treatment reduced the postprandial 
production of TNF-α, IL-1β, IL-6, CCL2, and macrophage inflammatory protein-1α [88, 89].  
Larger and longer trials are necessary to understand the effects of fibrates. In addition, expres-
sion of paraoxonase genes (PON 1, 2, 3) negatively correlates with a number of inflamma-
tory diseases including atherosclerosis [90]. In contrast to PON1, mainly in the circulation, 
PON2 and PON3 are predominantly localized to intracellular compartments (although small 
amounts of hPON3 is also associated with HDL) and modulate cellular oxidative stress gen-
erated both by intracellular mechanisms and in response to extracellular stimuli [91]. PON1 
protects LDL against oxidation and preserves function of HDL [91]. Recent evidence suggests 
that paraoxonase-1 may exert its anti-inflammatory, anti-oxidative functions leading to HDL-
mediated eNOS activation in endothelial cells via inhibition of myeloperoxidase activity of 
inflammatory HDL [92]. There are several studies suggesting that paraoxonases have been 
and continue to be target/candidates for developing therapeutic interventions for inflamma-
tory diseases [93].

Emerging anti-inflammatory approaches to vascular protection could be for instance: 5-lipox-
ygenase inhibitors, 5-lipoxygenase activating protein inhibitors, anti-cell adhesion molecules, 
SIRT activators, CCR2 and CCR5 antagonists [94], antibodies against TNF-α, and low doses 
of methotrexate [81].

Large-scale clinical trials are underway to investigate whether anti-inflammatory treatment 
improves cardiovascular outcomes, for example, methotrexate therapy (TETHYS trial and 
CIRT trial) [95, 96] and blockade of the cytokine IL-1β with canakinumab for the management 
of cardiovascular disease (CANTOS trial) [97, 98]. Additionally, randomized, placebo-con-
trolled, double-masked clinical trials of salsalate [99, 100], IL1Ra [101, 102] and anti-TNF-α [103]  
are being used to determine whether these anti-inflammatory approaches modify disease risk 
in type 2 diabetes and atherosclerotic cardiovascular disease.

Another novel anti-inflammatory therapy could be based on the normalization of the glyco-
calyx function [104–106]. The endothelial glycocalyx is now recognized to be a gatekeeper of 
the vascular wall regulating many aspects of endothelial function including its permeability 
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recently suggested as a novel mechanism of diabetic vascular endothelial dysfunction [73].

Some adipokines mediate the polarization of pro-inflammatory M1 and anti-inflammatory 
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tory properties and that can stimulate M2 polarization [74, 75]. Both M1 and M2 macrophage 
phenotypes interchange dynamically depending on the environment. Depending on the 
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to tissue homeostasis, as they promote initiation and resolution of inflammatory responses. 
As a consequence, deregulation of the tissue macrophage polarization balance is an etiologi-
cal agent of chronic inflammation present in obesity and insulin resistance [76].

In addition, it was previously reported that vitamin D promotes an antiatherogenic mono-
cyte/macrophage phenotype in patients with diabetes [77]. Higher serum 25(OH)D levels cor-
related positively with a beneficial M2/M1 ratio, suggesting antiatherogenic properties [78]. 
Moreover, reversibility of the proatherogenic macrophage phenotype by vitamin D supple-
mentation highlights vitamin D sufficiency as a potential therapeutic target to reduce inflam-
mation and diabetic complications [77].
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lar events and risks [81].

Diet-induced weight loss reduced the levels of biomarkers of endothelial dysfunction and 
inflammation in overweight and obese patients with type 2 diabetes independent of medica-
tion use and duration [82]. In addition, anti-inflammatory drugs, such as salicylates, have been 
shown to reverse insulin resistance and other related conditions that result from circulating cyto-
kines which cause and maintain insulin resistance [83–87]. Fibrates seem to inhibit NFκB [88].  
In two randomized, placebo-controlled trials, fenofibrate treatment reduced the postprandial 
production of TNF-α, IL-1β, IL-6, CCL2, and macrophage inflammatory protein-1α [88, 89].  
Larger and longer trials are necessary to understand the effects of fibrates. In addition, expres-
sion of paraoxonase genes (PON 1, 2, 3) negatively correlates with a number of inflamma-
tory diseases including atherosclerosis [90]. In contrast to PON1, mainly in the circulation, 
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protects LDL against oxidation and preserves function of HDL [91]. Recent evidence suggests 
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mediated eNOS activation in endothelial cells via inhibition of myeloperoxidase activity of 
inflammatory HDL [92]. There are several studies suggesting that paraoxonases have been 
and continue to be target/candidates for developing therapeutic interventions for inflamma-
tory diseases [93].

Emerging anti-inflammatory approaches to vascular protection could be for instance: 5-lipox-
ygenase inhibitors, 5-lipoxygenase activating protein inhibitors, anti-cell adhesion molecules, 
SIRT activators, CCR2 and CCR5 antagonists [94], antibodies against TNF-α, and low doses 
of methotrexate [81].
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improves cardiovascular outcomes, for example, methotrexate therapy (TETHYS trial and 
CIRT trial) [95, 96] and blockade of the cytokine IL-1β with canakinumab for the management 
of cardiovascular disease (CANTOS trial) [97, 98]. Additionally, randomized, placebo-con-
trolled, double-masked clinical trials of salsalate [99, 100], IL1Ra [101, 102] and anti-TNF-α [103]  
are being used to determine whether these anti-inflammatory approaches modify disease risk 
in type 2 diabetes and atherosclerotic cardiovascular disease.

Another novel anti-inflammatory therapy could be based on the normalization of the glyco-
calyx function [104–106]. The endothelial glycocalyx is now recognized to be a gatekeeper of 
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and integrity. A disturbed glycocalyx is associated with higher susceptibility to triggers of 
atherosclerosis and leukocyte/platelet adhesion [105–107].

In addition, it was recently described that inhibition of NLRP3 inflammasome with MCC950 
has potential benefits reducing infarct size and preserving cardiac function in a pig model of 
myocardial infarction [108].

Understanding mediators of the resolution of inflammation deserves further development in 
order to reduce the progression of vascular complications associated with diabetes [32].

3. Conclusions

Inflammation is suggested to play a crucial role in the interaction between metabolic abnor-
malities and vascular dysfunction, which occur in diabetes. Indeed, elevated levels of circu-
lating inflammatory markers are observed in patients with diabetes and obesity, promoting 
endothelial dysfunction. In the diabetic milieu, hyperglycemia and hyperlipidemia promote 
various intracellular and extracellular events and affect different cells in the vascular wall, 
leading to endothelial dysfunction. Obesity and type 2 diabetes also promote alterations in 
several pro-inflammatory cytokines, chemokines, and adipokines that will have an impact on 
vascular function. Knowing these mechanisms in detail will enable us to find new therapeutic 
targets for preventing or ameliorating the inflammation and subsequent vascular complica-
tions in diabetes.
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Abstract

The plasticity of adipose tissue (AT) is related to its angiogenic ability. Angiogenesis is a
multistep process which involves endothelial cell (EC) proliferation, migration, invasion
and finally tube formation. AT as a secretory organ produces adipokines, which contrib-
utes to the development of subclinical inflammation. The inflammation-related
adipokines deteriorate EC function and in consequence change the production of endo-
thelial mediators responsible for vascular homeostasis and angiogenesis, leading to
cardiovascular diseases (CVD) in obese patients. Additionally, the recent observation
suggests that AT is poorly oxygenated in obesity. Hypoxia limits the healthy expansion
of AT and stimulates a molecular response, enhancing nuclear factor kappa-B (NF-kB)
and hypoxia-inducible factor (HIF-1) expression. HIF-1α induction does not start a
normal angiogenic process but rather induces inflammatory response and fibrosis that
is strongly associated with insulin resistance (IR). It is believed that EC dysfunction in
obesity can be reduced by caloric restriction (CR). Moderate CR reflects a real-life
situation and could be optimal to achieve an EC improvement. It reduces adiposity
leading to pro-angiogenic, anti-inflammatory and—to a lesser extent—anti-oxidative
cellular effects, which not only preserves the healthy EC phenotype but also leads to an
improvement of AT remodeling and prevent systemic IR.

Keywords: obesity, angiogenesis, endothelial dysfunction, adipokines, caloric
restriction

1. Introduction

Obesity (adiposity) is a serious health problem, especially in well-developed countries. The
regional distribution of fat determines our health. Excessive accumulation of fat in the upper
body’s region (central obesity) is a stronger predictor of morbidity than excess fat in the lower
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body [1]. Central obesity is associated with insulin resistance (IR) and this condition predis-
poses to cardiovascular disease (CVD) [2]. Adipose tissue (AT) is not only an energy storage
organ but also produces adipokines, which contribute to the development of subclinical
inflammation [3]. The compounds released from AT are capable of affecting endothelial cell
(EC) functions [4]. The mechanism of obesity-induced endothelial dysfunction is multifactorial
mainly due to the omnidirectional impact of various adipokines, leading to the following
abnormalities such as elevated blood pressure, formation of atherosclerotic plaques, oxidative
stress, prothrombotic state and alterations in glucose and lipid metabolism [5]. AT remodeling
is pathologically accelerated in an obese state due to local hypoxia. Reduced angiogenesis is a
severe immune cell infiltration with subsequent pro-inflammatory responses which addition-
ally deteriorates EC functions [6]. Therefore, one of the main goals of therapeutic interventions
in obesity is to correct abnormalities in EC function and to protect endothelial integrity.

It is believed that EC dysfunction in obesity can be reduced by caloric restriction (CR), but it is
unclear whether this benefit requires significant or moderate weight loss. In recent studies
conducted on overweight humans, short- and long-lasting CR (6–52 weeks) have shown to
improve a number of health outcomes [7–9]. The important issue is that most individuals have
difficulty sustaining prolonged CR and the improvement of EC function may be problematic
to achieve. Our cooperation with physicians, dieticians and psychologists allows us to claim
that it is usually optimal for obese patients if CR is not so burdensome and yet, at the same
time, effective. Therefore, we propose a mild CR as a way to lose body weight in obese
individuals. Such a type of CR reflects a real-life situation and seems to be optimal to achieve
an improvement of EC.

2. Adipose tissue

AT was earlier characterized as a connective tissue which stores triglycerides. An increase in
global obesity and diabetes has attracted great interest to the function of this tissue. Nowa-
days, AT is considered an important regulator of energy balance, which plays a major role in
nutrient homeostasis after feeding and releases free fatty acids (FFAs) during fasting. As such,
it is regarded as an endocrine organ producing adipokines, which affect many organs and thus
the homeostasis in the body (Figure 1).

AT is mainly found in subcutaneous and visceral depots. In obesity, AT is accumulated in
different organs, including heart, liver, kidneys, bone marrow, lungs and the adventitia of
major blood vessels, where secreted adipokines affect their function. Excess visceral adiposity
is strongly correlated with IR, hypertension and dyslipidemia, which contribute to high rates
of mortality and morbidity [3, 10]. Most adipokines, which stimulate inflammatory responses,
are dysregulated in obesity and promote obesity-induced metabolic dysfunction, leading to
CVD. The production of pro-inflammatory cytokines by AT is upregulated in an obese state
(Table 1) while the secretion of anti-inflammatory factors is reduced (Table 2).

Adipocytes are divided into two types: white adipocytes and brown adipocytes. Brown adi-
pocyte tissue (BAT) converts nutrients into chemical energy in the form of heat. Brown fat cells

Endothelial Dysfunction - Old Concepts and New Challenges252

express a unique thermogenic and mitochondrial genetic program that promotes mitochon-
drial biogenesis, energy uncoupling and energy dissipation, in turn providing essential heat to
the organism. Energy dissipation is possible in the presence of large amounts of mitochondria

Figure 1. The impact of adipose tissue on multiple organs mediated by various factors released from adipocytes [3].

Pro-inflammatory adipokines

Adipokine Function

Leptin Appetite control though the central nervous system

Resistin Induces insulin resistance by stimulating the Il-6 and TNF-α production
in macrophages

Retinol-binding protein 4 (RBP4) Induces insulin resistance by influencing glucose homeostasis

Lipocalin 2 (neutrophil gelatinase-associated
lipocalin)

Promotes insulin resistance through TNF-α secretion from adipocytes

Angiopoietin-like protein 2 (ANGPTL-2) Activates inflammatory response in endothelium and promotes insulin
resistance

Tumor necrosis factor-α (TNF-α) Attenuates insulin signaling in muscles and adipose tissue (IR)

Interleukin 6 (Il-6) Involved in insulin resistance. It has various function in different organs

Interleukin 18 (IL-18) Inflammation, involved in plaque instability and endothelial activation

Monocyte chemoattractant protein 1
(MCP-1/CCL-2)

Inflammation, involved in monocyte chemotaxis

CXC-chemokine ligand 5 (CXCL5) Secreted from macrophages in AT. Responsible for IR

Chemerin Inflammation, involved in monocyte chemotaxis and stimulates lipolysis

Nicotinamide phosphor ribosyltransferase
(NAmPT, Visfatin)

Modulator of B cell differentiation, correlates with visceral adiposity,
monocyte chemoattractant

Table 1. Pro-inflammatory adipokines and their functions [11, 12].
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severe immune cell infiltration with subsequent pro-inflammatory responses which addition-
ally deteriorates EC functions [6]. Therefore, one of the main goals of therapeutic interventions
in obesity is to correct abnormalities in EC function and to protect endothelial integrity.

It is believed that EC dysfunction in obesity can be reduced by caloric restriction (CR), but it is
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conducted on overweight humans, short- and long-lasting CR (6–52 weeks) have shown to
improve a number of health outcomes [7–9]. The important issue is that most individuals have
difficulty sustaining prolonged CR and the improvement of EC function may be problematic
to achieve. Our cooperation with physicians, dieticians and psychologists allows us to claim
that it is usually optimal for obese patients if CR is not so burdensome and yet, at the same
time, effective. Therefore, we propose a mild CR as a way to lose body weight in obese
individuals. Such a type of CR reflects a real-life situation and seems to be optimal to achieve
an improvement of EC.

2. Adipose tissue

AT was earlier characterized as a connective tissue which stores triglycerides. An increase in
global obesity and diabetes has attracted great interest to the function of this tissue. Nowa-
days, AT is considered an important regulator of energy balance, which plays a major role in
nutrient homeostasis after feeding and releases free fatty acids (FFAs) during fasting. As such,
it is regarded as an endocrine organ producing adipokines, which affect many organs and thus
the homeostasis in the body (Figure 1).

AT is mainly found in subcutaneous and visceral depots. In obesity, AT is accumulated in
different organs, including heart, liver, kidneys, bone marrow, lungs and the adventitia of
major blood vessels, where secreted adipokines affect their function. Excess visceral adiposity
is strongly correlated with IR, hypertension and dyslipidemia, which contribute to high rates
of mortality and morbidity [3, 10]. Most adipokines, which stimulate inflammatory responses,
are dysregulated in obesity and promote obesity-induced metabolic dysfunction, leading to
CVD. The production of pro-inflammatory cytokines by AT is upregulated in an obese state
(Table 1) while the secretion of anti-inflammatory factors is reduced (Table 2).

Adipocytes are divided into two types: white adipocytes and brown adipocytes. Brown adi-
pocyte tissue (BAT) converts nutrients into chemical energy in the form of heat. Brown fat cells
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express a unique thermogenic and mitochondrial genetic program that promotes mitochon-
drial biogenesis, energy uncoupling and energy dissipation, in turn providing essential heat to
the organism. Energy dissipation is possible in the presence of large amounts of mitochondria

Figure 1. The impact of adipose tissue on multiple organs mediated by various factors released from adipocytes [3].

Pro-inflammatory adipokines

Adipokine Function

Leptin Appetite control though the central nervous system

Resistin Induces insulin resistance by stimulating the Il-6 and TNF-α production
in macrophages

Retinol-binding protein 4 (RBP4) Induces insulin resistance by influencing glucose homeostasis

Lipocalin 2 (neutrophil gelatinase-associated
lipocalin)

Promotes insulin resistance through TNF-α secretion from adipocytes

Angiopoietin-like protein 2 (ANGPTL-2) Activates inflammatory response in endothelium and promotes insulin
resistance

Tumor necrosis factor-α (TNF-α) Attenuates insulin signaling in muscles and adipose tissue (IR)

Interleukin 6 (Il-6) Involved in insulin resistance. It has various function in different organs

Interleukin 18 (IL-18) Inflammation, involved in plaque instability and endothelial activation

Monocyte chemoattractant protein 1
(MCP-1/CCL-2)

Inflammation, involved in monocyte chemotaxis

CXC-chemokine ligand 5 (CXCL5) Secreted from macrophages in AT. Responsible for IR

Chemerin Inflammation, involved in monocyte chemotaxis and stimulates lipolysis

Nicotinamide phosphor ribosyltransferase
(NAmPT, Visfatin)

Modulator of B cell differentiation, correlates with visceral adiposity,
monocyte chemoattractant

Table 1. Pro-inflammatory adipokines and their functions [11, 12].
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with the uncoupling protein-1 (UCP-1). This provides heat rather than adenosine triphosphate
(ATP) production [13].

White adipose tissue (WAT) stores triglycerides during energy consumption and releases fatty
acids during starvation. WAT is also an active endocrine organ that secretes a large number of
adipokines. Adipokines act centrally to regulate appetite and energy expenditure. They
peripherally affect insulin sensitivity, promote subclinical inflammation and lipid uptake and
accommodate the conversion of steroid hormones. Fats can be classified as subcutaneous or
visceral. WAT has a specific morphology. Histologically, subcutaneous fat contains mature
large adipocytes, whereas visceral fat consists of small adipocytes. Subcutaneous and visceral
depots contribute to metabolism in different ways. An increased subcutaneous fat deposition
in the form of “pear-shaped” or female pattern of distribution might protect against certain
aspects of metabolic dysfunction, especially against IR [14, 15]. However, visceral depots, in an
“apple” or male pattern of distribution, are thought to be associated with metabolic complica-
tions and appear to increase the risk of diabetes, hyperlipidemia and CVD [16]. It has become
popular to term subcutaneous adipose as ‘good fat’ and visceral as ‘bad fat’.

3. AT remodeling in obesity

3.1. Infiltration of immune cells into AT

AT is mainly comprised of adipocytes, although other cell types contribute to its growth and
function. These include pre-adipocytes, lymphocytes, macrophages, fibroblasts and vascular
cells (Figure 2). AT can respond rapidly and dynamically to nutrient deprivation and also to its
excess. One of the unique attributes of AT is its incredible capacity to change its dimensions.
This effect can be accomplished by increasing the size of adipose cells (hypertrophy) or by
recruiting new adipocytes from the resident pool of progenitors (hyperplasia).

AT expands first by hypertrophy until a critical threshold is reached, upon which signals are
released for the induction of preadipocyte proliferation and differentiation (hyperplasia) [17].

Anti-inflammatory adipokines

Adipokine Main function

Adiponectin Negatively correlates with inflammation and visceral fat accumulation,
protects against metabolic dysfunction and IR

Secreted frizzled-related protein 5 (SFRP 5) Anti-inflammatory, important for insulin sensitivity

Visceral adipose tissue-derived serine
protease inhibitor (Vaspin)

Positively correlates with BMI and insulin sensitivity, increases glucose
tolerance

Omentin-1 Expressed in visceral fat, protects against IR. Its level is reduced in obesity

Apelin It plays different functions in various organs. Its production is enhanced by
insulin. Has angiogenic and hypotensive properties

Table 2. Anti-inflammatory adipokines and their functions [11, 12].
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AT remodeling is pathologically accelerated in an obese state with reduced angiogenesis,
extracellular matrix (ECM) overproduction and severe immune cell infiltration with subse-
quent pro-inflammatory responses. The large infiltration of macrophages in AT is linked to a
systemic inflammation and IR. Moreover, the accumulation of macrophages is proportional to
adiposity, and a sustained weight loss results in the lowering of inflammation, which suggests
that this infiltration is reversible. Macrophages are also more abundant in the visceral than
subcutaneous AT [6, 12]. Resident adipose macrophages display remarkable heterogeneity in
their activities and functions. Hypertrophic adipocytes produce chemotactic factors, which
promote monocyte accumulation in AT.

Macrophages can be classified into two broad groups: M1 and M2, based on the expression of
particular antigens. Lumeng et al. proposed a model which emphasized that obesity is accom-
panied by a transformation of M2 anti-inflammatory macrophages (that are primarily accu-
mulated during a negative energy balance) to more pro-inflammatory M1 macrophages [18].
The subsets of T cells presented in AT have been seen to be implicated in the macrophage
activation. T helper cells (CD4+) are present in a large numbers in the AT of lean persons and
have a protective effect by impeding M1 macrophages, resulting in increased insulin sensitiv-
ity. T cytotoxic cell (CD8+) can start the mobilization and activation of M1 macrophages and in
this way it promotes an inflammation associated with IR. The M1 population positively
correlates with IR and is characterized by overnutrition, where FFAs stimulate its pro-
inflammatory responses [18]. In a lean state, resident macrophages are polarized toward the
M2 state, which expresses a combination of anti-inflammatory factors that may help to pre-
serve the normal adipocyte function by promoting AT repair and angiogenesis. Conversely,
M1 macrophages induced by pro-inflammatory mediators express a repertoire of pro-
inflammatory factors, which include tumor necrosis factor alpha (TNF-α), interleukin 6 (Il-6),
inducible nitric oxidase synthase (iNOS) and produce reactive oxygen species (ROS) [3, 6]. The

Figure 2. Components of adipose tissue [3, 12]. Abbreviations: AT, adipose tissue; ECM, extracellular matrix.
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panied by a transformation of M2 anti-inflammatory macrophages (that are primarily accu-
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key function of macrophages is to remove apoptotic cells in an immunologically silent manner to
prevent the release of harmful substances. The presence of apoptotic adipocytes surrounded by
M1 macrophages (forming the so-called crown-like structures) is a characteristic feature in the
obese with a full metabolic dysfunction. This pro-inflammatory state in AT is due to an impair-
ment of the macrophage-mediated phagocytic process. The fibroblasts from metabolically dys-
functional AT produce excess ECM components that may contribute to metabolic dysregulation.
The intercellular communication within AT is required for normal metabolic function. The
obesity-associated changes in the cellular composition of AT lead to a modification of adipokine
secretion [18, 19]. Consequently, obese patients can be categorized into those that have a fully
dysfunctional metabolic phenotype and those that have a mildly dysfunctional metabolic phe-
notype (Figure 3) [19].

3.2. Angiogenesis in AT

Angiogenesis plays a central role in various physiological processes in a human body, not only
during fetal development. Angiogenesis can be a hallmark of wound healing, menstrual cycle,
cancer and various ischemic and inflammatory diseases. The pivotal process of angiogenesis
can be simply described in multiple steps. First, angiogenic stimuli cause an increase in EC
permeability and proliferation. Second, the proteolysis of the basement membrane compo-
nents is a necessary process to promote the invasion of EC into the stroma of the neighboring

Figure 3. Adiposity-related metabolic dysfunction [3, 12]. Abbreviations: AT, adipose tissue; CD4+, T helper cell; CD8+, T
cytotoxic cell; $, without changes.
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tissue, in which the supportive activity of the tissue plasminogen activator system (t-PA and
uPA—urokinase-type plasminogen activator) and matrix metalloproteinases (MMPs) are
required. Third, the migrated ECs trigger lumen formation as the sprout forms a multicellular
structure. Finally, the capillary is stabilized through the construction of a basement membrane,
an adherent junction and ECs [20, 21].

AT possesses a relatively dense network of blood capillaries, ensuring an adequate exposure to
nutrients and oxygen. The AT vasculature serves to transport systemic lipids to their storage
depot in adipocytes, and transfers factors (e.g. adipokines) and nutrients (e.g. FFAs) from these
cells in times of metabolic need. The microvasculature of AT is necessary for the expansion of
adipose mass not only to prevent hypoxia, but also as a potential source of adipocyte pro-
genitors in WAT. The blood capillary network also contributes to immunity and inflammation.
AT macrophages serve multiple functions: (i) removal of necrotic adipocytes, (ii) production of
pro-inflammatory and (iii) pro-angiogenic mediators [3, 22]. Obesity reduces the density of
capillaries in AT, leading to localized hypoxia. The effect of hypoxia in obesity is complex and
could be explained by: (i) the proportion of the cardiac output and blood flow that goes to WAT
is not increased in the obese despite the expansion of the tissue mass, (ii) obese subjects do not
exhibit the postprandial increase in the blood flow to AT that occurs in lean subjects and (iii)
hypertrophied adipocytes are larger than normal, which impedes oxygen delivery to fat cells.
Tissue hypoxia drives many cellular and molecular mechanisms. The first cellular mechanism
responsible for local inflammation is macrophages recruitment. The necrosis of adipocytes,
driven by hypoxia, is a prominent phagocytic stimulus that regulates macrophages infiltration.
The second mechanism responsible for adipose inflammation is lipotoxicity. FFAs released from
hypertrophic adipocytes could be transported to the liver and stored in lipid droplets. They
could also be re-esterified to triglycerides in adipocytes. Those which escape re-esterification
play a critical role as a primary energy source in several organs during prolonged fasting. FFAs
are also ligands for TLR 4 (Toll-like receptor) presented in macrophages. FFAs binding with TLR
4 activate the inflammatory signaling cascade (NF-κB—nuclear factor kappa-B). The third
mechanism is directly associated with oxygen deprivation (Figure 4) [22–24].

Hypoxia in AT has been investigated in human and animal models. Many adipokines related
to inflammation (leptin, TNF-α and Il-6), MMPs, growth factors (VEGF—vascular growth
factor and bFGF—basic fibroblast growth factor) are elevated in hypoxia [26]. The master
regulator of hypoxia is hypoxia-inducible factor (HIF-1). It is a heterodimer composed of an
oxygen-sensitive HIF-1α subunit and a constitutively expressed HIF-1β, which is not directly
regulated by oxygen. A substantial number of genes are recognized to be hypoxia sensitive.
The target genes include those involved in angiogenesis, cell proliferation, survival, apoptosis,
vascular tone, glucose and energy metabolism. The genes, which regulate leptin, VEGF and
MMPs expression, are controlled by HIF-1 and become elevated in response to low oxygen
partial pressure (pO2) in adipocytes. At the same time, the adiponectin gene is downregulated
[27]. Glucose uptake by human adipocytes is strongly stimulated by hypoxia, presumably as a
consequence of an increased amount of glucose transporters (GLUT). This may results in
changes in insulin sensitivity. An experimental model of intermittent hypoxia has been shown
to induce IR [28]. The effect of hypoxia on the WAT function has been discussed in terms of
adipocytes, reflecting the fact that these are the cells that are characteristic of AT. Adipocytes
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tissue, in which the supportive activity of the tissue plasminogen activator system (t-PA and
uPA—urokinase-type plasminogen activator) and matrix metalloproteinases (MMPs) are
required. Third, the migrated ECs trigger lumen formation as the sprout forms a multicellular
structure. Finally, the capillary is stabilized through the construction of a basement membrane,
an adherent junction and ECs [20, 21].

AT possesses a relatively dense network of blood capillaries, ensuring an adequate exposure to
nutrients and oxygen. The AT vasculature serves to transport systemic lipids to their storage
depot in adipocytes, and transfers factors (e.g. adipokines) and nutrients (e.g. FFAs) from these
cells in times of metabolic need. The microvasculature of AT is necessary for the expansion of
adipose mass not only to prevent hypoxia, but also as a potential source of adipocyte pro-
genitors in WAT. The blood capillary network also contributes to immunity and inflammation.
AT macrophages serve multiple functions: (i) removal of necrotic adipocytes, (ii) production of
pro-inflammatory and (iii) pro-angiogenic mediators [3, 22]. Obesity reduces the density of
capillaries in AT, leading to localized hypoxia. The effect of hypoxia in obesity is complex and
could be explained by: (i) the proportion of the cardiac output and blood flow that goes to WAT
is not increased in the obese despite the expansion of the tissue mass, (ii) obese subjects do not
exhibit the postprandial increase in the blood flow to AT that occurs in lean subjects and (iii)
hypertrophied adipocytes are larger than normal, which impedes oxygen delivery to fat cells.
Tissue hypoxia drives many cellular and molecular mechanisms. The first cellular mechanism
responsible for local inflammation is macrophages recruitment. The necrosis of adipocytes,
driven by hypoxia, is a prominent phagocytic stimulus that regulates macrophages infiltration.
The second mechanism responsible for adipose inflammation is lipotoxicity. FFAs released from
hypertrophic adipocytes could be transported to the liver and stored in lipid droplets. They
could also be re-esterified to triglycerides in adipocytes. Those which escape re-esterification
play a critical role as a primary energy source in several organs during prolonged fasting. FFAs
are also ligands for TLR 4 (Toll-like receptor) presented in macrophages. FFAs binding with TLR
4 activate the inflammatory signaling cascade (NF-κB—nuclear factor kappa-B). The third
mechanism is directly associated with oxygen deprivation (Figure 4) [22–24].

Hypoxia in AT has been investigated in human and animal models. Many adipokines related
to inflammation (leptin, TNF-α and Il-6), MMPs, growth factors (VEGF—vascular growth
factor and bFGF—basic fibroblast growth factor) are elevated in hypoxia [26]. The master
regulator of hypoxia is hypoxia-inducible factor (HIF-1). It is a heterodimer composed of an
oxygen-sensitive HIF-1α subunit and a constitutively expressed HIF-1β, which is not directly
regulated by oxygen. A substantial number of genes are recognized to be hypoxia sensitive.
The target genes include those involved in angiogenesis, cell proliferation, survival, apoptosis,
vascular tone, glucose and energy metabolism. The genes, which regulate leptin, VEGF and
MMPs expression, are controlled by HIF-1 and become elevated in response to low oxygen
partial pressure (pO2) in adipocytes. At the same time, the adiponectin gene is downregulated
[27]. Glucose uptake by human adipocytes is strongly stimulated by hypoxia, presumably as a
consequence of an increased amount of glucose transporters (GLUT). This may results in
changes in insulin sensitivity. An experimental model of intermittent hypoxia has been shown
to induce IR [28]. The effect of hypoxia on the WAT function has been discussed in terms of
adipocytes, reflecting the fact that these are the cells that are characteristic of AT. Adipocytes
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generally account for no more than 50% of the total cell content of WAT (Figure 2). The other
non-adipocyte cells such as immune cells, vascular cells and pre-adipocytes are also affected by
hypoxia, producing inflammatory mediators. There are several transcription factors which are
implicated in molecular response to hypoxia, including NF-κB, which modulates the transcrip-
tion of target pro-inflammatory genes. However, the pivotal role in response to hypoxia is
played by HIF-1, which leads to proper angiogenesis. Hypoxia promotes angiogenesis by
stimulating VEGF production in ECs, which plays a central role in angiogenesis and neovascu-
larization. It is a potent mitogen for vascular ECs. It also releases other mitogenic molecules
(PDGF—platelet-derived growth factor, bFGF, ET-1—endothelin-1) for smooth muscle cells
and many pro-inflammatory mediators (Il-6, Il-1α—interleukin 1α, Il-8—interleukin 8, MCP-1
—monocyte chemoattractant protein, iNOS) modulating the angiogenesis process [29].

Hypoxia can also act adversely by inhibiting the angiogenic response and by promoting EC
death and apoptosis [30, 31]. The two major responses of ECs have been observed depending
on the degree and duration of oxygen deficiency. Firstly, acute hypoxia rapidly activates the
ECs to release chemoattractants (Il-8, PAF—platelet activating factor and MCP-1). This is a
direct process which does not need gene induction. These inflammatory mediators are able to
recruit and promote the adherence of leukocyte and platelets to endothelium, leading to a local

Figure 4. The response of adipocytes and endothelium to hypoxia [25, 26]. Abbreviations: HIF, hypoxia-inducible factor; Il-
6, interleukin 6; MMP, matrix metalloproteinase; VEGF, vascular endothelial growth factor; GLUT, glucose transporter;
HO, heme oxygenase; NO, nitric oxide; iNOS, inducible nitric oxide synthase; ET-1, endothelin 1; ICAM-1, intercellular
cell adhesion molecule-1, PAF, platelet-activating factor; vWF, von Wilebrand factor; Il-8, interleukin 8; COX-2, cycloox-
ygenase 2; PDGF, platelet-derived growth factor; TF, tissue factor; TM, thrombomodulin.
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inflammatory reaction in ischemic tissue. Secondly, longer periods of hypoxia increase the
expression of specific genes encoding cytokines, growth factors and pro-coagulation molecules
by HIF-1 activation [25]. Hypoxia in EC also induces NF-κB activation. This promotes the
synthesis of pro-inflammatory cytokines, prostaglandins and adhesion molecules, which sup-
ports the further transmigration of leucocytes to AT. The adverse effect of NF-κB expression in
hypoxia is EC death and apoptosis (Figure 4) [31].

EC proliferation and migration, crucial for angiogenesis, could also be affected by hypoxia.
The expression of VEGF and its receptor Flt-1 are upregulated by hypoxic endothelium. Both
VEGF and its receptor Flt-1 are responsible for the strong mitogenic response in a hypoxic
condition. In spite of VEGF overexpression, hypoxia can also paradoxically inhibit the angio-
genic response, which could be blocked by a soluble form of VEGFR1 (Flt-1) [29, 30].

Hypoxia can also affect vascular tone, favorable for vasoconstriction. The basal and stimulated
nitric oxide (NO) release by endothelium is quickly inhibited by hypoxia. This seems to be due
to a decrease in the constitutive endothelial NO synthase (eNOS) expression and the concom-
itant increase in ET-1 release. In conclusion, the increased production of different mitogens
combined with the suppression of endothelial NO would be expected during vascular
remodeling [32]. Additionally, hypoxia increases the procoagulant activity, which correlates
with a marked decrease of thrombomodulin (TM) and an increase in the tissue factor (TF)
expression (Figure 4) [25].

Angiogenesis plays a critical role in healthy AT expansion. To better understand this issue, the
overexpressed HIF-1α in adipocytes in a transgenic mouse model was analyzed during hyp-
oxia [33]. It was observed that there was no expression of the classical HIF-1α target genes such
as VEGF, or any components of angiogenic or anaerobic glucose pathway was registered.
Surprisingly, scientists observed fibrosis, which was induced by the upregulation of lysyl
oxidase (LOX), elastin, collagens (I, III) and the tissue inhibitor of MMP-1 (TIMP-1). They
proposed a hypothesis that the accumulation of ECM in WAT during hypoxia causes local
fibrosis with a subsequent inflammatory response and IR [33]. Briefly, a healthy AT expansion
consists of adequate angiogenic response and appropriate remodeling of the ECM. In contrast,
a pathological AT expansion consists of a massive enlargement of existing adipocytes, reduced
angiogenesis and consequent hypoxia [33, 34] (Figure 5). It has been reported that obese mice
receiving anti-angiogenic reagents have a reduced body weight while their adipose mass
shows increased metabolic rates [35]. This is due to the fact that there is a close interplay
between adipogenesis and angiogenesis in obesity [36].

In the end of this section, it is worth to mention about some important angiogenic and
angiostatic factors crucial for appropriate angiogenesis. Obesity is known to modify these
mediators [37]. Below it is shortly discussed the essence of action of pro-angiogenic factors
such as bFGF, IGF-1 (insulin growth factor-1) and Ang-1 (angiopoetin-1) and angiostatic
factors such as TSP-1 (thrombospondin), endostatin, Ang-2 (angiopoetin-2), IP-10 (interferon-
induced protein) and IFN-γ (interferon-γ).

bFGF is another essential pro-angiogenic factor besides VEGF. It changes ECs morphology,
increases proliferation, migration and production of metalloproteinases which facilitates the
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inflammatory reaction in ischemic tissue. Secondly, longer periods of hypoxia increase the
expression of specific genes encoding cytokines, growth factors and pro-coagulation molecules
by HIF-1 activation [25]. Hypoxia in EC also induces NF-κB activation. This promotes the
synthesis of pro-inflammatory cytokines, prostaglandins and adhesion molecules, which sup-
ports the further transmigration of leucocytes to AT. The adverse effect of NF-κB expression in
hypoxia is EC death and apoptosis (Figure 4) [31].
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The expression of VEGF and its receptor Flt-1 are upregulated by hypoxic endothelium. Both
VEGF and its receptor Flt-1 are responsible for the strong mitogenic response in a hypoxic
condition. In spite of VEGF overexpression, hypoxia can also paradoxically inhibit the angio-
genic response, which could be blocked by a soluble form of VEGFR1 (Flt-1) [29, 30].
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expression (Figure 4) [25].
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overexpressed HIF-1α in adipocytes in a transgenic mouse model was analyzed during hyp-
oxia [33]. It was observed that there was no expression of the classical HIF-1α target genes such
as VEGF, or any components of angiogenic or anaerobic glucose pathway was registered.
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proposed a hypothesis that the accumulation of ECM in WAT during hypoxia causes local
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consists of adequate angiogenic response and appropriate remodeling of the ECM. In contrast,
a pathological AT expansion consists of a massive enlargement of existing adipocytes, reduced
angiogenesis and consequent hypoxia [33, 34] (Figure 5). It has been reported that obese mice
receiving anti-angiogenic reagents have a reduced body weight while their adipose mass
shows increased metabolic rates [35]. This is due to the fact that there is a close interplay
between adipogenesis and angiogenesis in obesity [36].

In the end of this section, it is worth to mention about some important angiogenic and
angiostatic factors crucial for appropriate angiogenesis. Obesity is known to modify these
mediators [37]. Below it is shortly discussed the essence of action of pro-angiogenic factors
such as bFGF, IGF-1 (insulin growth factor-1) and Ang-1 (angiopoetin-1) and angiostatic
factors such as TSP-1 (thrombospondin), endostatin, Ang-2 (angiopoetin-2), IP-10 (interferon-
induced protein) and IFN-γ (interferon-γ).

bFGF is another essential pro-angiogenic factor besides VEGF. It changes ECs morphology,
increases proliferation, migration and production of metalloproteinases which facilitates the
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degradation of ECM. The autocrine secretion of bFGF by ECs is crucial for their migration and
invasiveness [38]. Tsuboi et al. found correlations between bFGF and metalloproteinases in
endothelial culture medium and suggested that expression of metalloproteinases is critical for
migration and invasiveness of ECs and finally in the tube formations [39]. The clinical data
analyzing the correlation between bFGF and abdominal obesity are still inconclusive [40, 41].

IGF-1 also called somatomedin C, has similar structure to insulin and possesses the affinity to
insulin receptor. It is produced in the liver in response to growth hormone stimulation. As a
mitogenic and anabolic factor, its effect is particularly important for the muscle, neural,
hepatic, renal, lung and hematopoietic cells [42]. Additionally, the reduction of IGF-1 in
rodents but not in humans is one of the most important effects of CR, which explains the
maintenance of animal lifespan [43].

The key angiogenesis processes such as proliferation and migration are regulated by anti-
angiogenic TSP-1. Bagavandoss and Wilks documented the anti-angiogenic effects of TSP-1 in
various types of ECs, emphasize that its anti-angiogenic effect is mainly due to the inhibitory
effect of endothelial proliferation [44]. Nowadays, TSP-1 is also classified as adipokine secreted
by visceral fat, predisposing to IR and subclinical inflammation [45].

Endostatin is an endogenous inhibitor of angiogenesis, altering the action of VEGF and bFGF.
The N-terminal sequence of this inhibitor is identical with a C-terminal fragment of XVIII
collagen, presented in the basal membrane and extracellular matrix. Endostatin inhibits the
proliferation, migration, adhesion and ability to tube formation. It blocks multiple signaling
pathways, such TNF-α and NF-κB pathways, adhesion and also clotting process [46, 47].
Endostatin administration may reduce adipose tissue growth in animal model [35].

Figure 5. Healthy and unhealthy adipose tissue expansion [6, 26].
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Maturation and stabilization of the blood vessels in the final stages of angiogenesis are con-
trolled by a pair of opposing proteins—Ang-1 and Ang-2 [42]. Both proteins bind to the same
Tie-2 (angiopoetin tyrosin kinase receptor) receptor on the surface of ECs resulting in opposite
effects: Ang-1 acts as agonist and Ang-2 acts as antagonist. Ang-1 is secreted by adipocytes
and Ang-2 by ECs [48]. Ang-1 concentration correlates with the percentage of adipose tissue in
the body [49].

IP-10 is a chemotactic factor for T lymphocytes, produced by various cells such as monocytes,
endothelium and fibroblasts in response to IFN-γ stimulation [50]. IP-10 overexpression occurs
in subcutaneous fat tissue in obese patients [51], but no differences between obese patients
with or without diabetes were reported [52].

Infiltrating macrophages and lymphocytes are an important cause of inflammation and IR in
AT [3, 18, 19]. IFN-γ produced by lymphocytes changes the phenotype of macrophages to
more pro-inflammatory—M1 [53]. Central obesity especially predisposes to high IFN-γ level
[54] which is not modified by hypoglycemic treatment [55].

3.3. Crosstalk between adipocytes and endothelial cells

Vascular ECs play a major role in maintaining cardiovascular homeostasis. In addition to
providing a physical barrier between the vessel wall and blood lumen, endothelium secretes a
number of mediators that regulate vascular tone, coagulation, fibrinolysis and blood cells
trafficking. Endothelium can extend its repertoire of functions by adaptation to various stim-
uli, including mechanical stress, oxidative and metabolic stress, inflammation, hypoxia and
many others [32].

Obesity is a component of a metabolic syndrome, a constellation of metabolic risk factors that
consist of (i) dyslipidemia, (ii) hypertension, (iii) glucose intolerance, (iv) IR, (v) prothrombotic
and (vi) a pro-inflammatory state. Hyperglycemia, dyslipidemia, hyperinsulinemia and
adipokines derived from AT play a more dominant role in microvascular complications. In
addition to the endothelial pro-inflammatory activation and the decrease in NO production,
endothelial barrier increases its permeability due to increased VEGF synthesis in response to
hypoxia (HIF-1 activation) and the presence of FFAs released from adipose tissue as an effect
of insulin resistance (Figure 6) [56]. The strong interaction between AT pro-inflammatory
adipokines and endothelium makes obese patients much more prone to CVD [2]. Hanzu et al.
exposed endothelium on the medium supplemented with extracts obtained from the visceral
fat taken from obese and lean subjects. The adipokines secreted from the visceral fat taken
from the obese adversely affected endothelium by increasing the expression of adhesion
molecules and von Willebrand factor (vWF). That, in turn, intensified the endothelial cell
proliferation and changed EC morphology. Researchers concluded that the observed effects
are a result of the activation of NF-κB transcription factor signaling pathways [57].

Endothelial dysfunction in obesity is a multifactorial process and has different molecular
aspects. Obesity is characterized by an increased generation of ROS. Because of endoplasmic
reticulum stress and mitochondrial dysfunction, ROS are generated in the vascular wall and
hypertrophied adipocytes. The effect of ROS on vascular function critically depends on their
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in subcutaneous fat tissue in obese patients [51], but no differences between obese patients
with or without diabetes were reported [52].
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more pro-inflammatory—M1 [53]. Central obesity especially predisposes to high IFN-γ level
[54] which is not modified by hypoglycemic treatment [55].
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and (vi) a pro-inflammatory state. Hyperglycemia, dyslipidemia, hyperinsulinemia and
adipokines derived from AT play a more dominant role in microvascular complications. In
addition to the endothelial pro-inflammatory activation and the decrease in NO production,
endothelial barrier increases its permeability due to increased VEGF synthesis in response to
hypoxia (HIF-1 activation) and the presence of FFAs released from adipose tissue as an effect
of insulin resistance (Figure 6) [56]. The strong interaction between AT pro-inflammatory
adipokines and endothelium makes obese patients much more prone to CVD [2]. Hanzu et al.
exposed endothelium on the medium supplemented with extracts obtained from the visceral
fat taken from obese and lean subjects. The adipokines secreted from the visceral fat taken
from the obese adversely affected endothelium by increasing the expression of adhesion
molecules and von Willebrand factor (vWF). That, in turn, intensified the endothelial cell
proliferation and changed EC morphology. Researchers concluded that the observed effects
are a result of the activation of NF-κB transcription factor signaling pathways [57].

Endothelial dysfunction in obesity is a multifactorial process and has different molecular
aspects. Obesity is characterized by an increased generation of ROS. Because of endoplasmic
reticulum stress and mitochondrial dysfunction, ROS are generated in the vascular wall and
hypertrophied adipocytes. The effect of ROS on vascular function critically depends on their
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quantity. When formed in low amounts, they can act as intracellular secondary messengers,
modulating the growth response of vascular smooth muscle cells and fibroblasts. A higher
amount of ROS can cause widespread cellular toxicity. Many enzymes of the mitochondrial
electron transport chain, such as COX (cyclooxygenase), LOX (lipooxygenase), xantin oxidase,
myeloperoxidase, NADPH oxidase, uncoupling eNOS and leptin are the major contributors of
ROS production in obesity, leading to a decrease in NO production and an increased produc-
tion of vasoconstrictor ET-1. NO bioavailability is lowered as a result of peroxynitrite forma-
tion (ONOO�). Peroxinitrite is also created as a result of the iNOS activity which is stimulated
by an exaggerated production of TNF-α. The enzyme produces NO in a large amount and
when combined with the superoxide (O2

�), anion creates cytotoxic peroxinitrite. Finally, NO
production can also be inhibited by an endogenous inhibitor—asymmetric dimethylarginine
(ADMA), which competitively inhibits eNOS. The ADMA level is elevated in obese patients
and could serve as another mechanism which alters the NO level [4, 32].

ROS accumulation and pro-inflammatory adipokines are implicated in the activation of NF-
κB, which is involved in the immune response, apoptosis and inflammation regulating the
expression of growth factors, pro-inflammatory cytokines and adhesion molecules [31]. Many
products of the genes regulated by NF-κB also, in turn, activate NF-κB (e.g. TNF-α). Pro-
inflammatory mediators created by NF-κB signaling, and derived from AT are implicated in
EC activation with an increased expression of adhesion molecules (ICAM-1—intercellular cell
adhesion molecule-1, VCAM-1—vascular cell adhesion molecule and selectins), and an
increased production of chemotactic factors (MCP-1 and Il-8). This promotes the adhesion
and migration of circulating leukocytes, initiating atherosclerotic lesion [32, 56].

ECs use glucose and FFAs as nutrients. Non-esterified FFAs are liberated from triglyceride-rich
lipoproteins by the endothelial lipoprotein lipase. The endothelial glucose uptake is insulin

Figure 6. Crosstalk between adipocytes and endothelial cells [3, 4, 58]. Abbreviations: Il-6, interleukin 6; TNF-alpha, tumor
necrosis factor-alpha; NF-κB, transcriptional factor; HIF-1α, transcriptional factor; FFA, free fatty acid; NO, nitric oxide;
VEGF, vascular endothelial growth factor.
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independent. Physiologically, glucose uptake in endothelium occurs via the glucose trans-
porter GLUT-1. The insulin receptor is presented on the EC surface. Insulin can dilate arteries
by the PI3K-Akt-eNOS signaling pathway that stimulates NO release and is also able to
rapidly release ET-1 (via MEK-ERK1/2-ET-1 pathway). Both effects occur via the insulin recep-
tor [56]. Central obesity is associated with an increased FFAs level. Elevated FFAs may impair
endothelial function as measured by flow-mediated dilatation (FMD) and might affect insulin-
mediated vasodilatation [56]. FFAs alter some important intracellular pathways: they could
affect ion transport (Na+, K+ and Ca2+), vascular reactivity (PKC—protein kinase C) cell growth
and ROS generation (NADPH oxidase). This action may have potentially relevant implications
for obese patients, leading to a decrease in NO bioavailability. Another possible mechanism,
induced by elevated FFAs, that could impair vasodilatation in obese patients, is the reduction
of prostacyclin (PGI2) production [32, 56].

The most essential adipokines implicated in EC dysfunction are leptin and adiponectin
(Tables 1 and 2). Their specific properties affecting endothelium and angiogenesis processes
are described below.

Leptin is secreted from WAT in proportion to the size of AT. It exerts a pressor effect by
activating the central nervous system, which inhibits appetite. Its adverse multidirectional
effects exerted on ECs include: (i) promoting oxidative stress, (ii) promoting thrombosis by
inhibiting thrombomodulin level and increasing tissue factor, (iii) stimulating angiogenesis by
promoting ECs proliferation and expression of adhesion molecules, MMPs and VEGF and (iv)
stimulating pro-inflammatory cytokines such as TNF-α, Il-6 and MCP-1 [4, 59]. This stimulat-
ing effect of pro-inflammatory cytokines is responsible for ECs activation, and may cause
hypertension. However, it has been recently shown that leptin may also have a vasodilatory
effect. This heterogeneous effect relates to the predominant role of the endothelium-derived
hyperpolarizing factor (EDHF) mechanism and is induced by a direct effect of NO release from
ECs and an indirect effect of NO release from adipocytes, which triggered leptin, activates
eNOS [60].

Adiponectin is the most abundantly secreted adipokine (plasma concentration: 2–20 μg/ml).
Globular adiponectin (gAD) and full-length adiponectin (fAD) exert their effect by two recep-
tors (Adipo R1 and Adipo R2). Both receptors are presented on ECs. Generally, adiponectin is
responsible for insulin sensitivity by improving carbohydrate and lipid metabolism.
Adiponectin exerts its insulin-sensitizing effect by increasing β-oxidation of FFAs, reducing
serum triglyceride and FFAs. It also has antiatherogenic and anti-inflammatory properties. The
production of adiponectin by adipocytes is inhibited by pro-inflammatory factors such as
TNF-α and Il-6 as well as hypoxia and oxidative stress. Its antiatherogenic and anti-
inflammatory properties within the vascular wall are mediated via: (i) increased phosphoryla-
tion of insulin receptor, (ii) modulation of NF-κB pathway (inhibiting adhesion molecules), (iii)
inhibition of foam cell formation, (iv) decreased proliferation and migration of smooth muscle
cells and (v) stimulation of NO production in ECs. The plasma adiponectin level highly
correlates with the vasodilatory response. Conversely, hypoadiponectinemia is associated with
a blunted endothelial function and coronary artery disease [3, 12]. Adiponectin can also induce
angiogenesis by promoting signaling cross talk (AMPK-Akt-eNOS) in endothelium. Interestingly, a
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independent. Physiologically, glucose uptake in endothelium occurs via the glucose trans-
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by the PI3K-Akt-eNOS signaling pathway that stimulates NO release and is also able to
rapidly release ET-1 (via MEK-ERK1/2-ET-1 pathway). Both effects occur via the insulin recep-
tor [56]. Central obesity is associated with an increased FFAs level. Elevated FFAs may impair
endothelial function as measured by flow-mediated dilatation (FMD) and might affect insulin-
mediated vasodilatation [56]. FFAs alter some important intracellular pathways: they could
affect ion transport (Na+, K+ and Ca2+), vascular reactivity (PKC—protein kinase C) cell growth
and ROS generation (NADPH oxidase). This action may have potentially relevant implications
for obese patients, leading to a decrease in NO bioavailability. Another possible mechanism,
induced by elevated FFAs, that could impair vasodilatation in obese patients, is the reduction
of prostacyclin (PGI2) production [32, 56].

The most essential adipokines implicated in EC dysfunction are leptin and adiponectin
(Tables 1 and 2). Their specific properties affecting endothelium and angiogenesis processes
are described below.

Leptin is secreted from WAT in proportion to the size of AT. It exerts a pressor effect by
activating the central nervous system, which inhibits appetite. Its adverse multidirectional
effects exerted on ECs include: (i) promoting oxidative stress, (ii) promoting thrombosis by
inhibiting thrombomodulin level and increasing tissue factor, (iii) stimulating angiogenesis by
promoting ECs proliferation and expression of adhesion molecules, MMPs and VEGF and (iv)
stimulating pro-inflammatory cytokines such as TNF-α, Il-6 and MCP-1 [4, 59]. This stimulat-
ing effect of pro-inflammatory cytokines is responsible for ECs activation, and may cause
hypertension. However, it has been recently shown that leptin may also have a vasodilatory
effect. This heterogeneous effect relates to the predominant role of the endothelium-derived
hyperpolarizing factor (EDHF) mechanism and is induced by a direct effect of NO release from
ECs and an indirect effect of NO release from adipocytes, which triggered leptin, activates
eNOS [60].

Adiponectin is the most abundantly secreted adipokine (plasma concentration: 2–20 μg/ml).
Globular adiponectin (gAD) and full-length adiponectin (fAD) exert their effect by two recep-
tors (Adipo R1 and Adipo R2). Both receptors are presented on ECs. Generally, adiponectin is
responsible for insulin sensitivity by improving carbohydrate and lipid metabolism.
Adiponectin exerts its insulin-sensitizing effect by increasing β-oxidation of FFAs, reducing
serum triglyceride and FFAs. It also has antiatherogenic and anti-inflammatory properties. The
production of adiponectin by adipocytes is inhibited by pro-inflammatory factors such as
TNF-α and Il-6 as well as hypoxia and oxidative stress. Its antiatherogenic and anti-
inflammatory properties within the vascular wall are mediated via: (i) increased phosphoryla-
tion of insulin receptor, (ii) modulation of NF-κB pathway (inhibiting adhesion molecules), (iii)
inhibition of foam cell formation, (iv) decreased proliferation and migration of smooth muscle
cells and (v) stimulation of NO production in ECs. The plasma adiponectin level highly
correlates with the vasodilatory response. Conversely, hypoadiponectinemia is associated with
a blunted endothelial function and coronary artery disease [3, 12]. Adiponectin can also induce
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potent inhibition of endothelial angiogenic properties like proliferation and migration was also
observed [61, 62].

The major risk factors for coronary artery disease, present in obese patients, impair the endo-
thelium response to acetylcholine (ACh), which induces a paradoxical vasoconstriction rather
than vasodilatation [32]. The endothelial damage can also be assessed by measuring some
endothelial-derived markers. Hemostatic factors such as procoagulant von Wilebrant factor
and anticoagulant TM are elevated in obesity. They are not only the markers of EC activation
but also the markers of EC membrane injury. The factors responsible for EC activation, which
mediate the interaction between leukocytes, platelets and the endothelium, are also elevated in
obese patients (E-selectin, VCAM-1 and ICAM-1). These factors provide potentially relevant
information about the EC condition and the tendency to vasoconstriction, coagulation, platelet
aggregation and future cardiovascular morbidity and mortality [4, 32].

4. Caloric restriction

Caloric restriction (CR) is the most effective and reproducible dietary intervention known to
affect aging process and increase the healthy lifespan in various model organisms from unicel-
lular yeast to rodents and primates. There is no agreement on how severe a CR must be in
order to confer benefits in different organs and systems. However, CR which in most cases
involves a 20–40% reduction of dietary requirement relative to normal intake is a severe
intervention that results in both beneficial and detrimental effects [63, 64]. Studies show that
CR does not need to be prolonged for a long time to be effective, with the advantage that short-
term CR is easier to include in clinical practice. In this context, a genomic analysis revealed that
the results obtained from short- and long-term CR were similar [65]. It is one of the most
common and cost-effective interventions used to induce body weight reduction and control
CVD risk factors. It is important to note that the induction of negative energy balance is
mandatory for achieving the metabolic benefits of weight loss. Benefits on CV risk factors by
reducing the daily caloric intake have been widely described in obese subjects [7, 65–67]. CR
reduces body weight, waist circumferences (visceral fat), serum lipids, insulin level and
improves insulin sensitivity. The decrease in adiposity leads to a reduction of pro-
inflammatory adipokines (e.g. leptin, Il-6, TNF-α, etc.), oxidative stress as well as to an increase
in the anti-inflammatory adipokines (e.g. adiponectin, omentin, etc.) [7, 66–68]. Weight loss
enhances FMD, which significantly improves endothelial function in vitro [8].

The molecular mechanism of CR is complex. It involves downregulation of insulin (also IGF-1
pathway) and insulin-like signaling, the signaling of mTOR (mammalian target of rapamycin)
kinase pathway, a rise in the energy balance modulator sirtuins (particularly sirtuin 1) as well as a
decrease in pro-inflammatory mediators, growth factors and ROS production [63]. Especially
sirtuins are responsible for some beneficial and longevity-promoting effects of CR inmany species
of animals—from fruit flies to mammals. They are implicated in many physiological effects as
control of circadian clock, mitochondrial biogenesis, aging, apoptosis and inflammation [69].

Large observational data support a detrimental effect of obesity on the risk of several cancers,
including breast and colon cancer, two of themost common cancers inNorthAmerica and Europe
[63]. The most important causes predisposing to cancer development in obese people are elevated
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female sex hormones, hyperinsulinemia and a high level of pro-angiogenic and pro-inflammatory
factors. Relatively little data exist on the effects of weight gain or weight loss on the risk of cancers
[63]. The lack of data on weight loss is likely a function of the small number of individuals able to
achieve a sustainedweight loss. It is relatively often emphasized that the risk of colorectal cancer is
reduced due to weight loss [70]. The best evidence that weight loss can reduce the risk of cancer
comes from recent studies in bariatric surgery patients [71]. Tumors becomemalignantwhen they
attract new blood vessels. Angiogenic switch could be slowed down when special drugs which
can stop a key angiogenic mediator—VEGF are used. This concept of angiogenesis was first
described by the pediatric surgeon Folkma [72]. The balance between pro- and anti-angiogenic
factors allows neoangiogenesis to occur. Angiogenesis could be inhibited through an action on
VEGF, bFGF and MMPs. Additionally, high level of mitogenic insulin resistance (IR) correlates
with some angiogenic factors [73]. It is well documented that pro-inflammatory cytokines in
obesity are mitogenic and pro-angiogenic. CR can decrease (i) insulin signaling, (ii) angiogenic
mediators, (iii) inflammation lowering pro-inflammatory adipokines,NF-κB signaling andCOX-2
expression, (iv) pro-angiogenic leptin and (v) increase anti-angiogenic adiponectin [74–76]. This
anti-inflammatory effect of CR contributes significantly to crucial endothelial function in regulat-
ing angiogenesis, hemostasis, vascular tone and vascular wall integrity. This modified effect of CR
exerted on endothelium is not only caused by decreased inflammation and angiogenic factors, but
also by regulating fibrinolysis, the integrity of the basement membrane and extracellular matrix
proteins [20]. Plasminogen activator inhibitor-1 (PAI-1), t-PA, u-PA and also MMPs are involved
in angiogenesis. The circulating levels of PAI-1 and MMPs are consistently decreased in response
to CR [4]. Rats fed a diet reduced by 40% showed improved vascular EC function, reduced free
radical production, expression of NF-κB and a decreased expression of pro-inflammatory genes
such as IL-6, TNF-α, sICAM-1 or iNOS [77]. Furthermore, the positive effect of a reduced caloric
intake leads to an increased expression of eNOS and transcriptional factor Nrf2 (nuclear factor
erythroid 2-related factor), which produces anti-oxidative stress proteins, and activates the VEGF-
dependent metabolic pathways [64, 74, 77].

5. Effects of moderate caloric restriction on obese patients—personal
observations

In the next section, we would like to present the data of our studies where we investigated the
effect of moderate CR on: (i) endothelial cell function especially involved in angiogenesis, (ii)
production of adipokines, angiogenic and angiostatic factor and (iii) oxidative stress. Based on
our previous studies that have already been published [78] and the data from the literature, we
hypothesized that moderate CR, because it is not so burdensome and reflect a real-life situa-
tion, seems to be optimal to achieve an improvement of EC.

5.1. Patients and experimental design

To assess the impact of moderate CR, we recruited 50 obese patients (age 37 � 11 years, BMI:
37.7 � 6.1 kg/m2, 72% women). The study was approved by the institutional Ethics Committee
(decision number: 217/11) and all patients submitted their informed consent. The exclusion
criteria involved overt diabetes, congestive heart failure, an acute coronary syndrome over the
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potent inhibition of endothelial angiogenic properties like proliferation and migration was also
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female sex hormones, hyperinsulinemia and a high level of pro-angiogenic and pro-inflammatory
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past 6 months, malignant or systemic illness, pregnancy, bariatric surgery, a known eating
disorder and a change in body weight greater than 2 kg over the past 3 months. Glucose
intolerance and hypertension are very common abnormalities seen in obese patients; therefore
we decided to include them in our study. Glucose intolerance was the most common disorder
(46%). Therefore, the obese patients were divided into the normoglycemic (N) obese (age
37 � 12 years, BMI: 36.2 � 6.1 kg/m2, 78% women); treated only with a diet (n = 27) and the
obese with glucose intolerance (GI) (age 38 � 10 years, BMI: 38.8 � 7.6 kg/m2, 70% women)
and treated with a diet and a hypoglycemic drug metformin (n = 23). The results were derived
from all 50 obese patients who completed the 8-week mild CR program and as a result of this
intervention they reduced their body weight.

The dietary intervention lasted 8 weeks and aimed to produce a 15–30% energy deficit (a
reduction by 300–500 kcal/day). The patients’ basal metabolic rate (BMR) was calculated
according to the Harris-Benedict equation and corrected for physical activity according to
WHO criteria [79]. The estimated BMR ranged between 1454 and 2045 kcal/d [79] and all
patients displayed low physical activity (physical activity factor: 1.4) [80]. The participants
were supervised twice a week by a dietician, who designed individualized dietary plans that
supplied energy from similar sources but took into account patients’ food preferences. The diet
was composed of: 25% fat: saturated 7%; 20–25% protein; 50–55% carbohydrates: complex 45–
50%, saccharose <10% (exemplary diet is presented in appendix). To assess only the effect of
mild CR, physical activity was not recommended.

5.2. Detected parameters

To minimize diurnal variations, fasting blood samples were always collected between 7.30 and
9.00 am. Samples of serum were aliquoted and stored at �80�C until assayed. Before and after
CR we measured the following parameters:

• mediators of ECs function (sICAM-1, sVCAM-1, sE-selectin, TM, vWF, PAI-1, ADMA, NO);

• proliferation, migration and invasion using endothelial cell culture in vitro after exposition
to medium supplemented with 20% serum taken before and after CR;

• adipokines (leptin, adiponectin, vaspin, rezistin, TNF-α, Il-6);

• angiogenic factors (VEGF, bFGF, Ang-1, IGF-1, Il-8, MMP-2, MMP-9);

• angiostatic factors (Ang-2, endostatin, TSB-1, TIMP-1, INF-γ, IP-10);

• oxidative stress (TAS—total antioxidant status, SOD—superoxide dismutase, catalase,
ROS production by ECs in vitro);

• fat content;

• homeostatic model of assessment of insulin resistance (HOMA-IR).

5.3. Methods

Using the in vitro culture (HUVEC lineEA.hy926), we evaluated endothelial pro-angiogenic
processes, such as proliferation, migration and invasion.
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• Cell proliferation was measured using an MTT assay (methylthiazol tetrazolium assay)
[81]. Briefly, monolayers of 2 � 104 ECs were exposed to standard medium (M199, Sigma,
USA) supplemented with 20% serum taken before and after CR for 24 h in hypoxic
condition (1% O2). After the exposition, cells were incubated in a medium containing
1.25 mg/ml of the MTT salt (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bro-
mide) for 4 h at 37�C. The active mitochondrial dehydrogenases metabolized the conver-
sion of MTT salt [82]. The generated formazan product was dissolved with the acidic
solution of sodium dodecyl sulfate and N,N-dimethylformamide. Absorbance of the
converted dye was recorded at 595 nm with a reference wavelength of 690 nm.

• Migration and invasionwere tested using Boyden chamber (Cultrex Kit, USA). Briefly, ECswere
grown to 80% confluency in a culture medium. Then the cells were harvested, resuspended in
serum-freemedium and place in an uppermigration chamber (5� 104 cell/100 μl). To detect cell
migration, this chamber was coated only with assay buffer in the contrary to invasion
process where this surface was coated with basement membrane extracts. Cells were then
stimulated for 24 h in hypoxic condition (1% O2) with standard medium supplemented
with 20% serum taken before and after CR placed in the lower chamber. Migrated cells
were detached and treated with calcein AM in the lysis buffer. Fluorescence of cell lysates
was measured using 480 and 520 nm wavelengths for excitation and emission, respec-
tively.

• Generation of ROS by endothelial cells treated with standard medium supplemented with
20% serum taken before and after CR for 24 h was assessed by labeling with 20,70-
dichlorodihydrofluorescein diacetate (H2DCFDA, Molecular Probes, USA) that is trapped
inside the cells and activated by intracellular ROS. Briefly, following the exposure to
medium, 2 � 104 cells were loaded with 10 μM H2DCFDA for 30 min and then treated
with the lysis buffer. Fluorescence emitted by cell lysates was measured using wave-
lengths of 485 and 535 nm for excitation and emission, respectively [83].

• To detect serum factors we used the immunoassays from R&D Systems (USA).

• Nitric oxide and TAS were measured by colorimetric assays from R&D Systems (USA)
and Cayman (USA), respectively.

• SOD and catalase were tested using enzymatic tests from Cayman (USA).

• Fat content was estimated by bioelectrical impedance analysis (Tanita/Acern, Japan).

• Homeostasis model assessment (HOMA-IR)—an index of insulin resistance was measure
using the following equation: fasting insulinemia (mU/ml)� fasting glycemiamg/dl)/405 [84].

5.4. Statistical analysis

Statistical analysis was performed using GraphPad Prism™ 6.00 (GraphPad Software Inc., San
Diego, California). The Wilcoxon test and the Mann-Whitney test were used for comparing
paired and unpaired data, respectively. The data were also analyzed with repeated measures
analysis of variance using a post hoc test for multiple comparisons. Associations between
variables were assessed with the Spearman correlation. The level of significance was set at
p < 0.05.
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5.5. Results

Moderate CR induced a reduction of the anthropometric measurements and angiogenic
adipokines in all subjects (leptin, II-6 and TNF-α) (Figure 7A and B). The largest decrease was
achieved in TNF-α concentration in normoglycemic obese patients (N: �66 � 5% vs. GI:
�38� 7%) Similarly, a decrease in fat mass was greater in obese patients with a normal glucose
profile (N: �10.4 � 2.1% vs. GI: �8.7 � 3.3%). CR also decreased the percentage of patients
with life-threatening obesity from 34 to 18%. Actually, more beneficial changes in lipids and
carbohydrates parameters were observed in normoglycemic obese subjects (HOMA-IR: N:
�27 � 4% vs. GI: �8 � 2%; cholesterol: N: �9 � 5% vs. GI: �1.5 � 1%; triglycerides: N:
�24 � 9% vs. GI: �7 � 4%). CR was less effective in the obese with GI, certainly because of a
higher percentage of patients with life-threatening obesity (GI: 52% vs. N: 34%). Dietary
treatment significantly reduced the pro-angiogenic (VEGF: �11 � 6%, bFGF: �35 � 10%,
Ang-1: �18 � 9%) and angiostatic (endostatin: �126 � 5%, IP-10: �76 � 14%, IFN-gamma:
�74 � 17%) factors, especially in normoglycemic patients (Figure 7A and B). In the obese with
GI, CR reduced only two angiogenic parameters of 13 analyzed (angiostatin-1: �27 � 7%,
endostatin: �8 � 2%). This group was also characterized by a higher concentration of VEGF
(+105 � 12%), IFN-gamma (+225 � 24%), IP-10 (+103 � 25%) and lower IGF-1 (�49 � 15%)
after the treatment when compared to the normoglycemic obese. It should be emphasized that,
at baseline, the GI group was characterized by a higher concentration of VEGF (+93 � 18%)
and lower IP-10 (�45 � 13%). Additionally, the decrease in pro-angiogenic leptin and bFGF
was positively correlated with the reduction of anthropometric measurements (body mass,
BMI, WC (waist circumference) and fat mass) after dietary intervention. CR in both tested
groups, in a comparable way, reduced pro-inflammatory markers of endothelial activation
(sICAM-1 in both groups �5 � 1.5%; sE-selectin: N: �21 � 4% vs. GI: �42 � 10%) and ADMA
(N: �35 � 5% vs. GI: �37 � 10%), but did not change the production of NO (Figure 7A and B).
The changes in coagulation and fibrinolisis parameters were far less pronounced especially in
obese patients with GI. Mild CR was only partially effective in reducing oxidative stress by
increasing SOD in obese normoglycemic patients. The culture medium supplemented with
serum obtained from obese patients, before and after CR, modified endothelial function essen-
tial for angiogenesis. We have documented an increase in endothelial proliferation and a
decrease in endothelial migration and invasion after 8 weeks of CR under hypoxic condition.
These observations were less pronounced in the obese with GI (Figure 7A and B).

5.6. Discussion

Eight weeks of moderate CR reduced the anthropometric measurements (BMI, body weight
and fat mass), pro-angiogenic and pro-inflammatory adipokines such leptin, Il-6 and TNF-α in
all obese patients. Additionally, in both tested groups (i.e. in normoglycemic and in glucose
intolerance participants), CR in a comparable way, reduced pro-inflammatory markers of
endothelial activation (sICAM-1 and sE-selectin), inhibitor of eNOS—ADMA, but did not
change the production of NO. Worth emphasizing is that more beneficial changes were
observed in normoglycemic obese. We have observed: (i) the improvement of laboratory tests
assessing carbohydrate and lipid profile (especially HOMA), (ii) reduced level of many angio-
genic and angiostatic factors and (iii) modification of angiogenic properties of EC. Moderate
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Figure 7. Effect of moderate caloric restriction in (A) obese normoglycemic patients, (B) obese patients with glucose
intolerance. Abbreviations: IR, insulin resistance; Il-6, interleukin 6; TNF-alpha, tumor necrosis factor-alpha; sICAM-1,
soluble form of intercellular cell adhesion molecule-1; sVCAM-1, soluble form of vascular cell adhesion molecule-1; sE-
selectin, soluble form of selectin E; TM, thrombomodulin; vWF, von Wilebrand factor; PAI-1, plasminogen activator
inhibitor-1; ADMA, asymmetric dimethylarginine; NO, nitric oxide; VEGF, vascular endothelial growth factor; bFGF,
basic fibroblast growth factor; Ang-1, angiopoetin 1; IGF-1, insulin-like growth factor 1; Il-8, interleukin 8; MMP,
metalloproteinase; Ang-2, angiopoetin 2; TBS-1, thrombospondin-1; TIMP, tissue inhibitor of metalloproteinase; INF-γ,
interferon γ; IP-10, interferon-inducible protein; $, without changes.
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CR has probably not exerted as many beneficial effects in the obese patients with GI because
this group was characterized by a greater number of patients with life-threatening obesity. The
parameters of oxidative stress were the least susceptible for modification by moderate CR.
Additionally, we have documented a positive correlation with the reduction of all tested
anthropometric measurements after dietary intervention and a decrease in pro-angiogenic
leptin and bFGF.

Weight reduction in obese people is not easy to achieve due to the difficulty in maintaining a
dietary regimen and the usual co-existence of IR. Insulin resistance makes it harder for patients
to lose unnecessary body weight by hindering glucose utilization by the muscles and liver [85].
There is no doubt that CR improves endothelial function [7–9, 68], particularly the concentra-
tion of adhesive molecules, pro-inflammatory cytokines and NO production [7, 8, 66]. It is well
documented that changes in NO production by endothelium is triggered by diet are generally
related to changes in weight loss [7, 8, 67], plasma glucose concentration [68] and duration of
CR [86]. However, a short-term dietary intervention does not always improve vascular
endothelial-derived NO response [87, 88]. The parameters involved in coagulation and fibri-
nolysis are less prone to modification [7, 66, 67].

An important issue is whether even a small degree of CR, resulting in a modest loss of body
weight, will improve endothelial function. To investigate this, it is necessary to find a param-
eter that is sensitive enough to reflect an improvement of endothelial function even with only a
slight weight loss. Using ECs cultured in vitro in medium supplemented with serum taken
from the obese patients before and after CR, we found a correlation between EC proliferation
and weight loss after CR. This effect was especially apparent in male subjects [78]. The
mechanisms underlying changes in EC angiogenic properties in response to dietary interven-
tion are difficult to define unequivocally. They are probably context-dependent. In addition to
the effects exerted by leptin and adiponectin through their similar receptors [59] and the effect
of sex hormones [89, 90], changes in EC metabolism may be exerted by the alteration of energy
homeostasis [91, 92]. Various metabolic pathways are now recognized as contributing signifi-
cantly to obesity-associated angiogenesis [93, 94]. Proliferation is an energy-consuming pro-
cess, it is tempting to hypothesize that the magnitude of serum-induced endothelial growth
response reflects a tendency for conserving energy during CR. Interesting observations have
recently been published by Reinhardt et al. [91, 92]. They observed that patients with a
“thrifty” phenotype (economic and energy saving) could distribute more energy for cell pro-
liferation and lose less weight during CR, while patients with a “spendthrift” phenotype
(wasteful and energy spending) would spend less energy for the cell proliferation and lost
more weight after CR [91]. Accordingly, we observed that individuals who had lost more
weight exhibited a decrease in cell proliferation (for quantitative data see [78]). We
documented that a moderate CR in obese subjects changes the endothelial genes expression
profile involved in the cell cycle [78]. Similarly, Ellsworth et al. have recently revealed signifi-
cant changes in peripheral blood gene expression patterns, including those involved in cell
cycle in obese patients undergoing intensive long-term lifestyle modifications. Observed
changes occurred only in patients who achieved considerable weight loss (>10%) over 1 year,
but not in participants with minimal weight loss [65]. As the authors emphasized, the mecha-
nism by which a CR protects the function of capillaries remains unexplained. It certainly
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improves many of the endothelial functions essential for angiogenesis, such as proliferation,
tube formation and prevents against apoptosis and aging [74], Csiszar et al. explained that the
reduction of oxidative stress and inflammation would primarily improve EC functions. Dietary
intervention drives a change in the concentration of many neuroendocrine factors, which reach
the capillary ECs from the bloodstream and initiate a variety of cytoprotective processes [77].

We have measured 13 factors involved in angiogenesis (angiogenic/angiostatic). Reducing AT
after the dietary treatment makes it less demanding for the factors necessary for angiogenesis.
Dietary restriction led to a decrease in the concentration of three pro-angiogenic factors (VEGF,
bFGF and Ang-1) and three angiostatic factors (endostatin, IP-10 and IFN-γ) in normoglycemic
obese subjects. In obese patients with GI, CR reduced only 2 parameters involved in the
angiogenesis process, out of 13 analyzed (Ang-1, endostatin). Glucose intolerance in obese
people adversely affects the angiogenesis process. This has been confirmed by Nathan et al.
where the lower adhesion, migration and tubular structure formation in endothelium were
observed compared to the normoglycemic control group [95].

One of the most important factors in the angiogenesis process that stimulates migration and
EC proliferation is VEGF [29]. Miyazawa-Hoshimoto et al. have demonstrated a positive
correlation between serum VEGF levels and anthropometric parameters of obese persons,
which indicates that visceral fat is the most important factor that determines the VEGF con-
centration in obesity. We have also observed that obese patients with high BMI and fat mass
(particularly obese with GI) exhibit elevated VEGF level at baseline when compared with
normoglycemic obese; nevertheless, CR did not reduce the level of VEGF. Weight reduction
might decrease VEGF concentration [96], however, this effect is not always achieved [52, 75,
97]. We have observed a decline in VEGF level only in the normoglycemic obese. Higher VEGF
level is characteristic for the obese with GI when compared with the normoglycemic patients
[52, 98]. Insulin stimulates VEGF production in vascular ECs [99] and in adipocytes [100]
by stimulating the HIF-1α expression [29]. The authors emphasize that insulin is a potent
mitogen, and its stimulatory effect on VEGF production and proliferation is already present
at physiological concentrations [29, 100]. EC proliferation after CR was higher in the
normoglycemic obese and was not observed in patients with GI despite significantly higher
insulin and VEGF concentrations. Severe obese patients with glucose intolerance treated with
metformin and/or moderate CR not always reduced insulin concentration and HOMA levels
[101, 102]. EC proliferation in obese subjects is complex and cannot be explained by the effects
of typical angiogenic factors as elevated level of insulin and VEGF [78]. Yamagishi et al.
performed an experiment showing that, despite higher VEGF level following insulin stimula-
tion, no increase in VEGF receptor-mediated EC proliferation was observed. They concluded
that this effect may hamper the response to pro-angiogenic VEGF in patients with
hyperinsulinemia [99]. Recent work by Aplin and Nicosia also confirms the decline in expres-
sion of VEGF receptors in the EC under hypoxia [30]. Experiment done by Csiszar et al. using
nonhuman primate Macaca mulatta after 10 years of CR showed similar observation [74].

bFGF is the subsequent crucial angiogenic factor modified by weight loss [78, 96]. The correla-
tion between bFGF and abdominal obesity is obscure [40, 41], nevertheless we observed a
positive correlation between the decrease in bFGF and the reduction in body mass, fat mass,
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tion, no increase in VEGF receptor-mediated EC proliferation was observed. They concluded
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BMI and waist circumference. bFGF changes endothelial angiogenic properties [38]. The corre-
lation between bFGF and MMPs in an endothelial culture medium suggests that the expres-
sion of MMPs is critical for the migration and invasiveness of cells in the formation of new
blood vessels [39]. The significant lowering of bFGF in patients treated with a diet alone was
probably one of the most important factors that contributed to the decreased migration and
invasiveness of EC after the intervention.

Endostatin inhibits the proliferation, migration, adhesion and ability to form the tubes by
altering the action of VEGF and bFGF. It blocks multiple signaling pathways (TNF-α, NF-κB,
adhesion and clotting) [47]. The elevated endostatin concentrations are characteristic of over-
weight patients [37]. Eight weeks of moderate CR was enough to decrease endostatin concen-
tration in both obese groups. It is worth to emphasize that endostatin was the only angiostatic
parameter modified by CR in obese patients with GI.

Ang-1 and Ang-2 control the maturation and stabilization of blood vessels [42, 48] and by that
means regulate AT growth [48]. Dietary restrictions reduce their concentration [75]. Ang-1 was
the only angiogenic parameter that was reduced in obese patients with GI. Since Ang-1
stimulates proliferation and migration, its reduced concentration after CR could also be
responsible for diminished endothelial angiogenic function observed in vitro. Ang-2 is synthe-
sized almost exclusively by ECs cells during vascular remodeling [103]. It destabilizes the
vascular wall to facilitate the action of other pro-angiogenic factors [104]. The mechanism of
angiopoietins’ action is not fully understood. Ang-2 has dual pro- and anti-angiogenic proper-
ties. It is believed that Ang-2 acts via a Tie-2 receptor as its antagonist, when Ang-1 is not
available or acts independently without a Tie-2 receptor [105]. Higher level of Ang-2 is
observed in patients with type 2 diabetes [106] as a hyperglycemia effect [107]. It has been
suggested that elevated concentrations of Ang-2 and hyperglycemia may promote abnormal
neovascularization and endothelial dysfunction, which in turn leads to diabetic micro- and
macroangiopathy [108].

IP-10 is a chemotactic factor for T cells, produced by various cells such as monocytes, ECs,
fibroblasts, in response to IFN-γ stimulation [50]. Dalmas et al. show higher blood levels of IP-
10 in obese patients, without any differences between diabetic and non-diabetic patients [52].
The group of obese patients with GI was characterized by a lower IP-10 (�45%) at baseline. CR
reduced the IP-10 concentration by 76% only in the normoglycemic obese. The 10-year follow-
up of patients with type 2 diabetes in the MONICA/KORA clinical trial suggests that the IP-10
protein is one of the risk factors for the clinical development of diabetes [109] and its concen-
tration could be lowered by CR and lifestyle modification [110].

Infiltrating of immune cells in AT is an important factor leading to inflammation and IR [6]
Interferon-γ is known to change the macrophage phenotype to more pro-inflammatory (M1)
[53]. Patients with GI had a higher IFN-γ concentration after CR. Higher fat content and stronger
stimulation by macrophage-derived IFN-γ were the important factors for higher concentrations
of pro-inflammatory adipokines after the experiment (higher TNF-α after CR). Obese individ-
uals usually have elevated IFN-γ levels, particularly patients with central obesity [54]. Diet
intervention significantly decreased IFN-γ levels in the normoglycemic obese (�74%). Although
plasma concentrations of IP-10 and IFN-γ in the obese with GI after CRwere significantly higher
when compared with the normoglycemic obese, the diet did not change their concentrations. It is
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well known that hyperglycemia in diabetic patients significantly modifies the immune response,
particularly the humoral immunity [12]. Higher levels of IP-10 and IFN-γ seen in the obese with
GI, may reflect a different immune response observed in this group.

Metformin is one of the oldest commonly used oral hypoglycemic drugs, which does not affect
insulin secretion. It functions omnidirectionally on various cells [85, 111], reducing the risk of
CVD by improving blood vessels, vascular endothelium or decreasing inflammatory markers
[85]. Animal models and in vitro experiments showed the anti-angiogenic effect of metformin
and emphasized its beneficial role which goes far beyond lowering the glucose level [112, 113].
Endothelium treated with metformin alters the secretion profile of angiogenic and angiostatic
factors [112]. Moreover, metformin protects the myocardium against hypoxia. The
cardioprotective effect of metformin is the result of the reduced oxidative stress and bFGF level,
which are responsible for hypertrophy and myocardial fibrosis [111]. The ability to reduce bFGF
concentration is one of metformin’s anti-tumor activities additional to its inhibitory effect on the
migration and proliferation of both endothelial and tumor cells [112, 113]. Our obese patients
treated with CR and metformin had tendency for higher anthropometric parameters (more
patients with life-threatening obesity), additionally more patients had treated hypertension.
The angiogenic mediators and endothelial cell function were significantly less modified by
moderate CR in compare with nomoglycemic patients treated only with diet.

6. Conclusions

AT remodeling is pathologically accelerated in an obese state due to local hypoxia leading to
reduced angiogenesis, severe immune cell infiltration with subsequent pro-inflammatory
responses and additional deterioration of EC functions. It is believed that EC dysfunction in
obesity can be reduced by CR. Moderate CR reflects a real-life situation and could be optimal to
achieve an improvement in EC. Our observations suggest that a moderate CR can improve
several parameters of EC function, especially those involved in angiogenesis. It also improves
anthropometric and metabolic measurements, but does not significantly strengthen the antioxi-
dant status. The in vitro model shows how various circulating factors, induced by CR, affect the
endothelial proliferation, migration and invasiveness. This process is a result of a reduction of
inflammation and a modification of angiogenic and angiostatic factors. Additionally, in patients
with glucose intolerance, it is also caused by potential anti-angiogenic properties of metformin.
The obtained results are particularly pronounced in the normoglycemic obese, and to a lesser
extent in the obese with GI and IR, who may have an adverse impact on AT remodeling, the
cardiovascular system and might have an increased risk of obesity-associated cancer diseases.
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A. Appendix and nomenclature: Exemplary diet

Diet plan

The energy supply was set at 1500 kcal

Exemplary menu 1500 kcal—version 1

I breakfast—330 kcal

Italian sandwich “Caprese”

II breakfast—310 kcal

Sandwich with egg and radishes

• 2 slice of wholemeal bread (80 g)

• 1 teaspoon of butter (5 g)

• Lettuce

Meal Hours Share of energy supply (%) Caloric value (kcal)

I breakfast 7:00–8:00 20 300

II breakfast 10:00–11:00 20 300

Lunch 13:00–14:00 10 150

Snack 16:00–17:00 30 450

Dinner 18:30–19:30 20 300

• 1 wholemeal roll (80 g)
• 1 small tomato
• Cottage cheese (50 g)
• Fresh basil
• 2 teaspoons of olive oil (10 g)
• Black pepper
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• 1 boiled egg

• A few radishes

Tomato juice—small bottle (300 ml)

Lunch—440 kcal

Italian spaghetti—1 portion

Spaghetti should be boiled al dente.

Snack—160 kcal

Natural yogurt—2% fat (180–200 g) with 1 spoon of wheat bran.

Tangerines (2 medium size—150 g)

Dinner—290 kcal

Tuna salad with parsley sauce (1 portion)

1 slice of wholemeal bread (40 g)

• Rucola salad

• 100 g cocktail tomatoes

• 1/3 red pepper

• Canned tuna in its own sauce (50 g—2 spoons)

• Natural yogurt 2% fat (75 g—3 spoons)

Ingredients for 3 potions:
• 250 g wholemeal pasta
• 1 cane of tomatoes or fresh tomatoes
• 1 chicken breast (200 g)
• 10 capers
• 10 black olives
• 1 small onion
• 2 cloves of garlic
• Olive oil (1 spoon)
• Fresh parsley (2 spoons)
• Pepper, basil
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• Sunflower seeds (15 g—3 teaspoons)

• Parsley

• Lemon juice

Exemplary menu 1500 kcal—version 2

I breakfast—330 kcal.

Sandwich with ham and vegetables

• 1 slice of ray bred (40 g)

• Butter (1 teaspoon)

• Lettuce

• 1 slice of chicken ham (20 g)

• Small tomato (100 g)

• 1–2 small cucumbers

Natural yogurt 2% fat (400 g)

II breakfast—280 kcal

Cottage cheese

• Cottage cheese—3% fat (150 g)

• A few radishes (chopped or grated)

• Sunflower seeds (1 spoon)

1 slice of ray bread (40 g)

Lunch—440 kcal.

Asparagus cream soup—1 portion

Ingredients for 4 portions

• 1 bunch of green asparagus
• 1 zucchini
• 1 clove of garlic
• 1 onion
• 1 liter of bullion
• Olive oil (2 spoons)
• Pepper
• 1–2 teaspoons of lemon juice
• pine nuts/ almond flakes (4 teaspoons)
• cream cheese or natural yoghurt (4 teaspoons)
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1 wholemeal roll (80 g) or 2 slices of rye bread with butter (1 teaspoon)

1 orange (350 g) or ½ pomelo

Snack—160 kcal

Oatmeal with dried plums (49 g)

Dinner—290 kcal

Salad with baked pepper and tomatoes

• 1 green or yellow pepper baked in the oven and peeled

• 1 big tomato (200 g)

• 1 spoon of olive oil or sunflower oil

• 1 spoon of chopped lettuce

• 1 spoon of chopped celery leaves

• Pepper

Sandwich with ham

• 1 slice of ray bread (40 g)

• 2 slices of chicken ham (40 g)
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• Sunflower seeds (15 g—3 teaspoons)

• Parsley

• Lemon juice

Exemplary menu 1500 kcal—version 2

I breakfast—330 kcal.

Sandwich with ham and vegetables

• 1 slice of ray bred (40 g)

• Butter (1 teaspoon)

• Lettuce

• 1 slice of chicken ham (20 g)

• Small tomato (100 g)

• 1–2 small cucumbers

Natural yogurt 2% fat (400 g)

II breakfast—280 kcal

Cottage cheese

• Cottage cheese—3% fat (150 g)

• A few radishes (chopped or grated)

• Sunflower seeds (1 spoon)

1 slice of ray bread (40 g)

Lunch—440 kcal.

Asparagus cream soup—1 portion

Ingredients for 4 portions

• 1 bunch of green asparagus
• 1 zucchini
• 1 clove of garlic
• 1 onion
• 1 liter of bullion
• Olive oil (2 spoons)
• Pepper
• 1–2 teaspoons of lemon juice
• pine nuts/ almond flakes (4 teaspoons)
• cream cheese or natural yoghurt (4 teaspoons)
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1 wholemeal roll (80 g) or 2 slices of rye bread with butter (1 teaspoon)

1 orange (350 g) or ½ pomelo

Snack—160 kcal

Oatmeal with dried plums (49 g)

Dinner—290 kcal

Salad with baked pepper and tomatoes

• 1 green or yellow pepper baked in the oven and peeled

• 1 big tomato (200 g)

• 1 spoon of olive oil or sunflower oil

• 1 spoon of chopped lettuce

• 1 spoon of chopped celery leaves

• Pepper

Sandwich with ham

• 1 slice of ray bread (40 g)

• 2 slices of chicken ham (40 g)
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Abstract

Pulmonary vascular endothelial cells (ECs) line the surface of the lung vasculature and 
accommodate the various levels of blood flow. Pulmonary endothelium is a critical regu-
lator of vascular homeostasis by inhibiting coagulation of the blood. The ECs bind tis-
sue factor pathway inhibitors (TFPI), modulate hemostasis with opposing effects such 
as antiplatelet, anticoagulant and fibrinolytic properties. Lung endothelium regulates 
synthesis and metabolism of vasoactive compounds such as nitric oxide and endothe-
lin-1, both potent regulators of vascular tone. Cytokines, chemokines, interleukins, adhe-
sion molecules, and growth factors can be secreted by pulmonary ECs with positive and 
adverse effects. Pulmonary endothelium exhibits heterogeneity with diverse expression 
of molecules and specific differences in signaling induced by various infections such as 
Gram-positive bacteria. The distinction of macro or microvascular endothelium occurs 
from the larger vessels to small capillaries in the lung alveoli system. Lectin-binding pat-
terns discriminate between pulmonary artery and pulmonary microvascular capillary 
endothelium. The lung is one of the body’s organs with the highest expression of vascu-
lar endothelial growth factor that stimulates small vessel formation of the microvascular 
endothelium. Acute respiratory distress syndrome and acute chest syndrome in sickle cell 
disease are two prototypes of devastating diseases caused by pulmonary EC dysfunction.

Keywords: pulmonary endothelial cells, pulmonary microvascular endothelial cells, 
pulmonary macrovascular endothelial cells, ARDS, Acute Chest Syndrome,  
Endothelial cell dysfunction

1. Introduction

Endothelial cells (ECs) line the interior surface of blood cells and lymphatic vessels forming an 
interface between circulating blood or lymph in the lumen and the vessel wall. ECs are a thin 
layer of squamous cells. The vascular EC line the entire circulatory system from the large vessels 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



[105] Felcht M, Luck R, Schering A, Seidel P, Srivastava K, Hu J, Bartol A, Kienast Y, Vettel C,
Loos EK, Kutschera S, Bartels S, Appak S, Besemfelder E, Terhardt D, Chavakis E,
Wieland T, Klein C, Thomas M, Uemura A, Goerdt S, Augustin HG. Angiopoietin-2
differentially regulates angiogenesis through TIE2 and integrin signaling. The Journal of
Clinical Investigation. 2012;122:1991-2005

[106] Lim HS, Lip GY, Blann AD. Angiopoietin-1 and angiopoietin-2 in diabetes mellitus:
Relationship to VEGF, glycaemic control, endothelial damage/dysfunction and athero-
sclerosis. Atherosclerosis. 2005;180:113-118

[107] Lieb W, Zachariah JP, Xanthakis V, Safa R, Chen MH, Sullivan LM, Larson MG, Smith
HM, Yang Q,Mitchell GF, Vita JA, Sawyer DB, Vasan RS. Clinical and genetic correlates of
circulating angiopoietin-2 and soluble Tie-2 in the community. Circulation. Cardiovascular
Genetics. 2010;3:300-306

[108] Rasul S, Reiter MH, Ilhan A, Lampichler K, Wagner L, Kautzky-Willer A. Circulating
angiopoietin-2 and soluble Tie-2 in type 2 diabetes mellitus: A cross-sectional study.
Cardiovascular Diabetology. 2011;10:55

[109] Herder C, Baumert J, Thorand B, Martin S, Lowel H, Kolb H, Koenig W. Chemokines
and incident coronary heart disease: Results from the MONICA/KORA Augsburg case-
cohort study, 1984-2002. Arteriosclerosis, Thrombosis, and Vascular Biology. 2006;26:
2147-2152

[110] Wong E, Freiberg M, Tracy R, Kuller L. Epidemiology of cytokines: The Women On the
Move through Activity and Nutrition (WOMAN) Study. American Journal of Epidemi-
ology. 2008;168:443-453

[111] Viollet B, Guigas B, Sanz GN, Leclerc J, Foretz M, Andreelli F. Cellular and molecular
mechanisms of metformin: An overview. Clinical Science (London, England). 2012;122:
253-270

[112] Dallaglio K, Bruno A, Cantelmo AR, Esposito AI, Ruggiero L, Orecchioni S, Calleri A,
Bertolini F, Pfeffer U, Noonan DM, Albini A. Paradoxic effects of metformin on endo-
thelial cells and angiogenesis. Carcinogenesis. 2014;35:1055-1066

[113] Tan BK, Adya R, Chen J, Farhatullah S, Heutling D, Mitchell D, Lehnert H, Randeva HS.
Metformin decreases angiogenesis via NF-kappaB and Erk1/2/Erk5 pathways by increas-
ing the antiangiogenic thrombospondin-1. Cardiovascular Research. 2009;83:566-574

Endothelial Dysfunction - Old Concepts and New Challenges286

Chapter 12

Pulmonary Vascular Endothelial Cells

Joyce N. Gonzales and Alexander D. Verin

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.76995

Provisional chapter

DOI: 10.5772/intechopen.76995

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,  
distribution, and reproduction in any medium, provided the original work is properly cited. 

Pulmonary Vascular Endothelial Cells

Joyce N. Gonzales and Alexander D. Verin

Additional information is available at the end of the chapter

Abstract

Pulmonary vascular endothelial cells (ECs) line the surface of the lung vasculature and 
accommodate the various levels of blood flow. Pulmonary endothelium is a critical regu-
lator of vascular homeostasis by inhibiting coagulation of the blood. The ECs bind tis-
sue factor pathway inhibitors (TFPI), modulate hemostasis with opposing effects such 
as antiplatelet, anticoagulant and fibrinolytic properties. Lung endothelium regulates 
synthesis and metabolism of vasoactive compounds such as nitric oxide and endothe-
lin-1, both potent regulators of vascular tone. Cytokines, chemokines, interleukins, adhe-
sion molecules, and growth factors can be secreted by pulmonary ECs with positive and 
adverse effects. Pulmonary endothelium exhibits heterogeneity with diverse expression 
of molecules and specific differences in signaling induced by various infections such as 
Gram-positive bacteria. The distinction of macro or microvascular endothelium occurs 
from the larger vessels to small capillaries in the lung alveoli system. Lectin-binding pat-
terns discriminate between pulmonary artery and pulmonary microvascular capillary 
endothelium. The lung is one of the body’s organs with the highest expression of vascu-
lar endothelial growth factor that stimulates small vessel formation of the microvascular 
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disease are two prototypes of devastating diseases caused by pulmonary EC dysfunction.
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to the smallest capillaries, thereby accommodating various levels of blood flow from the turbu-
lent high pressures from large vessels entering and leaving the heart as well as small vessels such 
as that of the minute capillaries of the lungs, liver, kidneys, and the moderate vessels throughout 
the body. ECs from different blood vessels and microvascular ECs from different tissues have 
distinct and characteristic gene expression profiles. Pervasive differences in gene expression pat-
terns distinguish the EC of large vessels from microvascular ECs [1].

2. Pulmonary endothelial cell dysfunction

Vascular endothelium is a critical regulator of vascular homeostasis. All EC inhibit coagula-
tion of the blood. ECs bind tissue factor pathway inhibitors (TFPIs) that prevent the initiation 
of coagulation by blocking the actions of the factor (f) VIIa tissue factor (TF) complex [2]. Like 
other ECs, lung ECs modulate hemostasis with sometimes opposing effects such as antiplate-
let, anticoagulant, and fibrinolytic properties; yet after injury or activation ECs are capable 
of exerting procoagulant functions. The balance between endothelial anti and prothrombotic 
activities determines whether thrombus formation, propagation, or dissolution occurs [3]. An 
intact endothelium in a healthy vessel inhibits the adhesion of platelets, platelet activation, 
and aggregation and adhesion of platelets and leucocytes to vessel wall through the release of 
nitric oxide (NO) [4]. On the other hand, injury or activation of ECs results in a procoagulant 
phenotype that contributes to localized clot formation.

Activation of the coagulation cascade is one of the early occurring events in lung injury, and it 
is initiated via the extrinsic pathway [5]. Endothelium activated by inflammation and/or injury 
releases the procoagulant molecule TF which binds with circulating coagulation fVII to form a 
TF/fVIIa complex that cleaves fIX and thrombin. (Figure 1). Thrombin further activates platelets 

Figure 1. Schematic representation of pulmonary microvascular endothelial cells (MVEC) activated by inflammation 
and/or injury following release of the pro-coagulant molecule TF which binds with circulating coagulation factor VII 
(fVII) to form a TF/fVIIa complex that cleaves fIX, and generates thrombin.
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and coagulation factors in the intrinsic coagulation pathway generating more thrombin and for-
mation of a fibrin mesh. The adhesion of platelets is facilitated by von Willebrand factor (vWF). 
vWF is a product of normal EC and is not synthesized after endothelial injury. The clotting path-
way is also induced by cytokines such as tumor necrosis factor alpha (TNF-α) or interleukin 1 
(IL-1) or bacterial endotoxin such as lipopolysaccharide (LPS) to secrete TF which activates the 
extrinsic clotting pathway [3]. In a tightly regulated system, the proteases and molecules of the 
coagulation cascade can be inhibited by circulating protease inhibitors, such as antithrombin, 
heparin cofactor II, TF pathway inhibitor and C1 inhibitor. These bind with the active sites of 
proteases, thereby inactivating them. In addition, coagulation factors can be degraded through 
activation of the protein C and protein S complex, synthesized by ECs as a cofactor that is 
then catalyzed by the presence of thrombomodulin and endothelial protein C receptor (EPCR). 
Other pathways of coagulation factor degradation are disintegrin and metalloproteinase with 
a thrombospondin type 1 motif, member 13 (ADAMTS13). ADAMTS13 cleaves the multimeric 
strands of vWF, thereby disrupting platelet adhesion. ECs synthesize tissue plasminogen acti-
vator (t-PA), promoting fibrinolytic activity to clear fibrin deposits from endothelial surfaces 
[3, 6]. Thrombin also binds to its protease activated receptor-1 (PAR-1) and induces a signaling 
cascade resulting in EC junctional gaps that lead to increased endothelial permeability [7].

Lung ECs also regulate the synthesis and metabolism of vasoactive compounds such as 
nitric oxide (NO) and endothelin-1 (ET-1), potent regulators of pulmonary vascular tone [8]. 
EC-derived NO, synthesized by the endothelial nitric oxide synthase (eNOS) from the precur-
sor L-arginine, regulates the healthy endothelium. Antithrombotic effects of EC-derived NO 
are likely related to release of prostaglandin I2 and inhibition of plasminogen activator inhibi-
tor-1 (PAI-1), a prothrombotic protein [6, 9].

The enzyme eNOS depends on intracellular calcium (Ca2+) level. In response to a rise in EC 
intracellular Ca2+ eNOS catalyzes the production of NO. The Ca2+-dependent eNOS synthe-
sizes small amounts of NO until the Ca2+ levels decrease. This Ca2+-dependent eNOS provides 
the basal release of NO and is sufficient to inhibit the adhesion and activation of platelets 
providing homeostasis in unstimulated ECs [10].

Cytokines are small soluble proteins that are important in cell signaling and can change the 
behavior or properties of cells. Cytokines can be secreted by many cells including pulmonary 
ECs [11]. Cytokines can be grouped into families including the interferons, the chemoattrac-
tants (chemokines), the tumor necrosis factors (TNFs), the interleukins (IL-2, IL-3, IL-4 etc.), 
the epidermal growth factor family (EGF) and transforming growth factors-alpha and beta 
(TGF-α and β), the growth factors include vascular endothelial growth factor (VEGF and oth-
ers) that are important in vasculogenesis and angiogenesis. The VEGF family of growth fac-
tors restores the oxygen supply to tissues in hypoxic conditions [12].

Pulmonary EC express adhesion molecules and pro and anti-inflammatory cytokines and are 
intricately involved in inflammatory processes [12, 13]. It was shown that there is a central 
role via the sphingosine-1-phosphate (S1P) receptor in pulmonary endothelium for regulat-
ing an excessive pro-inflammatory cytokine and chemokine production in an influenza virus-
induced cytokine storm [14]. A deficiency of alpha 1-antitrypsin (A1AT), a protein that has been 
shown to trigger an inflammatory response leading to increased circulating concentrations of  
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and coagulation factors in the intrinsic coagulation pathway generating more thrombin and for-
mation of a fibrin mesh. The adhesion of platelets is facilitated by von Willebrand factor (vWF). 
vWF is a product of normal EC and is not synthesized after endothelial injury. The clotting path-
way is also induced by cytokines such as tumor necrosis factor alpha (TNF-α) or interleukin 1 
(IL-1) or bacterial endotoxin such as lipopolysaccharide (LPS) to secrete TF which activates the 
extrinsic clotting pathway [3]. In a tightly regulated system, the proteases and molecules of the 
coagulation cascade can be inhibited by circulating protease inhibitors, such as antithrombin, 
heparin cofactor II, TF pathway inhibitor and C1 inhibitor. These bind with the active sites of 
proteases, thereby inactivating them. In addition, coagulation factors can be degraded through 
activation of the protein C and protein S complex, synthesized by ECs as a cofactor that is 
then catalyzed by the presence of thrombomodulin and endothelial protein C receptor (EPCR). 
Other pathways of coagulation factor degradation are disintegrin and metalloproteinase with 
a thrombospondin type 1 motif, member 13 (ADAMTS13). ADAMTS13 cleaves the multimeric 
strands of vWF, thereby disrupting platelet adhesion. ECs synthesize tissue plasminogen acti-
vator (t-PA), promoting fibrinolytic activity to clear fibrin deposits from endothelial surfaces 
[3, 6]. Thrombin also binds to its protease activated receptor-1 (PAR-1) and induces a signaling 
cascade resulting in EC junctional gaps that lead to increased endothelial permeability [7].

Lung ECs also regulate the synthesis and metabolism of vasoactive compounds such as 
nitric oxide (NO) and endothelin-1 (ET-1), potent regulators of pulmonary vascular tone [8]. 
EC-derived NO, synthesized by the endothelial nitric oxide synthase (eNOS) from the precur-
sor L-arginine, regulates the healthy endothelium. Antithrombotic effects of EC-derived NO 
are likely related to release of prostaglandin I2 and inhibition of plasminogen activator inhibi-
tor-1 (PAI-1), a prothrombotic protein [6, 9].

The enzyme eNOS depends on intracellular calcium (Ca2+) level. In response to a rise in EC 
intracellular Ca2+ eNOS catalyzes the production of NO. The Ca2+-dependent eNOS synthe-
sizes small amounts of NO until the Ca2+ levels decrease. This Ca2+-dependent eNOS provides 
the basal release of NO and is sufficient to inhibit the adhesion and activation of platelets 
providing homeostasis in unstimulated ECs [10].

Cytokines are small soluble proteins that are important in cell signaling and can change the 
behavior or properties of cells. Cytokines can be secreted by many cells including pulmonary 
ECs [11]. Cytokines can be grouped into families including the interferons, the chemoattrac-
tants (chemokines), the tumor necrosis factors (TNFs), the interleukins (IL-2, IL-3, IL-4 etc.), 
the epidermal growth factor family (EGF) and transforming growth factors-alpha and beta 
(TGF-α and β), the growth factors include vascular endothelial growth factor (VEGF and oth-
ers) that are important in vasculogenesis and angiogenesis. The VEGF family of growth fac-
tors restores the oxygen supply to tissues in hypoxic conditions [12].

Pulmonary EC express adhesion molecules and pro and anti-inflammatory cytokines and are 
intricately involved in inflammatory processes [12, 13]. It was shown that there is a central 
role via the sphingosine-1-phosphate (S1P) receptor in pulmonary endothelium for regulat-
ing an excessive pro-inflammatory cytokine and chemokine production in an influenza virus-
induced cytokine storm [14]. A deficiency of alpha 1-antitrypsin (A1AT), a protein that has been 
shown to trigger an inflammatory response leading to increased circulating concentrations of  
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pro-inflammatory cytokines such as TNF-α from ECs. In A1AT, cytokines activate their recep-
tors and stimulate nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) activ-
ity and nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor (IkBα), a 
regulatory protein that inhibits NF-kB degradation. The translocation of NF-kB increases the 
transcription of inflammatory genes, including an increased secretion of TNF-α from ECs [15]. 
The role of pulmonary EC cytokines has also been shown in the pathology of lung fibrosis 
where numerous cytokines have been implicated in pathogenesis including TGF-β, TNF-α, 
ET-1 and IL-1 and IL-8 [16].

ECs participate in the control of the adhesion and migration of inflammatory cells and the 
exchange of fluid from the vasculature into damaged tissue. Resting ECs do not interact with 
leukocytes; however, they store proteins such as P-selectin and chemokines in specialized 
secretory vesicles called Weibel-Palade bodies (WPBs) in microvascular ECs for interaction 
with leukocytes when needed [17]. ICAM-1 and E-selectin mediate the firm adhesion to ECs 
and are an obligatory step in neutrophil migration as neutrophils initially adhere to ECs, 
then migrate through the EC barrier [18]. Resting ECs also suppress the transcription of other 
adhesion molecules such as E-selectin, vascular cell-adhesion molecule 1 (VCAM) and inter-
cellular adhesion molecule 1 (ICAM-1) [2]. Upon EC activation, the resulting inflammation is 
characterized by tissue infiltration of neutrophils, followed by macrophages [19, 20].

EC activation can be induced by endotoxin, cytokines and chemokines, and viruses and bac-
terial pathogens, all of which can activate NF-kB resulting in modulation of EC synthesis 
of pro-inflammatory cytokines and chemokines. When stimulated, the endothelium displays 
increased adhesiveness for monocytes, lymphocytes, and granulocytes mediated by endothe-
lial leukocyte adhesion molecules such as ICAM-1, VCAM-1 and E-selectin. The secretion of 
inflammatory cytokines and of leukocyte specific chemo attractants such al IL-8 and MCP-1 
also contributes to leukocyte recruitment during inflammatory responses [21]. In general, 
human endothelium can express a broad spectrum of pro-and anti-inflammatory cytokines, 
including IL-1, IL-5, IL-6 and IL-8, MCP-1 (monocyte chemotactic protein-1), CSFs (colony-
stimulating factors), GM-CSF (granulocyte/macrophage CSF), G-CSF (granulocyte CSF), 
M-CSF (macrophage CSF), PDGF, and VEGF [12].

2.1. Pulmonary endothelial cell heterogeneity

ECs from various organs have distinctive vascular responses to chemokines, cytokines, and 
adhesions molecules and exhibit unique functional properties [22, 23]. Phenotypic heteroge-
neity among ECs may account for important organ-specific behaviors [24]. The unique fea-
tures of pulmonary ECs allow them to function at multiple basic levels such as function as a 
dynamic barrier critical for lung gas exchange and the regulation of fluid and solute passage 
between the blood and interstitial compartments in the lung [25].

Pulmonary endothelium exhibits a high expression of adhesion molecules which contribute 
to the margination of the large intravascular pool of leucocytes in the lung [26]. Adhesion 
molecules are expressed by activated ECs in a sequential manner. Cytokines activate 
E-selectin promoter, which induces E-selectin and a prolonged contact among leukocytes, 
causing them to roll along the endothelium [27]. Other selectins such as platelet endothelial 
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cell adhesion molecule (PECAM, CD31), ICAM-1, and the inducible VCAM-1 are all essential 
to the subsequent firm attachment of leukocytes to and migration through the endothelium. 
Many studies of lung EC expression of molecules, including adhesion molecules, were ini-
tially accomplished on human pulmonary artery EC (HPAEC) or even human umbilical vein 
EC (HUVEC) due to the availability of these cells for culture. However, more recently there is 
a recognition that there are differences between the expression of pulmonary macrovascular 
and microvascular EC. For example, the study of adhesion molecules of macrovascular large 
vessel cells cannot be extrapolated to microvascular capillary cells. In vitro study of HPAEC is 
not comparable to study of the pulmonary microvasculature in vivo or in vitro [27].

Gram-positive bacterial pathogens cause lung inflammation and alterations in lung ECs. In 
macrovascular ECs, pharmacological inhibition of Rho kinase with the Rho kinase (ROCK) 
inhibitor Y27632 significantly suppressed p38 mitogen-activated protein kinase (MAPK) cas-
cade activation, while inhibition of p38 MAPK with specific inhibitor p38α and β, SB203580 
had no effect on Rho activation [28]. In contrast, inhibition of p38 MAPK in microvascular ECs 
suppressed lipoteichoic acid and peptidoglycan (LTA/PepG), found on the cell wall of Gram-
positive bacteria induced activation of Rho, while Rho inhibitor suppressed activation of p38 
MAPK [28]. These results demonstrate cell type-specific differences in signaling induced by 
Staphylococcus aureus derived pathogens in pulmonary endothelium. Thus, although Gram-
positive bacterial compounds caused barrier dysfunction in both ECs types, it was induced by 
different patterns of crosstalk between Rho, p38 MAPK, and NFκB signaling [28].

The distinction of macro or microvascular endothelium is between those from the larger ves-
sels to the small capillaries that feed the entire alveolar system in the lung [29]. Lectin-binding 
pattern discriminates between PAEC and Pulmonary microvascular EC (MVEC), and lectin 
protein agglutinins isolated from plant or animal sources are often used for distinguishing 
between cell phenotypes [23, 30]. It was identified that Helix pomatia (an agglutinin from the 
Helix pomatia snail) (HPA) and Griffonia lectins (a lectin from Bandeiraea simplicifolia (BS I), 
these lectins are isolated from a variety of natural sources including plants, mollusks, fish eggs) 
differentially bind to macro and microvascular EC. HPA preferentially binds macrovascular 
endothelium whereas BS I preferentially binds to microvascular endothelium (Figure 2) [31]. 
In cell culture experiments investigating diseases such as acute respiratory distress syndrome 
(ARDS), pulmonary edema, or acute chest syndrome in sickle cell disease (SCD), the distinc-
tion of macro versus microvascular cells could be important.

Majority of studies in the lung have been performed on macrovascular ECs from the HPAEC, 
bovine PAEC or human umbilical AEC. HPAEC are used to study various diseases of the 
lung involved in endothelial dysfunction such as hypoxia, inflammation, and environmental 
stresses. It was shown in one study in macrovascular HPAEC that thrombin induces protein 
kinase C (PKC)-dependent ezrin, moesin, radixin (ERM) phosphorylation on critical threo-
nine residues ERM and translocation of phosphorylated ERM to the EC periphery and that 
the ERM proteins play differential roles in thrombin-induced modulation of EC permeability 
[32]. The results in this study are important to the knowledge of the EC barrier in the lung 
diseases; however, the critical EC in ARDS, pulmonary edema, and ACS are the pulmonary 
microvascular endothelial cells (PMVEC), and it is unclear if the results would be similar as 
our understanding of the molecular regulation of PMVEC permeability is incomplete [33].
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causing them to roll along the endothelium [27]. Other selectins such as platelet endothelial 

Endothelial Dysfunction - Old Concepts and New Challenges290

cell adhesion molecule (PECAM, CD31), ICAM-1, and the inducible VCAM-1 are all essential 
to the subsequent firm attachment of leukocytes to and migration through the endothelium. 
Many studies of lung EC expression of molecules, including adhesion molecules, were ini-
tially accomplished on human pulmonary artery EC (HPAEC) or even human umbilical vein 
EC (HUVEC) due to the availability of these cells for culture. However, more recently there is 
a recognition that there are differences between the expression of pulmonary macrovascular 
and microvascular EC. For example, the study of adhesion molecules of macrovascular large 
vessel cells cannot be extrapolated to microvascular capillary cells. In vitro study of HPAEC is 
not comparable to study of the pulmonary microvasculature in vivo or in vitro [27].

Gram-positive bacterial pathogens cause lung inflammation and alterations in lung ECs. In 
macrovascular ECs, pharmacological inhibition of Rho kinase with the Rho kinase (ROCK) 
inhibitor Y27632 significantly suppressed p38 mitogen-activated protein kinase (MAPK) cas-
cade activation, while inhibition of p38 MAPK with specific inhibitor p38α and β, SB203580 
had no effect on Rho activation [28]. In contrast, inhibition of p38 MAPK in microvascular ECs 
suppressed lipoteichoic acid and peptidoglycan (LTA/PepG), found on the cell wall of Gram-
positive bacteria induced activation of Rho, while Rho inhibitor suppressed activation of p38 
MAPK [28]. These results demonstrate cell type-specific differences in signaling induced by 
Staphylococcus aureus derived pathogens in pulmonary endothelium. Thus, although Gram-
positive bacterial compounds caused barrier dysfunction in both ECs types, it was induced by 
different patterns of crosstalk between Rho, p38 MAPK, and NFκB signaling [28].

The distinction of macro or microvascular endothelium is between those from the larger ves-
sels to the small capillaries that feed the entire alveolar system in the lung [29]. Lectin-binding 
pattern discriminates between PAEC and Pulmonary microvascular EC (MVEC), and lectin 
protein agglutinins isolated from plant or animal sources are often used for distinguishing 
between cell phenotypes [23, 30]. It was identified that Helix pomatia (an agglutinin from the 
Helix pomatia snail) (HPA) and Griffonia lectins (a lectin from Bandeiraea simplicifolia (BS I), 
these lectins are isolated from a variety of natural sources including plants, mollusks, fish eggs) 
differentially bind to macro and microvascular EC. HPA preferentially binds macrovascular 
endothelium whereas BS I preferentially binds to microvascular endothelium (Figure 2) [31]. 
In cell culture experiments investigating diseases such as acute respiratory distress syndrome 
(ARDS), pulmonary edema, or acute chest syndrome in sickle cell disease (SCD), the distinc-
tion of macro versus microvascular cells could be important.

Majority of studies in the lung have been performed on macrovascular ECs from the HPAEC, 
bovine PAEC or human umbilical AEC. HPAEC are used to study various diseases of the 
lung involved in endothelial dysfunction such as hypoxia, inflammation, and environmental 
stresses. It was shown in one study in macrovascular HPAEC that thrombin induces protein 
kinase C (PKC)-dependent ezrin, moesin, radixin (ERM) phosphorylation on critical threo-
nine residues ERM and translocation of phosphorylated ERM to the EC periphery and that 
the ERM proteins play differential roles in thrombin-induced modulation of EC permeability 
[32]. The results in this study are important to the knowledge of the EC barrier in the lung 
diseases; however, the critical EC in ARDS, pulmonary edema, and ACS are the pulmonary 
microvascular endothelial cells (PMVEC), and it is unclear if the results would be similar as 
our understanding of the molecular regulation of PMVEC permeability is incomplete [33].
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Figure 2. Lectin immunocytochemistry is used to identify pulmonary microvascular cells (top, Griffonia) compared to 
pulmonary macrovascular cells bottom, (Helix pomatia Lectin). ECs were cultured at 37°C in complete endothelial growth 
basal medium-2 until confluent. Endothelial cells were isolated from murine lungs or human pulmonary artery EC were 
used and stained with either Top-Griffonia to identify microvascular EC and compared to HPAEC or Bottom-Helix pomatia 
stain to identify human pulmonary macrovascular EC.
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In another in vitro study comparing MVEC and PAECs, metabolic requirements for growth 
were studied in rat pulmonary cells. It was found that PMVEC populations had a higher 
metabolic function and grow faster than PAEC. PMVEC consumed threefold more glucose 
in cell culture over comparable time frame than PAECs. PMVECs but not PAECs generated a 
lactic acidosis, higher ATP concentrations, and lower oxygen consumption than PAECs [34]. 
The hydraulic conductance of rat PMVEC and PAEC were compared to study lung EC per-
meability, such as may occur in pulmonary edema to hydraulic stress. The results of these 
studies indicated dramatic differences in the baseline hydraulic responses to hydrostatic pres-
sure between the two phenotypes with PAEC values averaged 22 times higher than PMVEC 
in new monolayers. It was speculated that the dramatic differences in PMVEC and RPAEC 
may be due to different embryologic origins, being derived respectively by vasculogenesis 
and angiogenesis [35]. The same group investigated the role of cytosolic calcium (Ca2+) in rat 
PMVECs and PAECs; they found that Thapsigargin (a non-competitive inhibitor of the sarco/
endoplasmic reticulum Ca2+ ATPase) produced higher Ca2+ levels in PAECs than in PMVECs 
and increased permeability in PAEC but not in PMVEC monolayers. The significance is that 
whereas increased Ca2+ promotes permeability in PAECs it is not sufficient in PMVECs which 
show an apparent uncoupling of Ca2+ signaling pathways or dominant Ca2+ − independent 
mechanisms for controlling cellular gap formation and permeability [25].

Macrovascular ECs more abundantly express eNOS and generate more NO than do microvas-
cular ECs [23, 30]. NOS and inducible NOS (iNOS) production in rat pulmonary macrovas-
cular EC was shown to be greater than rat pulmonary microvascular ECs when cell cultures 
were stimulated with various combinations of TNF-α, interferon gamma (IFN-), and LPS, 
suggesting that differences between ECs populations may be substantial [24].

HPAEC are also useful to investigate the effects of various compounds and drugs. Other EC 
types such as human umbilical artery (HUVEC) or bovine pulmonary artery cells (BPAECs) 
have also been used previously due to their dependable, more robust nature and commercial 
availability.

2.2. Pulmonary microvascular endothelial cells

Pulmonary microvascular ECs (MVECs) are an active and dynamic layer of cells in the most 
delicate portion of the lung at the alveolar level (Figure 3) where they function to exert both 
specific and general endothelial function. In the microvascular circulation, the arteries are less 
than 70 μm in diameter, are nonmuscular arterioles, and extend into the alveolar capillaries. The 
walls of capillaries are composed of a single layer of MVECs. The general function of lung EC 
include regulation of systemic blood flow, tissue perfusion thorough changes in vessel diameter 
and vascular tone, performed in conjunction with underlying smooth muscle cells and peri-
cytes [6] (Figure 4). The pulmonary microcirculation is less permeable to protein and water 
flux as compared to large pulmonary vessels [26]. Experiments have shown that the MVECs 
form a tighter barrier compared to the macrovascular barrier while showing less permeability to 
sucrose and albumin compared to macrovascular EC [36]. Lung injury or inflammation are asso-
ciated with activation of mediators or secretion of cytokines that induce a prolonged increase 
in paracellular permeability and vessel wall leakiness. Endothelial barrier properties are known 
to be strictly dependent on the integrity of endothelial adherens and tight junctions [37]. The 
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inter-endothelial junctions consist of adherens, tight and gap junctional complexes, and promote 
adhesion of opposing cells in the monolayer of microvascular ECs [38]. Microvascular EC gene 
clusters include genes related to lipid transport and metabolism [3].

Figure 3. Transmission electron micrograph of a mouse alveolar capillary (Cp) with microvascular endothelial (EC) 
lining (arrows). Source is mouse alveoli from authors (JG) collection of images processed in the vascular biology 
laboratory, Augusta University health, electron microscope Core Laboratory (Libby Perry and Brendan Marshall PhD).

Figure 4. Scanning micrograph of mouse alveoli (a) and vessel with pericyte (P) surrounding the alveolar lining. Source 
is mouse alveoli from authors (JG) collection of images processed in the vascular biology laboratory, Augusta University 
health, electron microscope Core Laboratory (Libby Perry and Brendan Marshall PhD).
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The lung is one of the body’s organs with the highest expression of VEGF [39]. VEGF stimu-
lates small vessel formation of MVEC and is an essential component of the angiogenic process 
and MVECs survival. VEGF signaling orchestrates capillary development along the basement 
membrane of airway epithelium [23]. Excessive VEGF expression has a broad impact on ECs 
including vascular permeability increase [39]. VEGF can be induced by hypoxia-inducible 
factor (HIF) in cells under hypoxic conditions. Gene studies evaluating VEGF have shown a 
higher level of expression of actin binding proteins—Lin11, Isl-1 and Mec-3 (LIM) proteins 1, 
actinin-associated LIM protein, Arginase (Arg) binding protein 2, Slingshot, vav3, myosin IB, 
myosin 5C, myosin7A, and myosin light chain kinase in the microvascular ECs [3, 40]. These 
are proteins that play important roles in basic biological processes including cytoskeleton 
organization. This increase in cytoskeletal protein expression may be related to the ability of 
MVECs to undergo extensive cytoskeletal remodeling and migration during angiogenesis [3]. 
VEGF increases permeability by at least two different pathways: one, involving proto-onco-
gene (Raf-1), mitogen-activated protein kinase/ERK kinase (MEK), and extracellular signal-
regulated kinases 1,2 (ERK); and the other involving endothelial nitric oxide synthase (eNOS). 
Protein kinase C (PKC) is a mediator of VEGF-induced ERK-1/2 phosphorylation and hyper-
permeability which increases permeability via increased NO production [33]. Endothelin-1 
(ET-1) is known to play a pathogenic role in pulmonary arterial hypertension (PAH). VEGF 
may have beneficial effects by decreasing ET-1 production in HLMVEC thereby modulating 
endothelin production in PAH [41].

Microvascular ECs are known to produce macrophage inflammatory protein-1beta (MIP-1β) 
and MIP-2 (the mouse equivalent to human interleukin-8) in the lung which act as major che-
motactic factors responsible for the recruitment of neutrophils into the alveolar spaces during 
inflammation or infection [22, 41].

2.3. Pulmonary endothelial cells in ARDS and pneumonia

ARDS is a severe lung inflammatory disorder with a declining but still unacceptably high.

Mortality (25–46%) [42, 43]. The healthy alveolar-capillary barrier is formed by the micro-
vascular endothelium, the alveolar epithelium, and the basement membrane. The homo-
geneous pulmonary microvasculature layer of ECs lining the pulmonary circulation forms 
a tight barrier [44]. The EC barrier dysfunction that occurs in acute lung injury is tightly 
linked to agonist-induced cytoskeletal remodeling resulting in the disruption of cell–cell 
contacts, paracellular gap formation, and EC barrier compromise [45, 46]. Tight junctions 
are formed by the fusion of the outer layers of the plasma membranes and are comprised 
of occludins, claudins, and junctional adhesion molecules that in turn bind to other protein 
partners in the actin cytoskeleton [8, 36]. Integrity of adherens junctions (AJs) is critical 
in regulating paracellular permeability and disruption of VE-cadherin homophilic adhe-
sions leads to excessive accumulation of fluid in the interstitial space and is associated with 
inflammation, atherogenesis, and acute lung injury [38]. AJs are composed of VE-cadherin 
and its cytoplasmic binding partners: α-, β- γ-, p120 catenins, which link AJs to the actin 
cytoskeleton. The assembly of the VE-cadherin-catenin complex is regulated by phosphory-
lation, and their dissociation leads to cytoskeletal changes and loss of cohesive structure 
required for an intact EC barrier [36]. Therefore, the complex network of cytoskeletons is 
critical in the EC barrier regulation.
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On the cellular level, in ARDS, there is increased pulmonary capillary EC permeability and 
fluid leakage into the pulmonary parenchyma that is followed by neutrophils, cytokines, and 
an acute inflammatory response [47]. Adhesion molecule upregulation on the vascular endo-
thelium of the lung results from the systemic inflammatory cascade that occurs in EC activa-
tion. In fact, the expression of molecules that mediate adhesion and signaling of leukocytes is 
nearly synonymous with endothelial activation [48]. When ECs are activated by toxins such 
as LPS, other bacterial toxins, viral infections, thrombin or hypoxia, the ECs release cyto-
kines such as TNF-α, IL-1ß or IL-8, and a shift toward a pro-inflammatory phenotype occurs 
[36]. There is a consecutive expression of adhesion molecules, including PECAM (CD-31), 
ICAM–1, VCAM, and E selectin, that plays a central role in the leukocyte endothelial adhe-
sion. These adhesion molecules are responsible for recruiting and directing leukocytes to the 
sites of inflammation.

Muller et al. analyzed the autopsy lung specimen ECs for PECAM (CD-31), ICAM–1 in 
patients with Gram-negative sepsis-induced ARDS and found these adhesion molecules 
strongly expressed compared to normal lung autopsy specimen [49]. Another study dem-
onstrated that blockade of the VCAM-1 receptor on the pulmonary vascular endothelium 
diminishes lung injury in established pancreatitis-induced ARDS [50]. In our own unpub-
lished data, mice with lung injury induced by LPS and Gram-positive toxin, pneumolysin, an 
attenuation of ICAM-1 by a low-anticoagulant heparin, has been shown to attenuate neutro-
phils and acute lung injury (data not published). Neutrophil recruitment into the lung is the 
hallmark of acute lung injury (ALI) [51]. Neutrophils enter the interstitial spaces by rolling on 
the endothelium, and this is mediated by the selectins. The neutrophils adhere to the endothe-
lium and affect the endothelial cytoskeleton inducing remodeling of the tight junctions and 
further facilitating the transmigration of neutrophils [51].

Once activated, ECs display recruited neutrophils in ARDS; there is considerable evidence that 
pro-and anti-inflammatory cytokines and chemokines play a major role in the pathogenesis of 
acute lung injury from sepsis and pneumonia [51]. There is a complex network of inflammatory 
cytokines and chemokines that play a major role in mediating, amplifying, and perpetuating the 
lung injury process. The pro-inflammatory cytokines IL–1 beta and TNF-α have been located 
in bronchoalveolar lavage fluid (BALF) from ARDS patients [52]. In influenza, early induc-
tion of the cytokines IFN-α, TNF-α, IL-1α, and IL-6 and the chemokines CCL2, CCL3, CXCL2 
(IL-8), and CXCL10 are associated with clinical symptoms and morbidity in humans [14, 53, 
54]. Simultaneous production of anti-inflammatory cytokines can counteract pro-inflammatory 
cytokine effects and modify the intensity of the inflammatory process in ARDS [52].

There is a search for biomarkers in ARDS to assess the activation and dysfunction of ECs. One 
marker may be endothelial progenitor cells (EPCs) as a marker of EC dysfunction and dam-
age. It has been reported that there is an association between the EPC count and survival in 
ARDS [55]. The cells are present at very low levels in normal patients, but the number of EPCs 
increased significantly in conditions associated with vascular damage such as ARDS. In the 
study of Moussa et al. [56], EPC counts were increased in patients with moderate and severe 
ARDS compared with non-ARDS patients [56]. Higher EPC counts were also found in non-
survivors of ARDS in this same study [56]. Other promising biomarkers are angiopoietin–2 
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(Ang-2), an endothelial growth factor. Ang-2, a mediator of pulmonary vascular permeability, 
binds to the tyrosine kinase receptor and plays a key role in endothelial junctional integ-
rity [57]. Ang–2 levels have been shown to be higher in ARDS patients than in patients with 
hydrostatic pulmonary edema [58]. Increased levels have also been linked with the severity 
and mortality of ARDS [58]. Stimulation of PMVEC with IL–8 leads to cytoskeletal reorgani-
zation and cell retraction which in turn leads to gap formation between cells and IL-8 levels 
that are higher in non-survivors of ARDS [59]. Studies for biomarkers are ongoing with the 
potential that the EC biomarkers will aid in the diagnosis of acute lung injury.

2.4. Endothelial cells in acute chest syndrome in sickle cell disease

Sickle cell disease (SCD) is an inherited red blood cell disorder that affects millions of people 
throughout the world and in most common among those whose ancestors came from sub-
Saharan Africa, Spanish-speaking regions in the Western hemisphere, Saudi Arabia, India, 
and Mediterranean countries [60]. SCD is caused by a mutant β-globin gene that substitutes 
valine for glutamic acid at position 6 in the β-globin chain of hemoglobin A. The resultant 
hemoglobin is called hemoglobin S and is characterized by red blood cells (RBCs) that are 
crescent or sickle shaped rather than the normal rounded disc shape [61]. One of the most 
common forms of acute pulmonary disease associated with morbidity and mortality in SCD 
is acute chest syndrome (ACS). Hypoxia induces abnormal hemoglobin S polymerization 
and RBC sickling, and the abnormal cells are rigid and unable to pass through narrow capil-
laries leading to vessel occlusion and ischemia [62]. ACS is the most common form of acute 
pulmonary disease associated with SCD. ACS is diagnosed by a new infiltrate on chest x-ray 
that is consistent with alveolar consolidation triggered by infection, fat embolization, or pul-
monary sequestration of sickled erythrocytes [61, 62]. The patient experiences chest pain, 
fever, tachypnea, wheezing, or cough. Under hypoxic and infectious conditions, cell–cell 
junctions can be destabilized causing the passage of systemic inflammatory mediators into 
the lungs, producing pulmonary edema; in this sense, ACS is similar to ARDS [61, 62]. Other 
pathologies include alterations in activated EC metabolic functions that may contribute to the 
vaso-occlusive events in ACS [63]. The balance between vasoconstriction and vasodilation in 
ACS may be altered. The ET-1 gene is upregulated in the lung and is released by activated 
lung ECs in response to hypoxia and reduced NO bioavailability [64, 65]. In a transgenic 
mouse model consistent with chronic organ lesions, tissue lesions, and acute vaso-occlusive 
events analogous to human SCD, SAD mice [S(β6val) Antilles (β23lle) D-Punjab(β121Gln)] 
[66], it was found that ET-1 is produced at a higher level in the pulmonary MVEC of SAD 
mice than wild type (WT) mice. Further, in the SAD mice, bosentan, an ET receptor antago-
nist, was shown to prevent death of SAD mice exposed to a severe hypoxic challenge [64].

Painful vaso-occlusive crisis (VOC), one of the major and specific manifestations of SCD, is 
the most debilitating manifestation of SCD [67]. In VOC, the circulation of blood vessels is 
obstructed by sickled red blood cells causing ischemic injury and severe pain. Sickling and/
or hypoxia associated with VOC in SCD may shift the balance of endothelial vasodilator 
and vasoconstrictor response in favor of vasoconstriction [68]. The study of Hammerman 
et al. [63] measured NO products from cultured pulmonary ECs exposed to red blood cells 
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lung injury process. The pro-inflammatory cytokines IL–1 beta and TNF-α have been located 
in bronchoalveolar lavage fluid (BALF) from ARDS patients [52]. In influenza, early induc-
tion of the cytokines IFN-α, TNF-α, IL-1α, and IL-6 and the chemokines CCL2, CCL3, CXCL2 
(IL-8), and CXCL10 are associated with clinical symptoms and morbidity in humans [14, 53, 
54]. Simultaneous production of anti-inflammatory cytokines can counteract pro-inflammatory 
cytokine effects and modify the intensity of the inflammatory process in ARDS [52].

There is a search for biomarkers in ARDS to assess the activation and dysfunction of ECs. One 
marker may be endothelial progenitor cells (EPCs) as a marker of EC dysfunction and dam-
age. It has been reported that there is an association between the EPC count and survival in 
ARDS [55]. The cells are present at very low levels in normal patients, but the number of EPCs 
increased significantly in conditions associated with vascular damage such as ARDS. In the 
study of Moussa et al. [56], EPC counts were increased in patients with moderate and severe 
ARDS compared with non-ARDS patients [56]. Higher EPC counts were also found in non-
survivors of ARDS in this same study [56]. Other promising biomarkers are angiopoietin–2 
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(Ang-2), an endothelial growth factor. Ang-2, a mediator of pulmonary vascular permeability, 
binds to the tyrosine kinase receptor and plays a key role in endothelial junctional integ-
rity [57]. Ang–2 levels have been shown to be higher in ARDS patients than in patients with 
hydrostatic pulmonary edema [58]. Increased levels have also been linked with the severity 
and mortality of ARDS [58]. Stimulation of PMVEC with IL–8 leads to cytoskeletal reorgani-
zation and cell retraction which in turn leads to gap formation between cells and IL-8 levels 
that are higher in non-survivors of ARDS [59]. Studies for biomarkers are ongoing with the 
potential that the EC biomarkers will aid in the diagnosis of acute lung injury.

2.4. Endothelial cells in acute chest syndrome in sickle cell disease

Sickle cell disease (SCD) is an inherited red blood cell disorder that affects millions of people 
throughout the world and in most common among those whose ancestors came from sub-
Saharan Africa, Spanish-speaking regions in the Western hemisphere, Saudi Arabia, India, 
and Mediterranean countries [60]. SCD is caused by a mutant β-globin gene that substitutes 
valine for glutamic acid at position 6 in the β-globin chain of hemoglobin A. The resultant 
hemoglobin is called hemoglobin S and is characterized by red blood cells (RBCs) that are 
crescent or sickle shaped rather than the normal rounded disc shape [61]. One of the most 
common forms of acute pulmonary disease associated with morbidity and mortality in SCD 
is acute chest syndrome (ACS). Hypoxia induces abnormal hemoglobin S polymerization 
and RBC sickling, and the abnormal cells are rigid and unable to pass through narrow capil-
laries leading to vessel occlusion and ischemia [62]. ACS is the most common form of acute 
pulmonary disease associated with SCD. ACS is diagnosed by a new infiltrate on chest x-ray 
that is consistent with alveolar consolidation triggered by infection, fat embolization, or pul-
monary sequestration of sickled erythrocytes [61, 62]. The patient experiences chest pain, 
fever, tachypnea, wheezing, or cough. Under hypoxic and infectious conditions, cell–cell 
junctions can be destabilized causing the passage of systemic inflammatory mediators into 
the lungs, producing pulmonary edema; in this sense, ACS is similar to ARDS [61, 62]. Other 
pathologies include alterations in activated EC metabolic functions that may contribute to the 
vaso-occlusive events in ACS [63]. The balance between vasoconstriction and vasodilation in 
ACS may be altered. The ET-1 gene is upregulated in the lung and is released by activated 
lung ECs in response to hypoxia and reduced NO bioavailability [64, 65]. In a transgenic 
mouse model consistent with chronic organ lesions, tissue lesions, and acute vaso-occlusive 
events analogous to human SCD, SAD mice [S(β6val) Antilles (β23lle) D-Punjab(β121Gln)] 
[66], it was found that ET-1 is produced at a higher level in the pulmonary MVEC of SAD 
mice than wild type (WT) mice. Further, in the SAD mice, bosentan, an ET receptor antago-
nist, was shown to prevent death of SAD mice exposed to a severe hypoxic challenge [64].

Painful vaso-occlusive crisis (VOC), one of the major and specific manifestations of SCD, is 
the most debilitating manifestation of SCD [67]. In VOC, the circulation of blood vessels is 
obstructed by sickled red blood cells causing ischemic injury and severe pain. Sickling and/
or hypoxia associated with VOC in SCD may shift the balance of endothelial vasodilator 
and vasoconstrictor response in favor of vasoconstriction [68]. The study of Hammerman 
et al. [63] measured NO products from cultured pulmonary ECs exposed to red blood cells 
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and/or plasma from SCD patients during VOC [63]. Exposure to the plasma from SCD 
patients during VOC increased total NO production by both macro and microvascular lung 
ECs [63]. However, these increases were not accompanied by changes in eNOS or iNOS 
expression. Based on their findings, the authors suggested that altered NO production 
might contribute to the pathogenesis of ACS [63].

The vascular inflammation and increased thrombotic activity known to occur in patients 
with ACS in SCD may be associated with platelet activation of ECs through CD40, a platelet 
associated pro-inflammatory molecule that promotes ECs activation and is known to be 
elevated in the circulation of SCD patients [69]. Cluster of differentiation (CD)40, a protein 
found on antigen-presenting cells and its ligand (L), a protein receptor, are members of the 
TNF superfamily of molecules. The binding of CD40 to the endothelial cell induces a vari-
ety of downstream effects and initiates a variety of immune and inflammatory responses 
including the production of reactive oxygen species (ROS), chemokines, and cytokines and 
the expression of adhesion molecules such as E-selectin, ICAM-1 and VCAM-1. The inflam-
matory response then fosters recruitment of leukocytes around the EC [69]. Furthermore, 
the ROS generated by CD40L antagonizes NO synthesis and additionally promotes EC dys-
function [69]. A cohort of SCD patients was evaluated for the association of CD40L and 
inflammation with SCD clinical complications including ACS [69]. It was found that plasma 
CD40L was associated with ACS and that SCD patients with a lifetime history of ACS pre-
sented with significantly higher plasma CD40L than in SCD patients that had never experi-
enced an episode of ACS [70]. Thrombospondin (TSP-1), also a platelet derived protein that 
activates ECs was found in the same study to correlate with increased ACS ECs activation of 
cytokines and chemokines [70].

One of the factors that have been identified in ACS is increased adherence between sickled red 
blood cells (RBC) and ECs [71]. Some investigators interpret abnormal endothelial adhesion 
as evidence of a pro-inflammatory state [72]. The pro-inflammatory state in SCD is associated 
with endothelial damage, increased production of ROS, hemolysis, and increased production 
of pro-inflammatory cytokines [73]. Transgenic SCD mice have been used to study the inflam-
matory responses that occur in SCD in many organs including the lung. The transgenic mice 
models have an active inflammatory response similar to human SCD patients [74]. Adhesion 
molecules VCAM, ICAM and PECAM have been shown to be upregulated in LPS-treated nor-
mal and transgenic-treated lungs [74]. IL-6 and NF-kB expressions were also increased in the 
lungs of transgenic SCD mice suggesting a vigorous inflammatory response with activated 
macro and microvascular ECs in the lungs [74]. LPS challenge is associated with increased 
mortality and increased levels of serum and BALF cytokines TNF-α, IL-1β and VCAM-1 in 
sickle mice compared with control subjects [72].

The role of the lung ECs and their interactions with sickle RBCs depend on multiple fac-
tors including the presence of inflammatory cells, cytokines, reactive oxygen species, hypoxic 
stress and infection that augment sickle cells’ and white blood cells’ (WBC) adherence to the 
endothelium. ACS is associated with infections, pneumonia, and fever, and in this setting, 
there is activation of pro-inflammatory factors such as cytokines that further activate the ECs 
and promote changes in vascular tone and permeability, anticoagulant-procoagulant balance, 
and leukocyte trafficking in the lungs of the SCD patient [74].
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3. Conclusion

Endothelial cells are an active component of the lung and line the large and small vessels of 
the lung. They all engage in forming a barrier separation but also are an active constituent 
in the healthy and diseased lungs. The pulmonary ECs manifest disruption and breakdown 
under abnormal conditions such as hypoxia and infection and pathologic conditions such 
as infection, ARDS, and ACS. The ongoing research in pulmonary ECs has highlighted the 
significance of pulmonary microvascular and macrovascular EC in health and disease with 
continuing focus toward improving morbidity and mortality of disease involving the pulmo-
nary microvasculature.
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Abstract

Vascular endothelium actively participates in inflammatory reactions in the majority of
chronic respiratory diseases. Smoking is a major risk factor for bronchopulmonary diseases,
and it plays an important role in endothelial dysfunction development. Some experiments
prove that aggressive pollutants of tobacco smoke (benzopyrene, peroxynitrite, acrolein,
cyanides, peroxides, etc.) can cause direct damage to endothelial cells due to expression of
adhesion molecules on their surface and intensification of lipid peroxidation. In turn, oxi-
dized lipoproteins in the tunica intima of the vessel work as attractants for chemotaxis of
leukocytes and monocytes that start to produce pro-inflammatory cytokines in big amounts.
These processes trigger systemic inflammatory response that leads to irreversible thickening
of the vessel walls and deterioration of their mechanical properties. Chronic exposure to
tobacco smoke and the products of combustion of tobacco leads to chronic system inflam-
matory reaction, oxidative stress, endothelial dysfunction andmorpho-functional damage of
target organs. Nowadays, the connection between chronic obstructive pulmonary disease
(COPD) and some cardiovascular and cerebrovascular diseases has been well established.
Studying the mechanisms of endothelial dysfunction in brain blood vessels of patients with
smoking habits and COPD can be very important for preventing acute vascular events.

Keywords: endothelium, endothelial dysfunction, cardiovascular system, cerebral vessels,
smoking, respiratory diseases, COPD

1. Introduction

Vascular endothelium initiates and actively participates in inflammatory reactions in the major-
ity of chronic respiratory diseases. Endothelial dysfunction (ED) that develops as clinically
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manifested disruptions of endothelium-dependent vasomotor reactions on local and systemic
levels related with inflammation of different genesis should be regarded as a major segment of
the cardiorespiratory continuum. Endothelium can autonomously produce at least 20 biologi-
cally active substances that are synthesized and released depending on current functional
requirements. Endothelium functions create a balance of regulatory substances that determine
the whole operation of interaction and control system (Figure 1). They include factors that are
responsible for contraction and relaxation of smooth muscles in vessel walls, coagulation and
fibrinolysis, control of cell proliferation and apoptosis, regulating the reaction to foreign sub-
stances and facilitating interaction with lymph vessels and drainage.

Figure 1. Functional processes balance in normal endothelial function.
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Today there is a substantial amount of evidence proving the endothelium involvement in
development of local and systemic damage from tobacco smoke that is an indisputable cause
of chronic respiratory diseases, such as chronic obstructive pulmonary disease (COPD), some
phenotypes of asthma, idiopathic pulmonary fibrosis and so on [2, 7, 8, 20]. The correlation
between the intensity of tobacco smoking and rapid decline in lung function is a proven fact.
According to WHO, tobacco smokers experience sudden death five times more frequently than
non-smokers [1]. The mechanisms of damage done to the blood vessels induced by tobacco
combustion products have not been studied extensively at the moment, even though it is
accepted that tobacco does not have any exclusive ways of producing vascular damage.
Nicotine being the main component of tobacco smoke stimulates catecholamine release lead-
ing to stimulation of β1 and β2 adrenoreceptors. Nicotine induces a degradation of nitric oxide
(NO) [2]. NO induces vasodilation by stimulating soluble guanylate cyclase (GC) to produce
cyclic guanosine monophosphate (cGMP) [3]. Thus, nicotine causes change of reactions during
vasodilatation. Apart from nicotine, tobacco smoke includes 4000 chemical substances, 100 of
them having various toxic effects along with antigenic, cytotoxic, mutagenic and carcinogenic
properties [4, 5]. They are able to interfere with cellular structure and processes of intercellular
signaling by stimulating apoptosis, lipid peroxidation in cellular membrane, DNA and RNA
strings’ rupture and mitochondrial respiratory chain disruption. Tobacco smoke components
are not the only factors directly responsible for stimulating and damaging endothelium in case
of respiratory diseases; there are also endogenous factors, such as cellular and non-cellular
inflammation mediators, bacterial toxins, immune complexes, hypoxemia, free radicals and
shear stress alteration in endothelium [6–12].

In general, the sequence of events altering functional properties of endothelium can be described
as follows. Damaging factors (different in nature, intensity and length) activate and/or damage
endothelium gradually exhausting its compensation abilities and leading to abnormal (altered)
response to the same damaging factors and even to regular stimuli. It results in prolonged
vasoconstriction, higher adhesion and clotting level, weakened barrier function, intensification
of cellular proliferation and some other consequences with certain clinical symptoms: vascular
hypertension, swelling, vascular remodeling and so on. In addition, some effects, including those
related to renin-angiotensin system and endothelial involvement in inflammation process, are
both local and systemic nature.

2. Respiratory diseases and cerebral vascular endothelial dysfunction

According to modern conceptions, the central nervous system is an important participant in the
pathogenesis of a number of chronic respiratory diseases, including those having a nicotine-
associated nature. An important regulator of hemoperfusion of the brain is the vascular endothe-
lium [8]. There are specific endothelium-dependent reactions in the arteries of the brain [9, 15].
Cerebral autoregulation maintains constant blood flow (CBF) through the brain in spite of
changing mean arterial pressure. Autoregulation of cerebral blood flow consists of mechano-
and chemoregulation. Chemoregulation is in direct correlation to the serum level of carbon
dioxide and is, contrary to mechanoregulation, independent of changes in mean arterial pressure.
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between the intensity of tobacco smoking and rapid decline in lung function is a proven fact.
According to WHO, tobacco smokers experience sudden death five times more frequently than
non-smokers [1]. The mechanisms of damage done to the blood vessels induced by tobacco
combustion products have not been studied extensively at the moment, even though it is
accepted that tobacco does not have any exclusive ways of producing vascular damage.
Nicotine being the main component of tobacco smoke stimulates catecholamine release lead-
ing to stimulation of β1 and β2 adrenoreceptors. Nicotine induces a degradation of nitric oxide
(NO) [2]. NO induces vasodilation by stimulating soluble guanylate cyclase (GC) to produce
cyclic guanosine monophosphate (cGMP) [3]. Thus, nicotine causes change of reactions during
vasodilatation. Apart from nicotine, tobacco smoke includes 4000 chemical substances, 100 of
them having various toxic effects along with antigenic, cytotoxic, mutagenic and carcinogenic
properties [4, 5]. They are able to interfere with cellular structure and processes of intercellular
signaling by stimulating apoptosis, lipid peroxidation in cellular membrane, DNA and RNA
strings’ rupture and mitochondrial respiratory chain disruption. Tobacco smoke components
are not the only factors directly responsible for stimulating and damaging endothelium in case
of respiratory diseases; there are also endogenous factors, such as cellular and non-cellular
inflammation mediators, bacterial toxins, immune complexes, hypoxemia, free radicals and
shear stress alteration in endothelium [6–12].

In general, the sequence of events altering functional properties of endothelium can be described
as follows. Damaging factors (different in nature, intensity and length) activate and/or damage
endothelium gradually exhausting its compensation abilities and leading to abnormal (altered)
response to the same damaging factors and even to regular stimuli. It results in prolonged
vasoconstriction, higher adhesion and clotting level, weakened barrier function, intensification
of cellular proliferation and some other consequences with certain clinical symptoms: vascular
hypertension, swelling, vascular remodeling and so on. In addition, some effects, including those
related to renin-angiotensin system and endothelial involvement in inflammation process, are
both local and systemic nature.

2. Respiratory diseases and cerebral vascular endothelial dysfunction

According to modern conceptions, the central nervous system is an important participant in the
pathogenesis of a number of chronic respiratory diseases, including those having a nicotine-
associated nature. An important regulator of hemoperfusion of the brain is the vascular endothe-
lium [8]. There are specific endothelium-dependent reactions in the arteries of the brain [9, 15].
Cerebral autoregulation maintains constant blood flow (CBF) through the brain in spite of
changing mean arterial pressure. Autoregulation of cerebral blood flow consists of mechano-
and chemoregulation. Chemoregulation is in direct correlation to the serum level of carbon
dioxide and is, contrary to mechanoregulation, independent of changes in mean arterial pressure.
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Mechanoregulation depends on transmural pressure gradient and endothelial vasodilatation.
Mechanoregulation has been shown to be the main supervisory mechanism of CBF. However, it
is well established that endothelial vasodilatation of greater arteries is much more pronounced in
cerebral vasculature than elsewhere. Proper endothelial function is of crucial importance in
regulation in many vascular beds. Dysfunctional cerebral endothelium releases less endothelial
NO. As a consequence, relaxation of smooth muscle cells of small arteries is disturbed. Studies in
animals and humans have revealed that mechanoregulation is not compromised even in older
age and pathological conditions harming endothelium. On the contrary, outcomes of many
studies and clinical reports confirm the dependency of chemoregulation of CBF on vascular
endothelial integrity. Reduced chemoregulation was found in patients with dysfunctional cere-
bral endothelium [9]. The development of cognitive disorders recognized by experts as a typical
systemic manifestation of the disease remains insufficiently investigated so far in the pathogene-
sis of nicotine-associated respiratory diseases and in particular COPD [10, 11, 16, 17]. It has been
proven that one of the manifestations of vascular dysfunction can be a violation of the regional
correspondence of the blood flow, which has a significant effect on the further course of the
disease [12, 13, 18, 19]. According to research, a complex cascade of teratogenesis in respiratory
diseases initiates acute and chronic hypoxemia and, in severe cases, hypercapnia. In turn, cere-
bral dysfunction in COPD can be a factor in the violation of respiratory and vasomotor reactivity
in response to hypercapnia due to a decrease in the sensitivity of central chemoreceptors to it. It is
known that central chemoreceptors represent up to 80% of the total chemo-sensitivity of the
organism to carbon dioxide [4, 5]. The consequence of the violation of central vasomotor control
is inadequate blood supply to various areas, including the brain itself [4, 5, 15]. Not being
invalidating, violations of the central nervous system significantly affect the ability to work and
social activity of patients. The main consequence of the violation of brain perfusion in these
patients is the violation of the integral function of the central nervous system, which results in
inadequate blood supply to various areas, including the brain [5, 7, 9]. This becomes the closing
link of a peculiar “vicious circle” of regional vascular dysfunctions. Figure 2 shows the place and
role of functional imbalance of endothelium-dependent mechanisms in the pathogenesis of
respiratory diseases.

2.1. Effect of tobacco smoke components on vascular function

Consequences and mechanisms of tobacco combustion products damaging vascular bed still
require more research. Tobacco smoking is known to cause ED [19, 21] that has its peculiarities
depending on the intensity and time of exposure as well as characteristics of the arteries. For
instance, one of the crucial characteristics of cerebral blood circulation is a high level of
autonomous self-regulation providing relative independence of cerebral hemodynamics from
shifts in systemic circulation. Short-term exposure to tobacco smoke results in damage from its
toxins on vascular endothelium and activation of sympathoadrenal system. [22]. Chronic
exposure to tobacco smoke leads to a lower level of endothelial NO synthase (eNOS) activity
and NO synthesis, adhesion molecules expression on the surface of endothelial cells, protein
kinase C (PKC) activation and intensification of lipid peroxidation followed by persistent
remodeling of the vascular wall [23, 24]. Some experiments describe development of endothe-
lial dysfunction of cerebral and conductance arteries in mice exposed to tobacco smoke that
was characterized by significant intensification and predominance of constricting activity of
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arteries, as well as abnormal reduction of cerebral arterial vasodilatory reserve along with
asymmetric increase of carotid artery constriction [11, 14]. Apart from endothelial dysfunction
and alterations of vasomotor reactions in response to tobacco smoking, some experiments
revealed a connection between long-term exposure to tobacco smoke and irreversible changes
in large arteries, such as wall thickening and deterioration of their mechanical properties [24, 25].
At the same time, smoke-exposed rats showed elevated levels of elastase and progressing degen-
erative changes of thoracic and abdominal aorta accompanied by a lower quality of their elastic
and mechanical properties [26]. Some researches show that smoking increases risk of develop-
ment of abdominal aortic aneurysm (AAA). For example, AAA growth rate was lower in those
with low ankle/brachial pressure index and diabetes but higher for current smokers. No other
factor (including lipids and blood pressure) was associated with AAA growth. [27]. Current
smokers were 7.6 times more likely to have an AAA than non-smokers. Ex-smokers were 3.0
times more likely to have an AAA than non-smokers. Duration of smoking was significantly
associated with an increased risk of AAA, and there was a clear linear dose response relationship
with the duration of smoking; each year of smoking increased the relative risk of AAA by 4% [28].

Figure 2. Functional processes imbalance due to endothelial dysfunction in respiratory diseases.
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2.2. Carotid arteries condition in COPD depending on the smoking status

COPD is considered to be systemic pathology with multiple extrapulmonary effects that define
patients’ prognosis and quality of life. Smoking plays a significant part in COPD pathogenesis.
Chronic exposure to tobacco smoke works as an integral agent between topical changes of
bronchopulmonary system and systemic pro-inflammatory activation with development of
oxidative stress, endothelial dysfunction and progressing morphofunctional damage of target
organs. Today, the connection of COPD and some cardiovascular and cerebrovascular diseases
with atherosclerotic vascular damage has been proven [29, 30]. Atherosclerosis of conductance
cerebral arteries also might be both the reason for chronic brain ischemia and a sign of severe
alterations in brain blood circulation.

An important indicator of atherosclerosis is thickening of intima-media complex of carotid
arteries and development of atherosclerotic plaques that serve as markers for high risk of
developing ischemic heart disease and stroke, as shown by the data from the Cardiovascular
Health Study and Rotterdam Study [31]. Implementation of different imaging methods has
significantly broadened the horizons of atherosclerosis diagnostics. One of the methods is
ultrasound scanning of brain vessels that has some advantages, like providing extensive
information, non-invasiveness of the procedure, accessibility and relatively low cost. Also, this
method allows to get information about structural characteristics of atherosclerotic plaques,
velocity and spectral parameters of the blood flow [32]. Nowadays there is an ongoing search
for general risk factors and development mechanisms of cardiovascular and cerebrovascular
pathology in COPD.

Using transcranial Doppler ultrasound (Nicolet Companion Biomedikal, the USA), we eval-
uated some parameters of cerebral hemodynamics. The research included 75 COPD patients
(aged 54.81 � 8.36 years) who smoke. The control group consisted of 20 healthy volunteers
of comparable gender and age. Using carotid duplex ultrasound (MyLab 50 Esaote, Italy),
we measured intima-media thickness (IMT) of the common carotid arteries (CCA) and
middle cerebral arteries (MCA). We found thickening of the intima-media complex in the
majority of COPD patients who smoke (Figure 3). Apart from that, one-third of the exam-
ined patients had atherosclerotic plaques in the CCA bifurcation area and internal carotid
artery mouth that led to artery stenosis in up to 22.5 � 4.2% of cases. Parameters of velocity
are presented in Tables 1 and 2.

Some papers present convincing data on direct connection between COPD patients with
carotid atherosclerosis and air flow velocity shown by spirometry [34–36]. COPD patients are
more likely to have unstable atherosclerotic plaques with big lipid nuclei. These changes are
visible even in patients with a mild case of COPD. Lahousse et al. have discovered that
atherosclerotic plaques are very common for COPD patients in 60% of non-smoking patients
and 80% of smokers [36]. Atherosclerotic plaques in case of COPD have a high risk of rupture
even for patients with a very mild case of airway obstruction, while smoking only increases
that risk [37]. Unstable atherosclerotic plaques with big lipid nuclei appear early in COPD and
explain the doubling of mortality rates from cardiovascular diseases in this group of patients
[38]. Animal tests show that systemic inflammation in COPD releases pro-inflammatory
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mediators that facilitate inflammatory cells migration into atherosclerotic plaques, increasing
the level of lipids there and thus creating unstable plaques [39].

Exposure to smoke induces a significant thickening of intima-media complex in conductance
arteries, atherosclerotic plaques in the CCA bifurcation area and internal carotid artery mouth

Figure 3. The thickness of the intima-media complex in the common carotid arteries in COPD patients and healthy
people according to the data of ultrasound duplex scanning (mean � SD, *p < 0.05 in comparison with the control group;
t-test analysis was used to assess the differences in the values). CCA: common carotid artery. Explanations are in the text.

Parameter Control (healthy people, N = 20) COPD and smoking (patients, N = 75)

Peak systolic velocity in the right CCA, cm/s 71.5 � 7.3 53.1 � 5.5*

Mean velocity in the right CCA, cm/s 38.2 � 4.0 27.4 � 3.1*

End diastolic velocity in the right CCA, cm/s 18.4 � 1.6 14.9 � 1.5*

Peak systolic velocity in the left CCA, cm/s 72.9 � 8.1 53.9 � 5.2*

Mean velocity in the left CCA, cm/s 37.9 � 3.9 27.3 � 3.1*

End diastolic velocity in the left CCA, cm/s 18.8 � 1.7 15.1 � 1.4*

Pulsatility index in the right CCA 2.02 � 0.24 1.39 � 0.13*

Pulsatility index in the left CCA 2.04 � 0.25 1.50 � 0.16*

Resistance index in the right CCA 0.75 � 0.04 0.71 � 0.06

Resistance index in the left CCA 0.74 � 0.05 0.70 � 0.06

Data are presented as mean � SD. *p < 0.05 (t-test analysis was used to assess the differences in the values) in comparison
with the control group. COPD is chronic obstructive pulmonary disease and CCA is common carotid artery.

Table 1. Blood flow parameters from transcranial dopplerography in the common carotid artery.
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Table 1. Blood flow parameters from transcranial dopplerography in the common carotid artery.
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that leads to partial artery stenosis [33]. Long-term exposure to toxic products of tobacco
combustion causes hypertrophy of smooth muscle cells, disorganization of arterial myoelastic
tissue, faster lipid peroxydation leading to thickening of vessel walls, deterioration of their
mechanic properties and atherogenesis [23, 40]. It results in the lower level of arterial elasticity,
excessive rigidity of vessel walls with loss of their damping properties in response to fluctua-
tions of systemic arterial pressure and other effects of situational hemodynamic stresses, thus,
increasing the risk of arterial hypertension and worsening the prognosis for the course of the
disease [41].

Structural deterioration of conductance arteries causes alterations in blood flow velocity. At the
same time, the resistance of peripheral vessels and elastic properties of vessel wall decrease
which is indicated by lower pulsation index and, to a lesser extent, resistance index [33].

Our studies of blood flow in conductance and extracerebral arteries using transcranial
dopplerography showed reduced velocity of blood flow in common carotid arteries and
medial cerebral arteries (Tables 1 and 2). More significant changes of cerebral hemodynamics
were found in the medium velocity of blood flow. There was also a significant drop in
pulsation index and slight reduction of resistance index (Tables 1 and 2), as it has been shown
earlier [33].

Unlike CCAs, MCAs in patients with COPD demonstrate increased peripheral resistance
indexes (Table 2).

Brain arteries are frequently considered to be a system comprising interrelated but indepen-
dent segmental effectors [42, 43]. According to the conducted research, MCAs mostly have
vasospastic reactions that are reflected in the increase of both indexes characterizing peripheral
resistance level, that is, pulsatility index and resistance index. Also, MCAs in the COPD group

Parameter Control (healthy people, N = 20) COPD and smoking (patients, N = 75)

Peak systolic velocity in the right MCA, cm/s 95.8 � 11.1 91.2 � 10.6

Mean velocity in the right MCA, cm/s 56.1 � 4.1 48.2 � 3.2*

End diastolic velocity in the right MCA, cm/s 49.8 � 3.9 46.7 � 3.0

Peak systolic velocity in the left MCA, cm/s 93.8 � 9.8 85.2 � 8.8

Mean velocity in the left MCA, cm/s 56.0 � 4.6 44.8 � 3.3*

End diastolic velocity in the left MCA, cm/s 49.2 � 4.0 44.4 � 3.7

Pulsatility index in the right MCA 0.82 � 0.04 0.93 � 0.05*

Pulsatility index in the left MCA 0.81 � 0.04 0.93 � 0.04*

Resistance index in the right MCA 0.47 � 0.03 0.50 � 0.03

Resistance index in the left MCA 0.46 � 0.03 0.49 � 0.04

Data are presented as mean � SD. *p < 0.05 (t-test analysis was used to assess the differences in the values) in comparison
with the control group. COPB is chronic obstructive pulmonary disease and MCA is middle carotid artery.

Table 2. Blood flow parameters from transcranial dopplerography in the middle cerebral artery.
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show lower velocity of blood flow, but they are 2–3 times less pronounced than in CCAs and
have significant differences only in the medium velocity parameter. Since the ultimate goal of
myogenic response of conductance arteries is to maintain stable blood flow along the whole
regional vascular network [44], the discovered reduction in deviations of blood flow velocity in
MCAs from the control values is quite logical, unlike in case of the CCA results.

It is important to note that slower blood flow velocity and higher peripheral resistance indexes
in the MCAs mostly indicate not the transformation of elastic properties of the vessel but a
shift from a dilatatory function of the endothelium to a constricting one which is common for
distributional sector of blood circulation in pia matter [13, 42]. Such significant change in pial
arteries reaction can be an indicator of endothelial dysfunction resulting from a sequence of
biochemical processes triggered by toxic influence of tobacco smoke components and being a
product of systemic inflammatory response that suppresses endothelial production of vasodi-
lators, including NO [24].

An important indicator of cerebrovascular hemodynamics is the reaction of small pial and
precortical arteries that are extremely sensitive to brain blood flow alterations [42]. Breath-
holding test (hypercapnic test) and hyperventilation test (hyperoxia test) allow to calculate the
indexes of endothelium-dependent reaction of those vessels in terms of their dilatatory and
constricting functions, respectively [45, 46]. The obtained results show an existing imbalance of
endothelial vasomotor activity in small pial and cerebral vessels where vasospastic reactions
are intensified with unchanged or slightly reduced endothelial dilatation ability of these
vessels in patients with smoking-induced COPD (Figure 4) [33]. The value of vascular respon-
siveness index (VRI) was calculated as: VRI = (Vps2 � Vps1)/Vps1 � 100%, Vps1 is peak systolic
velocity in the MCA under investigation and Vps2 is peak systolic velocity in the MCA after

Figure 4. Vascular responsiveness index (VRI) in COPD patients and healthy patients assessed by ultrasound duplex
scanning (mean � SD, *p < 0.05 in comparison with the control group; t-test analysis was used to assess the differences in
the values). VRI v/d is cerebral reactivity index to vasodilation, VRI v/c is cerebral reactivity index to vasoconstriction,
RMCA is right middle cerebral artery and LMCA is left middle cerebral artery. Explanations are in the text.
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show lower velocity of blood flow, but they are 2–3 times less pronounced than in CCAs and
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regional vascular network [44], the discovered reduction in deviations of blood flow velocity in
MCAs from the control values is quite logical, unlike in case of the CCA results.
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shift from a dilatatory function of the endothelium to a constricting one which is common for
distributional sector of blood circulation in pia matter [13, 42]. Such significant change in pial
arteries reaction can be an indicator of endothelial dysfunction resulting from a sequence of
biochemical processes triggered by toxic influence of tobacco smoke components and being a
product of systemic inflammatory response that suppresses endothelial production of vasodi-
lators, including NO [24].

An important indicator of cerebrovascular hemodynamics is the reaction of small pial and
precortical arteries that are extremely sensitive to brain blood flow alterations [42]. Breath-
holding test (hypercapnic test) and hyperventilation test (hyperoxia test) allow to calculate the
indexes of endothelium-dependent reaction of those vessels in terms of their dilatatory and
constricting functions, respectively [45, 46]. The obtained results show an existing imbalance of
endothelial vasomotor activity in small pial and cerebral vessels where vasospastic reactions
are intensified with unchanged or slightly reduced endothelial dilatation ability of these
vessels in patients with smoking-induced COPD (Figure 4) [33]. The value of vascular respon-
siveness index (VRI) was calculated as: VRI = (Vps2 � Vps1)/Vps1 � 100%, Vps1 is peak systolic
velocity in the MCA under investigation and Vps2 is peak systolic velocity in the MCA after

Figure 4. Vascular responsiveness index (VRI) in COPD patients and healthy patients assessed by ultrasound duplex
scanning (mean � SD, *p < 0.05 in comparison with the control group; t-test analysis was used to assess the differences in
the values). VRI v/d is cerebral reactivity index to vasodilation, VRI v/c is cerebral reactivity index to vasoconstriction,
RMCA is right middle cerebral artery and LMCA is left middle cerebral artery. Explanations are in the text.
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the appropriate tests. One of the hyperoxic vasoconstriction mechanisms can be NO inactivation
by superoxide anions resulting from superoxygenation [24, 47]. As a result of those processes,
vasorelaxant effect of NO weakens; perfusion reserve and self-regulation potential of resistance
vessels are reduced while the risks of cerebrovascular pathology become higher [48].

At the same time, in the precortical arterioles, the production of vasodilator increases as an
adaptive physiological process. It leads to a vasodilatation, increase in diameter of vessels that
promotes improvement of brain perfusion as an adaptive mechanism [42]. If this does not
happen, the conditions for acute and chronic hemodynamic disorders start to develop. At the
moment, enough data have been collected to prove the close connection between one’s
smoking history and frequency of cerebrovascular events, lacunar strokes, vascular dementia
and cognitive deficiency [49–51].

2.3. Vasomotor function of cerebral vessels in tobacco smoking

An important feature of cerebral blood circulation is a high level of autonomous self-regulation
that provides relative independence and protection for cerebral hemodynamics from shifts in
systemic blood circulation. Observation has shown that smoking is an independent risk factor of
ischemic stroke for both men and women [50]. We may assume that there is an integrating
development mechanism of systemic vascular dysfunction in chronic tobacco smoking that is
also responsible for damaging brain vessels. Cerebral blood flow disruption is known to be
initiated by the failing self-regulation mechanism, and its vulnerability grows if functional and
morphological integrity of endothelium is damaged. Meta-analysis of 22 researches showed that
chronic tobacco smoking can double the relative risk of ischemic stroke [50]. Endothelial dys-
function is suggested to be a part of pathological cascade of vascular remodeling influenced by
tobacco smoking [52].

In order to study vasomotor activity of endothelium in arteries exposed to chronic tobacco
smoke in vivo, many experiments have been designed in rats [53–55]. Considering the similar-
ities between rats and humans in terms of Willis’ circle structure and its topography as well as
anatomical likeness, the use of these animals is objectively relevant for modeling different
pathologies in brain vessels with subsequent extrapolation of the result to humans. Since it is
impossible to use non-invasive dopplerography in rats, invasive method had to be used when
the rats were injected with vasodilators and vasoconstrictors. Afterwards, the diameter changes
in cerebral arteries affected by pharmacological stimuli were studied with magnetic resonance
imaging (MRI) brain scanning (Figure 5).

To assess endothelial function of cerebral arteries we used pharmacological tests that proved to
be a highly efficient and specific means for studying endothelium-dependent and endothelium-
independent mechanisms of the vasomotor activity regulation. The selected pharmacological
agents have well-known action modes and certain points of application allowing to assess the
mechanisms of vasomotor reaction development.

The study was conducted on the middle cerebral artery of mature male Wistar rats weighing
180–200 g that were divided into a control group (n = 10) and experimental group (n = 10),
respectively. The animals from the control group were breathing regular atmospheric air, while
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experimental group was exposed to inhaling tobacco smoke for 6 months to create chronic
tobacco smoke model (method by Zheng et al.) [56]. Rats of experimental group were placed in
a special chamber for inhalation, where they were exposed to tobacco smoke for 1 h in the
morning and 1 h in the daytime, 7 days in a week, for 36 weeks. Then, using MRI of the brain,
the level of change in the cerebral arteries diameter after pharmacological stimuli was assessed.
This method was used for investigating endothelium-dependent vasodilatation (EDVD) after the
acetylcholine (ACh) injection, endothelium-independent vasodilatation (EIVD) after the nitro-
glycerin injection, endothelium-dependent vasoconstriction (EDVC) after the N-monomethyl-L-
arginine (L-NMLA) injection and endothelium-independent vasoconstriction (EIVC) after the
norepinephrine injection. Cerebral vascular reactivity index (CVRI) was used to describe vaso-
motor function of the endothelium. CVRI was calculated using the formula: CVRI = (d2-d1):
(d3-d1), where d1 is the the initial diameter of the artery, d2 is diameter of the artery EDVD and
d3 is the diameter of the artery EDVC. BrainMRI was performed on the scanner for experimental
studies “PharmaScan US 70/16” (Bruker, Germany).

The study showed vascular dysfunction in cerebral blood circulation of animals chronically
exposed to tobacco smoke [57]. Data indicating vasomotor function of brain arteries in rat
smokers are presented in Table 3.

Figure 5. The chart (A) and a MRI tomographic image (B) of the cerebral arteries in the sagittal plane in rats (chronic
tobacco smoke model, experimental group). Chart A shows a contour of the tomographic scan area. Arrows in tomo-
graphic image point to approximate locations of the measurements of the arteries indicated by numbers: 1: Middle
cerebral arteries, 2: Facial arteries, 3: Internal carotid arteries, 4: External carotid arteries. Explanations are in the text.
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acetylcholine (ACh) injection, endothelium-independent vasodilatation (EIVD) after the nitro-
glycerin injection, endothelium-dependent vasoconstriction (EDVC) after the N-monomethyl-L-
arginine (L-NMLA) injection and endothelium-independent vasoconstriction (EIVC) after the
norepinephrine injection. Cerebral vascular reactivity index (CVRI) was used to describe vaso-
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(d3-d1), where d1 is the the initial diameter of the artery, d2 is diameter of the artery EDVD and
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smokers are presented in Table 3.
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Pharmacological tests caused expected endothelium-dependent and endothelium-independent
vasodilation in healthy rats proving that NO synthase and GC mechanisms of vascular endothe-
lium dilation remained intact [57].

At the same time, our results showed significant differences in vasomotor reactions of rats
exposed to tobacco smoking. ACh stimulates eNOS causing NO secretion that results in pro-
nounced EDVD [58]. Our results showed that the control group of rats exhibited an expected,
sufficient level of EDVD in their brain vessels. Furthermore, arterial diameter increased by more
than 10% of the original level in healthy rats indicating that the Enos-mediated mechanism of
vasodilation remained intact (Table 3).

Alternatively, the group of smokers had pathological vasospastic reactions after ACh adminis-
tration (Table 3). The reason might be related to functional damage of vascular endothelium.
Some experiments showed that chronic exposure to tobacco smoke causes NO deficiency and
weaker activity of eNOS [59, 60]. Based on previous mechanistic reports [53–55], we can
assume that there is an NO deficiency and lower level of endothelial eNOS activity in our
model of tobacco smoking that indicates substantial damage of eNOS mechanism and thus
impaired vasodilation.

Apart from the eNOS mechanism of vasodilation, there is also another one involving GC. NO
molecule is a highly active radical due to its unpaired electron. Its chemical properties allow it
to access vascular myocytes and activate intracellular GC without any receptors. As a result,
the cell concentration of cGMP becomes higher, and smooth muscle cells relax [61, 62]. GC
mechanism of vasodilation was studied by injecting rats with nitroglycerin as the NO donor.
The control group of rats had an expected level of EIDVD induced by nitroglycerin. In
addition, arterial diameter increases by more than 15% of the original level indicates that GC
endothelium-independent mechanism of vasodilation in healthy rats remained intact [63].
Chronic smokers’ group had insufficient vasodilation after the same stimulation that indicates
damages in both eNOS and GC mechanisms of vasodilation in animal smokers. Some authors
believe that weaker response of vascular smooth muscle cells to nitrovasodilators might be
initiated by hypoxia that exists in long-term smoking [52, 64–66].

Analysis of the constricting section in the smokers’ group shows pathological vasodilation in
response to L-NMMA constrictor administration and pronounced constriction after norepinephrine

Descriptor Control (rats, N = 10) Tobacco smoking (rats, N = 12)

EDVD, % +11.89 � 0.98 �0.64 � 0.02*

EIDVD, % +17.84 � 1.25 + 8.64 � 0.76*

EDVC, % �6.31 � 0.14 +5.95 � 0.34*

EIDVC, % �4.83 � 0.12 �11.2 � 1.01*

Data are presented as mean � SD. *p < 0.05 (t-test analysis was used to assess the differences in the values) in comparison
with the control group. EDVD, endothelium-dependent vasodilation; EIDVD, endothelium-independent vasodilation;
EDVC, endothelium-dependent vasoconstriction; EIDVC, endothelium endothelium-independent vasoconstriction; %,
percent change after the appropriate tests.

Table 3. Vasomotor function of cerebral arteries in smoking.

Endothelial Dysfunction - Old Concepts and New Challenges318

injection [57]. L-NMMA test allows us to evaluate consistency of adrenergic mechanisms
of vascular tone regulation and endothelium-dependent vasoconstriction [57]. L-NMMA
directly inhibits eNOS and indirectly inhibits inducible NOS (iNOS). Its injection helps to
reduce NO production in endothelial cells and abolishes the NO-dependent dilation of vessels
[67, 68].

At any specific time, vascular tone is defined by the balance of constricting and dilating
influence on vascular smooth muscle cells. VRI of vasodilation in the smokers’ group was
15 times lower than required (VRI for the control group is 1.88 � 0.11; VRI for the smokers’
group is 0.12 � 0.08; p < 0.001) that indicates a significant damage of endothelial vasomotor
function due to predominant pathological constricting reactions (Figure 6).

3. Conclusion

Endothelium initiates and modulates the main pathomorphological processes of chronic respira-
tory diseases. In particular, endothelium activation is an important factor of initiation, develop-
ment and persistence of inflammation and vessels and tissue remodeling; it contributes to lymph
circulation dysfunction and development of systemic effects. Endothelial cells of different vessels
are morphologically and functionally oriented toward optimal regulation of organs’ blood supply
by synthesizing and releasing locally acting mediators. Pathology of endothelial cells can develop
selectively: the cells are sensitive to hypoxia, tobacco smoke influence, products of inflammatory
response, peroxidation, ischemic disorders, swelling and so on. Vessel remodeling usually starts
as adaptation to hemodynamic changes or activity of tissue and circulating humoral factors.
Long-term adaptation is replaced by vessel structure deterioration as a response to damaging
factors, including toxic components of tobacco smoke and metabolites and atherogenic factors
or changes of hemodynamic load. Cognitive dysfunction in cases of chronic nicotine-associated

Figure 6. Vascular responsiveness index (VRI) of cerebral arteries in rats obtained by MRI scanning (chronic tobacco
smoke model, experimental group, results are presented as mean � SD, *p < 0.05 in comparison with the control group;
t-test analysis was used to assess the differences in the values).
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reduce NO production in endothelial cells and abolishes the NO-dependent dilation of vessels
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diseases is recognized by the majority of medical experts as one of the systemic symptoms of such
diseases and a big medical and socioeconomic challenge. Studying the peculiarities of endothe-
lium dysfunction caused by chronic exposure to tobacco smoke is relevant for finding a way of
treating progressing cognitive deficiency and developing personalized methods of preventing
acute vascular events.
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Abstract

Endothelium is an important regulator of vascular tone via release of various endothelium-
derived substances. Several studies have reported that endothelium may decrease the
release of noradrenaline from vascular postganglionic sympathetic nerves and thus neuro-
genic vasoconstriction. Endothelium derived-mediators (adenosine and NO) can modify
vascular sympathetic neurotransmission and are relevant for vascular homeostasis. This is a
relevant issue in terms of vascular homeostasis and, any modification, may lead to a
deregulation process and to pathologies. Focus on NO-mediated effects on vascular sym-
pathetic transmission will be done, discriminating the effects ascribed to NO generated by
NO synthases located in the different vascular layers. A comparison between mesenteric/
tail arteries will also be explored, particularly the relevance of the transsynaptic modulation
on noradrenaline release mediated by endothelial NO and adenosine in normotensive/
hypertensive vascular tissues. Adenosinergic system, namely adenosine, nucleoside trans-
porters and adenosine receptors, can be influenced by endothelium mediators, namely by
NO, causing alterations on the way these players interact with each other. In conditions
where endothelium is compromised, a deregulation occurs with an increase in vascular
sympathetic neurotransmission (as a consequence of adenosinergic system dynamic alter-
ation). In summary, the impact of endothelial dysfunction on vascular neurotransmission is
debated with particular focus on adenosinergic and nitroxidergic system dynamics.

Keywords: endothelium, nitric oxide, adenosine, mesenteric artery, tail artery,
sympathetic neurotransmission

1. Introduction

Endothelium has been described to present key roles in the vascular physiology: various
endothelium-derived endogenous substances [1], namely contracting (endothelin, prostaglandin
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F2a and thromboxane A2) and/or relaxing (prostaglandin I2 and nitric oxide, NO) factors [2, 3]
can modulate blood vessel tone. These substances, known as endothelium-derived contracting
factors (EDCF) or endothelium-derived relaxing factor (EDRF), can modify the vascular
smooth muscle tone directly, acting on smooth muscle cells, or indirectly, by altering sympa-
thetic transmission [4]. Nevertheless, when endothelium integrity and/or function is
compromised, such regulation can be impaired. Indeed, evidence suggests that endothelial
dysfunction (present an altered NO production and oxidative stress) may contribute to the
pathogenesis of hypertension. As a consequence, an increase in peripheral vascular resistance
occurs in conditions where endothelium is somehow injured. For example, endothelium dys-
function leads to the enhancement of contractile responses to vasoconstrictor agents [2, 5–8].
Nevertheless, in the literature, there are also innumerous other factors that can also influence
endothelium function and, therefore, vascular responsiveness, such as tetrahydrobiopterin
(BH4), sex hormones and gender, angiotensin, insulin, vascular endothelial growth factor,
vitamin D, adiponectin, uric acid, lipids, oxygen-derived free radicals, aldosterone and epithe-
lial sodium channels.

In this chapter, the impact of endothelial dysfunction on vascular neurotransmission is debated
with particular focus on adenosinergic and nitroxidergic system dynamics.

2. Endothelium and vasodilation

The vascular wall is composed of layers that can be identified by their respective morphology
and by the different functions exhibited by respective cells which, ultimately, are responsible
for the vascular tone, influencing blood pressure. Arteries and veins have a similar structure
presenting three layers: intima or endothelium, media or smooth muscle and adventitia.

The tunica intima is the inner and thinnest layer and surrounds the lumen. It is made up of
endothelial cells lining the entire vasculature and includes circular elastic bands, the internal
elastic lamina. The tunica media, also called muscle layer, is composed of vascular smooth
muscle, which helps regulate the size of the lumen and externally present circular elastic
bands, the external elastic lamina. This tunica differs between arteries and veins: arteries
contain more smooth muscle than the tunica media of their counterpart, the veins, and this
allows arteries to constrict and dilate to adjust the volume of blood needed by the tissues that
they support. Additionally, the structure of arteries differs between large arteries and resistant
arteries: in the first type, arteries present a media with large amount of elastic fibers disposed
between smooth muscle cells and the thickness of the vascular wall is thinner than that
exhibited by resistant arteries that often have multiple strands of smooth muscle layers. The
external layer, adventitia layer is composed of connective tissue allowing the blood vessel to
withstand forces acting on the vessel wall and of collagen fibers that anchor the vessel to
surrounding tissues.

The endothelium can evoke effects, dilation or contraction of the underlying vascular smooth
muscle, by releasing endothelium-derived relaxing factors (EDRF) such as NO or endothelium-
derived contracting factors (EDCF) such as endothelin or prostanoids.
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2.1. NO effects on vasodilation and endothelial dysfunction

NO is a well-known EDRF that induces vasodilation through the activation of soluble guanylyl
cyclase in the vascular smooth muscle cells producing cyclic guanosine monophosphate (therefore,
through the signaling pathway that can be represented as NO-cGMP/cGMP-dependent kinases).

It is well accepted that the benefits of NO released from endothelium are compromised in
vascular diseases and aging since there is a reduced amount of NO. However, evidence also
show that the production of NO can be upregulated, for example, by estrogens, exercise and
dietary factors and downregulated by oxidative stress, smoking, pollution and oxidized low-
density lipoproteins.

Moreover, when endothelium is dysfunctional, the vasodilation induced by endothelial medi-
ators is impaired and it can even lead to vascular smooth muscle cells contraction. For instance,
in aged subjects and in vascular diseases (essential hypertension and diabetes) when the
production of NO is compromised, endothelium-dependent contractions are intensified.

NO is produced by three isoforms of NO synthase, presenting a more general distribution in
the human body than that initially predicted: neuronal NOS (nNOS), inducible NOS (iNOS)
and endothelial NOS (eNOS). nNOS is constitutively expressed in central and peripheral
nervous system contributing to regulation of blood pressure, smooth muscle dilation and
vasodilation via peripheral nitrergic nerves. iNOS is expressed in several cell types and gener-
ates large amounts of NO, which is involved in the pathophysiology of inflammatory diseases,
as regulatory effector molecule of the innate immune response and septic shock. eNOS is
expressed mainly in endothelial cells and has several vasoprotective and anti-atherosclerotic
effects as well as an important role in vascular tone and thus blood pressure regulation.

Many cardiovascular risk factors lead to oxidative stress, eNOS uncoupling and endothelial
dysfunction in the vasculature. eNOS generates NO which results from the activity of two
domains, the oxygenase domain that convert L-arginine to L-citrulline plus NO and the
reductase domain that convert nitrites to NO [9].

As mentioned above, NO production from endothelium can be upregulated or downregulated
by a number of factors of which vascular endothelial growth factor (VEGF) can upregulate
eNOS. Interestingly, a chronic side effect of VEGF inhibitors is the occurrence of hypertension,
suggesting a physiological role for VEGF in maintaining endothelial control of vasomotor tone
[10–12]. In humans, in hypertension, VEGF inhibitors may cause increased production of
endothelin-1 [13, 14] and reduced vascular response to acetylcholine [15, 16].

Acute and chronic increases in flow as well as the resulting augmentation in shear stress of the
blood on the endothelial cells can be altered through Ca2+-dependent and Ca2+-independent
pathways. It has been described that Ca2+-independent pathway can increase both the expres-
sion and activity of eNOS and thus the release of NO [17]. The role played by the endothelial
cells to protect against thrombin and other platelet products by increasing the activity of eNOS
has been demonstrated both in vitro [18–26] and in vivo [27]. Serotonin and adenosine diphos-
phate are mediators released by aggregating platelets, which may activate eNOS and increase
NO production. When endothelium is absent/dysfunctional, vasodilation is no longer observed,
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and aggregating platelets induce contractions, because they release vasoconstrictors (thrombox-
ane A2 and serotonin). When platelet aggregation occurs in a healthy artery (i.e, with an intact
and physiologically active endothelium), serotonin (and ADP) release by the platelets as well as
production of thrombin will increase NO release from endothelial cells. Thus, NO will be
increased in the vicinity of smooth muscle cells inducing dilation, and consequently, increasing
blood flow.

Another important factor influencing NO production relies on the presence of reactive oxygen/
nitrogen species (ROS/RNS). Indeed, several enzymes from endothelium can produce superox-
ide anions such as nicotinamide adenine dinucleotide phosphate oxidase (NOX), xanthine oxi-
dase (XO), cyclooxygenases (COX) and also eNOS but only when there is a deficient supply of
substrate or of the cofactor BH4. Under pathophysiological conditions, superoxide anions scav-
enge NO resulting in the formation of peroxynitrite, reducing considerably the bioavailability of
NO.Moreover, ROS can inactivate eNOS through S-glutathionylation. Taken together, these may
explain why oxidative stress is often associated with endothelial dysfunction.

Moreover, intake of a number of natural products, such as flavonoids and other polyphenols,
favors endothelium-dependent dilations and protects endothelium from dysfunction through
increased production of NO. The protective effects of polyphenols against endothelial dys-
function involve increased production of NO in response to endothelium-derived vasodilators
resulting from: facilitation of the effects of NO on the vascular smooth muscle cells, increased
levels of BH4, calcium-independent phosphorylation of eNOS, antioxidant properties
preventing the uncoupling of eNOS, activation of estrogen receptors and upregulation of
AMP-activated protein kinase (AMPK) and of NAD(+)-dependent deacetylase (SIRT1) [28–31].

2.2. Influence of NO on another EDRF

Besides its direct role as a vasodilator, NO also modulates the release of other endothelium-
derived mediators. Thus, in a number of larger arteries, endothelium-derived hyperpolariza-
tion (EDH)-mediated dilations become prominent only when the synthesis of NO is inhibited
[32, 33]. Hence, EDH is able to take over, at least temporarily, in the case of ‘classical’ endothe-
lial dysfunction associated with a loss of NO synthesis, demonstrating strong compensatory
efficiency of EDH-mediated responses. Intriguingly, exogenous NO attenuates EDH-mediated
responses in coronary arteries in vitro [34] and in coronary circulation in vivo [35, 36]. More-
over, NO has been shown to exert a negative feedback effect on endothelium-dependent
dilation through cGMP-mediated desensitization in isolated coronary arteries [32]. Indeed,
clinical studies show that chronic therapy with nitrate, used as a NO donor, in patients with
ischemic heart disease does not yield a benefit on mortality [37, 38], confirming the importance
of the physiological balance between NO and EDH. Moreover, the amount of NO formed in
the endothelial cells controls the release of vasoconstrictor prostanoids [39, 40].

3. Endothelium and sympathetic neurotransmission

The sympathetic nervous system (SNS) is known to play a fundamental role in the short- and
long-term regulation of different vascular functions. Vessels contain sympathetic nerves dis-
tributed between smooth muscle and adventitia layers [41]. Sympathetic nerve fibers are
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enveloped in Schwann cells: most nerve fibers travel through individual channels in the
Schwann cell, but small fibers are sometimes bundled together within a single channel [42].
The SNS signals to dilate or constrict the vessel, changing the lumen size, i.e., regulating
vascular tone and, therefore, affecting blood pressure.

Nowadays, it is well established that SNS contributes to the modulation of vascular function and
that this relationship is a key factor in the development of cardiovascular diseases. Several factors,
such as the renin-angiotensin system, NO, ROS and endothelin, influence this modulation at
central and peripheral level [43–45]. Moreover, endothelial function also seems to be regulated
by SNS, mainly in the control of vascular tone. Additionally, endothelial dysfunction as well as
increase in sympathetic activity has been associated to cardiovascular risk factors and disease. For
example, in studies carried out in healthy subjects, an increase in sympathetic activity was
associated with a decrease in endothelial function [46] Moreover, in humans, stiffness of large
artery was also associated with an increased activity of SNS [47]. On the other hand, large artery
stiffness can interfere with autonomic regulation by impairing carotid baroreflex sensitivity [48].

The influence of endothelium in noradrenaline release has also been previously demonstrated
[49, 50]. This conclusion was obtained not only in arteries without endothelium but also in a
model of endothelial dysfunction (i.e, essential hypertensive arteries), which is shown in Table 1.
This type of information can be obtained from experiments where synapse events are mimicked
allowing the evaluation of putative players able to alter neurotransmitter release from the nerves.
Indeed, in such experiments, the use of selective pharmacological tools, such as agonists/antago-
nists of receptors or of activators/inhibitors of proteins or enzymes, can reveal their respective
role in the neurotransmission dynamic. For instance, in experiments where rat vascular tissues,
preincubated with [3H]-noradrenaline, are electrically stimulated (5 Hz, 100 pulses, 1 ms, 50 mA),
the release of 3H is induced (which mimics a physiological depolarization) and can be measured
by liquid scintillation spectrometry. In addition, by altering the receptors or proteins activated
(with pharmacological tools), it is possible to evaluate the activity/role of a specific player in
neurotransmitter release (please see previous articles from our group where the methodology is
described in detail [49, 51, 52]). For example, in Table 1, data refer to tissues that were stimulated
twice at 30-min interval: outflow (bn) refers to the 5-min period immediately before each stimu-
lation period. The electrically evoked tritium overflow (Sn) was calculated by subtracting the
estimated basal outflow from total outflow observed during and in the 25-min period subsequent
to S1 and expressed as a percentage of the tissue 3H content at the onset of stimulation. Two
animal models have been used: spontaneously hypertensive rats (SHR), a well-established model
of essential hypertension [53, 54], and the respective controls, the Wistar Kyoto (WKY) rats.
Moreover, in WKY animals, some arteries were endothelium denuded. The influence of these
conditions on the release of S1 was evaluated, and the results are presented in Table 1.

The results in this table show that the outflow observed in the endothelium-denuded vascular
tissue is lower than that obtained in intact tissue. Also, the S2 values obtained in the
endothelium-denuded arteries are altered, with values higher than those observed in intact
tissues. These data reveal the importance of a healthy endothelium to the sympathetic neuro-
transmission homeostasis, once it seems to present a transsynaptic influence mediated by
endothelium. In pathological conditions, this influence can be impaired augmenting the
amount of noradrenaline release and causing vasoconstriction.
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animal models have been used: spontaneously hypertensive rats (SHR), a well-established model
of essential hypertension [53, 54], and the respective controls, the Wistar Kyoto (WKY) rats.
Moreover, in WKY animals, some arteries were endothelium denuded. The influence of these
conditions on the release of S1 was evaluated, and the results are presented in Table 1.

The results in this table show that the outflow observed in the endothelium-denuded vascular
tissue is lower than that obtained in intact tissue. Also, the S2 values obtained in the
endothelium-denuded arteries are altered, with values higher than those observed in intact
tissues. These data reveal the importance of a healthy endothelium to the sympathetic neuro-
transmission homeostasis, once it seems to present a transsynaptic influence mediated by
endothelium. In pathological conditions, this influence can be impaired augmenting the
amount of noradrenaline release and causing vasoconstriction.
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Several substances produced in endothelial cells, such as NO, adenosine, ROS and/or RNS (e.g.
peroxides, superoxide, hydroxyl radical, and singlet oxygen) and prostaglandins can influence
sympathetic transmission [55, 56]. Also, the activity of some enzymes, such as adenosine kinase,
adenosine deaminase, NOX, XO and COX, can be altered leading to changes in the bioavailabil-
ity of their respective products, influencing, indirectly, sympathetic neurotransmission.

3.1. NO and vascular neurotransmission

There is evidence demonstrating that NO can modulate sympathetic neurotransmission mod-
ifying vascular smooth muscle tone, in various vascular beds, such as in coronary [57, 58],
mesenteric [50, 59, 60] and pulmonary arteries [61–63]. Indeed, and as illustrated in Figure 1, a
NO donor, DEA-NONOATE (10 μM) altered noradrenaline release (measured as explained
above, i.e., by determining the amount of 3H overflow using liquid scintillation spectrometry)
in differential mode depending on the vascular territory: an increase of noradrenaline release
occurs in tail artery contrasting to mesenteric territory where noradrenaline release is reduced.

Another relevant data are related with NO source, i.e., the type of NOS that generates NO
(Figure 1): in tail arteries, NO production is ascribed mainly to eNOS isoform, particularly to

Basal outflow (b1) (fractional rate of
outflow; min�1)

Evoked Overflow (S1) (% of tissue
tritium content)

S2/S1 n

Mesenteric artery

WKY

Endothelium
intact

0.065 � 0.004 0.202 � 0.016 1.054 � 0.038 12

Endothelium
denuded

0.081 � 0.002* 0.329 � 0.036* 1.002 � 0.026 12

SHR

Endothelium
intact

0.073 � 0.003* 0.310 � 0.041* 1.013 � 0.031 10

Tail artery

WKY

Endothelium
intact

0.084 � 0.004 0.217 � 0.012 0.932 � 0.037 18

Endothelium
denuded

0.069 � 0.002* 0.317 � 0.049* 0.929 � 0.039 14

SHR

Endothelium
intact

0.063 � 0.002* 0.259 � 0.016* 1.034 � 0.096 14

Tissue preparations of mesenteric and tail arteries from WKY and SHR animals were pre-incubated with [3H]-
noradrenaline for 40 min. After pre-incubation with [3H]-noradrenaline, tissues were superfused with [3H]-noradrenaline
free medium containing desipramine (400 nM). Values presented are means � SEM, and n denotes the number of tissue
preparations. Significant differences from WKY intact arteries: *P < 0.05.

Table 1. Basal tritium outflow (b1), electrically evoked tritium overflow (S1) and S2/S1 ratios from normotensive (WKY)
and hypertensive (SHR) vessels of the rat.
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eNOS oxygenase domain with residual activity of the eNOS reductase domain [50], while in
mesenteric arteries, nNOS, with both reductase and oxygenase domains being equally active,
seems to be the most relevant isoform producing NO.

These differences in vascular neurotransmission elicited by NO can be explained by the
activation of different pathways, leading to opposite outcomes. In resistant arteries, such as
tail artery, the well-established NO-cGMP/cGMP-dependent kinases activating voltage-
dependent-Ca2+ seem to be the predominant pathway [64], leading to vasoconstriction. How-
ever, in other vascular territories, such as the mesenteric artery, NO actions, in addition to the
classically accepted activation of intracellular cGMP-dependent pathway [65], can also activate
cGMP-independent pathways, namely by eliciting an energy decrease in mitochondria (i.e.,
ATP), particularly with an increase in ATP catabolism, with subsequent adenosine accumula-
tion. Adenosine will then act on presynaptic A1 receptors causing a reduction in cAMP
formation and, consequently, of PKA. Therefore, a reduction of Ca2+ channels phosphorylation
(by PKA) will occur reducing the intracellular amount of Ca2+. Presynaptically, the amount of
intracellular Ca2+ is critical for neurotransmission; therefore, lower amounts of calcium will
cause a reduction of noradrenaline release and of the postsynaptic signal events triggered by
noradrenaline, leading to vasodilation [66].

The location of enzyme isoforms is also relevant: nNOS in mesenteric arteries are located mostly
in Schwann cells contrasting to tail arteries where their presence is very scarce (Figure 2).

3.2. Adenosine, endothelium and vascular neurotransmission

It is well established that adenosine can act as a physiological neuromodulator through activa-
tion of four types of adenosine receptors, A1, A2A, A2B and A3 in the vasculature [67]. These
receptors present differential affinities for adenosine, with adenosine A1 receptor requiring
lower concentrations to get activated (KdA1, 0.3–3 nM), followed by A2A receptors with a Kd

Figure 1. Influence of NOS inhibitors on vascular sympathetic transmission in mesenteric and tail rat arteries. Effect
elicited by the NO donor, DEA-NONOate (10 μM), and the interaction exerted by the Nω-propyl-L-arginine hydrochlo-
ride, a specific neuronal NOS (nNOS) inhibitor (100 nM), and L-NIO dihydrochloride, a specific endothelial NOS (eNOS)
inhibitor (500 nM), on the electrically evoked tritium overflow. Values are mean � SEM from 5 to 12 artery segments.
Significant differences from the appropriate control: *P < 0.05 and from mesenteric artery: #P < 0.05 (ANOVA followed by
post-hoc Holm-Sidak’s multicomparisons t-test).
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NO donor, DEA-NONOATE (10 μM) altered noradrenaline release (measured as explained
above, i.e., by determining the amount of 3H overflow using liquid scintillation spectrometry)
in differential mode depending on the vascular territory: an increase of noradrenaline release
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Table 1. Basal tritium outflow (b1), electrically evoked tritium overflow (S1) and S2/S1 ratios from normotensive (WKY)
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eNOS oxygenase domain with residual activity of the eNOS reductase domain [50], while in
mesenteric arteries, nNOS, with both reductase and oxygenase domains being equally active,
seems to be the most relevant isoform producing NO.

These differences in vascular neurotransmission elicited by NO can be explained by the
activation of different pathways, leading to opposite outcomes. In resistant arteries, such as
tail artery, the well-established NO-cGMP/cGMP-dependent kinases activating voltage-
dependent-Ca2+ seem to be the predominant pathway [64], leading to vasoconstriction. How-
ever, in other vascular territories, such as the mesenteric artery, NO actions, in addition to the
classically accepted activation of intracellular cGMP-dependent pathway [65], can also activate
cGMP-independent pathways, namely by eliciting an energy decrease in mitochondria (i.e.,
ATP), particularly with an increase in ATP catabolism, with subsequent adenosine accumula-
tion. Adenosine will then act on presynaptic A1 receptors causing a reduction in cAMP
formation and, consequently, of PKA. Therefore, a reduction of Ca2+ channels phosphorylation
(by PKA) will occur reducing the intracellular amount of Ca2+. Presynaptically, the amount of
intracellular Ca2+ is critical for neurotransmission; therefore, lower amounts of calcium will
cause a reduction of noradrenaline release and of the postsynaptic signal events triggered by
noradrenaline, leading to vasodilation [66].

The location of enzyme isoforms is also relevant: nNOS in mesenteric arteries are located mostly
in Schwann cells contrasting to tail arteries where their presence is very scarce (Figure 2).

3.2. Adenosine, endothelium and vascular neurotransmission

It is well established that adenosine can act as a physiological neuromodulator through activa-
tion of four types of adenosine receptors, A1, A2A, A2B and A3 in the vasculature [67]. These
receptors present differential affinities for adenosine, with adenosine A1 receptor requiring
lower concentrations to get activated (KdA1, 0.3–3 nM), followed by A2A receptors with a Kd

Figure 1. Influence of NOS inhibitors on vascular sympathetic transmission in mesenteric and tail rat arteries. Effect
elicited by the NO donor, DEA-NONOate (10 μM), and the interaction exerted by the Nω-propyl-L-arginine hydrochlo-
ride, a specific neuronal NOS (nNOS) inhibitor (100 nM), and L-NIO dihydrochloride, a specific endothelial NOS (eNOS)
inhibitor (500 nM), on the electrically evoked tritium overflow. Values are mean � SEM from 5 to 12 artery segments.
Significant differences from the appropriate control: *P < 0.05 and from mesenteric artery: #P < 0.05 (ANOVA followed by
post-hoc Holm-Sidak’s multicomparisons t-test).
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Figure 2. Adventitia mesenteric and tail rat arteries images. Images are representative reconstructions captured with a
confocal microscope (Leica SP5 LSCM system fitted with an inverted microscope (x63 oil immersion lens). Stacks of 1-μm-
thick serial optical images. Arteries were stained for nNOS (a primary mouse monoclonal anti-NOS1 and a species-specific
secondary Alexa 488 antibody), GFAP (a primary rabbit anti-GFAP polyclonal antibody and a species-specific secondary
Alexa 647 antibody) and DAPI (nuclear stain).
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1–20 nM. Pharmacological studies have also revealed that A2B and A3 receptors are low affinity
receptors for adenosine requiring concentrations higher than 1 μM, although these adenosine
receptor subtypes present different Kd (A3 subtype requires higher concentrations than A2B

receptors) [68].

Adenosine, a well-known nucleoside, results from the sequential catabolism of ATP, forming
ADP, AMP and adenosine with this later step being mediated by 50-nucleotidase. Adenosine
can then be further converted in inosine by adenosine deaminase or, instead, can be
reconverted to AMP by adenosine kinase. In addition to adenosine receptors and adenosine,
adenosinergic system is also composed by nucleoside transporters (NTs), which are responsi-
ble for nucleoside transport into the cells and vice versa. Some of the NTs in particular some
equilibrative nucleoside transporters (ENT)s have already been identified as capable of pro-
moting adenosine transport in vasculature, namely the subtype ENT1 and ENT 4 [69, 70].

In vascular tissues as well as in some diseased states, such as hypertension, the bioavailability
of adenosine varies [71], as presented in Table 2.

The amount of adenosine present in the vicinity of adenosine receptors depends on the
adenosinergic system dynamics which, in turn, can be influenced by innumerous factors, such
as NO, ROS, lipid peroxidation, endothelium dysfunction, etc., that can be altered in several
pathological conditions, namely in hypertension, diabetes, aging and inflammation.

Another factor related with the relevance of vascular adenosine-mediated effects relies on
adenosine receptor subtype distribution in the vasculature. All adenosine receptor subtypes
have been identified not only in arteries, such as pulmonary [72], mesenteric [73–77], ear [73],
aorta [78] and tail [51, 52, 79–81], but also in veins [75, 82]. In renal vessels, a role of adenosine
receptors in sympathetic regulation was also demonstrated [83], conditioning the blood efflux

Basal outflow (b1) (pmol/mg of tissue) Evoked overflow (S1) (pmol/mg of tissue) n

Mesenteric artery

WKY 25.74 � 2.57 26.47 � 2.76 5

SHR 75.44 � 4.22* 77.31 � 5.47* 5

Tail artery

WKY 45.64 � 3.81 49.78 � 5.29 5

SHR 64.81 � 5.01* 67.82 � 4.03* 5

Tissue preparations of mesenteric and tail arteries from WKY and SHR animals were superfused with Krebs-Henseleit.
Tissues were stimulated twice at 30-min interval (S1–S2; 100 pulses, 5 Hz, 1 ms, 50 mA): b1 refers to the 5-min period
immediately before S1. The superfusate was collected in 5-min period before and after stimulation, and each sample was
heated at 80�C and derivatized using chloroacetaldehyde for 50min at 70�C in a dry bath incubator. Identification of the
ε-adenosine formed in this collected samples was confirmed by a gradient HPLC using a fluorescent detector at 230 nm
excitation and 420 nm emission wavelengths. Values presented are means � SEM of adenosine per mg of tissue, and n
denotes the number of tissue preparations. Significant differences from WKY vessels: *P < 0.05.

Table 2. Basal (b1) and electrically evoked (S1) adenosine release from sympathetic nerve terminals from normotensive
(WKY) and hypertensive (SHR) vessels of the rat.
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receptor subtypes present different Kd (A3 subtype requires higher concentrations than A2B
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can then be further converted in inosine by adenosine deaminase or, instead, can be
reconverted to AMP by adenosine kinase. In addition to adenosine receptors and adenosine,
adenosinergic system is also composed by nucleoside transporters (NTs), which are responsi-
ble for nucleoside transport into the cells and vice versa. Some of the NTs in particular some
equilibrative nucleoside transporters (ENT)s have already been identified as capable of pro-
moting adenosine transport in vasculature, namely the subtype ENT1 and ENT 4 [69, 70].

In vascular tissues as well as in some diseased states, such as hypertension, the bioavailability
of adenosine varies [71], as presented in Table 2.

The amount of adenosine present in the vicinity of adenosine receptors depends on the
adenosinergic system dynamics which, in turn, can be influenced by innumerous factors, such
as NO, ROS, lipid peroxidation, endothelium dysfunction, etc., that can be altered in several
pathological conditions, namely in hypertension, diabetes, aging and inflammation.

Another factor related with the relevance of vascular adenosine-mediated effects relies on
adenosine receptor subtype distribution in the vasculature. All adenosine receptor subtypes
have been identified not only in arteries, such as pulmonary [72], mesenteric [73–77], ear [73],
aorta [78] and tail [51, 52, 79–81], but also in veins [75, 82]. In renal vessels, a role of adenosine
receptors in sympathetic regulation was also demonstrated [83], conditioning the blood efflux
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ε-adenosine formed in this collected samples was confirmed by a gradient HPLC using a fluorescent detector at 230 nm
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in the afferent arteriole and, consequently, of renal filtration. In hypertensive arteries and veins,
an impairment of the neuromodulation exerted by adenosine A1 receptors [75–77, 82] was
described, contrasting with a preserved adenosine A2A receptor-mediated facilitation of nor-
adrenaline release [75–77]. Note that a redistribution of adenosine A1 receptors from sympa-
thetic nerves to Schwann cells was reported in hypertensive state while adenosine A2A

receptors, in sympathetic nerves, were preserved [77]. Particular relevant information relies
on the location of adenosine receptors on the vascular wall layers contributing to the under-
standing of the functional role ascribed to adenosine receptors.

In endothelium, the four adenosine receptor subtypes have been identified by functional and
immunohistochemical assays, for instance in tail artery [80, 84] and aorta [84, 85]. The influ-
ence of endothelium in adenosine-mediated responses has been demonstrated, with endoge-
nous adenosine inducing an inhibition on noradrenaline release, through activation of
adenosine A1 receptors, (Figure 3, effect of DPCPX, a selective A1 receptor antagonist). Aden-
osine availability is a crucial factor (effect demonstrated by pentostatin and α,β-methylene
ADP, which inhibit adenosine deaminase and ecto-5’nucleotidase, respectively), conditioning
the type of adenosine receptor that is activated. In resistant arteries, this effect is impaired
when endothelium is compromised (arteries denuded of endothelium or in essential hyperten-
sive arteries) and, instead, a facilitatory effect mediated by adenosine A2A receptors, revealed
by a selective A2A receptor antagonist, the SCH 58261, and by inhibition of adenosine kinase,
revealed by an adenosine kinase inhibitor, 50-iodotubercidin (ITU), and by ecto-5’nucleotidase
inhibitor, α,β-methylene ADP, demonstrating the relevance of adenosinergic dynamics both in
physiological and pathophysiological contexts, such as in hypertension [49]. The adenosinergic
system dynamic is adjusted to the unfavorable conditions created by endothelium injury, with
enzymes involved in adenosine formation, such as adenosine deaminase and 50-nucleotidase
operating to promote an increase in the adenosine amount available and favoring the activa-
tion of A2A receptors. This occurs despite the efforts of nucleoside transporters to equilibrate
the concentration of adenosine between the inner and outer space of cells. In mesenteric
arteries, A2A receptor effect is enough to counteract the existing inhibitory tonus mediated by
adenosine A1, but in resistant arteries, the facilitatory effect mediated by A2A receptors (upon
noradrenaline release) predominates.

3.3. Interplay between nitroxidergic and other pathways in neurotransmission

NO signaling events, in mesenteric arteries, cause an accumulation of adenosine (as previously
described in Section 3.1). This condition may favor adenosine neuromodulation, namely by
activation of adenosine A1 receptors (which is revealed when blockade of A1 receptors occurs in
the presence of the NO donor, DEA-NONOATE; Figure 4) in the mesenteric artery. Activation of
A1 receptors leads to a reduction of noradrenaline release, and subsequently, the activation of α1-
adrenoceptors in vascular smooth muscle cells is reduced, leading to vasodilation. In the tail
artery, such interplay does not occur, at least in the experimental conditions tested.

The interplay between nitroxidergic and adenosinergic pathways can occur in neurotransmis-
sion, with NO promoting the formation of enough amounts of adenosine capable of activating
inhibitory A1 receptors. However, this type of interplay is dependent on the type of vascular bed.
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Figure 3. Influence of endogenous adenosine on vascular sympathetic transmission in mesenteric and tail arteries.
Interaction with selective adenosine receptor antagonists, DPCPX (100 nM; A1 subtype antagonist) and SCH 58261
(20 nM; A2A subtype antagonist); adenosine kinase inhibitor, ITU (100 nM); adenosine deaminase inhibitor, Pentostatin
(10 μM); a nucleoside transporter inhibitor, NBTI (5 μM) and an 50-nucleotidase inhibitor, α,β-methylene-ADP (10 μM),
on the electrically evoked tritium overflow. Values are mean � SEM from 4 to 12 artery segments. Significant differences
from the appropriate control: *P < 0.05 and from intact arteries: #P < 0.05 (ANOVA followed by post-hoc Holm-Sidak’s
multicomparisons t-test).
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NO signaling events, in mesenteric arteries, cause an accumulation of adenosine (as previously
described in Section 3.1). This condition may favor adenosine neuromodulation, namely by
activation of adenosine A1 receptors (which is revealed when blockade of A1 receptors occurs in
the presence of the NO donor, DEA-NONOATE; Figure 4) in the mesenteric artery. Activation of
A1 receptors leads to a reduction of noradrenaline release, and subsequently, the activation of α1-
adrenoceptors in vascular smooth muscle cells is reduced, leading to vasodilation. In the tail
artery, such interplay does not occur, at least in the experimental conditions tested.
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sion, with NO promoting the formation of enough amounts of adenosine capable of activating
inhibitory A1 receptors. However, this type of interplay is dependent on the type of vascular bed.
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Figure 3. Influence of endogenous adenosine on vascular sympathetic transmission in mesenteric and tail arteries.
Interaction with selective adenosine receptor antagonists, DPCPX (100 nM; A1 subtype antagonist) and SCH 58261
(20 nM; A2A subtype antagonist); adenosine kinase inhibitor, ITU (100 nM); adenosine deaminase inhibitor, Pentostatin
(10 μM); a nucleoside transporter inhibitor, NBTI (5 μM) and an 50-nucleotidase inhibitor, α,β-methylene-ADP (10 μM),
on the electrically evoked tritium overflow. Values are mean � SEM from 4 to 12 artery segments. Significant differences
from the appropriate control: *P < 0.05 and from intact arteries: #P < 0.05 (ANOVA followed by post-hoc Holm-Sidak’s
multicomparisons t-test).
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Furthermore, in the cardiovascular system, NO can also interplay with the adrenergic path-
way. NO source is, most probably, endothelial since noradrenaline release in the presence of a
β-adrenoceptor agonist, isoprenaline (300 nM), caused an increase of noradrenaline release
(175.10 � 13.8%, n = 11), but the increase observed was lower in endothelium-denuded arteries
(129.92 � 13.1%, n = 7). Therefore, these data support the possibility, previously raised by
Balligand et al. [86] and by Conti et al. [87], that NO production can lead to an increase in
noradrenaline release, as a consequence of adrenergic receptors activation, namely of facilita-
tory β-adrenoceptors.

4. Current and future developments

In addition to the direct effects exerted by several substances on smooth muscle cells, which can
cause vasodilation or vasoconstriction, the evidence that endothelium-derived factors can also
influence sympathetic neurotransmission that reinforces the importance of endothelium and of
its putative role in pathologies. Indeed, vascular sympathetic neurotransmission and the inter-
play exerted by endothelium-derived substances are, therefore, relevant in the homeostasis of
vascular tone. In pathophysiological conditions, especially when endothelium is injured, their
impact on neurotransmission account, at least in part, for the occurring vasoconstriction.

Figure 4. Influence of adenosine A1 receptor antagonist (DPCPX, 100 nM) and adenosine A2A receptor antagonist (SCH
58261, 20 nM), adenosine kinase inhibitor (ITU, 100 nM) and nucleoside transporter inhibitor (NBTI, 5 μM) in the effect
elicited by a nitric oxide donor, DEA-NONOate (10 μM) on the electrically evoked tritium overflow, in mesenteric and tail
arteries. Values are mean � SEM from 4 to 12 artery segments. Significant differences from DEA-NONOate effect alone:
*P < 0.05 and from mesenteric artery: #P < 0.05 (ANOVA followed by post-hoc Holm-Sidak’s multicomparisons t-test).
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NO has been viewed as a vasodilator substance since its direct effect on vascular smooth
muscle cells causes dilation. However, NO can influence neurotransmission, and the inter-
play with adenosinergic and adrenergic pathways altering neurotransmission can, in some
cases, cause an increase in noradrenaline release, which consequently will promote vasocon-
striction. Therefore, the importance of NO is renewed as well as its ability to interplay with
other signaling pathways involving sympathetic regulation such as the adrenergic and
adenosinergic ones. Additional information and research on this field are, therefore,
required to extend the knowledge on the insights of transsynaptic modulation of vascular
neurotransmission. This is particularly important and can be useful to develop new thera-
peutic strategies, particularly in pathologies or clinical conditions, where the sympathetic
system is hyperactivated.
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Furthermore, in the cardiovascular system, NO can also interplay with the adrenergic path-
way. NO source is, most probably, endothelial since noradrenaline release in the presence of a
β-adrenoceptor agonist, isoprenaline (300 nM), caused an increase of noradrenaline release
(175.10 � 13.8%, n = 11), but the increase observed was lower in endothelium-denuded arteries
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Balligand et al. [86] and by Conti et al. [87], that NO production can lead to an increase in
noradrenaline release, as a consequence of adrenergic receptors activation, namely of facilita-
tory β-adrenoceptors.
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In addition to the direct effects exerted by several substances on smooth muscle cells, which can
cause vasodilation or vasoconstriction, the evidence that endothelium-derived factors can also
influence sympathetic neurotransmission that reinforces the importance of endothelium and of
its putative role in pathologies. Indeed, vascular sympathetic neurotransmission and the inter-
play exerted by endothelium-derived substances are, therefore, relevant in the homeostasis of
vascular tone. In pathophysiological conditions, especially when endothelium is injured, their
impact on neurotransmission account, at least in part, for the occurring vasoconstriction.

Figure 4. Influence of adenosine A1 receptor antagonist (DPCPX, 100 nM) and adenosine A2A receptor antagonist (SCH
58261, 20 nM), adenosine kinase inhibitor (ITU, 100 nM) and nucleoside transporter inhibitor (NBTI, 5 μM) in the effect
elicited by a nitric oxide donor, DEA-NONOate (10 μM) on the electrically evoked tritium overflow, in mesenteric and tail
arteries. Values are mean � SEM from 4 to 12 artery segments. Significant differences from DEA-NONOate effect alone:
*P < 0.05 and from mesenteric artery: #P < 0.05 (ANOVA followed by post-hoc Holm-Sidak’s multicomparisons t-test).
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Abstract

Human immunodeficiency virus type 1 (HIV-1) promotes a generalized immune  activation 
that alters the physiology of cells that are not sensitive to viral infection. Endothelial cells 
(ECs) display heavy dysfunctions in HIV-1-seropositive (HIV+) patients that persist even 
in patients under successful combined antiretroviral therapy (cART). In vivo studies 
failed to demonstrate the presence of replicating virus in ECs suggesting that a direct role 
of the virus in vascular dysfunction is unlikely. This finding paves the way to the hypoth-
esis of a key role of molecules released in the microenvironment by HIV-1-infected cells 
in sustaining aberrant EC function. Here we review the current understanding regarding 
the contribution of HIV-1 infection to vascular dysfunction. In particular, we argue that 
different HIV-1 proteins may play a key role in driving and sustaining inflammation and 
EC dysregulation, thus underlining the need to target them for therapeutic benefit.

Keywords: HIV-1, viral proteins, endothelial cells, vascular dysfunction, inflammation

1. Introduction

Human immunodeficiency virus type 1 (HIV-1) infection is highly pathogenic since it stimulates 
a generalized immune activation involving not only the main targets of HIV-1 infection, such as 
CD4+ T cells and monocytes/macrophages, but also cells that are not sensitive to viral infection.

Endothelial cells (ECs) are not fully permissive to HIV-1 infection, and there are no in vivo 
evidences that demonstrate the presence of replicating virus in ECs. Nowadays, the number 
of HIV-1-seropositive (HIV+) patients that exhibit EC dysfunction is increasing vertiginously. 
In this chapter, the actual knowledges of how HIV-1 can directly and/or indirectly contribute 
to vascular dysfunction are reviewed. In particular, we underline the emerging role played by 
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some structural and regulatory HIV-1 proteins released in the microenvironment by infected 
cells in driving inflammation and EC dysregulation. This finding highlights the need to target 
these viral proteins for therapeutic benefit.

2. Endothelial dysfunction during HIV-1 infection

Chronic inflammation contributes to many leading causes of death, and in particular cardio-
vascular events have emerged as a clinically significant issue and have become the matter 
of several studies. HIV-1 infection is characterized by altered immune responses leading to 
a generalized chronic inflammation and, in particular, to a pro-inflammatory status in the 
vascular endothelium fostering the development of cardiovascular diseases [1]. A strong 
correlation between high plasma HIV-1 RNA levels and signs of endothelial dysfunction is 
known [2], and subclinical signs of atherosclerosis have been found in asymptomatic HIV+ 
young men with long-standing HIV-1 disease [3]. As the efficacy of combined antiretroviral 
therapy (cART) improves and patients live longer, the prevalence of cardiovascular diseases is 
increasing in HIV+ individuals [4, 5]. Moreover, many antiretroviral drugs, particularly HIV-1 
protease inhibitors, can cause dyslipidemia, thus contributing to the increased risk for endo-
thelial dysfunction. The high risk of endothelial dysfunction persists even in new-generation 
antiretroviral drugs era, despite the fact that several adverse metabolic effects (e.g., insulin 
resistance, dyslipidemia, and hypertension) are abolished [6]. In light of these considerations, 
the following paragraphs consider three essential factors in the development and pathogen-
esis of endothelial dysfunction during the natural course of HIV-1 infection: (a) the ability of 
HIV-1 to promote inflammation, (b) the HIV-mediated damage of endothelium, and (c) the 
capability of HIV-1 structural and regulatory proteins of affecting EC function.

2.1. HIV-1 and inflammatory microenvironment

Chronic activation of the immune system is a peculiar feature of HIV-1 infection. Persistent 
activation of immune cells is known to gain an elevated pro-inflammatory cytokine/chemokine 
release contributing to the development of a chronically inflamed microenvironment. HIV-1 
virus cycle is dominated by a local replication at the transmission site and in local lymphoid 
tissues and then dissemination. Virus expansion is associated with a dramatic depletion of 
memory CD4+ T cells, particularly from gut-associated lymphoid tissues and with increased 
plasma levels of pro-inflammatory cytokines and chemokines. During the early phase of infec-
tion, a pro-inflammatory cytokine storm contributes to the control of viral replication but also 
to the early immunopathology of the infection and to the associated long-term consequences. 
Many cell types contribute to the release of different pro-inflammatory cytokines and chemo-
kines during HIV-1 infection [7] such as interferon (IFN)-α, tumor necrosis factor (TNF)-α, INF-
γ, interleukin (IL)-1β, IL-10, interferon gamma-induced protein (IP)-10, IL-15, IL-8, IL-6, IL-18, 
and monocyte chemoattractant protein (MCP)-1 [8, 9]. Antiretroviral therapy usually controls 
and even abolishes HIV-1 replication, but does not completely recover immune dysfunction. 
Therefore, immune alteration and inflammation are common features of HIV+ patients even 
under successful cART.
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2.2. Role of inflammatory cytokines and chemokines in the HIV-1-triggered 
endothelial dysfunction

Endothelial dysfunction and vascular diseases such as atherosclerosis and arterial damage are 
predominantly enhanced during a systemic chronic inflammatory status. Elevated levels of 
IL-6 have been associated with carotid atherosclerosis and progressive stenosis of the carotid 
artery, thereby upregulating the lipid uptake in macrophages and inhibiting the activity of 
lipoprotein lipase [10]. Increased carotid intima-media thickness (IMT) and hypertension are 
common features of patients with increased plasma levels of IL-18 [11], whereas TNF-α has a 
key role in promoting atherosclerosis, myocardial ischemia/reperfusion, and heart failure via 
several mechanisms: increased cholesterol uptake and foam cell formation in macrophages, 
augmented leukocyte transmigration in subendothelial structures, and increased prolifera-
tion and migration of vascular smooth muscle cells [12].

HIV-1 infection generates a systemic chronic inflammatory disorder as a result of continuous 
alteration of the immune response, contributing to dyslipidemia, EC dysfunction, vascular 
smooth muscle cell proliferation and migration, and, ultimately, the atherosclerotic plaque for-
mation. The virus itself promotes the release of IL-6, IL-18, and TNF-α, together with IFN-γ, 
IL-1β, IL-10, tumor necrosis factor-related apoptosis-inducing ligand (TRAIL), and macrophage 
colony-stimulating factor (M-CSF) by T cells and monocytes [13].

Liver-synthesized C-reactive protein (CRP) is a member of the pentraxin family factors and 
is considered a marker for coronary vascular disease and endothelial damage. CRP plasma 
levels are significantly upregulated in HIV+ patients and inversely correlated with CD4+ T 
lymphocyte count [14], and elevated CRP levels have been associated with an increased risk 
of myocardial infarction in HIV+ patients [15]. It is noteworthy that increased levels of IL-6, 
IL-1, and TNF- α induce CRP, which in turn is able to activate pro-inflammatory cytokines 
such as IL-6 and M-CSF via a positive feedback loop.

The levels of cell adhesion molecules such as vascular cell adhesion protein 1 (VCAM-1) and 
intercellular adhesion molecule 1 (ICAM-1) are raised during HIV-1 infection, thus contribut-
ing to trans-endothelial migration of immune cells [16].

HIV-1 causes a continuous recruitment of monocytes that migrate across the endothelial bar-
rier in blood vessels, differentiate into macrophages, and produce pro-inflammatory cyto-
kines, thus determining the progressive damage of vessel structures. Furthermore, HIV-1 
replicates in macrophages and induces activation and synthesis of several pro-inflammatory 
cytokines that in turn induce endothelial activation and leukocyte adhesion generating a 
positive feedback [17].

An important alteration in lipid metabolism is evident in more than 50% of HIV+ patients. It 
likely relies on the upregulation of hepatic fatty acid synthesis and very low-density lipopro-
tein (VLDL) production, usually triggered by inflammatory cytokines as IFN-γ, TNF-α, and 
IL-1β [18]. At the same time, the continuous trans-endothelial migration of immune cells and 
their inhibited reverse transport determines the localization of monocytes inside the vessel 
wall and promotes the formation of foam cells, the fat-laden macrophages that are implicated 
in the buildup of an atheromatous plaque [17].
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Endothelial Dysfunction - Old Concepts and New Challenges348

2.2. Role of inflammatory cytokines and chemokines in the HIV-1-triggered 
endothelial dysfunction

Endothelial dysfunction and vascular diseases such as atherosclerosis and arterial damage are 
predominantly enhanced during a systemic chronic inflammatory status. Elevated levels of 
IL-6 have been associated with carotid atherosclerosis and progressive stenosis of the carotid 
artery, thereby upregulating the lipid uptake in macrophages and inhibiting the activity of 
lipoprotein lipase [10]. Increased carotid intima-media thickness (IMT) and hypertension are 
common features of patients with increased plasma levels of IL-18 [11], whereas TNF-α has a 
key role in promoting atherosclerosis, myocardial ischemia/reperfusion, and heart failure via 
several mechanisms: increased cholesterol uptake and foam cell formation in macrophages, 
augmented leukocyte transmigration in subendothelial structures, and increased prolifera-
tion and migration of vascular smooth muscle cells [12].
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alteration of the immune response, contributing to dyslipidemia, EC dysfunction, vascular 
smooth muscle cell proliferation and migration, and, ultimately, the atherosclerotic plaque for-
mation. The virus itself promotes the release of IL-6, IL-18, and TNF-α, together with IFN-γ, 
IL-1β, IL-10, tumor necrosis factor-related apoptosis-inducing ligand (TRAIL), and macrophage 
colony-stimulating factor (M-CSF) by T cells and monocytes [13].

Liver-synthesized C-reactive protein (CRP) is a member of the pentraxin family factors and 
is considered a marker for coronary vascular disease and endothelial damage. CRP plasma 
levels are significantly upregulated in HIV+ patients and inversely correlated with CD4+ T 
lymphocyte count [14], and elevated CRP levels have been associated with an increased risk 
of myocardial infarction in HIV+ patients [15]. It is noteworthy that increased levels of IL-6, 
IL-1, and TNF- α induce CRP, which in turn is able to activate pro-inflammatory cytokines 
such as IL-6 and M-CSF via a positive feedback loop.

The levels of cell adhesion molecules such as vascular cell adhesion protein 1 (VCAM-1) and 
intercellular adhesion molecule 1 (ICAM-1) are raised during HIV-1 infection, thus contribut-
ing to trans-endothelial migration of immune cells [16].

HIV-1 causes a continuous recruitment of monocytes that migrate across the endothelial bar-
rier in blood vessels, differentiate into macrophages, and produce pro-inflammatory cyto-
kines, thus determining the progressive damage of vessel structures. Furthermore, HIV-1 
replicates in macrophages and induces activation and synthesis of several pro-inflammatory 
cytokines that in turn induce endothelial activation and leukocyte adhesion generating a 
positive feedback [17].

An important alteration in lipid metabolism is evident in more than 50% of HIV+ patients. It 
likely relies on the upregulation of hepatic fatty acid synthesis and very low-density lipopro-
tein (VLDL) production, usually triggered by inflammatory cytokines as IFN-γ, TNF-α, and 
IL-1β [18]. At the same time, the continuous trans-endothelial migration of immune cells and 
their inhibited reverse transport determines the localization of monocytes inside the vessel 
wall and promotes the formation of foam cells, the fat-laden macrophages that are implicated 
in the buildup of an atheromatous plaque [17].
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Figure 1. HIV-1 capability to promote inflammation, dyslipidemia, and endothelial dysfunction through the activation 
of different immune cells such as T and B cells, macrophages, and natural killer cells (NK cells).

Monocytes, depending on the cytokine/chemokine stimulation, may differentiate into M1 
macrophages, which promote inflammation or into M2 macrophages, which are inflamma-
tory resolving cells [19]. In particular, IFN-γ and IL-1β drive monocytes to acquire an M1 
profile, whereas IL-4 and IL-13 generate M2 macrophages. HIV-1, by infecting macrophages, 
polarizes these cells toward the M1 phenotype [20]. This leads to the imbalance of the M1/M2 
ratio, a condition necessary for sustaining endothelial dysfunction [21].

Endothelin-1 (ET-1) is a potent vasoconstrictor that promotes migration and proliferation of 
smooth muscle cells. HIV-1-triggered secretion of ET-1 promotes a reduction of vascular nitric 
oxide (NO) production by ECs with the consequent proliferation and migration of smooth 
muscle cells leading to arterial vasoconstriction.

Altogether, these findings suggest that HIV-1 produces a general inflammatory microenvi-
ronment that contributes to dyslipidemia, EC dysfunction, chemotaxis, and vascular smooth 
muscle cell proliferation and migration. All these conditions are likely to foster endothelial 
degeneration and atherosclerotic plaque formation (Figure 1).
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2.3. HIV-1-triggered damage of ECs

HIV-1 is not an endothelium-tropic virus. It displays a narrow tropism predominantly deter-
mined by the cell surface receptors required for HIV-1 infection. CD4 and co-receptors are 
usually essential for HIV-1 to infect cells efficiently. The chemokine (C-C motif) receptor 
type 5 (CCR5) is the main co-receptor used in vivo, but variants that use another co-receptor, 
namely, chemokine (C-X-C motif) receptor type 4 (CXCR4), evolve during disease. In vitro, 
more than a dozen different co-receptors have been identified that support infection of cell 
lines by different HIV-1 strains. Moreover, HIV-1 particles interact with a range of cell surface 
receptors via interactions of its envelope glycoprotein gp120 with glycolipid galactocerebro-
side (gal)-C and its sulfated derivative.

HIV-1 capability to infect ECs in vitro depends on the tissue source of ECs and on their func-
tional status. Microvascular ECs from the brain, kidney glomeruli, hepatic sinusoid, and bone 
marrow may be infected by HIV-1 in the absence of cytolysis [22, 23]. HIV-1 infection of 
brain ECs has been largely studied for its relevance in neurological diseases. T cell tropic but 
not brain-derived macrophage tropic HIV-1 strains selectively infect the brain endothelium 
in vitro, suggesting that T cell tropism may be important for HIV-1 entry through the blood-
brain barrier [22] and spreading in the central nervous system [24]. However, it is important 
to underline that in vivo studies do not support the presence of replicating virus in ECs. 
Even if HIV-1 infection of ECs cannot be completely ruled out, this may suggest an indirect 
action of molecules released in the microenvironment by HIV-1-infected cells at the base of 
the mechanism for vascular dysfunction.

In the pathophysiology of cardiovascular disease, the damage of ECs assessed by responses to 
altered blood flow (e.g., flow-mediated dilatation) and differences in the levels of EC specific 
molecules released in the blood (e.g., von Willebrand factor) represent a hallmark. The equi-
librium between the mechanisms of vascular damage and repair plays a crucial role during 
homeostasis of vascular integrity. Following a blood vessel injury, high levels of circulating 
ECs (cECs) and microvesicles are released from endothelium, and the reinstatement of the 
vascular integrity mainly implies activity of endothelial progenitor cells (EPCs), plaque neo-
vascularization, and reverse cholesterol transport [25]. EPCs are key determinants of endo-
thelial dysfunction and show a high predictive value of early vascular disease. Interestingly, 
all vascular repair mechanisms are impaired in HIV+ individuals who have lower EPC levels 
than HIV-1-seronegative subjects [26]. Decrease in the number of EPCs is attributed to HIV-
1, which seems to be able to infect these cells because of their chemokine receptor CCR5 and 
CXCR4 expressions.

Along with reduced EPC levels, HIV+ individuals show high plasma levels of EC-derived 
microvesicles also known as microparticles that are small membranous structures released 
from ECs during apoptosis, which impair the restoration of physiological conditions and 
sustain endothelial dysfunction [27]. HIV+ patients also exhibit high plasma concentrations 
of high sensitivity C-reactive protein (hsCRP), IL-6, TNF-α, D-dimer, fibrinogen, soluble 
ICAM, and VCAM, suggesting endothelial activation and damage. These molecules are also 
responsible for an increased interaction of infected monocytes with ECs, thereby disrupting 
the integrity of the EC monolayer and promoting extravasation of HIV-1-infected cells into 
peripheral tissues and viral dissemination [28].

Endothelial Cell Dysfunction in HIV-1 Infection
http://dx.doi.org/10.5772/intechopen.73023

351



Figure 1. HIV-1 capability to promote inflammation, dyslipidemia, and endothelial dysfunction through the activation 
of different immune cells such as T and B cells, macrophages, and natural killer cells (NK cells).

Monocytes, depending on the cytokine/chemokine stimulation, may differentiate into M1 
macrophages, which promote inflammation or into M2 macrophages, which are inflamma-
tory resolving cells [19]. In particular, IFN-γ and IL-1β drive monocytes to acquire an M1 
profile, whereas IL-4 and IL-13 generate M2 macrophages. HIV-1, by infecting macrophages, 
polarizes these cells toward the M1 phenotype [20]. This leads to the imbalance of the M1/M2 
ratio, a condition necessary for sustaining endothelial dysfunction [21].

Endothelin-1 (ET-1) is a potent vasoconstrictor that promotes migration and proliferation of 
smooth muscle cells. HIV-1-triggered secretion of ET-1 promotes a reduction of vascular nitric 
oxide (NO) production by ECs with the consequent proliferation and migration of smooth 
muscle cells leading to arterial vasoconstriction.

Altogether, these findings suggest that HIV-1 produces a general inflammatory microenvi-
ronment that contributes to dyslipidemia, EC dysfunction, chemotaxis, and vascular smooth 
muscle cell proliferation and migration. All these conditions are likely to foster endothelial 
degeneration and atherosclerotic plaque formation (Figure 1).

Endothelial Dysfunction - Old Concepts and New Challenges350

2.3. HIV-1-triggered damage of ECs

HIV-1 is not an endothelium-tropic virus. It displays a narrow tropism predominantly deter-
mined by the cell surface receptors required for HIV-1 infection. CD4 and co-receptors are 
usually essential for HIV-1 to infect cells efficiently. The chemokine (C-C motif) receptor 
type 5 (CCR5) is the main co-receptor used in vivo, but variants that use another co-receptor, 
namely, chemokine (C-X-C motif) receptor type 4 (CXCR4), evolve during disease. In vitro, 
more than a dozen different co-receptors have been identified that support infection of cell 
lines by different HIV-1 strains. Moreover, HIV-1 particles interact with a range of cell surface 
receptors via interactions of its envelope glycoprotein gp120 with glycolipid galactocerebro-
side (gal)-C and its sulfated derivative.

HIV-1 capability to infect ECs in vitro depends on the tissue source of ECs and on their func-
tional status. Microvascular ECs from the brain, kidney glomeruli, hepatic sinusoid, and bone 
marrow may be infected by HIV-1 in the absence of cytolysis [22, 23]. HIV-1 infection of 
brain ECs has been largely studied for its relevance in neurological diseases. T cell tropic but 
not brain-derived macrophage tropic HIV-1 strains selectively infect the brain endothelium 
in vitro, suggesting that T cell tropism may be important for HIV-1 entry through the blood-
brain barrier [22] and spreading in the central nervous system [24]. However, it is important 
to underline that in vivo studies do not support the presence of replicating virus in ECs. 
Even if HIV-1 infection of ECs cannot be completely ruled out, this may suggest an indirect 
action of molecules released in the microenvironment by HIV-1-infected cells at the base of 
the mechanism for vascular dysfunction.

In the pathophysiology of cardiovascular disease, the damage of ECs assessed by responses to 
altered blood flow (e.g., flow-mediated dilatation) and differences in the levels of EC specific 
molecules released in the blood (e.g., von Willebrand factor) represent a hallmark. The equi-
librium between the mechanisms of vascular damage and repair plays a crucial role during 
homeostasis of vascular integrity. Following a blood vessel injury, high levels of circulating 
ECs (cECs) and microvesicles are released from endothelium, and the reinstatement of the 
vascular integrity mainly implies activity of endothelial progenitor cells (EPCs), plaque neo-
vascularization, and reverse cholesterol transport [25]. EPCs are key determinants of endo-
thelial dysfunction and show a high predictive value of early vascular disease. Interestingly, 
all vascular repair mechanisms are impaired in HIV+ individuals who have lower EPC levels 
than HIV-1-seronegative subjects [26]. Decrease in the number of EPCs is attributed to HIV-
1, which seems to be able to infect these cells because of their chemokine receptor CCR5 and 
CXCR4 expressions.

Along with reduced EPC levels, HIV+ individuals show high plasma levels of EC-derived 
microvesicles also known as microparticles that are small membranous structures released 
from ECs during apoptosis, which impair the restoration of physiological conditions and 
sustain endothelial dysfunction [27]. HIV+ patients also exhibit high plasma concentrations 
of high sensitivity C-reactive protein (hsCRP), IL-6, TNF-α, D-dimer, fibrinogen, soluble 
ICAM, and VCAM, suggesting endothelial activation and damage. These molecules are also 
responsible for an increased interaction of infected monocytes with ECs, thereby disrupting 
the integrity of the EC monolayer and promoting extravasation of HIV-1-infected cells into 
peripheral tissues and viral dissemination [28].

Endothelial Cell Dysfunction in HIV-1 Infection
http://dx.doi.org/10.5772/intechopen.73023

351



2.4. Role of HIV-1 proteins in the pathogenesis of endothelial dysfunction

The HIV-1 genome encodes a total of three structural proteins, two envelope proteins, three 
enzymes, and six accessory proteins. HIV-1 has designed its structural and regulatory/accessory 
proteins to better adapt to the human host and to promote virus replication and transmission. 
Among the many functions in the virus life cycle, a major role played by different HIV-1 pro-
teins in directly driving inflammation and EC dysregulation is strengthening (Figure 2), thus 
highlighting the need to target them for therapeutic benefit.

2.5. HIV-1 structural proteins

The HIV-1 gp120 is the key protein for viral entry by binding to the CD4 receptor and to the 
co-receptor CCR5 or CXCR4. The HIV-1 matrix protein p17 (p17) is a myristoylated protein 
that exerts many important and crucial functions during the virus cell cycle. It contributes 
to nuclear localization of the pre-integration complex after HIV-1 entry and promotes virus 
maturation and assembly [29]. In addition to its key role in the virus life cycle, p17 exerts a 
chemokine-like activity by binding to the chemokine receptor CXCR1 and CXCR2 and mimics 
some of the biological activities of IL-8, the CXCR1 and CXCR2 natural ligand.

Binding of gp120 and p17 to their receptors and/or co-receptors alters the biological activity 
of different cells. Extracellularly, p17 alters immune responses by activating different immune 
cells such as CD4+ T cells, CD8+ T cells, NK cells, plasmacytoid dendritic cells, monocytes, and 
B cells and contributing to the production and release of pro-inflammatory molecules and to 
the development of an inflammatory microenvironment [30–32]. Furthermore, p17 stimulates 
the rapid adhesion and chemotaxis of monocytes and B cells through activation of the Rho/

Figure 2. Role of HIV-1 structural and regulatory proteins in the pathogenesis of inflammation and endothelial cell 
(EC) dysfunction: endothelin-1 (ET-1), interleukin-6 (IL-6), monocyte chemoattractant protein-1 (MCP-1), HIV-1 
glycoprotein-120 (gp120), HIV-1 matrix protein (p17), HIV-1 transactivator of transcription (Tat), and HIV-1 negative 
regulatory factor (Nef).
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ROCK signaling pathway [33], suggesting that p17 may recruit activated monocytes and B 
cells in different tissues and organs to participate and/or sustain inflammatory processes.

On the other hand, gp120 is known to induce dysfunction of T cells, macrophages, cardio-
myocytes, ECs, and central nervous system cells, when expressed on the viral particle, on the 
surface of infected cells, or as a viral-free soluble protein [34].

Endothelial dysfunction mediated by these two HIV-1 structural proteins results to occur 
through different mechanisms: gp120 is considered a direct and indirect proapoptotic factor 
favoring EC death, whereas p17 is a potent angiogenic and lymphangiogenic factor.

EC death by gp120 is mediated by its interaction with CXCR4 expressed on the endothelial 
cell surface that triggers different downstream effects, as activation of the CXCR4-dependent 
caspase and the mitogen-activated protein kinase (MAPK), or through protein kinase C (PKC) 
activation [35]. The indirect mechanism of gp120 apoptosis is based on the increased secretion 
of ET-1 [36, 37], inhibition of NO synthase [38], and a higher surface expression of endothelial 
monocyte-activating polypeptide II (EMAPII) [39]. In particular, EMAPII acts as proapoptotic 
factor following different types of stress including hypoxia and mechanical stress. It is worth 
noting that after its interaction with CXCR4, gp120 promotes p38 MAPK signaling pathway 
activation and a rapid surface expression and release of EMAPII, thus favoring apoptosis 
through a paracrine mechanism. In the context of an inflammatory microenvironment, gp120 
may also contribute to reduce the EC-derived NO synthesized by the NO synthase that is a 
major mediator of endothelium-dependent vasorelaxation and endothelial dysfunction.

P17 is a potent angiogenic and lymphangiogenic molecule both in vitro and in vivo. Activity 
of p17 is dependent on its interaction with the chemokine receptors CXCR1 and CXCR2, 
expressed on ECs [40–42]. Angiogenesis and lymphangiogenesis promoted by p17 after its 
interaction with CXCR1 and/or CXCR2 involve activation of both MAPK/ERK and PI3K/
Akt signaling pathways [40–42]. Lymphangiogenesis induced by p17 was found to be partly 
mediated by the selective release of the pro-angiogenic/lymphangiogenic factor ET-1 [42], 
which binds to its B receptor (ETBR) expressed on lymph node-derived ECs (LECs) and acti-
vates the downstream PI3K/Akt and MAPK/ERK signaling pathways.

Interestingly, many studies demonstrated a long-term persistence of these two structural 
HIV-1 proteins in lymph node germinal centers and lymphoid tissue of HIV+ patients, even 
during successful cART and in the absence of any detectable viral replication [43, 44].

Interestingly, p17 is continuously released in the extracellular space even in the absence of 
viral replication and viral protease activity [45] and is detected at nanomolar concentrations 
in the blood of HIV+ patients even in the presence of anti-p17 antibodies [46].

Altogether, these findings suggest that gp120 and p17 are released by infected cells even 
during cART, bind to ECs, and drive cell activation, angiogenesis, and/or apoptosis, leading 
to vascular disease. In addition, the capability of p17 to stimulate the immune system and 
promote a pro-inflammatory status highlights the key role played by this protein in driving 
endothelial dysfunction.
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ROCK signaling pathway [33], suggesting that p17 may recruit activated monocytes and B 
cells in different tissues and organs to participate and/or sustain inflammatory processes.

On the other hand, gp120 is known to induce dysfunction of T cells, macrophages, cardio-
myocytes, ECs, and central nervous system cells, when expressed on the viral particle, on the 
surface of infected cells, or as a viral-free soluble protein [34].

Endothelial dysfunction mediated by these two HIV-1 structural proteins results to occur 
through different mechanisms: gp120 is considered a direct and indirect proapoptotic factor 
favoring EC death, whereas p17 is a potent angiogenic and lymphangiogenic factor.

EC death by gp120 is mediated by its interaction with CXCR4 expressed on the endothelial 
cell surface that triggers different downstream effects, as activation of the CXCR4-dependent 
caspase and the mitogen-activated protein kinase (MAPK), or through protein kinase C (PKC) 
activation [35]. The indirect mechanism of gp120 apoptosis is based on the increased secretion 
of ET-1 [36, 37], inhibition of NO synthase [38], and a higher surface expression of endothelial 
monocyte-activating polypeptide II (EMAPII) [39]. In particular, EMAPII acts as proapoptotic 
factor following different types of stress including hypoxia and mechanical stress. It is worth 
noting that after its interaction with CXCR4, gp120 promotes p38 MAPK signaling pathway 
activation and a rapid surface expression and release of EMAPII, thus favoring apoptosis 
through a paracrine mechanism. In the context of an inflammatory microenvironment, gp120 
may also contribute to reduce the EC-derived NO synthesized by the NO synthase that is a 
major mediator of endothelium-dependent vasorelaxation and endothelial dysfunction.

P17 is a potent angiogenic and lymphangiogenic molecule both in vitro and in vivo. Activity 
of p17 is dependent on its interaction with the chemokine receptors CXCR1 and CXCR2, 
expressed on ECs [40–42]. Angiogenesis and lymphangiogenesis promoted by p17 after its 
interaction with CXCR1 and/or CXCR2 involve activation of both MAPK/ERK and PI3K/
Akt signaling pathways [40–42]. Lymphangiogenesis induced by p17 was found to be partly 
mediated by the selective release of the pro-angiogenic/lymphangiogenic factor ET-1 [42], 
which binds to its B receptor (ETBR) expressed on lymph node-derived ECs (LECs) and acti-
vates the downstream PI3K/Akt and MAPK/ERK signaling pathways.

Interestingly, many studies demonstrated a long-term persistence of these two structural 
HIV-1 proteins in lymph node germinal centers and lymphoid tissue of HIV+ patients, even 
during successful cART and in the absence of any detectable viral replication [43, 44].

Interestingly, p17 is continuously released in the extracellular space even in the absence of 
viral replication and viral protease activity [45] and is detected at nanomolar concentrations 
in the blood of HIV+ patients even in the presence of anti-p17 antibodies [46].

Altogether, these findings suggest that gp120 and p17 are released by infected cells even 
during cART, bind to ECs, and drive cell activation, angiogenesis, and/or apoptosis, leading 
to vascular disease. In addition, the capability of p17 to stimulate the immune system and 
promote a pro-inflammatory status highlights the key role played by this protein in driving 
endothelial dysfunction.
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2.6. HIV-1 regulatory proteins

HIV-1 Tat protein is a trans-activating regulatory protein, which is essential for efficient tran-
scription of the viral genome. Tat is a proto-cytokine promoting several disease conditions by 
modulating the function of immune cells, mesenchymal cells, and ECs [47, 48].

The HIV-1 viral protein Nef is a 27-kD myristoylated protein. It is not secreted by infected 
cells, but its interaction with membrane and host cell proteins is crucial to sustain its biological 
activity. Nef protein is involved in different intracellular functions including alteration of pro-
tein trafficking, cell signaling cascades, and inhibition of antibody maturation in B cells [49]. 
Nef is able to enhance HIV-1 infectivity by promoting the formation of nanotubes connecting 
HIV-1-infected cells to bystander cells [50]. In particular, transfer of Nef from a HIV-1-infected 
target cell to ECs through nanotubes supports EC activation, dysfunction, and death [51].

Similarly to many potent angiogenic growth factors such as vascular endothelial growth fac-
tor (VEGF) A, Tat has a basic domain rich in arginine and lysine residues that endows the 
viral protein of a potent and direct angiogenic activity [52, 53]. On the contrary, Nef contains 
multiple domains capable of interacting with the endocytic cellular machinery [54]. Tat and 
Nef are both capable of inducing apoptosis in ECs. Many studies demonstrate that Nef is able 
to induce and activate NADPH oxidase that drives ECs to go for apoptosis. Indeed, by signifi-
cantly decreasing NO production and increasing superoxide anion production, Nef contrib-
utes to reactive oxygen species (ROS) production, cell oxidative stress, and cell death [55, 56]. 
Moreover, Nef was also found to potently induce EC apoptosis by activation of caspases [57]. 
Tat causes apoptotic death of ECs via either TNF-α secretion or through activation of the Fas-
dependent pathway. Additionally, Tat is able to promote apoptosis in ECs by activating the 
MAPK/ERK signaling pathway and caspase-3 [58].

In contrast to its proapoptotic effect, Tat may also exert an angiogenic activity through a 
multi-signaling-dependent pathway. Angiogenic activity promoted by Tat depends on bind-
ing and activation of the Flk-1/kinase insert domain receptor (Flk-1/KDR), a VEGF-A tyrosine 
kinase receptor, and on binding to integrin αvβ5 receptor and heparan sulfate proteoglycans. 
Tat interaction with cellular receptors leads to the activation of signaling pathways associated 
with EC growth, migration, and angiogenesis [59, 60].

Similarly to the HIV-1 structural protein p17, both Tat and Nef proteins trigger immune cells 
activation and inflammation. In fact, Tat promotes transmigration of monocytes through 
the endothelial barrier and inflammation by inducing ECs to express adhesion molecules 
as E-selectin, ICAM-1, VCAM-1, and ELAM-1 and to release IL-6 [61, 62]. Tat-induced EC 
activation is likely aimed to facilitate interaction of inflammatory cells with ECs and promote 
MCP-1 secretion by activation of PKC signaling pathway [63]. At the same time, Nef protein 
contributes to inflammation increasing the endothelial MCP-1 production through activation 
of the NF-kB signaling pathway [50]. It is worth noting that this activity is also promoted 
by the HIV-1 structural protein p17, following activation of the AP-1 signaling pathway [32] 
highlighting a remarkable redundancy in the biological activity of structural and regulatory 
proteins. Interestingly, it has been recently shown that Nef is also involved in the alteration of 
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EC cholesterol homeostasis by phosphorylation of Caveolin-1 (Cav-1) at Tyr14 that promotes 
Cav-1 redistribution and impairment of HDL-mediated cholesterol efflux in ECs [64].

Secretion of Tat in the microenvironment, even during antiretroviral therapy [65]; its direct 
involvement in endothelial homeostasis, acting as proapoptotic factors or as a pro-angiogenic 
factor; and its ability to generate an inflammatory status suggest that in the absence of HIV-1 
detectable viremia, persistence of endothelial dysfunction in HIV+ patients may be, at least in 
part, ascribed to this (and bona fide to Nef) HIV-1 regulatory protein.

2.7. Animal models in HIV-1 endothelial dysfunction

Although many improvements have been made in the development of animal models to 
study HIV-1-associated endothelial dysfunction, these models do not completely reproduce 
the pathophysiological features of endothelial dysfunction in humans.

A model of transgenic mice partially reproduces, but below expectations, the features of endo-
thelial dysfunction observed during HIV-1 infection in humans [66]. Indeed, HIV-1-infected 
mice develop an adventitial mixed inflammatory cell migration, medial hypocellularity, and 
intimal hyperplasia following smooth muscle infiltration with sparing of the ECs. Furthermore, 
viral components are observed in smooth muscle cells, which in some instances proliferate in 
the absence of inflammation, remarking the conceptual principles of viral invasion [66]. The 
model of macaque species infected with the simian immunodeficiency virus (SIV) shares many 
more similarities than the transgenic mouse model, in term of disease, with HIV-1 infection and 
vascular diseases in humans. In an animal model based on macaques infected with a chimeric 
viral construct containing the HIV-1 Nef gene in a SIV backbone (SHIV-1-nef), the presence of 
complex vascular lesions has been demonstrated that are not evident in SIV-infected animals 
[67]. These findings seem to highlight a possible role of HIV-1 Nef in endothelial dysfunction 
leading to severe arterial disease. Interestingly, vascular alterations, subendothelial infiltration 
of immune cells, and significantly reduced levels of NO have been found in a model of Rhesus 
macaques infected by SIV and SHIV-1 [68].

Vasculogenic activity of p17 has been recently demonstrated using ex vivo and in vivo model 
[40–42]. The ex vivo rat aortic ring assay showed that p17 was able to promote vasculogenesis 
as potent as that observed using VEGF-A [40]. Similar results were obtained in the in vivo 
chick chorioallantoic membrane (CAM) assay, which highlighted the capability of p17 to gen-
erate allantoic neovessels as compared to control CAMs [40]. Matrigel plug assay has been 
used to test the lymphangiogenic activity of p17 in mice. Matrigel plugs containing the viral 
matrix protein were implanted into the dorsal subcutaneous tissue of C57BL/6 mice and after 
10 days from the injection; matrigel plugs were immunostained with polyclonal antibody to 
lymphatic vessel endothelial receptor-1 (LYVE-1) identifying pronounced lymphatic vessel 
formation in p17-treated mice, compared to controls [42]. Interestingly, matrigel plugs con-
taining a p17 variant derived from an Ugandan clade A1, named S75X and endowed with B 
cell growth-promoting activity, showed the presence of adipocyte infiltration observed at the 
histological level, thus suggesting that at least some p17 variants may trigger a possible inter-
play between angiogenesis, lymphangiogenesis, and adipogenesis [41].
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tein trafficking, cell signaling cascades, and inhibition of antibody maturation in B cells [49]. 
Nef is able to enhance HIV-1 infectivity by promoting the formation of nanotubes connecting 
HIV-1-infected cells to bystander cells [50]. In particular, transfer of Nef from a HIV-1-infected 
target cell to ECs through nanotubes supports EC activation, dysfunction, and death [51].

Similarly to many potent angiogenic growth factors such as vascular endothelial growth fac-
tor (VEGF) A, Tat has a basic domain rich in arginine and lysine residues that endows the 
viral protein of a potent and direct angiogenic activity [52, 53]. On the contrary, Nef contains 
multiple domains capable of interacting with the endocytic cellular machinery [54]. Tat and 
Nef are both capable of inducing apoptosis in ECs. Many studies demonstrate that Nef is able 
to induce and activate NADPH oxidase that drives ECs to go for apoptosis. Indeed, by signifi-
cantly decreasing NO production and increasing superoxide anion production, Nef contrib-
utes to reactive oxygen species (ROS) production, cell oxidative stress, and cell death [55, 56]. 
Moreover, Nef was also found to potently induce EC apoptosis by activation of caspases [57]. 
Tat causes apoptotic death of ECs via either TNF-α secretion or through activation of the Fas-
dependent pathway. Additionally, Tat is able to promote apoptosis in ECs by activating the 
MAPK/ERK signaling pathway and caspase-3 [58].

In contrast to its proapoptotic effect, Tat may also exert an angiogenic activity through a 
multi-signaling-dependent pathway. Angiogenic activity promoted by Tat depends on bind-
ing and activation of the Flk-1/kinase insert domain receptor (Flk-1/KDR), a VEGF-A tyrosine 
kinase receptor, and on binding to integrin αvβ5 receptor and heparan sulfate proteoglycans. 
Tat interaction with cellular receptors leads to the activation of signaling pathways associated 
with EC growth, migration, and angiogenesis [59, 60].

Similarly to the HIV-1 structural protein p17, both Tat and Nef proteins trigger immune cells 
activation and inflammation. In fact, Tat promotes transmigration of monocytes through 
the endothelial barrier and inflammation by inducing ECs to express adhesion molecules 
as E-selectin, ICAM-1, VCAM-1, and ELAM-1 and to release IL-6 [61, 62]. Tat-induced EC 
activation is likely aimed to facilitate interaction of inflammatory cells with ECs and promote 
MCP-1 secretion by activation of PKC signaling pathway [63]. At the same time, Nef protein 
contributes to inflammation increasing the endothelial MCP-1 production through activation 
of the NF-kB signaling pathway [50]. It is worth noting that this activity is also promoted 
by the HIV-1 structural protein p17, following activation of the AP-1 signaling pathway [32] 
highlighting a remarkable redundancy in the biological activity of structural and regulatory 
proteins. Interestingly, it has been recently shown that Nef is also involved in the alteration of 
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EC cholesterol homeostasis by phosphorylation of Caveolin-1 (Cav-1) at Tyr14 that promotes 
Cav-1 redistribution and impairment of HDL-mediated cholesterol efflux in ECs [64].

Secretion of Tat in the microenvironment, even during antiretroviral therapy [65]; its direct 
involvement in endothelial homeostasis, acting as proapoptotic factors or as a pro-angiogenic 
factor; and its ability to generate an inflammatory status suggest that in the absence of HIV-1 
detectable viremia, persistence of endothelial dysfunction in HIV+ patients may be, at least in 
part, ascribed to this (and bona fide to Nef) HIV-1 regulatory protein.

2.7. Animal models in HIV-1 endothelial dysfunction

Although many improvements have been made in the development of animal models to 
study HIV-1-associated endothelial dysfunction, these models do not completely reproduce 
the pathophysiological features of endothelial dysfunction in humans.

A model of transgenic mice partially reproduces, but below expectations, the features of endo-
thelial dysfunction observed during HIV-1 infection in humans [66]. Indeed, HIV-1-infected 
mice develop an adventitial mixed inflammatory cell migration, medial hypocellularity, and 
intimal hyperplasia following smooth muscle infiltration with sparing of the ECs. Furthermore, 
viral components are observed in smooth muscle cells, which in some instances proliferate in 
the absence of inflammation, remarking the conceptual principles of viral invasion [66]. The 
model of macaque species infected with the simian immunodeficiency virus (SIV) shares many 
more similarities than the transgenic mouse model, in term of disease, with HIV-1 infection and 
vascular diseases in humans. In an animal model based on macaques infected with a chimeric 
viral construct containing the HIV-1 Nef gene in a SIV backbone (SHIV-1-nef), the presence of 
complex vascular lesions has been demonstrated that are not evident in SIV-infected animals 
[67]. These findings seem to highlight a possible role of HIV-1 Nef in endothelial dysfunction 
leading to severe arterial disease. Interestingly, vascular alterations, subendothelial infiltration 
of immune cells, and significantly reduced levels of NO have been found in a model of Rhesus 
macaques infected by SIV and SHIV-1 [68].

Vasculogenic activity of p17 has been recently demonstrated using ex vivo and in vivo model 
[40–42]. The ex vivo rat aortic ring assay showed that p17 was able to promote vasculogenesis 
as potent as that observed using VEGF-A [40]. Similar results were obtained in the in vivo 
chick chorioallantoic membrane (CAM) assay, which highlighted the capability of p17 to gen-
erate allantoic neovessels as compared to control CAMs [40]. Matrigel plug assay has been 
used to test the lymphangiogenic activity of p17 in mice. Matrigel plugs containing the viral 
matrix protein were implanted into the dorsal subcutaneous tissue of C57BL/6 mice and after 
10 days from the injection; matrigel plugs were immunostained with polyclonal antibody to 
lymphatic vessel endothelial receptor-1 (LYVE-1) identifying pronounced lymphatic vessel 
formation in p17-treated mice, compared to controls [42]. Interestingly, matrigel plugs con-
taining a p17 variant derived from an Ugandan clade A1, named S75X and endowed with B 
cell growth-promoting activity, showed the presence of adipocyte infiltration observed at the 
histological level, thus suggesting that at least some p17 variants may trigger a possible inter-
play between angiogenesis, lymphangiogenesis, and adipogenesis [41].
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3. Conclusions

As described in the present chapter, endothelial dysfunction occurring in HIV+ patients may 
be considered as a multifactorial pathology in which the HIV-1 virus itself and, most of all, 
its structural and regulatory proteins are able to induce strong changes in the physiology and 
morphology of ECs by altering their homeostasis and function.

Interestingly, HIV+ patients have a high risk of endothelial dysfunction in the absence and in 
the presence of suppressive cART [69, 70], although low-level transcription of HIV-1 genes 
continues even after years of cART [71, 72]. Many studies demonstrated the persistence of 
HIV-1-encoded proteins in different tissues and organs also during pharmacological con-
trol of infection. Since these proteins are able to induce a direct endothelial damage and to 
develop an inflammatory microenvironment, it is possible to hypothesize that viral proteins 
are among the most important factors involved in endothelial dysfunction development. 
Although animal models have limitations and can never completely mimic HIV-1 infection 
of humans or the physiological relevance of a single protein product in the human micro-
environment, they start to provide proof of concept for a general vascular dysregulation 
operated by HIV-1 and its products. Altogether, these data show that a microenvironment 
disposed to endothelial dysfunction is a common feature in HIV+ individuals (Figure 3). 
Recognizing the interaction of some HIV-1 protein products with their receptors as the key 
events in sustaining endothelial aberrant functioning could help us to identify new thera-
peutic strategies in combating and/or preventing HIV-1-related vascular disease.

Figure 3. Endothelial dysfunction in HIV+ patients under combination antiretroviral therapy (cART) occurs following 
multiple trigger factors.
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Along with the development of novel chemotherapeutic agents, radiation therapy has 
revolutionized the prognosis of patients with various cancers. However, with a longer 
life expectancy, radiation treatment-related comorbidity, like cardiovascular diseases 
(CVDs), becomes an issue for cancer survivors. In addition, exposure to X-rays for medi-
cal diagnostics is dramatically increasing at the present times. A pressing question is 
whether or not exposure to these very low doses can cause health damage. Below 0.5 
gray (Gy), an increased risk cannot be evidenced by epidemiology alone, and in vitro and 
in vivo mechanistic studies focused on the elucidation of molecular signaling pathways 
are needed. Given the critical role of the endothelium in normal vascular functions, a 
complete understanding of radiation-induced endothelial dysfunction is crucial. In this 
way, the current radiation protection system could be refined if needed, making it pos-
sible to more accurately assess the cardiovascular risk in the low-dose region. Finally, 
radiation-induced CVD, like CVD in general, is a progressive disorder that may take 
years to decades to manifest. Therefore, experimental studies are warranted to fulfill the 
urgent need to identify noninvasive biomarkers for an early detection and potential inter-
ventions—together with a healthy lifestyle—that may prevent or mitigate these adverse 
effects.
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1. Introduction

Cardiovascular disease (CVD) is the leading cause of morbidity and mortality in the Western 
world. It accounts for nearly one-third of all deaths worldwide. There are multiple contribu-
tory risk factors for heart disease. Some are of a controllable nature, such as lifestyle, dietary 
factors, and metabolic disorders, such as high cholesterol levels and hypertension. Others 
are noncontrollable risk factors, such as gender, age, and genetic predisposition [1, 2].  
In addition, there are environmental factors affecting the risk of CVD, ionizing radiation 
being one such factor.

It has been known for a long time that high doses of radiation, such as those delivered dur-
ing radiotherapy, cause damage to the heart and vasculature and thus increase the risk 
of CVD. Data from animal experiments have strongly supported this observation [3–6]. 
However, for doses <0.5 gray (Gy), epidemiological data are suggestive rather than persua-
sive. Therefore, the magnitude of CVD risk in the low-dose region where issues of radiation 
protection usually operate is not clear [3–6].

Various issues, such as occupational radiation exposure, future of nuclear power, manned 
space flights, and threat of radiological terrorism, call for a thorough understanding of low-
dose health risks [7]. The main concern is, however, an increasing use of ionizing radiation for 
diagnostic medical purposes (Figure 1) [8]. For instance, since 1993, the number of computed 
tomography (CT) scans has increased four times in the United States, and a similar trend 
is observed in Europe [9]. Medical radiation is the largest source of radiation exposure in 
Western countries, accounting for a mean effective dose of 3.0 millisievert (mSv) on average 
per capita per year from diagnostic procedures only, corresponding to a radiological risk of 
30 chest X-rays [10]. Of note, doses from therapeutic procedures are not taken into account in 
this number. Although the health benefits of these improved diagnostic procedures are huge, 
concerns are raised regarding “overuse” and potential associated health risks [11].

Figure 1. Average annual effective dose per person received in 1980 (left panel) and in 2006 (right panel) in the United 
States. The large increase in the use of ionizing radiation for medical purposes, in the period 1980–2006, contributed to a 
total increase from 3.0 mSv in 1980 to 6.2 mSv in 2006. Similar trends are observed in other industrialized countries [1].
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1.1. What is ionizing radiation?

From natural to manufactured sources, life on earth is exposed on a daily basis to ionizing 
radiation. Defined as a type of energy released by atoms that travel in the form of electro-
magnetic or particles, this energy can eject tightly bound electrons from the orbit of an atom, 
causing the atom to become ionized [12]. In nature, one can distinguish three main types of 
ionizing radiation: alpha (α), beta (β) particles, and gamma (γ) rays. They are all produced 
by naturally occurring substances with unstable nuclei (e.g., cobalt-60 and cesium-137)  
that spontaneously undergo radioactive decay. During the decay process, energy is lost via 
emission of ionizing radiation in the form of electromagnetic γ-rays and/or charged particles 
(e.g., α- and β-particles) [13]. One of the most common manufactured forms of ionizing radiation 
is X-ray radiation. X-rays are in most aspects similar to γ-rays but differ in origin. While γ-rays 
are derived from the natural decay of radioactive elements, X-rays are artificially produced 
in X-ray generators by directing a stream of high-speed electrons at a target material, such as 
gold or tungsten [14]. When electrons interact with atomic particles of the target, X-radiation is 
produced [12]. In addition to the most common forms listed above, there are many other forms 
of ionizing radiation of human or natural origin. Examples are neutrons, accelerated ions and 
fission fragments [15, 16]. These less common forms can have different biological effects, which 
can be exploited, for example, in hadron therapy for cancer treatment [17].

1.2. Radiation metrics

Biological effects of ionizing radiation are related to energy deposition in matter. To assess the 
impact of ionizing radiation on human health and to set guidelines in radioprotection, units 
to measure a dose and its biological effects are required.

The absorbed dose is defined as the amount of energy, originating from any type of ionizing 
radiation and any irradiation geometry that is absorbed per unit mass of material. The inter-
national SI unit for absorbed dose is gray (Gy). One Gy represents the absorption of 1 joule of 
energy in 1 kilogram of mass (1 J/kg). This definition is pure physical, as it does not consider 
the quality of the ionizing radiation type and the extent of biological damage it inflicts to 
certain tissues and/or organs. As a result, the terms equivalent dose and effective dose have 
been introduced [18].

The equivalent dose takes into account the ability of a particular kind of ionizing radiation 
to cause damage. It is obtained by multiplying the absorbed dose (Gy) with a radiation-
weighting factor (wR) attributed to each different radiation type (e.g., the wR of photons and 
electrons is 1, the wR of protons and charged ions is 2, and the wR of α particles and fission 
fragments is 20). The international SI unit for equivalent dose is the sievert (Sv) [18].

The effective dose is defined as the weighted sum of all tissue and organ equivalent doses 
multiplied by their respective tissue-weighting factor (wT). It expresses the biological effect 
that a certain type of ionizing radiation has on the human body. wT values have been defined 
to represent the contributions of individual organs and tissues to overall radiation effects on 
the human body. Similar to the equivalent dose, the effective dose has sievert (Sv) as inter-
national SI unit. Care should be taken with wT values because they constitute an average 
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over both genders and adult ages to reflect the radiation burden to an average human adult 
[18, 19]. Examples of effective doses associated with different sources of ionizing radiation 
are presented in Table 1.

1.3. Protection against radiation exposure

Short after the discovery of ionizing radiation by Röntgen in 1895, its detrimental effects 
became apparent, and people tried to protect themselves [24]. Nowadays, the International 
Committee on Radiological Protection (ICRP) and the US National Council on Radiation 
Protection and Measurements (NCRP) aim to protect people by advising means for achieving 
this, e.g., regulatory and guidance limits [18, 25].

The major question that keeps radiation protection bodies busy and that became the founda-
tion of radiation protection guidelines worldwide is “How much is harmful?” This question is 
particularly relevant for low-dose exposures for which health impact is not yet fully elucidated. 
Although a large number of epidemiological and radiobiological studies have been performed 
to date in order to investigate the effects of low doses of ionizing radiation [26–47], accurate 
risk assessment is not yet available [18]. Current guidelines for protection against low-dose 
radiation are based on cancer risk estimates from epidemiological studies. As discussed fur-
ther, cohorts include atomic bomb survivors, occupationally exposed people, patients (diag-
nostics or therapeutics), and environmentally exposed people [48]. In general, an excess cancer  

Source Effective dose (mSv)*

Dental X-ray 0.005

Radiography of the chest 0.1

One return flight (New York-London) 0.1

Radiography of the abdomen 1.2

CT of the head 2

Natural background (per year) 2.4

Mammography 3

CT of the chest 7

CT of the abdomen 6–10

CT of the pelvis 8–10

Coronary CT angiography 12

Myocardial perfusion study 10–29

Myocardial viability study 14–41

Annual occupational dose limit 20

Radiotherapy (delivered in fractions) 40,000–70,000

*Doses are whole-body doses, except those of medical exposure, which are delivered to a specific organ. CT, computed 
tomography; Sv sievert [7, 19–23]

Table 1. Representative effective doses associated with different sources of ionizing radiation.
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risk can be statistically evidenced for doses above 100 mGy. Nevertheless, doses below 
100 mGy are inconclusive due to two practical limits of epidemiological studies: low statisti-
cal power that generates random errors and demography that gives rise to systematic errors. 
Due to a high natural incidence of cancer, a lifetime follow-up of larger cohorts would be 
needed to quantify excess cancer risks due to a low dose of ionizing radiation. This is prac-
tically infeasible. Furthermore, confounding factors, such as lifestyle risk factors for CVD, 
can hamper accuracy to confidently detect a small increase in cancer mortality (discussed in 
Section 2.4). Any inadequacy in matching between control and study groups may give rise 
to a bias that cannot be merely reduced by expanding the size of the groups [49]. As a conse-
quence, risk assessment in the low-dose region (<100 mGy) is based on extrapolations made 
from high-dose risk estimates [50]. For cancer, it is widely accepted that the tumorigenic risk 
increases with radiation dose without the presence of a threshold (the stochastic linear non-
threshold [LNT] model). This assumption implies that no dose is absolutely safe, resulting in 
implementation of the “as low as reasonably achievable” principle [51, 52].

In contrast to cancer, non-cancer diseases have for long not been considered as health risks fol-
lowing exposure to low doses of ionizing radiation. Consequently, they were believed to have 
a threshold dose below which no significant adverse risks are induced (deterministic linear 
threshold model) [18, 53]. This idea has been challenged by epidemiological findings show-
ing an excess risk of non-cancer diseases following exposure to doses lower than previously 
thought [34, 54]. Epidemiological evidence suggests an excess risk of CVD mortality above 
0.5 Gy [34, 54]. For doses below 0.5 Gy, the dose-risk relationship is still unclear. However, if 
the relationship proves to be without a threshold, this may have a considerable impact on the 
current radiation protection system, since the overall excess mortality risk following low-dose 
exposure could double [55].

2. Radiation-induced cardiovascular disease

2.1. Epidemiology of radiation-induced CVD

Current predictions indicate that in Western countries almost one of three people will develop 
cancer during their lifetime [56]. About 50–60% of all cancer patients will undergo radiotherapy 
with radiation doses averaging 1.8–2 Gy per fraction [57]. During the radiotherapeutic treatment 
of tumors located in the mediastinal region of the human body (breast, lung, and esophageal 
cancers), the heart and its blood vessels incidentally receive a part of the radiation dose [46].  
Exposure of the cardiovascular system to these therapeutic doses is known to be associated 
with CVDs. The first epidemiological evidence of this association came from radiation-treated 
Hodgkin’s lymphoma survivors in the 1960s. In a study of 258 Hodgkin’s disease patients fol-
lowed for a median of 14.2 years (range 0.7–26.2) after radiotherapy, cumulative risk for isch-
emic event increased from 6.4% (95% confidence interval (CI), 3.8 ± 10.7) at 10 years to 21.2% 
(95% CI, 15 ± 30) at 20–25 years after radiotherapy treatment. Risk for myocardial infarction 
was 3.4% (95% CI, 1.6 ± 7.0) at 10 years and 14.2% (95% CI, 9 ± 22) at 20–25 years, and risk for 
ischemic cardiac mortality was 2.6% (95% CI, 1.1 ± 6.1) at 10 years and 10.2% (95% CI, 5.3 ± 19) at 
25 years (Figure 2A) [58]. Cardiac fibrosis, which causes cardiac dysfunction, arrhythmias, and 
heart failure, is also seen in Hodgkin’s lymphoma survivors but is rather the result of the use of 
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cal power that generates random errors and demography that gives rise to systematic errors. 
Due to a high natural incidence of cancer, a lifetime follow-up of larger cohorts would be 
needed to quantify excess cancer risks due to a low dose of ionizing radiation. This is prac-
tically infeasible. Furthermore, confounding factors, such as lifestyle risk factors for CVD, 
can hamper accuracy to confidently detect a small increase in cancer mortality (discussed in 
Section 2.4). Any inadequacy in matching between control and study groups may give rise 
to a bias that cannot be merely reduced by expanding the size of the groups [49]. As a conse-
quence, risk assessment in the low-dose region (<100 mGy) is based on extrapolations made 
from high-dose risk estimates [50]. For cancer, it is widely accepted that the tumorigenic risk 
increases with radiation dose without the presence of a threshold (the stochastic linear non-
threshold [LNT] model). This assumption implies that no dose is absolutely safe, resulting in 
implementation of the “as low as reasonably achievable” principle [51, 52].

In contrast to cancer, non-cancer diseases have for long not been considered as health risks fol-
lowing exposure to low doses of ionizing radiation. Consequently, they were believed to have 
a threshold dose below which no significant adverse risks are induced (deterministic linear 
threshold model) [18, 53]. This idea has been challenged by epidemiological findings show-
ing an excess risk of non-cancer diseases following exposure to doses lower than previously 
thought [34, 54]. Epidemiological evidence suggests an excess risk of CVD mortality above 
0.5 Gy [34, 54]. For doses below 0.5 Gy, the dose-risk relationship is still unclear. However, if 
the relationship proves to be without a threshold, this may have a considerable impact on the 
current radiation protection system, since the overall excess mortality risk following low-dose 
exposure could double [55].
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Current predictions indicate that in Western countries almost one of three people will develop 
cancer during their lifetime [56]. About 50–60% of all cancer patients will undergo radiotherapy 
with radiation doses averaging 1.8–2 Gy per fraction [57]. During the radiotherapeutic treatment 
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anthracyclines [59]. Radiation-induced cardiovascular disorders are based rather on the damage 
to the blood vessels. Later, in the study of Darby et al., 2168 breast cancer patients were followed 
between 5 and more than 20 years after radiotherapy. It was found that women irradiated for left 
breast cancer (estimated mean heart dose 6.6 Gy) had higher rates of major coronary events than 
women irradiated for right breast cancer (estimated mean heart dose 2.9 Gy; P = 0.002). Excess 
relative risk (ERR), a measure that quantifies how much the level of risk among persons with a 
given level of exposure exceeds the risk of nonexposed persons [60] for major coronary events 
was 7.4% per Gy (95% CI, 2.9–14.5) when all follow-up times and all breast cancer patients were 
included (Figure 2B) [54].

Additional proofs of increased risk of CVDs after high-dose exposure were provided during the 
follow-up of Japanese atomic bomb survivors. During a 53-year follow-up of 86,611 members 
of the Life Span Study cohort, excess relative risk of death from heart disease per Gy was 0.14 
(95% CI 0.06–0.23) (Figure 2C) [34]. Although there is a large number of epidemiological studies  
showing a clear excess of CVD risk above 0.5 Gy, they are of limited use for quantitative risk 
assessment, because individual dosimetry has yet to be performed [35]. In addition, even if an 
adverse effect can be evidenced at relatively high doses of ionizing radiation, mechanisms by 
which therapeutic doses affect the cardiovascular system are still not completely understood [28].

Figure 2. Epidemiological evidence for an increased risk of CVDs after exposure to ionizing radiation. (A) Cumulative 
risk curves for the occurrence of cardiac events in Hodgkin’s lymphoma survivors [58]. (B) Rate of major coronary events 
according to mean radiation dose to the heart given during breast cancer radiotherapy, as compared with the estimated 
rate with no radiation exposure to the heart [54]. (C) Excess relative risk for death from heart disease in Japanese atomic 
bomb survivors. Shaded area is the 95% confidence region for the fitted lines [34].
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When the heart receives a radiation dose lower than 0.5 Gy, epidemiological evidence is less 
strong than that for higher doses. The most informative cohort in this respect is composed of 
Japanese atomic bomb survivors. It is of high value for low-dose epidemiology as a source for 
risk estimation due to its large size, the presence of both sexes and all ages, and because irradi-
ated people have well-characterized individual dose estimates [36]. Studies in occupationally 
exposed individuals are also of interest as they generally involve relatively low doses received 
during repeated exposures. Examples of such cohorts are nuclear industry workers from 15 
countries (the 15-country study) [37], the UK National Registry for Radiation Workers [38], the 
National Dose Registry of Canada [39], the Chernobyl liquidator cohort [40], and the Mayak 
cohort [41–43]. The last cohort is composed of workers from Mayak PA, the first and largest 
Russian nuclear factory for plutonium production where the majority of workers were exposed 
to ionizing radiation during the first period of operation [61]. In addition, data can also be 
acquired from environmentally exposed groups, such as settlements located at the vicinity of 
the Techa River [44] and the Semipalatinsk nuclear test area [45].

When taking into account all epidemiological data on CVD effects of ionizing radiation, a small but 
highly statistically significant ERR of 0.09 per Gy (95% CI, 0.07–0.12) was observed at doses higher 
than 0.5 Gy [35]. In addition, ERR of CVD mortality was estimated at 0.08 (95% CI, 0.04–0.12).  
In other words, receiving 1 Gy of ionizing radiation to the heart and its blood vessels increases 
the risk of CVD mortality with 8% in comparison to nonexposed people. This assumed risk is 
rather large and may therefore have serious implications for public health. Indeed, considering 
the high background rate of CVD, the absolute number of excess cases could be substantial [62]. 
In order to find an association between low-level radiation exposure and CVD risk in a general 
unselected population, this meta-analysis was extended by Little et al. [55]. When taking into 
account 717,660 individuals from the Japanese atomic bomb survivor and occupational and envi-
ronmental exposure studies listed above, a statistically significant ERR coefficient of 0.10 (95% 
CI, 0.05–0.15) for coronary artery disease was observed as a result of exposure to low-level radia-
tion more than 5 years prior to death [55]. A linear association between ERR and radiation dose 
was assumed even in the low-dose range, because there was little evidence of nonlinearity in the 
dose-response curves for CVD in Japanese atomic bomb survivors [34, 63] and in Mayak workers 
[41]. Authors further argued that the consistency of ERR/Gy between Japanese atomic bomb sur-
vivors with moderate radiation doses [34, 63] and occupational cohorts with low doses could be 
used to support the notion of a linear relationship between ERR of CVD mortality and low doses 
of ionizing radiation [55]. In a recent third analysis of the Life Span Study cohort of atomic bomb 
survivors with 105,444 subjects, the shape of the dose-response curve for solid cancer incidence 
was found significantly different among males and females (P = 0.02). For females, dose-response 
was consistent with linearity, but for males dose-response best fitted a linear-quadratic model 
[64]. If this were to be confirmed, the overall excess risk of CVD-associated mortality after expo-
sure to low doses of radiation would be about twice that associated to radiation-induced cancers, 
which ranges from 4.2% to 5.6% per Sv for the cohort populations discussed above [55, 65] and 
would even be different between both sexes.

2.2. Pathophysiology of radiation-induced CVD

Following radiotherapy of the thoracic part of the human body for mediastinal lymphoma, breast, 
lung, and esophageal cancers, the heart incidentally receives a part of the therapeutic dose [46].  
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anthracyclines [59]. Radiation-induced cardiovascular disorders are based rather on the damage 
to the blood vessels. Later, in the study of Darby et al., 2168 breast cancer patients were followed 
between 5 and more than 20 years after radiotherapy. It was found that women irradiated for left 
breast cancer (estimated mean heart dose 6.6 Gy) had higher rates of major coronary events than 
women irradiated for right breast cancer (estimated mean heart dose 2.9 Gy; P = 0.002). Excess 
relative risk (ERR), a measure that quantifies how much the level of risk among persons with a 
given level of exposure exceeds the risk of nonexposed persons [60] for major coronary events 
was 7.4% per Gy (95% CI, 2.9–14.5) when all follow-up times and all breast cancer patients were 
included (Figure 2B) [54].

Additional proofs of increased risk of CVDs after high-dose exposure were provided during the 
follow-up of Japanese atomic bomb survivors. During a 53-year follow-up of 86,611 members 
of the Life Span Study cohort, excess relative risk of death from heart disease per Gy was 0.14 
(95% CI 0.06–0.23) (Figure 2C) [34]. Although there is a large number of epidemiological studies  
showing a clear excess of CVD risk above 0.5 Gy, they are of limited use for quantitative risk 
assessment, because individual dosimetry has yet to be performed [35]. In addition, even if an 
adverse effect can be evidenced at relatively high doses of ionizing radiation, mechanisms by 
which therapeutic doses affect the cardiovascular system are still not completely understood [28].

Figure 2. Epidemiological evidence for an increased risk of CVDs after exposure to ionizing radiation. (A) Cumulative 
risk curves for the occurrence of cardiac events in Hodgkin’s lymphoma survivors [58]. (B) Rate of major coronary events 
according to mean radiation dose to the heart given during breast cancer radiotherapy, as compared with the estimated 
rate with no radiation exposure to the heart [54]. (C) Excess relative risk for death from heart disease in Japanese atomic 
bomb survivors. Shaded area is the 95% confidence region for the fitted lines [34].
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Russian nuclear factory for plutonium production where the majority of workers were exposed 
to ionizing radiation during the first period of operation [61]. In addition, data can also be 
acquired from environmentally exposed groups, such as settlements located at the vicinity of 
the Techa River [44] and the Semipalatinsk nuclear test area [45].

When taking into account all epidemiological data on CVD effects of ionizing radiation, a small but 
highly statistically significant ERR of 0.09 per Gy (95% CI, 0.07–0.12) was observed at doses higher 
than 0.5 Gy [35]. In addition, ERR of CVD mortality was estimated at 0.08 (95% CI, 0.04–0.12).  
In other words, receiving 1 Gy of ionizing radiation to the heart and its blood vessels increases 
the risk of CVD mortality with 8% in comparison to nonexposed people. This assumed risk is 
rather large and may therefore have serious implications for public health. Indeed, considering 
the high background rate of CVD, the absolute number of excess cases could be substantial [62]. 
In order to find an association between low-level radiation exposure and CVD risk in a general 
unselected population, this meta-analysis was extended by Little et al. [55]. When taking into 
account 717,660 individuals from the Japanese atomic bomb survivor and occupational and envi-
ronmental exposure studies listed above, a statistically significant ERR coefficient of 0.10 (95% 
CI, 0.05–0.15) for coronary artery disease was observed as a result of exposure to low-level radia-
tion more than 5 years prior to death [55]. A linear association between ERR and radiation dose 
was assumed even in the low-dose range, because there was little evidence of nonlinearity in the 
dose-response curves for CVD in Japanese atomic bomb survivors [34, 63] and in Mayak workers 
[41]. Authors further argued that the consistency of ERR/Gy between Japanese atomic bomb sur-
vivors with moderate radiation doses [34, 63] and occupational cohorts with low doses could be 
used to support the notion of a linear relationship between ERR of CVD mortality and low doses 
of ionizing radiation [55]. In a recent third analysis of the Life Span Study cohort of atomic bomb 
survivors with 105,444 subjects, the shape of the dose-response curve for solid cancer incidence 
was found significantly different among males and females (P = 0.02). For females, dose-response 
was consistent with linearity, but for males dose-response best fitted a linear-quadratic model 
[64]. If this were to be confirmed, the overall excess risk of CVD-associated mortality after expo-
sure to low doses of radiation would be about twice that associated to radiation-induced cancers, 
which ranges from 4.2% to 5.6% per Sv for the cohort populations discussed above [55, 65] and 
would even be different between both sexes.
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As indicated in the epidemiology section, high-dose radiation exposure of the heart and its 
vessels is associated with a risk of radiation-induced CVD [34, 54, 55]. In this context, coronary 
artery disease is considered to be the major cardiovascular complication [28, 30, 54]. Two studies 
provide molecular and cellular mechanisms accounting for increased morbidity and mortality 
of coronary artery disease following radiation exposure. First, radiation can influence the patho-
genesis of age-related atherosclerosis, thereby accelerating the development of atherosclerosis 
in coronary arteries [28]. Growing atherosclerotic plaques narrow the blood vessel and hamper 
the blood stream (Figure 3). Second, damage to the heart microvasculature can reduce blood 
flow to the myocardium, causing myocardial ischemia, which promotes acute infarction [30]. 
Because endothelial activation and dysfunction are major causes of atherosclerosis, much of the 
current radiobiological research is exploring the molecular and phenotypic effects of ionizing 
radiation in endothelial cells in the context of radiation-induced CVD [66, 67]. It should be noted, 
however, that there are also other clinical manifestations of radiation-related CVD, such as peri-
carditis, congestive heart failure, and heart fibrosis [30, 68, 69]. Radiation-induced pericarditis is 
caused by damage to the cardiac microvascular network in combination with fibrosis of cardiac 
venous and lymphatic channels. This ultimately leads to accumulation of a fibrin-rich exudate in 
the pericardium, causing pericardial tamponade. Congestive heart failure is attributed to radi-
ation-induced fibrosis of the myocardium, which ultimately leads to decreased elasticity and 
extensibility of cardiac walls, thereby reducing the ejection fraction [70]. To learn more about 
putative mechanisms, the interested reader is referred to some excellent recent reviews [69, 71].

2.3. Gaps in the current knowledge of radiation-induced CVD

Available epidemiological studies have limited statistical power to detect a possible excess 
risk of CVD following exposure to radiation doses lower than 0.5 Gy. Limited power is due 
both to the high background level of CVD in studied populations and to the existence of many 

Figure 3. Longitudinal cut of a normal, healthy blood vessel (left) and of a blood vessel with an atherosclerotic plaque 
hampering the blood stream (right). Damage to the endothelium is an important trigger of atherosclerosis, itself a main 
cause of CVD.
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 potentially confounding risk factors. For example, occupational studies have to deal with the 
“healthy worker” effect, and the study of A-bomb survivors has to deal with the “healthy survi-
vor” effect. Both selection effects occur when healthy individuals with lower mortality and mor-
bidity rates are selectively retained at a specific site (work and living area, respectively) where 
they accumulate higher doses and therefore confound the dose-risk relationship [37]. Other 
potential confounders in epidemiological studies are lifestyle risk factors for CVD (e.g., smok-
ing, alcohol consumption, obesity, diabetes, hypertension) [35, 55] prognosis of cancer treatment 
regimens [30], distribution of the dose range, accuracy of dosimetry, duration of follow-up after 
exposure, and correct assignment of the cause of mortality [62]. For these reasons, the number of 
people needed to quantify the excess risk of a dose <0.5 Gy is unfeasibly high. In the context of 
radiation-related cancer, for example, a cohort of 5 million people would be needed to quantify 
the excess risk of a 10 mGy dose, assuming that the excess risk is in proportion to the dose [7]. 
Moreover, CVD may occur a long time after exposure to doses below 30 Gy (approx. 10–30 year 
lag) [30, 72, 73]. As a result, a long follow-up period of time is needed to determine the nature 
and magnitude of risks following individual exposure to lower doses.

Despite the fact that epidemiological studies have led to significant insights in radiation-
related CVD risk, there are still many uncertainties that need to be addressed. Does CVD risk 
occur only above a specific radiation dose? Is the latency of CVD development dependent on 
the dose? Which are the sensitive targets in the heart and vasculature (e.g., fibroblasts, vascular 
smooth muscle cells, and endothelial cells)? Does radiation exposure affect CVD incidence or 
progression or both? Is there a difference between single dose and fractionated and chronic 
exposure? How does the time interval between two consecutive dose fractionations play a role 
in the induction of damage? These questions need to be answered to provide a more accurate 
dose risk assessment in order to improve the current radiation protection system.

Classical epidemiological studies are not adapted to provide answers to these questions. There is, 
therefore, a clear need for more detailed epidemiological studies that would be capable of addressing 
potential confounding factors and selection biases that could influence results. Furthermore, there 
is a particular need for a better understanding of the biological and molecular mechanisms respon-
sible for the association between ionizing radiation and CVD [6]. Hence, a more directed approach 
is required, such as molecular epidemiology that integrates epidemiology and biology [55].  
Radiobiological research is thus essential for understanding the radiation-related CVD risks, 
both at high and low doses. In other words, accurate risk estimation will be possible only based 
on comprehensive biological and molecular understanding of what ionizing radiation does to the 
cardiovascular system. To date, the induction of radiation-related CVD risks is believed to be the 
result of endothelial dysfunction, which will be discussed in the next section [30].

3. Endothelial cell responses after ionizing radiation exposure

The endothelium could be a critical target in ionizing radiation-related CVD [74]. The 
 endothelium is a single layer of cells that lines the interior of the vascular system and of 
the heart and has thus a strategic position between the blood and the surrounding tissues. 
It is a highly active organ system that is constantly sensing and responding to changes of 
the  extracellular environment to maintain a normal function of the vascular system [75]. 
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As indicated in the epidemiology section, high-dose radiation exposure of the heart and its 
vessels is associated with a risk of radiation-induced CVD [34, 54, 55]. In this context, coronary 
artery disease is considered to be the major cardiovascular complication [28, 30, 54]. Two studies 
provide molecular and cellular mechanisms accounting for increased morbidity and mortality 
of coronary artery disease following radiation exposure. First, radiation can influence the patho-
genesis of age-related atherosclerosis, thereby accelerating the development of atherosclerosis 
in coronary arteries [28]. Growing atherosclerotic plaques narrow the blood vessel and hamper 
the blood stream (Figure 3). Second, damage to the heart microvasculature can reduce blood 
flow to the myocardium, causing myocardial ischemia, which promotes acute infarction [30]. 
Because endothelial activation and dysfunction are major causes of atherosclerosis, much of the 
current radiobiological research is exploring the molecular and phenotypic effects of ionizing 
radiation in endothelial cells in the context of radiation-induced CVD [66, 67]. It should be noted, 
however, that there are also other clinical manifestations of radiation-related CVD, such as peri-
carditis, congestive heart failure, and heart fibrosis [30, 68, 69]. Radiation-induced pericarditis is 
caused by damage to the cardiac microvascular network in combination with fibrosis of cardiac 
venous and lymphatic channels. This ultimately leads to accumulation of a fibrin-rich exudate in 
the pericardium, causing pericardial tamponade. Congestive heart failure is attributed to radi-
ation-induced fibrosis of the myocardium, which ultimately leads to decreased elasticity and 
extensibility of cardiac walls, thereby reducing the ejection fraction [70]. To learn more about 
putative mechanisms, the interested reader is referred to some excellent recent reviews [69, 71].

2.3. Gaps in the current knowledge of radiation-induced CVD

Available epidemiological studies have limited statistical power to detect a possible excess 
risk of CVD following exposure to radiation doses lower than 0.5 Gy. Limited power is due 
both to the high background level of CVD in studied populations and to the existence of many 
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 potentially confounding risk factors. For example, occupational studies have to deal with the 
“healthy worker” effect, and the study of A-bomb survivors has to deal with the “healthy survi-
vor” effect. Both selection effects occur when healthy individuals with lower mortality and mor-
bidity rates are selectively retained at a specific site (work and living area, respectively) where 
they accumulate higher doses and therefore confound the dose-risk relationship [37]. Other 
potential confounders in epidemiological studies are lifestyle risk factors for CVD (e.g., smok-
ing, alcohol consumption, obesity, diabetes, hypertension) [35, 55] prognosis of cancer treatment 
regimens [30], distribution of the dose range, accuracy of dosimetry, duration of follow-up after 
exposure, and correct assignment of the cause of mortality [62]. For these reasons, the number of 
people needed to quantify the excess risk of a dose <0.5 Gy is unfeasibly high. In the context of 
radiation-related cancer, for example, a cohort of 5 million people would be needed to quantify 
the excess risk of a 10 mGy dose, assuming that the excess risk is in proportion to the dose [7]. 
Moreover, CVD may occur a long time after exposure to doses below 30 Gy (approx. 10–30 year 
lag) [30, 72, 73]. As a result, a long follow-up period of time is needed to determine the nature 
and magnitude of risks following individual exposure to lower doses.

Despite the fact that epidemiological studies have led to significant insights in radiation-
related CVD risk, there are still many uncertainties that need to be addressed. Does CVD risk 
occur only above a specific radiation dose? Is the latency of CVD development dependent on 
the dose? Which are the sensitive targets in the heart and vasculature (e.g., fibroblasts, vascular 
smooth muscle cells, and endothelial cells)? Does radiation exposure affect CVD incidence or 
progression or both? Is there a difference between single dose and fractionated and chronic 
exposure? How does the time interval between two consecutive dose fractionations play a role 
in the induction of damage? These questions need to be answered to provide a more accurate 
dose risk assessment in order to improve the current radiation protection system.

Classical epidemiological studies are not adapted to provide answers to these questions. There is, 
therefore, a clear need for more detailed epidemiological studies that would be capable of addressing 
potential confounding factors and selection biases that could influence results. Furthermore, there 
is a particular need for a better understanding of the biological and molecular mechanisms respon-
sible for the association between ionizing radiation and CVD [6]. Hence, a more directed approach 
is required, such as molecular epidemiology that integrates epidemiology and biology [55].  
Radiobiological research is thus essential for understanding the radiation-related CVD risks, 
both at high and low doses. In other words, accurate risk estimation will be possible only based 
on comprehensive biological and molecular understanding of what ionizing radiation does to the 
cardiovascular system. To date, the induction of radiation-related CVD risks is believed to be the 
result of endothelial dysfunction, which will be discussed in the next section [30].

3. Endothelial cell responses after ionizing radiation exposure

The endothelium could be a critical target in ionizing radiation-related CVD [74]. The 
 endothelium is a single layer of cells that lines the interior of the vascular system and of 
the heart and has thus a strategic position between the blood and the surrounding tissues. 
It is a highly active organ system that is constantly sensing and responding to changes of 
the  extracellular environment to maintain a normal function of the vascular system [75]. 
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Endothelial cells are involved in a wide range of physiological processes, such as regulation of 
vascular tone, vascular permeability, blood coagulation/fibrinolysis, and inflammation, which 
are needed to maintain proper vascular functioning (Figure 4) [76]. Endothelial dysfunction 
has been observed in patients with atherosclerosis and in patients that exhibit CVD risk factors 
such as smoking, dyslipidemia, obesity, and diabetes mellitus [77] and is considered to be one 
of the first predictive indicators of cardiovascular morbidity and mortality [78].

A dysfunctional endothelium is characterized by inflammation, DNA damage, oxidative stress, 
alterations of coagulation and platelet pathways, senescence, and cell death, all of which are 
observed after radiation doses above 1–2 Gy, as shown in many in vitro and in vivo studies [6, 28, 
79–81]. Comparatively, both protective and detrimental effects have been reported for low-dose 
exposure, suggesting that multiple mechanisms may influence radiation-induced atherosclerosis 
[6, 62]. Increasing evidence also suggests a role of intercellular communication in the endothelial cell 
response to ionizing radiation [82]. All of these endpoints are briefly discussed in the following 
paragraphs. In addition, other pathological effects of ionizing radiation on the endothelium are 
observed like impaired endothelial regulation of vascular tone [83−87], loss of the endothelial 
monolayer integrity [88–92], and procoagulant and prothrombic conditions [28, 93−108].

3.1. Inflammation

Endothelial expression of adhesion molecules plays an important role in recruiting inflammatory 
cells from the bloodstream into the vessel intima where they transform into foam cells, elements 

Figure 4. Overview of the major physiological functions of the arterial endothelium. (A) The endothelium (ECs, endothelial 
cells) forms a selective barrier regulating solute flux and fluid permeability between the blood and surrounding tissues 
[78]. (B) Formation of a thrombus or blood clot is referred to as intravascular coagulation, and the breakdown of 
a thrombus is referred to as fibrinolysis. Normal endothelium has antithrombotic and profibrinolytic properties and 
actively represses platelet adhesion and aggregation. Vessel damage or exposure to pro-inflammatory molecules shifts the 
balance toward more prothrombic/antifibrinolytic activities [75, 109]. (C) To regulate the vascular tone, the endothelium 
releases various vasodilatory agents, such as nitric oxide (NO) and endothelial-derived hyperpolarizing factor (EDHF), 
or vasoconstrictive agents, such as endothelin-1 (ET-1), which modify vascular smooth muscle cell (VSMC) contractility 
[110]. (D) In the case of inflammation, endothelial permeability is increased. Endothelial cells recruit immune cells via the 
expression of adhesion molecules and mediate their transmigration toward the inner vascular wall [75, 76] .
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of the atherosclerotic plaque. Radiation has been shown to upregulate several of such adhe-
sion molecules. For instance, exposure of endothelial cells to 5 Gy increases the expression of 
intercellular adhesion molecule-1 (ICAM-1) and E-selectin 6 h after irradiation [111]. Platelet 
endothelial cell adhesion molecule-1 (PECAM-1), ICAM-1 and ICAM-2, and vascular cellular 
adhesion molecule-1 (VCAM-1) were also observed to increase in mouse heart cells 10 weeks 
after local thorax irradiation with 8 Gy [112]. Interestingly, ICAM-1 and VCAM-1 remained 
upregulated 20 weeks after irradiation. Besides induction of adhesion molecules, the expres-
sion of cytokines, such as interleukin (IL)-6 and IL-8, and other inflammatory molecules such 
as transforming growth factor-β (TGF-β) was shown to increase after high and moderate irra-
diation doses in human endothelial cell cultures [113, 114]. In this context, the Japanese atomic 
bomb survivors’ cohort also showed signs of a generally increased inflammation state, with 
increased levels of IL-6 and C-reactive protein (CRP) [115].

3.2. DNA damage and apoptosis

Ionizing radiation is known to induce a wide range of DNA lesions, of which double-strand 
breaks (DSBs) are most severe in a direct manner but also indirectly through the formation of 
reactive oxygen species (ROS) [116, 117]. Upon DNA damage, a response is initiated, and cells 
activate cell cycle checkpoints that slow down or stop cell cycle progression [118]. This gives 
them time to repair damaged DNA or to prevent division when chromosomes are damaged 
or incompletely replicated. If cells fail to repair their DNA, they undergo programmed cell 
death, apoptosis, or premature senescence (described below) [119]. Consequently, DSB leads 
to a high lethality of the affected cells.

Whereas high doses are known to induce apoptosis in endothelial cells [120], less is known 
about the effect of low radiation doses. A subtle but significant increase in DSBs was observed 
in human umbilical vein endothelial cells (HUVEC) and EA.hy926 endothelial cells 30 min after 
exposure to 0.05 Gy. In addition, irradiation with 0.05 Gy and 0.1 Gy induced relatively more 
DSB/Gy in comparison to 0.5 Gy and 2 Gy [121]. This observation could be caused either by an 
underestimation due to DNA damage spot merging [122] or by the induction of a global chro-
matin reorganization at low doses of ionizing radiation [123]. Furthermore, a dose-dependent 
increase in the number of apoptotic cells was observed, down to 0.5 Gy in HUVEC and 0.1 Gy in 
EA.hy926 cells [121]. Another study showed no increase in the number of apoptotic endothelial 
cells after exposure to 0.2 Gy, whereas apoptosis was observed after exposure to 5 Gy [124].

3.3. Oxidative stress, mitochondrial dysfunction, and metabolic changes

Mitochondria are often regarded as the powerhouse of the cell by generating the ultimate 
energy transfer molecule, adenosine triphosphate or ATP. Mitochondrial dysfunction is 
part of both normal and premature agings, but it can also contribute to inflammation, cell 
senescence, oxidative stress, and apoptosis. Increasing evidence indicates that mitochondrial 
damage and dysfunction occur in atherosclerosis and may contribute to the multiple patho-
logical processes underlying the disease [125].

An increased accumulation of mitochondrial DNA damage was observed in several human fibro-
blast cell lines after exposure to doses as low as 0.1 Gy [126]. Furthermore, functional impairment 
of mitochondria (reduced mitochondrial respiration and electron transport chain activity) and 
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Endothelial cells are involved in a wide range of physiological processes, such as regulation of 
vascular tone, vascular permeability, blood coagulation/fibrinolysis, and inflammation, which 
are needed to maintain proper vascular functioning (Figure 4) [76]. Endothelial dysfunction 
has been observed in patients with atherosclerosis and in patients that exhibit CVD risk factors 
such as smoking, dyslipidemia, obesity, and diabetes mellitus [77] and is considered to be one 
of the first predictive indicators of cardiovascular morbidity and mortality [78].

A dysfunctional endothelium is characterized by inflammation, DNA damage, oxidative stress, 
alterations of coagulation and platelet pathways, senescence, and cell death, all of which are 
observed after radiation doses above 1–2 Gy, as shown in many in vitro and in vivo studies [6, 28, 
79–81]. Comparatively, both protective and detrimental effects have been reported for low-dose 
exposure, suggesting that multiple mechanisms may influence radiation-induced atherosclerosis 
[6, 62]. Increasing evidence also suggests a role of intercellular communication in the endothelial cell 
response to ionizing radiation [82]. All of these endpoints are briefly discussed in the following 
paragraphs. In addition, other pathological effects of ionizing radiation on the endothelium are 
observed like impaired endothelial regulation of vascular tone [83−87], loss of the endothelial 
monolayer integrity [88–92], and procoagulant and prothrombic conditions [28, 93−108].

3.1. Inflammation

Endothelial expression of adhesion molecules plays an important role in recruiting inflammatory 
cells from the bloodstream into the vessel intima where they transform into foam cells, elements 

Figure 4. Overview of the major physiological functions of the arterial endothelium. (A) The endothelium (ECs, endothelial 
cells) forms a selective barrier regulating solute flux and fluid permeability between the blood and surrounding tissues 
[78]. (B) Formation of a thrombus or blood clot is referred to as intravascular coagulation, and the breakdown of 
a thrombus is referred to as fibrinolysis. Normal endothelium has antithrombotic and profibrinolytic properties and 
actively represses platelet adhesion and aggregation. Vessel damage or exposure to pro-inflammatory molecules shifts the 
balance toward more prothrombic/antifibrinolytic activities [75, 109]. (C) To regulate the vascular tone, the endothelium 
releases various vasodilatory agents, such as nitric oxide (NO) and endothelial-derived hyperpolarizing factor (EDHF), 
or vasoconstrictive agents, such as endothelin-1 (ET-1), which modify vascular smooth muscle cell (VSMC) contractility 
[110]. (D) In the case of inflammation, endothelial permeability is increased. Endothelial cells recruit immune cells via the 
expression of adhesion molecules and mediate their transmigration toward the inner vascular wall [75, 76] .
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of the atherosclerotic plaque. Radiation has been shown to upregulate several of such adhe-
sion molecules. For instance, exposure of endothelial cells to 5 Gy increases the expression of 
intercellular adhesion molecule-1 (ICAM-1) and E-selectin 6 h after irradiation [111]. Platelet 
endothelial cell adhesion molecule-1 (PECAM-1), ICAM-1 and ICAM-2, and vascular cellular 
adhesion molecule-1 (VCAM-1) were also observed to increase in mouse heart cells 10 weeks 
after local thorax irradiation with 8 Gy [112]. Interestingly, ICAM-1 and VCAM-1 remained 
upregulated 20 weeks after irradiation. Besides induction of adhesion molecules, the expres-
sion of cytokines, such as interleukin (IL)-6 and IL-8, and other inflammatory molecules such 
as transforming growth factor-β (TGF-β) was shown to increase after high and moderate irra-
diation doses in human endothelial cell cultures [113, 114]. In this context, the Japanese atomic 
bomb survivors’ cohort also showed signs of a generally increased inflammation state, with 
increased levels of IL-6 and C-reactive protein (CRP) [115].

3.2. DNA damage and apoptosis

Ionizing radiation is known to induce a wide range of DNA lesions, of which double-strand 
breaks (DSBs) are most severe in a direct manner but also indirectly through the formation of 
reactive oxygen species (ROS) [116, 117]. Upon DNA damage, a response is initiated, and cells 
activate cell cycle checkpoints that slow down or stop cell cycle progression [118]. This gives 
them time to repair damaged DNA or to prevent division when chromosomes are damaged 
or incompletely replicated. If cells fail to repair their DNA, they undergo programmed cell 
death, apoptosis, or premature senescence (described below) [119]. Consequently, DSB leads 
to a high lethality of the affected cells.

Whereas high doses are known to induce apoptosis in endothelial cells [120], less is known 
about the effect of low radiation doses. A subtle but significant increase in DSBs was observed 
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underestimation due to DNA damage spot merging [122] or by the induction of a global chro-
matin reorganization at low doses of ionizing radiation [123]. Furthermore, a dose-dependent 
increase in the number of apoptotic cells was observed, down to 0.5 Gy in HUVEC and 0.1 Gy in 
EA.hy926 cells [121]. Another study showed no increase in the number of apoptotic endothelial 
cells after exposure to 0.2 Gy, whereas apoptosis was observed after exposure to 5 Gy [124].

3.3. Oxidative stress, mitochondrial dysfunction, and metabolic changes

Mitochondria are often regarded as the powerhouse of the cell by generating the ultimate 
energy transfer molecule, adenosine triphosphate or ATP. Mitochondrial dysfunction is 
part of both normal and premature agings, but it can also contribute to inflammation, cell 
senescence, oxidative stress, and apoptosis. Increasing evidence indicates that mitochondrial 
damage and dysfunction occur in atherosclerosis and may contribute to the multiple patho-
logical processes underlying the disease [125].

An increased accumulation of mitochondrial DNA damage was observed in several human fibro-
blast cell lines after exposure to doses as low as 0.1 Gy [126]. Furthermore, functional impairment 
of mitochondria (reduced mitochondrial respiration and electron transport chain activity) and 
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alterations of the mitochondrial proteome were observed in isolated cardiac mouse mitochondria 
4 and 40 weeks after a 2 Gy local heart irradiation. Only a few alterations of the mitochondrial 
proteome and no effect on mitochondrial function were observed with 0.2 Gy [127, 128]. Finally, 
alterations of energy and lipid metabolism and perturbations of the insulin/insulin growth 
factor—phosphatidylinositol-4,5-bisphosphate 3-kinase—RAC-alpha serine/threonine-protein 
kinase (IGP-PI3K-Akt) signaling pathway were suggested in proteomic studies using cell lines 
or cells isolated from mice after irradiation with doses ranging from 3 to 16 Gy [129−131].

Water radiolysis instantly causes the formation of ROS (e.g., •OH−, •O2
−, H2O2). However, 

cellular oxidative stress can also be observed long after irradiation, due to an increase in endog-
enous cellular ROS production [132]. Mitochondria are believed to be the major source of radi-
ation-induced secondary ROS. For instance, Leach et al. have demonstrated that between 1 
and 10 Gy, the amount of ROS-producing cells increased with the dose, which they suggested 
was dependent on radiation-induced propagation of mitochondrial permeability transition 
via a Ca2+-dependent mechanism [133, 134]. It has further been suggested that ROS can be 
transferred from cell to cell by gap junctions and paracrine communication pathways in order 
to propagate radiation-induced biological effects at the intercellular level. This phenomenon 
is commonly referred to as the radiation-induced “bystander effect” [135]. Multiple molecular 
signaling mechanisms involving oxidative stress, various kinases, inflammatory molecules, 
and Ca2+ are postulated to contribute to this effect [136].

3.4. Premature senescence

The culprit of radiation-induced premature senescence is most likely severe irreparable DSB 
[137], even if accelerated telomere shortening has also been suggested [138]. Furthermore, 
oxidative stress is seen as a major player in radiation-induced senescence and is involved in 
both radiation-induced DNA damage and accelerated telomere attrition [138−140].

In several in vitro studies, it has been demonstrated that ionizing radiation induces endothelial 
cell senescence, mainly with exposure to higher radiation doses [141–144]. An interesting study 
was carried out to examine the effect of chronic low-dose rate irradiation (1.4, 2.4, and 4.1 mGy/h) 
during 10 weeks [145, 146]. Exposure to 1.4 mGy/h did not accelerate the onset of senescence, 
whereas exposure to 2.4 mGy/h and 4.1 mGy/h did. Remarkably, a senescent profile was observed 
when the accumulated doses received by the cells reached 4 Gy. Proteomic analysis revealed a 
role for radiation-induced oxidative stress and DNA damage, resulting in induction of the p53/
p21 pathway. Also, a role for the PI3K/Akt/mechanistic target of rapamycin (mTOR) pathway 
was suggested. In a related transcriptomic study, authors suggested that premature senescence 
resulted from an early stress response with p53 signaling, cell cycle changes, DNA repair, and 
apoptosis observed after 1 week of exposure and an inflammation-related profile observed after 
3 weeks. In addition, a possible role of insulin-like growth factor-binding protein 5 (IGFBP-5) 
signaling, known to be involved in the regulation of cellular senescence, was suggested for the 
induction of premature senescence after chronic low-dose rate irradiation [147].

Oxidative stress, inflammation, and cellular senescence are all consequences of a normal 
aging process but are observed early in irradiated tissues, including the heart, suggesting an 
intensification and acceleration of these molecular processes [71].
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3.5. Intercellular communication

Traditionally, it was accepted that exposure to ionizing radiation only directly affects 
irradiated cells. However, in 1992, it was found that irradiation of 1% cells with α-particles 
leads to genetic damage in more than 30% of cells [148]. Exposure of cells to ionizing radiation 
results in significant biological effects occurring in both irradiated and non-irradiated cells 
through the radiation-induced bystander effect [149, 150]. Although the mechanisms of this 
effect are not fully elucidated yet, oxidative stress, different cytokines (e.g., TNF-α, IL-1, and 
IL-6), Ca2+, and kinases play a role in the damage to non-irradiated cells.

Intercellular communication through gap junctions and paracrine signaling through hemichannels  
have been suggested to mediate bystander responses. Gap junctions and hemichannels are com-
posed of multimeric transmembrane structures made of connexin (Cx) [150, 151]. In human, 21 Cx  
proteins have been identified, which are present in most organs, and display a tissue/cel-
lular specificity [152, 153]. There are three different Cx isotypes expressed in endothelial cells 
of major arteries, namely, Cx37, Cx40, and Cx43 [154−156]. Cxs have important physiological 
roles (e.g., they support longitudinal and radial cell-cell communication in the vascular wall), 
and changes of their expression patterns have been observed during atherosclerosis. Although 
healthy endothelial cells mainly express Cx37 and Cx40, both Cxs are lost in the endothelium 
covering advanced atherosclerotic plaques. On the contrary, Cx43 is detectable at specific regions 
of advanced atherosclerotic plaques [157]. The mechanisms responsible for modification of the 
Cx expression pattern in atherosclerosis are not fully understood. However, it has been recently 
demonstrated that Cx37 is a regulator of endothelial NO synthase (eNOS) [158]. The altered Cx37 
expression level could be responsible for decreased eNOS activity and decreased NO bioavailabil-
ity, which may cause endothelial cell dysfunction and increased susceptibility to  atherosclerosis. 
Therefore, Cx37 may play a protective role against atherosclerosis. In addition, Cx40 may play a 
similar role, as endothelial-specific deletion of Cx40 was reported to promote atherosclerosis by 
increasing CD73-dependent leukocyte adhesion to the endothelium [155]. In contrast to the athe-
roprotective effects of Cx37 and Cx40, Cx43 has been suggested to be pro-atherosclerotic. Indeed, 
downregulation of Cx43 expression inhibited monocyte-endothelial adhesion by decreasing the 
expression levels of cell adhesion proteins, whereas its upregulation enhanced the adhesion of 
monocytes to endothelial cells [159]. Besides their roles in atherosclerosis, Cxs were reported to 
be highly sensitive to ionizing radiation [156]. Indeed, it was observed that a low-dose irradiation 
exposure induced activation of Cx43 in a time- and dose-dependent manner in human neonatal 
foreskin fibroblasts [160]. Moreover, upregulation of Cx43 was noticed after 5 Gy of X-ray expo-
sure in mouse primary endothelial cells [161].

4. Conclusion

Research regarding CVD risk related to ionizing radiation is an important way forward to 
complement epidemiological data with the underlying biological and molecular mechanisms. 
This is especially important for doses <0.5 Gy, for which epidemiological data are suggestive 
rather than persuasive. Indeed, due to limited statistical power, the dose-risk relationship 
is undetermined below 0.5 Gy, but if this relationship proves to be without a threshold, it 
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may have a considerable impact on current low-dose health risk estimates. In this regard, a 
complete understanding of the pathological effects of ionizing radiation regarding endothelial 
dysfunction is needed. In addition, it will help in the identification of protective strategies as 
well as a set of predictive biomarkers for radiation-induced cardiovascular disorders.
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Abstract

Biomarkers are biological indicators of processes that are part of ethiopathogenesis of the 
diseases, and can, but do not have to be causal to diseases. One very important question 
is how specific and sensitive the marker is, since one molecule can appear in many con-
ditions. Biomarkers of endothelial cell activation can be very diverse, from biochemical/
metabolic to functional biomarkers. Activation of endothelial cells is part of physiological 
as well as pathophysiological response of cardiovascular system in conditions as physical 
activity, growth, pregnancy and in all cardiometabolic diseases (e.g., hypertension, dia-
betes mellitus, autoimmune inflammatory diseases, coronary artery disease, atheroscle-
rosis, ischemia and reperfusion, etc.). During activation, there is a change in endothelial 
cell morphology and function, which could be a defensive response of endothelium to 
provoking factor or could lead to increased risk for the injury and end organ damage. 
This chapter aims to overview current knowledge on established biomarkers of normal 
and disease-related endothelial activation and to provide information on novel, potential 
biomarkers in common cardiometabolic diseases.

Keywords: endothelial activation, biomarkers, laser Doppler flowmetry, flow mediated 
dilation, pregnancy, exercise, cardiometabolic diseases, functional markers, nitric oxide, 
prostaglandins

1. Introduction

Vascular endothelium has a critical role in maintaining vascular tone, and changes in vascular 
flow are in complex interactions with endothelium. The importance of this particular function 
of the endothelium manifests in the fact that the term “endothelial function” is usually used to 
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describe the ability of endothelium to release vasoactive substances and thereby regulate blood 
flow. The basic principle of vascular function is that healthy blood vessels dilate normally and the 
diseased blood vessels exhibit a dysfunctional vasodilation. Therefore, all methods for endothelial 
function assessment are based on the ability of endothelium to respond (vasodilation or vasocon-
striction) to a specific stimulus (vascular occlusion, pharmacological vasodilators, heating, etc.).

Biomarkers are biological indicators of processes that are part of etiology of the diseases, and 
can, but do not have to be causal to diseases. One very important question is how specific 
and sensitive the marker is, since one molecule can appear in many conditions. Biomarkers 
of endothelial cell activation can be very diverse: biochemical/metabolic (such as plasma 
glucose, lipids, cytokines, asymmetric dimethylarginine (ADMA), high sensitive C-reactive 
protein (hsCRP), myeloperoxidase (MPO), cell adhesion molecules (CAMs), markers of 
coagulability, markers of oxidative stress, chemokines, microparticles, endothelial progenitor 
cells), functional biomarkers (such as flow-mediated dilation and other types of flowmetry, 
arteriographic measurements of vascular function) and structure (e.g., CIMT—carotid intima-
media thickness, angiogenesis, or rarefaction).

2. Biochemical biomarkers of vascular (endothelial) function

Over the last three decades, a number of methodological approaches were developed in order 
to evaluate and measure (patho)physiological function of the endothelium in humans [1, 2]. 
Evidently, these new methods intensified research and brought novelties in the field of vas-
cular physiology and pathophysiology, but still are not implemented as clinical tools in daily 
practice. The approaches for endothelial function assessment were designed to provide insight 
into vascular/endothelial function in different sites (vascular beds) and different blood ves-
sel types (conductive, resistant, and microcirculation). Earlier methods were more invasive 
(e.g., intracoronary infusion of acetylcholine (ACh), and later developed techniques that were 
less invasive have focused on peripheral circulation (forearm circulation) as a surrogate for 
coronary arteries [3–5]. As expected, all of these methods have their advantages and accepted 
limitations, and neither of the developed methods does present the absolute standard for the 
evaluation of endothelial function, in both macro- and microcirculation.

There is an extensive body of evidence reporting that generalized endothelial dysfunction 
exhibited virtually in every arterial bed presents an early manifestation of a variety of car-
diovascular diseases (CVDs) [6, 7]. Still, when investigating endothelial function in different 
CVDs, diverse (patho)physiological role of large conductance vessels and small microvascu-
lature should be considered.

There are many various molecules which have been denoted as vascular or endothelial mark-
ers, e.g., lipids, cytokines, ADMA, hsCRP, MPO, CAMs, markers of coagulability, markers 
of oxidative stress, chemokines, microparticles, and endothelial progenitor cells. It has been 
demonstrated that reduced bioavailability of nitric oxide (NO) plays a central role in impaired 
vascular/endothelial response (endothelial dysfunction) in conduit arteries, while NO in the 
microcirculation primarily modulates tissue metabolism [8]. On the other hand, a number of 

Endothelial Dysfunction - Old Concepts and New Challenges392

studies indicate that endothelium-derived hyperpolarizing factor (EDHF) plays a major role 
in vasodilation in skin microcirculation [9], whereas the results are still conflicting concerning 
the implication of prostaglandins [10–12]. A study on coronary endothelial function in young 
smokers reported that they had epicardial coronary endothelial dysfunction but preserved 
microvascular endothelial function [13].

2.1. Biomarkers in pregnancy

The importance of maternal vascular adaptation to pregnancy is to increase blood flow and to 
assure the proper development of the fetus. Several possible biochemical biomarkers have been 
proposed to evaluate vascular/endothelial function in pregnancy. First among them is NO, one 
of most important endothelial vasodilators, which is produced by NO synthase (NOS). It is 
well accepted that NOS-3 expression levels are increased in uterine artery endothelium in preg-
nancy [14]. Prostacyclin (PGI2) also plays an important role in vasodilator response, and its con-
centration is elevated in pregnancy [15]. In order to estimate the real impact of prostacyclin on 
vascular tone, determination of thromboxane a2 (TXA2)/PGI2 ratio is needed. Since both TXA2 
and PGI2 have very short half-life, only indirect measures can be made of stable metabolites in 
the blood (thromboxane b2 (TXB2) and 6-keto-prostaglandin F2a (6-ketoPGF2A)), and there is 
no technique which allows their monitoring in real time. It has been demonstrated that cycloox-
ygenase 1 (COX1) is upregulated in endothelial cells during pregnancy, and therefore induces 
a PGI2 increment [14]. EDHF is the third major player in endothelial vasodilation in pregnancy, 
causing smooth muscle relaxation. As it is not a single factor and there is still ongoing research 
to identify its specific components, it is described as spectrum of responses that are neither NO 
nor PGI2 mediated. Another limiting problem is that there is no appropriate method for its 
tracking. Although EDHF may seem as unnecessary pathway beside NO and PGI2, a number 
of studies showed an important role of EDHF in endothelium vasodilation in pregnancy, sug-
gesting that without EDHF, there would not be sufficient blood flow to the fetus [16].

Endogenous eNOS inhibitor ADMA concentrations were found to be significantly lower in 
pregnant women. However, this did not explain the improved flow-mediated dilation (FMD) 
in the correlation analysis [17, 18]. Also, endothelial function in normal pregnancy was not 
attenuated despite the significant increase in hsCRP, and pregnancy-related changes in the 
concentrations of proinflammatory cytokines, e.g., tumor necrosis factor alpha (TNF-α) and 
interleukin 6 (IL-6), were nonsignificant [19].

2.2. Biomarkers in exercise

It has been reported that the regulation of the NO-dependent pathway presents a key mecha-
nism mediating endothelial adaptations to shear stress, including increased NO synthesis, 
increased expression and activity of antioxidative enzymes (e.g., superoxide dismutase (SOD) 
and catalase), and decreased oxidative stress level (reactive oxygen species (ROS) produc-
tion) which all increases NO bioavailability. However, recent studies demonstrated that 
COX-dependent pathway and increased PGI2 synthesis take part in endothelial adaptations 
to shear stress, as well. Furthermore, a growing body of evidence suggest that increased 
shear stress generated by increased blood flow during exercise, presents a prime signal for 
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studies indicate that endothelium-derived hyperpolarizing factor (EDHF) plays a major role 
in vasodilation in skin microcirculation [9], whereas the results are still conflicting concerning 
the implication of prostaglandins [10–12]. A study on coronary endothelial function in young 
smokers reported that they had epicardial coronary endothelial dysfunction but preserved 
microvascular endothelial function [13].

2.1. Biomarkers in pregnancy

The importance of maternal vascular adaptation to pregnancy is to increase blood flow and to 
assure the proper development of the fetus. Several possible biochemical biomarkers have been 
proposed to evaluate vascular/endothelial function in pregnancy. First among them is NO, one 
of most important endothelial vasodilators, which is produced by NO synthase (NOS). It is 
well accepted that NOS-3 expression levels are increased in uterine artery endothelium in preg-
nancy [14]. Prostacyclin (PGI2) also plays an important role in vasodilator response, and its con-
centration is elevated in pregnancy [15]. In order to estimate the real impact of prostacyclin on 
vascular tone, determination of thromboxane a2 (TXA2)/PGI2 ratio is needed. Since both TXA2 
and PGI2 have very short half-life, only indirect measures can be made of stable metabolites in 
the blood (thromboxane b2 (TXB2) and 6-keto-prostaglandin F2a (6-ketoPGF2A)), and there is 
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ygenase 1 (COX1) is upregulated in endothelial cells during pregnancy, and therefore induces 
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causing smooth muscle relaxation. As it is not a single factor and there is still ongoing research 
to identify its specific components, it is described as spectrum of responses that are neither NO 
nor PGI2 mediated. Another limiting problem is that there is no appropriate method for its 
tracking. Although EDHF may seem as unnecessary pathway beside NO and PGI2, a number 
of studies showed an important role of EDHF in endothelium vasodilation in pregnancy, sug-
gesting that without EDHF, there would not be sufficient blood flow to the fetus [16].

Endogenous eNOS inhibitor ADMA concentrations were found to be significantly lower in 
pregnant women. However, this did not explain the improved flow-mediated dilation (FMD) 
in the correlation analysis [17, 18]. Also, endothelial function in normal pregnancy was not 
attenuated despite the significant increase in hsCRP, and pregnancy-related changes in the 
concentrations of proinflammatory cytokines, e.g., tumor necrosis factor alpha (TNF-α) and 
interleukin 6 (IL-6), were nonsignificant [19].
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to shear stress, as well. Furthermore, a growing body of evidence suggest that increased 
shear stress generated by increased blood flow during exercise, presents a prime signal for 
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decreased level of vasoconstrictor endothelin 1 (ET1), and inflammatory markers such as vas-
cular cell adhesion molecule 1 (VCAM-1) and monocyte chemotactic protein 1 (MCP-1) level 
[20]. Furthermore, increased endothelial NOS (eNOS) gene expression has been proposed to 
be a marker of anterograde shear stress-induced endothelial activation (result of repeated 
episodic increase in blood flow during exercise), and to have anti-atherogenic effect in endo-
thelial cell cultures [21, 22].

On the other hand, rhythmic stretching (cyclic strain) provoked by systolic blood pressure 
changes during exercise affects endothelial cell growth and NO- and EDHF-dependent vaso-
dilation pathway, and its effect depends on the blood pressure increment during exercise (e.g., 
>135 mmHg elicits inhibition of endothelial cell growth) [23]. Surprisingly, further studies on 
endothelial cell cultures have reported that rhythmic stretching can induce ROS production 
and increase the expression of cell adhesion molecules. On the other hand, ROS produced 
by cyclic strain may indirectly increase expression of eNOS [24]. It became evident that the 
time of exposure to high blood pressure/cyclic strain (continuous or pulsatile) is crucial for 
its final effect on endothelial function. Brief increases in blood pressure and ROS production 
associated with bouts of exercise may signal an increase in eNOS production and other ben-
eficial effects resulting in improved endothelial function. Chronic increases in cyclic strain 
(e.g., hypertension) may elevate ROS chronically and finally provoke development of endo-
thelial dysfunction. Thus, beside abovementioned endothelial biomarkers of inflammation 
and endothelial dysfunction, measurement of oxidative stress level and antioxidant capacity 
present suitable and commonly used markers of endothelial response to different exercise 
modes and patterns (shear stress) in both health and disease.

2.3. Biomarkers in cardiometabolic diseases

Oxidation of low density lipoproteins (oxLDL) and NO synthesis contribute to endothelial 
dysfunction, vascular aging, and disease. OxLDL and NO exert contradictory actions within 
the vascular endothelium such as: leukocyte adhesion, platelet aggregation, and vascular 
smooth muscle cell proliferation and migration [25, 26]. While oxLDL—an oxidative stress 
biomarker—has been identified as a pro-atherogenic risk factor for coronary artery disease 
(CAD), NO is a free radical signal-transducing molecule that maintains vasodilation, modu-
lates in vitro lipid peroxidation reactions and alters pro-inflammatrory gene expression. Both 
are part of complex atherosclerotic process, from initiation to plaque destabilization and coro-
nary artery disease [25, 26].

As already mentioned, ADMA is an endogenous inhibitor of NO synthase [27] and thus 
may cause endothelial dysfunction [28]. Increased plasma levels of ADMA are related with 
hyperlipidemia, hypertension, coronary artery disease, unstable angina, stroke and end-stage 
renal disease and diabetes [28]. Reduced plasma levels of ADMA after percutaneous coro-
nary intervention could be indicative of a reduced risk of recurrent cardiovascular events. 
Although ADMA was significantly associated with all-cause mortality in patients with acute 
coronary syndrome and ischemic heart disease, there is no clear association between ADMA 
and cardiovascular disease incidence [29]. Type II diabetes has been associated with increased 
ADMA levels. ADMA and NO have been found to be significant determinants of insulin resis-
tance [30]. A study performed in type 2 diabetes patients that used antidiabetic metformin for 

Endothelial Dysfunction - Old Concepts and New Challenges394

3 months showed reduced serum ADMA levels for 30% [31]. Another study, from Stuhlinger 
et al. found that rosiglitazone reduced the level of ADMA by 30% in seven insulin-resistant 
non-diabetic hypertensive individuals [32].

Toll-like receptors (TLRs), such as toll-like receptors TLR2 and TLR4 have been found to have 
elevated expression in T2DM patients, which could be a possible underlying mechanism 
of inflammation in T2DM [33]. TLR-2 and TLR-4 activation has also been found in murine 
models of atherosclerosis [33, 34]. There are many unanswered questions: the consequences 
of activation/blockade of TLRs in atherosclerosis, relationship between innate and adaptive 
responses in atherosclerosis, and mechanistic insight on the intricate balance of direct and risk 
factor-mediated effects of TLRs in CVD [33, 34].

The over expression of TNF-alpha and its inflammatory and immunomodulatory effects have 
been implicated in the pathogenesis of CAD and myocardial dysfunction. Cardiovascular 
complications may be influenced by TNF-alpha gene polymorphisms. Certain studies failed 
to find a significant association between the TNF-alpha gene polymorphisms and CVD [35]. 
Further studies are required to resolve this controversy.

IL-6 is associated with the process of inflammation and coronary artery disease. Patients with 
high levels of IL-6 show worse in-hospital outcome following treatment in case of unstable 
angina. An association has been shown between the IL-6 promoter polymorphism −174G/C 
and hypertension, left ventricular hypertrophy and ischemic heart disease CAD [35].

Endothelial cells also express chemotactic factors: MCP-1, proinflammatory cytokines (macro-
phage colony-stimulating factor) and tumor necrosis factor-beta (TNF-β) [36]. Hyperglycemia 
promotes MCP-1 expression in vascular endothelial cells and has a pivotal role in the patho-
genesis of diabetic vasculopathy [37]. Patients with diabetes mellitus or obesity have increased 
circulating levels of inflammatory markers, including C reactive protein (CRP), TNF-α, and 
IL-6 [38–40]. Blood level of CRP, as independent predictor of diabetes, is increased in both 
Type I and Type II diabetes [41, 42]. TNF-α can induce cytokines such as IL-6 which regulates 
the expression of CRP. They can impair endothelial function and contribute to atherothrom-
bosis especially in patients with Type II diabetes, alone or in combination [43]. It was also 
found in male diabetic patients that increased levels of inflammatory markers predict cardio-
vascular risk in diabetic patients [44].

Microparticles, the membrane vesicles released by various cell types and circulating endo-
thelial cells represent novel biomarkers of endothelial injury, associated with atherosclero-
sis and related complications (thrombosis, inflammation, and apoptosis). Microparticles are 
suggested to be biomarkers of vascular injury and inflammation [45]. Changes in circulating 
levels of microparticles might give an important clinical information in healthy subjects or 
patients with CVDs as a surrogate marker of vascular function, but it is still not clear whether 
it is a cause or effect of atherosclerosis [45].

Endocan or endothelial cell specific molecule-1 (ESM-1) is a novel endothelium-derived solu-
ble proteoglycan [46]. It binds to a wide range of bioactive molecules associated with cellular 
signaling and adhesion. It is involved in regulation of proliferation, differentiation, migration, 
and adhesion of different types of cells in health and disease. The endocan concentration is 
related to endothelial activation and neovascularization [47]. Endocan levels are elevated in 
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decreased level of vasoconstrictor endothelin 1 (ET1), and inflammatory markers such as vas-
cular cell adhesion molecule 1 (VCAM-1) and monocyte chemotactic protein 1 (MCP-1) level 
[20]. Furthermore, increased endothelial NOS (eNOS) gene expression has been proposed to 
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On the other hand, rhythmic stretching (cyclic strain) provoked by systolic blood pressure 
changes during exercise affects endothelial cell growth and NO- and EDHF-dependent vaso-
dilation pathway, and its effect depends on the blood pressure increment during exercise (e.g., 
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and increase the expression of cell adhesion molecules. On the other hand, ROS produced 
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3 months showed reduced serum ADMA levels for 30% [31]. Another study, from Stuhlinger 
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Microparticles, the membrane vesicles released by various cell types and circulating endo-
thelial cells represent novel biomarkers of endothelial injury, associated with atherosclero-
sis and related complications (thrombosis, inflammation, and apoptosis). Microparticles are 
suggested to be biomarkers of vascular injury and inflammation [45]. Changes in circulating 
levels of microparticles might give an important clinical information in healthy subjects or 
patients with CVDs as a surrogate marker of vascular function, but it is still not clear whether 
it is a cause or effect of atherosclerosis [45].

Endocan or endothelial cell specific molecule-1 (ESM-1) is a novel endothelium-derived solu-
ble proteoglycan [46]. It binds to a wide range of bioactive molecules associated with cellular 
signaling and adhesion. It is involved in regulation of proliferation, differentiation, migration, 
and adhesion of different types of cells in health and disease. The endocan concentration is 
related to endothelial activation and neovascularization [47]. Endocan levels are elevated in 
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conditions such as tumor progression, hypertension, chronic kidney disease, and renal trans-
plant rejection [48]. Tadzic et al. [49] have described an increased expression of cell adhesion 
molecules, intracellular adhesion molecule’s (ICAM) and vascular cell adhesion molecule’s 
(VACM) ligands, together with decrease of sCAMs and endocan in hypertensive patients 
on amlodipine therapy with reduction in blood pressure, suggesting de-activation of endo-
thelium. Systolic and diastolic blood pressure was positively correlated with ICAM-1 and 
VCAM-1, and systolic blood pressure was negatively correlated with CD11a/LFA-1. Endocan 
significantly positively correlated with ICAM-1 [49].

Diabetes is associated with increased circulating levels of endothelium-derived adhesion 
molecules and plasminogen activator inhibitor-1, which have pro-inflammatory and pro-
thrombotic effects [50, 51]. In endothelial dysfunction, the endothelium can express adhesion 
molecules responsible for the withdrawal of leukocytes from vascular wall, such as VCAM-1 
and ICAM-1 [36]. Also, E-selectin and platelet endothelial cell adhesion molecule have been 
expressed in atherosclerotic lesions and are involved in mononuclear cell adhesion to the 
vascular endothelium [52, 53]. The main difference in the activation of adhesion molecules 
is that the expression of ICAM-1 increases after cell activation, while E-selectin and VCAM-1 
are only induced after cell activation. It is demonstrated that hyperglycemia results in the 
expression of adhesion molecules: endothelial-leukocyte adhesion molecule-1, VCAM-1, and 
ICAM-1 in human vascular endothelial cells [54]. In the rat mesenteric microcirculation, only 
intraperitoneal co-administration of IL-1β with D-glucose increased leukocyte rolling flux, 

Novel biomarkers System/cells Effect

Metabolic/biochemical

ADMA Inhibitor NOS Endothelial dysfunction

MMP2, MMP9

TIMP2, TIMP9

Intercellular matrix Intracellular matrix rearrangement

Myeloperoxidase (MPO) Activated neutrophils and 
macrophages

Production of oxidative stress

ox-LDL, 8-hydroxy-2′-deoxygunosine.

MDA (lipid peroxidation), protein 
carbonyl (PCO)

Lipids, activated proteins Reactive oxygen species and products 
(with increased oxidative stress

IL-6, TNF-alfa lymphocytes Proinflammatory cytokines

Toll-like receptor 4 lymphocytes Innate immunity

NO metabolites (nitrates, nitrites) Endothelium (NO) Vasodilation (NO) and nitrosylation

Functional/structural

Flow-mediated dilation (FMD) Blood vessels (endothelial 
function)

NO dependent, or COX, EDHF, EDCF 
dependent

Intima-media thickness (IMT) Blood vessels (endothelial 
function + VSMC)

multifactorial

Table 1. Potential novel biomarkers of atherosclerosis.
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adhesion, and migration, indicating that pro-inflammatory environment in diabetes is a criti-
cal factor in pro-atherosclerotic effects of hyperglycemia [54, 55].

Increased concentration of plasma glucose activates the endothelium [56–58]. Exposure of 
arterial tissue to increased glucose level induces superoxide production and impairs NO 
bioavailability in the vascular wall which leads to increased oxidative stress in these condi-
tions [59]. In diabetes mellitus, the production of superoxide and NADPH oxidase activity 
are increased [60, 61] which promote activation of the pro-inflammatory transcription factor 
NFκB [56]. The transcription factor NFκB is one of key regulator of endothelial activation 
and is included in insulin resistance [62, 63]. This is supported by study in obese persons 
[64]. Salsalate (an anti-inflammatory drug) increased expression of the inhibitor of NF-κB 
and reduced NFκB activation in freshly isolated endothelial cells taken from obese persons. 
Salsalate increased brachial artery flow-mediated dilation and reduced nitrotyrosine and 
expression of NADPH oxidase p47(phox) in these endothelial cells [64]. Table 1 presents 
some of the proposed novel biomarkers for atherosclerosis, which could also be related to 
other cardiometabolic diseases.

3. Functional biomarkers of vascular (endothelial) function

3.1. Assessment of microvascular endothelial function

3.1.1. Coronary microvascular function assessment

In the past, coronary angiography (of larger conductance arteries, i.e., coronary vessels) was 
considered a gold standard for evaluation of the severity and extent of CAD. However, in the 
last two decades, the attention was shifted to the coronary microcirculation as the possible 
site of anatomical and functional abnormalities crucial for the development and progression 
of final myocardial ischemia. Thus, functional assessment of coronary microcirculation and 
its endothelial function became a challenge. For a long time, measurement of changes in coro-
nary blood flow (CBF) during coronary angiography (Doppler wires) has been used as a sur-
rogate parameter for coronary microvascular function assessment [65]. The final result of this 
measurement is assessment of coronary flow reserve (CFR) which presents the ratio between 
the maximal CBF during maximal coronary hyperemia (provoked by adenosine infusion, 
pacing, or exercise) and the resting CBF. It has been demonstrated that CFR is both endothe-
lium-dependent and endothelium-independent, and CFR below 2.0 is considered abnormal 
[66]. For coronary microvascular endothelium-dependent vasodilation assessment, instead 
of maximal CBF, CBF in response to endothelium-dependent vasodilator (commonly ACh) 
infused at increasing concentrations is calculated. Another method for the assessment of coro-
nary microvascular function includes the measurement of the number of cineangiographic 
frames that it takes to fill a distal vessel with proximal injection of contrast. This method is 
named Thrombolysis in Myocardial Infarction (TIMI) and provides semi-quantitative assess-
ment of epicardial coronary blood flow [67]. The main advantage of the abovementioned 
methods is to measure microvascular endothelial function directly in this clinically important 
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conditions such as tumor progression, hypertension, chronic kidney disease, and renal trans-
plant rejection [48]. Tadzic et al. [49] have described an increased expression of cell adhesion 
molecules, intracellular adhesion molecule’s (ICAM) and vascular cell adhesion molecule’s 
(VACM) ligands, together with decrease of sCAMs and endocan in hypertensive patients 
on amlodipine therapy with reduction in blood pressure, suggesting de-activation of endo-
thelium. Systolic and diastolic blood pressure was positively correlated with ICAM-1 and 
VCAM-1, and systolic blood pressure was negatively correlated with CD11a/LFA-1. Endocan 
significantly positively correlated with ICAM-1 [49].

Diabetes is associated with increased circulating levels of endothelium-derived adhesion 
molecules and plasminogen activator inhibitor-1, which have pro-inflammatory and pro-
thrombotic effects [50, 51]. In endothelial dysfunction, the endothelium can express adhesion 
molecules responsible for the withdrawal of leukocytes from vascular wall, such as VCAM-1 
and ICAM-1 [36]. Also, E-selectin and platelet endothelial cell adhesion molecule have been 
expressed in atherosclerotic lesions and are involved in mononuclear cell adhesion to the 
vascular endothelium [52, 53]. The main difference in the activation of adhesion molecules 
is that the expression of ICAM-1 increases after cell activation, while E-selectin and VCAM-1 
are only induced after cell activation. It is demonstrated that hyperglycemia results in the 
expression of adhesion molecules: endothelial-leukocyte adhesion molecule-1, VCAM-1, and 
ICAM-1 in human vascular endothelial cells [54]. In the rat mesenteric microcirculation, only 
intraperitoneal co-administration of IL-1β with D-glucose increased leukocyte rolling flux, 
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TIMP2, TIMP9

Intercellular matrix Intracellular matrix rearrangement

Myeloperoxidase (MPO) Activated neutrophils and 
macrophages

Production of oxidative stress

ox-LDL, 8-hydroxy-2′-deoxygunosine.

MDA (lipid peroxidation), protein 
carbonyl (PCO)

Lipids, activated proteins Reactive oxygen species and products 
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Table 1. Potential novel biomarkers of atherosclerosis.
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adhesion, and migration, indicating that pro-inflammatory environment in diabetes is a criti-
cal factor in pro-atherosclerotic effects of hyperglycemia [54, 55].

Increased concentration of plasma glucose activates the endothelium [56–58]. Exposure of 
arterial tissue to increased glucose level induces superoxide production and impairs NO 
bioavailability in the vascular wall which leads to increased oxidative stress in these condi-
tions [59]. In diabetes mellitus, the production of superoxide and NADPH oxidase activity 
are increased [60, 61] which promote activation of the pro-inflammatory transcription factor 
NFκB [56]. The transcription factor NFκB is one of key regulator of endothelial activation 
and is included in insulin resistance [62, 63]. This is supported by study in obese persons 
[64]. Salsalate (an anti-inflammatory drug) increased expression of the inhibitor of NF-κB 
and reduced NFκB activation in freshly isolated endothelial cells taken from obese persons. 
Salsalate increased brachial artery flow-mediated dilation and reduced nitrotyrosine and 
expression of NADPH oxidase p47(phox) in these endothelial cells [64]. Table 1 presents 
some of the proposed novel biomarkers for atherosclerosis, which could also be related to 
other cardiometabolic diseases.

3. Functional biomarkers of vascular (endothelial) function

3.1. Assessment of microvascular endothelial function

3.1.1. Coronary microvascular function assessment

In the past, coronary angiography (of larger conductance arteries, i.e., coronary vessels) was 
considered a gold standard for evaluation of the severity and extent of CAD. However, in the 
last two decades, the attention was shifted to the coronary microcirculation as the possible 
site of anatomical and functional abnormalities crucial for the development and progression 
of final myocardial ischemia. Thus, functional assessment of coronary microcirculation and 
its endothelial function became a challenge. For a long time, measurement of changes in coro-
nary blood flow (CBF) during coronary angiography (Doppler wires) has been used as a sur-
rogate parameter for coronary microvascular function assessment [65]. The final result of this 
measurement is assessment of coronary flow reserve (CFR) which presents the ratio between 
the maximal CBF during maximal coronary hyperemia (provoked by adenosine infusion, 
pacing, or exercise) and the resting CBF. It has been demonstrated that CFR is both endothe-
lium-dependent and endothelium-independent, and CFR below 2.0 is considered abnormal 
[66]. For coronary microvascular endothelium-dependent vasodilation assessment, instead 
of maximal CBF, CBF in response to endothelium-dependent vasodilator (commonly ACh) 
infused at increasing concentrations is calculated. Another method for the assessment of coro-
nary microvascular function includes the measurement of the number of cineangiographic 
frames that it takes to fill a distal vessel with proximal injection of contrast. This method is 
named Thrombolysis in Myocardial Infarction (TIMI) and provides semi-quantitative assess-
ment of epicardial coronary blood flow [67]. The main advantage of the abovementioned 
methods is to measure microvascular endothelial function directly in this clinically important 
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vascular bed. However, main limitations are the cost, invasive nature, and therefore a limited 
population in which these measurements can be actually performed (symptomatic individu-
als requiring invasive coronary angiography) [68].

In recent years, a number of other methods have been developed among them: (a) blood 
oxygen level-dependent (BOLD) magnetic resonance imaging (MRI), a functional test that 
detects a dissociation of tissue hemoglobin from blood flow, is shown to be a useful tool 
for coronary endothelial function assessment [69]; (b) positron-emission tomography (PET) 
myocardial perfusion imaging that is based on the assessment of regional myocardial blood 
flow both at rest and during various forms of vasomotor stress [70] and presents a powerful 
tool to evaluate the effects of CV risk factors on the health of the microvasculature and its 
endothelium [71]; and (c) myocardial perfusion echocardiography, a bedside method with 
relatively low cost that is capable to detect myocardial perfusion abnormalities and quantify 
regional and global coronary blood flow [72]. Despite the fact that these new methods manage 
to provide noninvasive evaluation of coronary microvasculature directly at the site, they are 
still unacceptable for routine screening due to their limited availability, expensive equipment 
and associated costs, and lack of experienced/trained staff. Considering that endothelial func-
tion is a systemic disorder, peripheral vascular beds and their microcirculation present a good 
alternative that provides an easier access and need less elaborate equipment.

3.1.2. Venous occlusion plethysmography

Venous occlusion plethysmography presents a semi-invasive technique (arterial puncture) for 
assessment of forearm blood flow (and the corresponding microcirculation) changes before 
and after infusion of vasoactive substances into a cannulated brachial artery [3]. The method 
was introduced 90 years ago by Hewlett and van Zwaluwenburg [73], and the basic meth-
odology has changed little since its first description. Basic principle of this method is to stop 
the return of venous blood from the forearm (inflating the cuff over the diastolic pressure 
value) with the preserved arterial blood inflow to the forearm, leading to a linear increase in 
blood flow at a given time, which is proportional to the arterial blood inflow. Another cuff 
excludes the blood flow through the hand to reduce the temperature fluctuations of the blood 
flow depending on the temperature. Changes in the flow are recorded by changing the elec-
trical resistance of the plethysmograph located around the longest part of the forearm [74]. 
The main advantage of this method is that it provides assessment of endothelium-dependent 
and -independent vasodilation and mechanisms mediating it by intra-arterial infusion of 
vasoactive substances (e.g., ACh or sodium nitroprusside, and SNP), hormones, and drugs. 
However, its important limitation is that it could not strictly discern between macro- and 
microcirculation. Final results are expressed as ratio between blood flow changes in both 
arms and are well reproducible [75]. Regarding the mechanisms, some studies reported that 
ACh-induced dilation was inhibited by a NOS inhibitor, L-NG-monomethyl Arginine citrate 
(L-NMMA) [76], suggesting that NO is the main vasodilator mediating endothelium-depen-
dent vasodilation in this vascular bed. On the other hand, others reported that EDHF has 
a crucial role in mediating microvascular endothelial-dependent vasodilation, especially in 
population with multiple CV risk factors [77]. A large number of studies used venous occlu-
sion plethysmography to assess the association between endothelial dysfunction and CV risk 
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 factors, and described it in hypercholesterolemia [78], diabetes mellitus [79], cigarette smok-
ing [80], and aging [81], while the results in hypertensive patients were conflicting [3, 4, 82, 83].  
Even though the method and pharmacologically induced vasodilation provide an insight into 
peripheral microvascular patho(physiology), venous occlusion plethysmography is charac-
terized by several limitations and disadvantages, including its semi-invasive character, lim-
ited comparison between groups due to different initial blood pressure and forearm blood 
flow, different sizes of the forearm, etc., [68].

3.1.3. Reactive hyperemia peripheral arterial tonometry (RH-PAT)

RH-PAT is a noninvasive technique designed for assessment of peripheral microvascular func-
tion. This method reflects changes in finger pulse volume amplitude during reactive hyper-
emia (an equivalent to finger plethysmography). PAT device includes digital probes that are 
placed on the tip of each index finger and a blood pressure cuff (for provoking occlusion) 
that is placed around the upper arm of the study arm, while the other arm serves as a control 
[84, 85]. Vascular occlusion is provoked by inflation of the blood pressure cuff to a 50 mmHg 
above systolic blood pressure for 5 min. The PAT signal is recorded 10 min prior occlusion, 
and for 10 min after the cuff is deflated. The final result of this measurement is calculated as 
the ratio of average amplitude of the PAT signal over a period of 1 min, starting 1 min after 
cuff deflation to average amplitude of the PAT signal for 3 min at baseline (RH-PAT index) 
that is normalized to the control arm [84, 85]. Studies have shown that RH-PAT is at least 
partly NO dependent. Importantly, studies by Rubinshtein et al. and Akiyama et al. reported 
that RH-PAT may be a useful tool for prediction of future CV events in patients with CV risk 
[86, 87]. Advantages of this method are that it is noninvasive, it is very simple and reproduc-
ible, and that it is operator independent (RH-PAT index is measured automatically). Even 
though RH-PAT is very similar to FMD of the brachial artery, Framingham Heart Study has 
revealed that there was no significant correlation between RH-PAT and FMD [88]. Moreover, 
the same study reported that different CV risk factors contribute differently to changes in 
FMD and RH-PAT [89], suggesting that these two methods assess different vascular beds, and 
that macro- and microvascular endothelium is differently susceptible to various risk factors.

3.1.4. Laser Doppler (LD) flowmetry

Because of its easy accessibility, the skin presents an appropriate site to study peripheral 
microcirculation, which was proposed as a suitable marker of systemic microvascular func-
tion in various diseases [89]. Therefore, in recent years, a number of simple and noninva-
sive methods have been developed in order to assess peripheral microcirculation. Still, it is 
an open question whether skin microcirculation is actually a representative indicator of the 
microvascular function of other organs. Despite that skin microvascular function was exten-
sively used over the past 30 years to investigate vascular mechanisms in various diseases 
including hypertension [90, 91], obesity [92], diabetes [93, 94], aging, kidney disease [95], etc.

The laser Doppler (LD) technique is based on the estimation of the flow rate in the skin 
microcirculation using the laser beam reflection from the erythrocyte in microcirculation 
and its wavelength change (Doppler’s effect) [96]. Computer software determines the flow 
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vascular bed. However, main limitations are the cost, invasive nature, and therefore a limited 
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to provide noninvasive evaluation of coronary microvasculature directly at the site, they are 
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odology has changed little since its first description. Basic principle of this method is to stop 
the return of venous blood from the forearm (inflating the cuff over the diastolic pressure 
value) with the preserved arterial blood inflow to the forearm, leading to a linear increase in 
blood flow at a given time, which is proportional to the arterial blood inflow. Another cuff 
excludes the blood flow through the hand to reduce the temperature fluctuations of the blood 
flow depending on the temperature. Changes in the flow are recorded by changing the elec-
trical resistance of the plethysmograph located around the longest part of the forearm [74]. 
The main advantage of this method is that it provides assessment of endothelium-dependent 
and -independent vasodilation and mechanisms mediating it by intra-arterial infusion of 
vasoactive substances (e.g., ACh or sodium nitroprusside, and SNP), hormones, and drugs. 
However, its important limitation is that it could not strictly discern between macro- and 
microcirculation. Final results are expressed as ratio between blood flow changes in both 
arms and are well reproducible [75]. Regarding the mechanisms, some studies reported that 
ACh-induced dilation was inhibited by a NOS inhibitor, L-NG-monomethyl Arginine citrate 
(L-NMMA) [76], suggesting that NO is the main vasodilator mediating endothelium-depen-
dent vasodilation in this vascular bed. On the other hand, others reported that EDHF has 
a crucial role in mediating microvascular endothelial-dependent vasodilation, especially in 
population with multiple CV risk factors [77]. A large number of studies used venous occlu-
sion plethysmography to assess the association between endothelial dysfunction and CV risk 
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and for 10 min after the cuff is deflated. The final result of this measurement is calculated as 
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that is normalized to the control arm [84, 85]. Studies have shown that RH-PAT is at least 
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that RH-PAT may be a useful tool for prediction of future CV events in patients with CV risk 
[86, 87]. Advantages of this method are that it is noninvasive, it is very simple and reproduc-
ible, and that it is operator independent (RH-PAT index is measured automatically). Even 
though RH-PAT is very similar to FMD of the brachial artery, Framingham Heart Study has 
revealed that there was no significant correlation between RH-PAT and FMD [88]. Moreover, 
the same study reported that different CV risk factors contribute differently to changes in 
FMD and RH-PAT [89], suggesting that these two methods assess different vascular beds, and 
that macro- and microvascular endothelium is differently susceptible to various risk factors.
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Because of its easy accessibility, the skin presents an appropriate site to study peripheral 
microcirculation, which was proposed as a suitable marker of systemic microvascular func-
tion in various diseases [89]. Therefore, in recent years, a number of simple and noninva-
sive methods have been developed in order to assess peripheral microcirculation. Still, it is 
an open question whether skin microcirculation is actually a representative indicator of the 
microvascular function of other organs. Despite that skin microvascular function was exten-
sively used over the past 30 years to investigate vascular mechanisms in various diseases 
including hypertension [90, 91], obesity [92], diabetes [93, 94], aging, kidney disease [95], etc.

The laser Doppler (LD) technique is based on the estimation of the flow rate in the skin 
microcirculation using the laser beam reflection from the erythrocyte in microcirculation 
and its wavelength change (Doppler’s effect) [96]. Computer software determines the flow 
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size, which is rather an index of skin perfusion (flux) than direct measure of skin blood flow. 
Results are commonly expressed in arbitrary units (perfusion units, PU) or as cutaneous vas-
cular conductance (CVC; flux divided by arterial pressure in mV/mmHg) [96]. The first devel-
oped technique was the laser Doppler flowmetry (LDF) that measures blood flow in a single 
point and thus over a small volume but with a high sampling frequency. A major limitation 
of this technique is its spatial variability, due to regional heterogeneity of skin perfusion and 
blood flow measurement in a single point [97]. Later, laser Doppler imaging (LDI) was devel-
oped, which provides a 2D image of skin microvascular perfusion using the same principle 
as LDF. Since this method assess flow over larger surface than LDF, it managed to reduce 
spatial variability, but it appears to be much slower than LDF, making rapid changes in blood 
flow difficult to record [98]. Both techniques are commonly used for microvascular reactivity 
assessment in response to various stimuli, including iontophoresis of vasoactive drugs, post-
occlusive reactive hyperemia (PORH), and thermal challenges [98].

Microdialysis is a technique based on intradermal insertion of small fibers for continuous 
delivery of drugs into a small area of tissue. This type of drug delivery provides avoiding 
its systemic effect [99] and it provides controlled drug application and absence of current-
induced vasodilation, compared to iontophoresis. However, microdyalisis is invasive and 
painful, and justifies the use of local anesthesia which might also affect the blood flow and 
thus impact the results. It was commonly used to assess the role of NO in PORH and the ther-
mal hyperemia response of skin microcirculation measured with LDF [98].

Iontophoresis is a method for noninvasive transdermal drug delivery (charged molecules) 
using low-density electric current. ACh and SNP iontophoresis are widely used for assess-
ment of endothelium-dependent and endothelium-independent vasodilation of skin micro-
circulation [98, 100]. Regarding endothelium-dependent dilation, studies reported that 
ACh-induced dilation seems to be predominantly mediated by COX metabolites (although 
results are still conflicting) [101, 102], and NO does not extensively contribute to such dilation 
[103] in skin microcirculation. Beside endothelial-dependent vasodilation, ACh administra-
tion induces neural axon reflex-mediated dilation as well [104]. Iontophoresis is associated 
with several issues: (a) current itself may induce nonspecific vasodilation, which could inter-
fere with the vasodilation potency of administrated drug, and it was suggested that it depends 
on the delivered electrical charge and the current delivery pattern [105]; (b) current-induced 
dilation also may depend on vehicles that have been used to dilute drugs (e.g., tap water, dis-
tilled water, deionized water, and saline), but this was not observed for ACh and SNP [106]; 
(c) skin resistance may influence drug delivery, and thus reduce skin resistance which was 
suggested as a part of good practice [100]; (d) spatial variability of ACh and SNP, suggesting 
that monitoring larger areas using LDI, rather than LDF provides better reproducibility [107, 
108]; and (e) site of iontophoresis, since for example SNP-induced dilation could not be pro-
voked on finger pulp, but it was provoked on the dorsum of the finger [109]. To summarize, 
ACh and SNP iontophoresis is widely used for endothelium-dependent and -independent 
microvascular vasodilation assessment in both healthy and various diseases. However, when 
interpreting results, complexity of mechanisms involved in these responses should be taken 
into account. Moreover, studies using iontophoresis should be carefully designed to reduce 
non-specific current-induced dilation by using low intensity current; saline should be rather 
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used as vehicle than distilled water; pre-treatment with anesthetic should be considered; and, 
finally, skin resistance should be reduced as much as possible.

PORH refers to an increase in (micro)vascular blood flow due to transient short vascular occlu-
sion, and represents a test that is commonly used for assessment of microvascular reactivity 
[98]. According to the literature, several mechanisms are involved in microvascular PORH 
response, including sensory nerves involvement via neural axon reflex [110], metabolic and 
myogenic component, and endothelial-dependent vasodilators production. Regarding endo-
thelium, EDHF was suggested as an important mediator of PORH [9], while the role of prosta-
glandins is still not clarified [11, 12]. Studies have reported that eNOS inhibition does not alter 
PORH, suggesting that NO is not normally involved in forearm microvascular PORH [111]. 
It has been suggested that inhibition of COX inhibition may unmask the NO dependence of 
PORH in human cutaneous circulation [12]. Despite an evident role of endothelium-derived 
vasoactive mediators in skin microvascular PORH, it should be used as a tool for assess-
ment of general microvascular reactivity, rather than a measure for microvascular endothelial 
function [89]. PORH can be used in conjunction with both LDF and LDI, but an advantage 
is given to the LDF, because LDI is considered too slow to track microvascular kinetics dur-
ing PORH. Moreover, inter-day reproducibility of single-point LDF was excellent when the 
probe was placed on exactly the same site from one day to another [112]. While recording 
skin microvascular PORH homogenizing both skin and room temperature is important, since 
temperature plays a key role in regulation of baseline flux [97]. Another issue is related to the 
PORH measurement, and that is heterogeneity in study design, especially vascular occlusion 
duration (from 1 to 15 min) [113] and different cuff pressures used, ranging between 160 and 
220 mmHg [114]. Although it is accepted as a good tool for microvascular reactivity assess-
ment, this method still requires standardization.

Local thermal hyperemia (LTH) presents peripheral skin microvascular response to local 
heating mediated by joint effect of neural-dependent and NO-dependent vasodilator path-
way [98]. LTH is characterized by initial peak (within the first 5 min) which depends on sen-
sory nerves, and by sustained plateau which is mostly NO-dependent [115]. LTH has better 
reproducibility in conjunction with LDI, rather than a single-point LDF, and this reproduc-
ibility depends on the site of measurement too [97]. Similar to PORH, there is heterogeneity 
in the study design using LTH, including local warming temperature (42–43°C) [116], the 
time of heating, and the nature of the device used to heat the skin [89]. Another used thermal 
stimulus is local cooling that induces an initial vasoconstriction followed by transient vaso-
dilation, and finally, prolonged vasoconstriction [116]. It has been demonstrated that initial 
vasoconstriction depends on norepinephrine, and prolonged vasoconstriction involved both 
norepinephrine and inhibition of NO system [116]. Results have shown that this method has 
the best reproducibility when the cooling protocol lasts for 30 min at 15°C [97].

Laser speckle contrast imaging is a novel technique that combines advantages of LDF and LDI, 
with very good inter-day reproducibility for both PORH and LTH measurements [117, 118]. 
This method is based on speckle contrast analysis that provides an index of blood blow. A 
potential limitation of this technique is its sensitivity to movements and potential challenging 
data analysis, but despite limitations, this method is expected to be a remarkable tool for micro-
vascular function assessment, especially when coupled with PORH and/or LTH [89].
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used as vehicle than distilled water; pre-treatment with anesthetic should be considered; and, 
finally, skin resistance should be reduced as much as possible.

PORH refers to an increase in (micro)vascular blood flow due to transient short vascular occlu-
sion, and represents a test that is commonly used for assessment of microvascular reactivity 
[98]. According to the literature, several mechanisms are involved in microvascular PORH 
response, including sensory nerves involvement via neural axon reflex [110], metabolic and 
myogenic component, and endothelial-dependent vasodilators production. Regarding endo-
thelium, EDHF was suggested as an important mediator of PORH [9], while the role of prosta-
glandins is still not clarified [11, 12]. Studies have reported that eNOS inhibition does not alter 
PORH, suggesting that NO is not normally involved in forearm microvascular PORH [111]. 
It has been suggested that inhibition of COX inhibition may unmask the NO dependence of 
PORH in human cutaneous circulation [12]. Despite an evident role of endothelium-derived 
vasoactive mediators in skin microvascular PORH, it should be used as a tool for assess-
ment of general microvascular reactivity, rather than a measure for microvascular endothelial 
function [89]. PORH can be used in conjunction with both LDF and LDI, but an advantage 
is given to the LDF, because LDI is considered too slow to track microvascular kinetics dur-
ing PORH. Moreover, inter-day reproducibility of single-point LDF was excellent when the 
probe was placed on exactly the same site from one day to another [112]. While recording 
skin microvascular PORH homogenizing both skin and room temperature is important, since 
temperature plays a key role in regulation of baseline flux [97]. Another issue is related to the 
PORH measurement, and that is heterogeneity in study design, especially vascular occlusion 
duration (from 1 to 15 min) [113] and different cuff pressures used, ranging between 160 and 
220 mmHg [114]. Although it is accepted as a good tool for microvascular reactivity assess-
ment, this method still requires standardization.

Local thermal hyperemia (LTH) presents peripheral skin microvascular response to local 
heating mediated by joint effect of neural-dependent and NO-dependent vasodilator path-
way [98]. LTH is characterized by initial peak (within the first 5 min) which depends on sen-
sory nerves, and by sustained plateau which is mostly NO-dependent [115]. LTH has better 
reproducibility in conjunction with LDI, rather than a single-point LDF, and this reproduc-
ibility depends on the site of measurement too [97]. Similar to PORH, there is heterogeneity 
in the study design using LTH, including local warming temperature (42–43°C) [116], the 
time of heating, and the nature of the device used to heat the skin [89]. Another used thermal 
stimulus is local cooling that induces an initial vasoconstriction followed by transient vaso-
dilation, and finally, prolonged vasoconstriction [116]. It has been demonstrated that initial 
vasoconstriction depends on norepinephrine, and prolonged vasoconstriction involved both 
norepinephrine and inhibition of NO system [116]. Results have shown that this method has 
the best reproducibility when the cooling protocol lasts for 30 min at 15°C [97].

Laser speckle contrast imaging is a novel technique that combines advantages of LDF and LDI, 
with very good inter-day reproducibility for both PORH and LTH measurements [117, 118]. 
This method is based on speckle contrast analysis that provides an index of blood blow. A 
potential limitation of this technique is its sensitivity to movements and potential challenging 
data analysis, but despite limitations, this method is expected to be a remarkable tool for micro-
vascular function assessment, especially when coupled with PORH and/or LTH [89].
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3.1.5. Fingertip digital thermal monitoring (DTM)

Fingertip digital thermal monitoring (DMT) of vascular reactivity represents a noninvasive, 
reproducible, operator-independent technique based on changes in fingertip temperature 
during cuff-occlusive reactive hyperemia [119]. This method relies on a premise that changes 
in fingertip temperature during and after vascular occlusion that reflects changes in blood 
flow and thus microvascular and endothelial function [120]. So far, studies have reported that 
vascular function measured by DTM correlate with Framingham Risk Score and coronary 
artery calcium score (a measurement of the amount of calcium in the walls of the coronary 
arteries using a special computed tomography (CT) scan of heart) independently of age, sex, 
and traditional cardiac risk factors [121]. Although clinical implications of DTM are promis-
ing, more studies on the mechanisms mediating this vascular response and large prospective 
trials are needed to establish the real research and clinical value of this method.

3.2. Assessment of macrovascular function

3.2.1. Flow-mediated dilation

FMD of the brachial artery is the most widely used noninvasive in vivo method for an indi-
rect assessment of endothelial function of conduit vessels introduced by Celermajer and col-
leagues [5]. It provides decisive information about the ability of the endothelium to respond 
to particular stimulus (reactive hyperemia). In this method, an arterial occlusion cuff is placed 
to the forearm and inflated to stop the anterograde blood flow, thus generating ischemia. 
Consequently, distal from that the occlusion, in the resistance arteries, vasodilation occurs, 
and when the sphygmomanometer is deflated, reactive hyperemia occurs in the brachial 
artery. The method involves ultrasound arterial imaging in two conditions, at rest (baseline) 
and during reactive hyperemia after 5 min arterial occlusion, and FMD is expressed as the 
% difference between that two measured diameters [122]. The exact mechanism mediating 
FMD during reactive hyperemia has not been fully elucidated; it is considered that shear 
stress-induced NO is the main mediator [76, 85], but also other endothelium-derived vasodi-
lator factors may also contribute [123]. Because reactive hyperemia flow, induces increased 
shear stress on endothelium challenges FMD, it might be a significant measure of periph-
eral microvascular function because reactive hyperemia is greatly dependent on maximal 
forearm resistance [124]. Furthermore, peripheral endothelial function as assessed by FMD 
correlates with vascular function of coronary artery [125]. In addition, impaired FMD is one 
of the early manifestations of vascular disease, and may be an important indicator of endo-
thelium injury [126].

However, although the principle of this technique seems simple, its application is techni-
cally challenging and requires comprehensive practicing and standardization [127, 128]. Easy 
access of this noninvasive method is one of the main advantages of this method, while other 
advantages being a good correlation with invasive epicardial vascular function assessment, 
possibility to assess other important parameters (i.e., flow, baseline arterial diameters and 
flow-mediated constriction), and low costs [68].

To ensure that impaired FMD is not due to underlying vascular smooth muscle dysfunc-
tion or alterations in vascular structure but truly a consequence of endothelial dysfunction, 
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response to nitroglycerine is used [127, 129, 130]. Nitroglycerine-induced vasodilation was 
significantly reduced in patients with cardiovascular disease [129]. Additionally, nitro-
glycerine-induced vasodilation was impaired in patients with atherosclerosis [131]. FMD 
should be interpreted as an index of vascular function reflecting both endothelium-depen-
dent and -independent vasodilation in individuals with impaired nitroglycerine-induced 
vasodilation [129]. Furthermore, coronary artery dilation in response to nitroglycerine is 
impaired in patients with coronary heart disease which predicts long-term atheroscle-
rotic disease progression and cardiovascular event rate [132]. These findings suggest that 
nitroglycerine-induced vasodilation per se may be a marker of the grade of atherosclero-
sis and predictor of cardiovascular events. However, the relationship between nitroglyc-
erine-induced vasodilation and the risk for future cardiovascular events should still be 
established.

3.2.2. New method for assessment of endothelial function—measurement of ezFMD

Since FMD requires an expensive ultrasound system and high levels of technical skills, a 
novel method for measurement of endothelial function, namely, measurement of enclosed-
zone flow-mediated dilatation (ezFMD) was developed [133]. ezFMD is a noninvasive 
method which assesses the level of vasodilatation from the oscillation signals transmitted to 
a sphygmomanometer cuff attached to the upper arm. In patients with cardiovascular dis-
eases, ezFMD was significantly lower than in age- and gender-matched healthy individuals. 
In addition, cardiovascular risk factors were independent predictors of ezFMD. ezFMD was 
significantly correlated with conventional FMD [134]. Conventional measurement of FMD 
by ultrasound is measured by the change in vascular diameter, whereas ezFMD is based on 
the change in vascular volume. Both methods are equally valuable for assessing endothelial 
function, however, measurement of ezFMD is easier and less biased than measurement of 
FMD.

3.2.3. Coronary epicardial vasoreactivity

Quantitative coronary angiography (QCA) or intravascular ultrasound are methods for imag-
ing vasomotor responses of epicardial coronary arteries, which enable tracing of changes in 
vessel diameters in response to endothelium-dependent interventions, e.g., intracoronary 
infusion of drugs or substances, such as acetylcholine [2]. Vessels with an intact endothelium 
vasodilate in response to ACh infusion, whereas segments with dysfunctional endothelial 
cells display abnormal vascular response [2]. Estimation of coronary endothelial function 
with intracoronary ACh provides diagnostic and prognostic data in patients with suspected 
coronary microvascular dysfunction.

Some of advantages of this method is direct assessment of the coronary vascular bed and rep-
resents gold standard for assessment of epicardial macrovasculature, while its disadvantage 
is invasiveness and limitation to those patients undergoing coronary angiography [68].

Physiologically, endothelium-dependent vasodilation occurs in response to exercise or 
tachycardia as a replacement for exercise, but also pacing induced tachycardia, and leads 
to increased flow-mediated endothelium-dependent vasomotion of the epicardial vessels 
that is impaired in atherosclerosis [68]. In healthy isolated intramyocardial porcine  coronary 
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response to nitroglycerine is used [127, 129, 130]. Nitroglycerine-induced vasodilation was 
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vasodilate in response to ACh infusion, whereas segments with dysfunctional endothelial 
cells display abnormal vascular response [2]. Estimation of coronary endothelial function 
with intracoronary ACh provides diagnostic and prognostic data in patients with suspected 
coronary microvascular dysfunction.

Some of advantages of this method is direct assessment of the coronary vascular bed and rep-
resents gold standard for assessment of epicardial macrovasculature, while its disadvantage 
is invasiveness and limitation to those patients undergoing coronary angiography [68].

Physiologically, endothelium-dependent vasodilation occurs in response to exercise or 
tachycardia as a replacement for exercise, but also pacing induced tachycardia, and leads 
to increased flow-mediated endothelium-dependent vasomotion of the epicardial vessels 
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 resistance arteries, bradykinin, serotonin, and the alpha 2-adrenergic agonist clonidine 
evoked endothelium-dependent relaxations, which were fully (clonidine) or partially (sero-
tonin) mediated by NO, while vasodilator response to bradykinin seems to be mediated by 
some other endothelium-derived mediator, different from NO [135]. Further, cold pressor test 
(CPT), in which the subject puts his hand into ice water, is another mode to assess epicardial 
vasoreactivity. In the study by Nabel et al., the response to CPT was assessed in patients with 
angiographically normal coronary arteries, in patients with mild coronary atherosclerosis and 
in patients with advanced coronary stenosis, using quantitative angiography and Doppler 
flow velocity measurements. Normal vessels exhibited vasodilation (partly related to beta-
adrenergic receptor stimulation and partly due to flow-mediated dilation or alpha-2 adrener-
gic receptor activation) while atherosclerotic vessels exhibited vasoconstriction in response to 
CPT, possibly due to altered sensitivity to adrenergic stimulation and/or some other impair-
ment of endothelium-dependent vasodilation [136].

3.2.4. Pulse wave velocity

Pulse wave velocity (PWV) is the velocity at which the pulse pressure wave spreads from 
the left ventricle (at the end of ventricular ejection) to the periphery. It results in an earlier 
return of the reflected wave which increases the pressure and subsequently the afterload of 
the left ventricle and reduces coronary artery perfusion pressure during diastole. One of the 
most frequently used noninvasive methods for the assessment of aortic stiffness is carotid-
femoral (aortic) PWV [137]. It is a simple, noninvasive, and reproducible method which has 
been used as a gold standard and provides a predictive value of aortic stiffness for future 
cardiovascular events [138]. PWV has been used as significant marker of cardiovascular risk. 
Data indicate that increased arterial stiffness is being independently predictive of coronary 
artery disease, stroke, and cardiovascular events in general [139]. While PWV values are 
lower in healthy young individuals, the values of PWV increase with reduction of arterial 
elasticity [140].

Applanation tonometry is another method that is used for pulse wave analysis. Rather than 
directly assessing aortic pulse wave, it estimates aortic pulse wave from the common carotid 
artery or the radial artery pulse waves. As the measurement is easier, radial artery tonometry 
has been the most commonly recommended approach [137]. Since the method can detect 
changes that might be related to vascular health, even before the onset of signs and symptoms, 
yet, the PWV analysis occupies an important place in clinical practice [141]. This method has 
some limitations that are related to associated comorbidities, such as metabolic syndrome, 
obesity, and diabetes, because the femoral pressure waveform may be difficult to record accu-
rately in these patients [137].

3.2.5. Intima-media thickness

Carotid intima-media thickness (CIMT) is a method that evaluates extra-cranial carotid 
arteries by high-resolution ultrasound, and represents an important marker of subclini-
cal atherosclerosis [142]. CIMT is increased in atherosclerosis and also correlates with 
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coronary artery disease [143] and cerebrovascular disease [144]. CIMT represents the 
combined width of the intima and media; in healthy individuals, it is composed almost 
entirely of media, with a progressive intimal thickening or hypertrophy of media, deter-
mined by age, gender, and hypertension [145]. The major advantage of CIMT is that it is 
noninvasive and reproducible, relatively inexpensive to perform, also widely available 
and well standardized [146].

3.2.6. Functional endothelial biomarkers in cardiovascular diseases

The baseline pathogenic process in cardiovascular diseases, such as atherosclerosis and coro-
nary artery disease, is an endothelial dysfunction with complex underlying mechanisms: oxi-
dative stress, diminished vasoreactivity, hemostatic disturbances, and inflammation leading 
to the disease progression by modulating the arterial wall, promoting lipoprotein retention, 
plaque formation and possibly its destabilization. Endothelial dysfunction is characterized 
by endothelial dysfunction, impaired vascular homeostasis and reduced “anti”-mechanisms 
(-oxidant, -inflammatory, -thrombotic) and activated “pro”-mechanisms. Diagnostic tools for 
detecting endothelial dysfunction in humans are limited. They should be safe, cost-effective, 
noninvasive, repeatable, reproducible, and standardized. Current diagnostic methods are 
FMD, forearm plethysmography, finger-pulse plethysmography, PWV analysis, and coro-
nary angiography. However, there is a need for additional diagnostic tools, biomarkers. For 
everyday clinical use, more and larger human-based studies are necessary to validate clinical 
usefulness of biomarkers [147, 148].

4. Conclusion

To find a specific and sensitive biomarker for any disease sometimes looks like a search for 
the Holy Grail—something precious but impossible to find. The reason for that could be those 
cardiometabolic diseases, all having a common point—endothelial dysfunction and it is likely 
that they have common underlying mechanisms leading to endothelial dysfunction. These 
mechanisms may be redundant and not activated at the same time and the same order, but 
certainly end up with impaired endothelium, and inappropriate vascular response to physi-
ological stimuli with inability to compensate for pathophysiological events, finally leading 
to manifested disease and organ damage. One can only take with “a grain of salt” as many 
different biomarkers as possible and build up a picture of their relationship to the disease’s 
etiopathogenesis, development, and prognosis.
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